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SDG6 For environmental sustainability, economic development, 

and access to clean water and sanitation, freshwater ecosystem 

management is crucial. The goal of SDG 6 is to "ensure access to 

water, its sustainable management, and proper sanitation for 

all." Manipal University Jaipur captures progressive 

improvements from surface water and use of unimproved water 

to using an improved water source helps protect against 

contamination. The Water Management Centre at Manipal 

University Jaipur addresses several of these concerns in the 

Indian and global contexts. 

Anushri Gaur
SDG 06



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACADEMICS 

Anushri Gaur
SDG 06



 

Page 1 of 6  Invitation for Expert Lecture 

 

MUJ/Q&C/22/F/1.01      Event Report Format  

 

 

 

 

 

 

FACULTY OF SCIENCE 

 

SCHOOL OF BASIC SCIENCES 

 

DEPARTMENT OF BIOSCIENCES 

 

Invitation for Expert Lecture 

On 

Nature-based technologies for treatment and recycling 

wastewater 

 

28 July, 2023 ~ 11.00AM 

Room No 020, 1 AB, MUJ 

 

 

 

  

  

Anushri Gaur
SDG 06



 

Page 2 of 6  Invitation for Expert Lecture 

 

Content of Report (index)  

(Page number may not be required) 

(Delete entries which are not applicable) 

1. Introduction of the Event 

2. Objective of the Event 

3. Beneficiaries of the Event 

4. Details of the Guests 

5. Brief Description of the event 

6. Geo-tagged Photographs 

7. Brochure or creative of the event 

8. Schedule of the Event  

9. Attendance of the Event  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anushri Gaur
SDG 06



 

Page 3 of 6  Invitation for Expert Lecture 

 

1. Introduction of the Event  

 
Expert Lecture On Nature-based technologies for treatment and recycling wastewater by 

Dr. Sanjeev Prajapati, Department of Hydro and Renewable Energy (HRED) Indian 

Institute of Technology, Roorkee 

 

 

2. Objective of the Event (bullet points or about 50 words) 
The lecture was designed to provide insight into the processes and techniques that are 

applied in the wastewater treatment field, where the focus is laid on the basic 

principles, local conditions, basic circumstances, and performance of constructed 

wetlands integrated with the algae-based process which aimed towards the resource 

recycling.  

 

3. Beneficiaries of the Event (Student/Faculty/Community etc) (25 words) 
The lecture was the starting stage for the students to learn about the integrated 

constructed wetlands and learn about the design of various industrial components. This 

is thus meant to bring about a general understanding of the research illustrated and 

and explained  by the expert. 

 

4. Details of the Guests (Chief Guests, speakers etc Designation, 

organization, contact details if any please give them in sr no) 

 

Dr. Sanjeev Prajapati, Department of Hydro and Renewable Energy (HRED) 

Indian Institute of Technology, Roorkee 

 

5. Brief Description of the event (about 200 words) 
Expert Lecture on the Nature-based technologies for treatment and recycling 

wastewater. The lecture was designed to provide insight into the processes and 

techniques that are applied in the wastewater treatment field, where the focus is laid on 

the basic principles, local conditions, essential circumstances, and performance of 

constructed wetlands integrated with the algae-based process, which is aimed towards 

resource recycling. 
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6. Photographs 

3 to 5 geotagged photographs of the event or screenshots of the 
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7. Brochure or creative of the event (insert in the document only ) 
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8. Schedule of the event (insert in the report) 

28 July, 2023 ~ 11.00AM 

Room No 020, 1 AB 

Manipal University Jaipur 

9. Attendance of the Event (insert in the document only) 

Total attendee - Approx 20 (15 in list plus few more students) 

Sr. No Name of Institution 
Place of 

Institution  
Name of Attendee  Name of Dept 

 1. 

 Manipal University 

Jaipur  Jaipur  Dr. Monika Sogani  Biosciences 

 2. 

 Manipal University 

Jaipur  Jaipur  Dr. Sandeep K Srivatava  Biosciences 

3. 

 Manipal University 

Jaipur  Jaipur  Dr. Rakesh Sharma  Biosciences 

4. 

 Manipal University 

Jaipur Jaipur Dr. Anand Chakinala 

Chemical 

Engineering 

5. 

 Manipal University 

Jaipur Jaipur Dr. Nitesh Kumar Poddar Biosciences 

6. 

 Manipal University 

Jaipur Jaipur Dr. Anil Dutt Vyas 

Civil 

Engineering 

7. 

Manipal University 

Jaipur Jaipur Dr. Karishma Sharma 

Chemical 

Engineering 

8. 

 University of 

Mannheim Germany Rosy Biology 

8. 

 Manipal University 

Jaipur Jaipur Priyanka Sharma Biosciences 

9. 

 Manipal University 

Jaipur Jaipur Bhanu Kushwaha Biosciences 

10. 

 Manipal University 

Jaipur Jaipur Sandesh Telang Biosciences 

11. 

 Manipal University 

Jaipur Jaipur Himanshi Sen Biosciences 

12. 

 Manipal University 

Jaipur Jaipur Nishaan Sen Gupta Biosciences 

13. 

 Manipal University 

Jaipur Jaipur Jayana Rajvanshi Biosciences 

14. 

 Manipal University 

Jaipur Jaipur Sapna Kumari Biosciences 

15. 

Manipal University 

Jaipur Jaipur Nandana Chakinala 

Chemical 

Engineering 
 

 

Seal and Signature of Head with date 
28-07-2023
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Manipal University Jaipur 2021 to 2023

Entity: Manipal University Jaipur ·  Within: All subject areas (ASJC) ·  Year range: 2021 to 2023 ·  Data source:
Scopus, up to 30 Oct 2024

Summary for Manipal University Jaipur 6

Research performance within SDG 6: Clean Water and Sanitation (2023)

102
Scholarly Output 

1.28
Field-Weighted Citation Impact

13
International Collaboration 

2,161
Views Count

1,134
Citation Count 

33 30
1.70 1.34

3 7
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Entity: Manipal University Jaipur ·  Within: All

subject areas (ASJC) ·  Year range: 2021 to 2023 ·
Data source: Scopus, up to 30 Oct 2024

Collaboration summary within SDG 6: Clean 
Water and Sanitation (2023)

International Collaboration
Publications co-authored with Institutions in other
countries/regions

Manipal University Jaipur
12.7%

Academic-Corporate Collaboration
Publications with both academic and corporate
affiliations

Manipal University Jaipur
1.0%
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Entity: Manipal University Jaipur ·  Within: All subject areas (ASJC) ·  Year range: 2021 to 2023 ·  Data source:
Scopus, up to 30 Oct 2024

Top keyphrases within SDG 6: Clean Water and Sanitation (2023)

Top keyphrases by relevance

Wastewater Treatment

Groundwater

India

Heavy Metal

Water Pollution

Biofilm Reactor

Chemical Oxygen Demand

Total Suspended Solid

Biodegradation

Potable Water

Adsorption

Photocatalysts

Waste Management

Hydraulic Retention Time

Overexploitation
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MUJ/DSW/Society Connect/ 31 Oct 2023

DIRECTORATE OF STUDENT’S WELFARE 

(SOCIETY CONNECT) 

And 

Faculty of Management and Commerce 

Department of Business Administration 

Activity on 

SWACH BHARAT 

OCTOBER 31, 2023 
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1. Introduction of the Event

School of Business and Commerce in collaboration with Directorate of Student Welfare (NCC, NSS)

and Rotaract Club (Rotary Bapu Nagar) organized a “Awareness on Environment Protection” on

October 31, 2023. 40 students and 2 faculty members participated in the campaign. The event took

place in Dehmi Kalan hamlet.

2. Objective of the Event

The aim of the campaign was to raise awareness about plantation and Environmental Protection.

3. Beneficiaries of the Event

Through this initiative, students and villagers had better communication and understanding of the

situation.

4. Details of the Guests

The event was laid by the students of BBA, BBA(BA), IMBA and Club Members of Rotaract Club MUJ 

5. Brief Description of the event

School of Business and Commerce, Department of Business Administration in collaboration with 

Directorate of Student Welfare, Directorate of sports and NCC, NSS organized a plantation drive for 

creating awareness on environment protection on 31st October 2023.  20 students and 2 faculty 

members participated in the drive.  The group visited various houses in the Begas Village Road and 

planted saplings and encouraged villagers to take care about environment and newly planted saplings. 

Students also learned various communication skills and interactive skills with the villagers. 

6. Photographs

Fig 1 Students at Begus Village for Plantation 
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Fig 2 Students doing Plantation. Fig 2 Students & Faculty doing Plantation. 

Fig 4 Students & Faculty doing Plantation. 
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7. Brochure or creative of the event

8. Schedule of the Event

The event took place on October 31, 2023

9. Attendance of the Event (60 student)

Sr. No Registration No Attendee Name Name of Institution 

1 23FM10BBA00197 VIPUL SHARMA Manipal University Jaipur 

2 23FM10BBA00198 MUKUND MAHESHWARI Manipal University Jaipur 

3 23FM10BBA00199 ROSHAN GUPTA Manipal University Jaipur 

4 23FM10BBA00200 VANSH MULCHANDANI Manipal University Jaipur 

5 23FM10BBA00227 PAWAN POTALIYA Manipal University Jaipur 

6 23FM10BBA00232 AKSHAT KUMARCHOUDHARY Manipal University Jaipur 

7 23FM10BBA00233 DHAIRYA BANSAL Manipal University Jaipur 

8 23FM10BBA00230 YASH ARORA Manipal University Jaipur 

9 23FA10BSP00028 Anupama Rustagi Manipal Univesrity Jaipur 

10 23FE10CCE00085 Siddhartha tiwari Manipal Univesrity Jaipur 

11 23FA10BAP00002 Tanisha Mathur Manipal Univesrity Jaipur 

12 23FD10BFD00009 Mariya Shabbir Baiwala Manipal Univesrity Jaipur 

13 23FE10CDS00224 Harsh Ajmera Manipal Univesrity Jaipur 

14 23fe10cds00125 Suryanshi Singh Manipal Univesrity Jaipur 

15 23fs10mat00009 Malavika ramdas Manipal Univesrity Jaipur 

16 221007021 Arshi Jain Manipal Univesrity Jaipur 

17 23FE10CSE00137 Stuti Dixit Manipal Univesrity Jaipur 

18 23fe10cii00094 Aarohi Tyagi Manipal Univesrity Jaipur 

19 23FE10CSE00152 Gautam Kakkar Manipal Univesrity Jaipur 
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20 23FE10CSE00318 Krish Ray Manipal Univesrity Jaipur 

21 23FE10CII00076 Kriissh Marwaha Manipal Univesrity Jaipur 

22 229310321 Shiv Rajput Manipal Univesrity Jaipur 

23 23FS10BIO00051 Ragini Singh Thakur Manipal Univesrity Jaipur 

24 23FS10BIO00052 Anukriti sharma Manipal Univesrity Jaipur 

25 220901073 Diya Mittal Manipal Univesrity Jaipur 

26 23FE10CSE00081 Smmayan Gupta Manipal Univesrity Jaipur 

27 229309083 Raghav Gupta Manipal Univesrity Jaipur 

28 23FE10CDS00397 Hrishita Singh Timaney Manipal Univesrity Jaipur 

29 23FE10ITE00203 Sarah Sharda Manipal Univesrity Jaipur 

30 23fa10bsp00025 Jasleen kaur Manipal Univesrity Jaipur 

31 23FA10BSP00039 Jiya Kumar Manipal Univesrity Jaipur 

32 23FA10BSP00004 Aarya Mahale Manipal Univesrity Jaipur 

33 220606020 Chaarvi Kumar Manipal Univesrity Jaipur 

34 23fa10bsp00058 Kashvi Mahajan Manipal Univesrity Jaipur 

35 229301095 Shaurya Singh Manipal Univesrity Jaipur 

36 23fe10ece00024 Kushagra agrawal Manipal Univesrity Jaipur 

37 23FA10BSP00017 Megha  Sharma Manipal Univesrity Jaipur 

38 23FM10BBA00162 Alina Nadeem Manipal Univesrity Jaipur 

39 23FM10BBA00178 Avishi Akhaury Manipal Univesrity Jaipur 

40 221007004 Urvi Thakare Manipal Univesrity Jaipur 

41 23FA10BAP00027 Natasha Joan Menezes Manipal Univesrity Jaipur 

42 23FA10BLE00004 Tanisha chaturvedi Manipal Univesrity Jaipur 

43 23fe10cai00579 Arjun Malhotra Manipal Univesrity Jaipur 

44 23FE10CAI00352 Maanyata Aul Manipal Univesrity Jaipur 

45 220901322 Divyanshi Singh Manipal Univesrity Jaipur 

46 229310412 Jatin Verma Manipal Univesrity Jaipur 

47 229301094 Yashovardhan Pratap Singh Manipal Univesrity Jaipur 

48 23FM10BBA00348 Niska kedia Manipal Univesrity Jaipur 

49 221105005 Dhruv Nair Manipal Univesrity Jaipur 

50 23FM10BBA00170 Shambhavi Agrawal Manipal Univesrity Jaipur 

51 23FE10CDS00241 Armaan Setia Manipal Univesrity Jaipur 

52 23FE10CAI00105 Mritunjay Singh Manipal Univesrity Jaipur 

53 229311075 Aarna Tyagi Manipal Univesrity Jaipur 

54 229302051 Prince jindal Manipal Univesrity Jaipur 

55 23FA10BHE00035 Taneesha puri Manipal Univesrity Jaipur 

56 220903033 Suhani Jain Manipal Univesrity Jaipur 

57 220901391 Dipika Agarwal Manipal Univesrity Jaipur 

58 229310222 Aayush Sharma Manipal Univesrity Jaipur 

59 221003007 Yachna Jain Manipal Univesrity Jaipur 

60 220901002 Anshu jangir Manipal Univesrity Jaipur 
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Dr Narendra Singh Bhati Ho 

HOD, BBA 

(Hemant Kumar) 

Assistant Director, Society Connect 

Directorate of Student’s Welfare 
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MUJ/DSW/Student Clubs/2023/Biotech Club MUJ/8thNovember’23

DIRECTORATE OF STUDENTS’ WELFARE 

RANGOLI COMPETITION ON BACTERIAL 

AND VIRAL DISEASES  

 Department of Biosciences, 

Biotech Club of MUJ,  

& 

Microbiologists Society, India (MBSI) 

OFFLINE EVENT 

Date of Event (8th November 2023) 

(10:00 AM- 01:30 PM) 
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1. Introduction of the Event

In collaboration with the Department of Biosciences at Manipal University Jaipur, the Biotech Club, 

and the Microbiologists Society India, organized a Rangoli Competition on Bacterial and Viral 

Diseases on November 8th, 2023. This unique event converged the traditional artistry of Rangoli 

with the scientific world of microbial pathogens, offering participants a creative platform to explore 

and express their insights into the intricate realm of bacterial and viral diseases.  

2. Objectives of the Event

• To foster a sense of community within the university and beyond by bringing

students, faculty, and the local community together.

• To encourage participation from diverse backgrounds, promoting inclusivity

and knowledge sharing.

• Promote interdisciplinary discussions, allowing individuals from various

academic backgrounds to explore the intersections of art and science.

• Highlight the pervasive influence of biotechnology in everyday life, with a

specific focus on how it impacts disease prevention and treatment.

• Enhance public understanding of the importance of biotechnological

advancements in addressing global health challenges and the development of

innovative solutions.

3. Beneficiaries of the Event

• MUJ students

4. Brief Description of the event

The Rangoli Competition on the theme of Bacterial and Viral Diseases began
with an exciting inaugural ceremony at 10 AM attended by the esteemed faculty
members. Total registered students for the competition was 20 .Each participating
student group, creatively named after aspects of the topic, brought their unique
perspective to life on the colorful canvas. The groups, included

Petridish Picassos (G1) – Lavanya Tiwari, Roma Joishi, Shipra Rathi, Jenifer Laimayum 

Gene Code Conqueror (G2) – Kanushree Rathore 

Microbe Master (G3) – Thati Ameta 

SARS (G4) – Vanisha Sharma, Prashant Pradhan, Ananya Khanna, Ankita Singh 

Nain Naksh Group (G5)- Simran Maharshi, Simran Duggal, Pallavi Anand, Radhika 

Rathore 

Viro Path Explorers (G6)- Sakshi 

Vax Guardian (G7)- Shreya Ganvir 

Bacterial Pioneer (G8)- Riddhima Gupta, Priyanka Chatterjee 

Biotech Innovators (G9)- Vaishali Shahi, Aishwarya Rai Saxena 

who showcased their artistic talents and their understanding of the subject matter. As 
the event unfolded, curious students observed the intricate designs and symbolic 
representations. The rangoli creations were later evaluated and graded by the faculty, 
and deserving students were honored with certificates and mementos, making it a 
memorable and educational event. 
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The results of the rangoli competition were compiled as a total score per group on the 
criteria of presentation, concept, and defense. Placeholders were as follows- 

Winners- Petridish Picassos (G1) 1st Runner-up- Microbe Master (G3)    

2nd Runner-up – Nain Naksh (G5)     

Consolation prizes- Viro Path Explorer (G6), SARS (G4), Vax Guardian (G7) 

5. Photographs

Images 1-9: Rangoli entries by each of the participating groups (in order of the groups G1 to G9) 

Images 10-12:  Dr. Praveen Surolia (HoD, Chemistry) in conversation with our participant Sakshi; Dr. Saurabh Srivastava and  

Dr. Lalita Ledwani (Dean, FOS) along with Dr. Mousumi Debnath reviewing our participants’ designs 
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RESULTS 

Group photograph of all our participants along with the faculty members, 

guests and executive members of Biotech Club 

WINNERS 

Petridish Picassos (G1) – Lavanya Tiwari, Roma Joishi, Shipra Rathi, Jenifer Laimayum    

 1st RUNNER UP 

 Microbe Master (G3) – Thati Ameta 

 2nd RUNNER UP 

Nain Naksh Group (G5)- Simran Maharshi, Simran Duggal, Pallavi Anand, 

Radhika Rathore 
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Consolation prize- Viro Path Explorer (G6)- Sakshi 

Consolation prize-  SARS (G4) – Vanisha Sharma, Prashant Pradhan, Ananya Khanna, Ankita Singh 

Consolation prize- Vax Guardian (G7)- Shreya Ganvir 
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7 

7. SCHEDULE OF THE EVENT:

The event was conducted on 8th November 2023 from 10:00 AM- 1:30 PM at the allotted 

venue- AB1 Corridor facing old mess.  

6. Brochure or creative of the event
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8. ATTENDANCE OF THE EVENT:

TOTAL PARTICIPANTS IN THE COMPETITION: 20 
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9. POST EVENT LINK:

Registration Form: https://forms.gle/bQTpySKTgXzm9BnHA

All media related to the event: https://mujmanipal-

my.sharepoint.com/:f:/g/personal/anshulika_211002053_muj_manipal_edu/Evtb6qt 
fiYFDt0bMFbgnIX4BcF9QYXtxcowmUqMqj0drNg?e=krd05e

Anshulika Saxena 

President, Biotech Club MUJ 
Signature of the Student Coordinator 

Dr. Mousumi Debnath 

Faculty Coordinator, Biotech Club 

Signature of the Faculty Coordinator 
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FACULTY OF DESIGN 

International Conference on Sustainable Development for 

Heritage and Built Environment

22/06/2023 – 23/06/2023 
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1. Introduction of the Event

The conference is inspired from the critical challenge of human, environmental, 

heritage and built sustainability concerning the present and future generations in a 

global-scale context. This theme emphasizes the strong foundation that is provided 

by using research to inform our everyday practices, policies, and analytical 

approaches. This interdisciplinary forum is for scholars, teachers, and practitioners 

from the built environment professional discipline who share an interest in—and 

concern for— sustainability in an holistic perspective, where environmental, cultural, 

economic and social concerns intersect. It will provide a platform for various 

individuals to connect the past and present and develop solutions to a more universal 

and environmentally friendly approach towards built environment. 

The conference will include topics such as 

(i)Sustainable approach to design in built environment,

(ii)Sustainability & built Heritage,

(iii)Conserving Built Heritage,

(iv)Sustainable Policies for Environmental and Infrastructure Planning,

(v)Earth and Environmental Planning & Design

2. Objective of the Event

This conference was a gathering of minds dedicated to addressing the pressing 

challenges of sustainability that affect our world today and tomorrow. It recognized 

that sustainability is a multifaceted concept that requires interdisciplinary 

collaboration and rigorous research. By bringing together scholars, educators, and 

practitioners, the conference facilitated the exchange of ideas and the development 

of solutions that promote a more sustainable, resilient, and environmentally friendly 

built environment.  

3. Beneficiary of the event
This interdisciplinary forum is for scholars, teachers, and practitioners from the

built environment professional discipline who share an interest in—and concern

for— sustainability in an holistic perspective, where environmental, cultural,

economic and social concerns intersect.
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4. Brief Description of the event

The conference was hosted by Department of Interior Design and School of Architecture 

and Design, Faculty of Design at Manipal University Jaipur. This interactive and engaging 

event is tailored exclusively for our researchers, as part of our commitment to foster 

continuous learning,future research opportunities. The presentations focused on 

sustainability as the prime agenda and paved way for the researchers to present their 

work at an international level. 

5. Photographs of the Event

Snippets of the Conference 
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6. Poster of the event

7. Schedule of the event

Time Event Speaker 

11:00 – 11:30 AM Opening speech Dr Richa 

Jagatramka 

11: 30 – 11:35 AM Welcome address Dr Madhura Yadav 

11: 35 – 11:45 AM Introduction of international speaker Ar Himangshu 

Kedia 

11: 45 AM – 12:45 

PM 

Presentation by Dr Muge  Dr Muge 

12: 45 – 01:00 PM Q & A session 

01:00 – 01:05PM Vote of Thanks Ar. Himangshu 

Kedia 
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Meeting Link : 

https://teams.microsoft.com/l/meetup-

join/19%3ameeting_MmRjNjZiN2ItMTc1NS00YmJlLTkwMTItMzBiYTVjNTI0YTRh

%40thread.v2/0?context=%7b%22Tid%22%3a%227d0726e8-

bf4b-4ac1-99f1-010fb11f1d3f%22%2c%22Oid%22%3a%

2216be8839-914f-456c-9836-e6b3ba8fa2f9%22%7d 

8. Attendance of the Event

Total attendees – 28 participants from MUJ and outside

Sl.no Name Organisation 

1 Dr. Richa Jagatramka FOD 

2 Megha Prabhu K FOD 

3 Dr. Sampath Kumar Padmanabha 
Jinka 

FOD 

4 Dr. Madhura Yadav FOD 

5 Dr. Anantkumar Dada Ozarkar FOD 

6 Dr. Subhash Chandra Devrath FOD 

7 Nisha Nelson FOD 

8 Preethi Agrawal Practicing Architect and PhD scholar 

9 NITIKA TORVI Christ University 

10 Subhadha B Christ University 

11 Himangshu Kedia FOD 

12 Rushikesh Kolte MNIT 

13 Dr. Sunanda Kapoor FOD 

14 Ananya Tripathi AKTU - GCA 

15 Kinzalk Chauhan FOD 

16 Ritu Sharma FOS – Phd Scholar 

17 Rimjhim Swami FOD 

18 Ayushi Sharma FOD 

19 Apoorva Agarwal FOD 

20 Muge Fialho Leandro Alves Teixeira QUT Australia 

21 Deeksha MNIT 

22 Siddharth Mishra FOD 

23 Akshay Gupta FOD 

24 Ritu Sharma FOD 

25 Neha Saxena FOD 

26 Antima Kuda MAHE Dubai 

27 Raunak Prasad FOD 

28 Ashutosh Saini FOD 
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MUJ/Q&C/22/F/1.01 Event Report Format 

FACULTY OF SCIENCE 

SCHOOL OF BASIC SCIENCES 

DEPARTMENT OF BIOSCIENCES 

Invitation for Expert Lecture 

On 

Nature-based technologies for treatment and recycling 

wastewater 

28 July, 2023 ~ 11.00AM 

Room No 020, 1 AB, MUJ 
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1. Introduction of the Event

Expert Lecture On Nature-based technologies for treatment and recycling wastewater by

Dr. Sanjeev Prajapati, Department of Hydro and Renewable Energy (HRED) Indian

Institute of Technology, Roorkee

2. Objective of the Event (bullet points or about 50 words)
The lecture was designed to provide insight into the processes and techniques that are

applied in the wastewater treatment field, where the focus is laid on the basic

principles, local conditions, basic circumstances, and performance of constructed

wetlands integrated with the algae-based process which aimed towards the resource

recycling.

3. Beneficiaries of the Event (Student/Faculty/Community etc) (25 words)
The lecture was the starting stage for the students to learn about the integrated

constructed wetlands and learn about the design of various industrial components. This

is thus meant to bring about a general understanding of the research illustrated and

and explained  by the expert.

4. Details of the Guests (Chief Guests, speakers etc Designation,

organization, contact details if any please give them in sr no)

Dr. Sanjeev Prajapati, Department of Hydro and Renewable Energy (HRED)

Indian Institute of Technology, Roorkee

5. Brief Description of the event (about 200 words)
Expert Lecture on the Nature-based technologies for treatment and recycling

wastewater. The lecture was designed to provide insight into the processes and

techniques that are applied in the wastewater treatment field, where the focus is laid on

the basic principles, local conditions, essential circumstances, and performance of

constructed wetlands integrated with the algae-based process, which is aimed towards

resource recycling.
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6. Photographs

3 to 5 geotagged photographs of the event or screenshots of the
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7. Brochure or creative of the event (insert in the document only )
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8. Schedule of the event (insert in the report)

28 July, 2023 ~ 11.00AM

Room No 020, 1 AB 

Manipal University Jaipur 

9. Attendance of the Event (insert in the document only)

Total attendee - Approx 20 (15 in list plus few more students)

Sr. No Name of Institution 
Place of 

Institution 
Name of Attendee Name of Dept 

 1. 

 Manipal University 

Jaipur  Jaipur  Dr. Monika Sogani  Biosciences 

 2. 

 Manipal University 

Jaipur  Jaipur  Dr. Sandeep K Srivatava  Biosciences 

3. 

 Manipal University 

Jaipur  Jaipur  Dr. Rakesh Sharma  Biosciences 

4. 

 Manipal University 

Jaipur Jaipur Dr. Anand Chakinala 

Chemical 

Engineering 

5. 

 Manipal University 

Jaipur Jaipur Dr. Nitesh Kumar Poddar Biosciences 

6. 

 Manipal University 

Jaipur Jaipur Dr. Anil Dutt Vyas 

Civil 

Engineering 

7. 

Manipal University 

Jaipur Jaipur Dr. Karishma Sharma 

Chemical 

Engineering 

8. 

 University of 

Mannheim Germany Rosy Biology 

8. 

 Manipal University 

Jaipur Jaipur Priyanka Sharma Biosciences 

9. 

 Manipal University 

Jaipur Jaipur Bhanu Kushwaha Biosciences 

10. 

 Manipal University 

Jaipur Jaipur Sandesh Telang Biosciences 

11. 

 Manipal University 

Jaipur Jaipur Himanshi Sen Biosciences 

12. 

 Manipal University 

Jaipur Jaipur Nishaan Sen Gupta Biosciences 

13. 

 Manipal University 

Jaipur Jaipur Jayana Rajvanshi Biosciences 

14. 

 Manipal University 

Jaipur Jaipur Sapna Kumari Biosciences 

15. 

Manipal University 

Jaipur Jaipur Nandana Chakinala 

Chemical 

Engineering 

Seal and Signature of Head with date 

28-07-2023
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Event Report 

A Global Conclave for Circular Economy and Sustainability (CORE-2023) 

International Seminar on Fireside Chat on Global Business Opportunities: Unlimited 
(Clean Water and Sanitation) 

Title: International Seminar on Fireside Chat on Global Business Opportunities: Unlimited 
Date: 14th March, 2023 
Venue: Smt Sharda Pai Auditorium, Manipal University Jaipur  
Panelist: 

1. Mr. Bjorn Appelqvist, Scientific and Technical Committee Chair

2. Ms. Carolina Urmeneta, Circular Economy Program Director and America’s regional lead

for the Global Methane Hub

3. Mr. Siddhant Agrawal, CEO, CDC and Chair – circular economy ICWM.

4. Mr. Siddhartha Srivastava, Dy. General Manger – Sales and Marketing, Blue Planet Group

Core Committee of the Club: 

Convener: Dr. Devershi Pallavi Bhatt 

Student Coordinator:  

Muskan Goyal (211015077) 

Sanchit Sardana (211015036) 

1. Introduction of the Event:

International Seminar, Fireside Chat on Global Business Opportunities: Unlimited, 

organized by Department of Computer Applications, in Association with  International Solid 

Waste Association (ISWA) & The Institute of Charted Waste Managers (ICWM).  Students from 

different disciplines of MUJ were attended the international seminar to get an exposure about 

clean water and Sanitation. 

2. Objective of the Event:

a. To provide the students of MUJ with Global business opportunities to learn and be aware

about clean water and sanitation.

b. To learn about how business increases focus on can leveraging circular strategies to

achieve climate goals.

c. To learn how the transition to a circular economy can benefit our economy.

d. To learn about Nationally Determined Contribution (NDC), the first long-term

climate strategy.

3. Beneficiaries of the Event:

Students of MUJ across several disciplines like BCA, B.Sc. Chemistry, B.Sc. Bio 

Technology, B.Sc. Micro Biology  actively participated in panel discussion. 
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4. Details of Panelists:

I) Mr. Bjorn Appelqvist

Björn Appelqvist has worked in the waste management sector for more than 20 years and has worked 

in consultancy, municipalities, intermunicipal companies and with private contractors. Since 2016, 

he works as Department Manager for Waste & Resource Management at Ramboll, a global 

engineering, architecture and consultancy company founded in Denmark in 1945. Björn is also a 

member of the Technical Committee of DAKOFA – Waste and Resource Network Denmark. 

Mr. Appelqvist has been an active member of ISWA since 2006. In 2013 he was elected Chair of the 

Working Group on Recycling and Waste Minimisation and part of the Scientific and Technical 

Committee of ISWA. Since 2018, Björn is the Chair of the Scientific and Technical Committee of 

ISWA and member of the ISWA Board of Executives. 

II) Ms. Carolina Urmeneta

Ms. Carolina Urmeneta is the Circular Economy Program Director, and Americas Regional Lead for 

The Global Methane Hub. A Civil Engineer in Biotechnology, from University of Chile, International 

Master in Sustainability Sciences, Diploma in Disaster Risk Management and Adaptation to Climate 

Change. She holds15 years of work experience in public policy development, studies, projects, and 

consulting on climate change and sustainability. For the last 4 years, she was the head of Climate 

Change for the Government of Chile, leading transformative public policy as the Climate Change 

Framework Law, approved unanimously in the congress, the ambitious update of the NDC, and the 

first Long Term Strategy of Chile. Chile was one of the first countries to include circular economy 

concrete goals in their climate change commitments. Previously she worked supporting the design 

and implementation of methane capture projects in the agriculture and waste sector and the regular 

and voluntary carbon market. 

III) Mr. Siddhant Agrawal

Mr. Siddhant Agrawal is the Head of Innovations and Operations at the Centre for Development 

Communication and is the Founder Member of the Young Professionals Group – India Chapter of 

ISWA. He is also the Director of Global Public School in Jharana which caters to the students in the 

rural area of Jharana, Madhorajpura, etc. He holds a Master’s Degree in Development Management 

from S.P. Jain Institute of Management and Research, Mumbai, a Master’s in International 

Development from the University of Denver, and a Bachelor’s degree in Economics from the 

University of Sussex. He has more than 7 years of experience in the Waste Management Sector and 

has been actively involved in the Management of various projects. He had also initiated a project for 

managing textile waste at the consumer end (REVIRE) and has engaged 1132 customers to date; 

more than 20 women as self-entrepreneurs in textile waste management. 

IV) Mr. Siddhartha Srivastava

Mr. Siddharth Srivastava is carrying a decade of experience in green energy and waste management 

industry. He has been instrumental in penetrating the Asian market for waste management projects 

under the Brand name of Blue Planet Group. With an engineering background Siddharth is working 

with different stakeholders like policy makers, local project teams and multiple clients for 

development of projects and developing new opportunities in the South East Asian market. 

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06



5. Brief Description of the event: UG and PG students across different bachelor courses were

attended the Panel Discussion.

➢ Prof. Thammaiah CS - Pro-President, MUJ welcomed the panellist Mr. Bjorn

Appelqvist and Ms. Carolina Urmeneta.

➢ Prof. Lalita Ledwani- Dean, FoS, MUJ welcomed the panellist Mr. Siddhant Agrawal.

➢ Prof. Devershi Pallavi Bhatt, HoD - Department of Computer Applications

welcomed the panellist Mr. Siddhartha Srivastava.

During the discussion, panellists’ brain-stormed on following topics- 

1. Bjorn- there is an increasing buzz about circular economy, what do you think are the global

opportunities around it, how can businesses increase focus on leveraging circular strategies to

achieve climate goals.

2. Siddhant - Continue talking about circular economy How will the transition to a circular

economy benefit our economy and contribute to reach the target of climate-neutrality by 2050?

Being a second generation entrepreneur in the waste management sector have you observed any

shift or transitions

3. Siddhartha- Biomaterials will be a hot topic but also a polarising one. They will be scrutinised

in a holistic lens, do you think they are a part of the solution?

4. Carolina- Chile implemented the Nationally Determined Contribution (NDC), the first long-

term climate strategy, the Climate Risk Atlas at the community level, the first regional action

plans against climate change, what should other nations learn from this while designing their own

action plan

5. Siddhartha. While doing multiple projects on Waste Management in Asia what difference

have you noticed in India and other countries in terms of execution

6. Siddhant- you’re a hardcore operations person, what do you think are your biggest challenges

when executing in different parts of India.

7. Carolina- Do you think more businesses should focus on mitigating methane or reducing

methane emissions, is there a way to incentivise it as a business opportunity?

8. Siddhartha- what do you think are the most exciting new business opportunities in the waste

management that you are coming across during your expansion in the south East Asian market

9. Bjorn - galvanising action as the treaty takes shape and what kind of changes will they bring

in the global business landscape

During the session students also asked relevant questions from panellists and got answered. 

Finally, Vote of Thanks was given by Convener – Prof. Devershi Pallavi Bhatt, HoD - 

Department of Computer Applications 
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6. Photographs of the event:

Seminar Pictures 
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7. Brochure :
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9. Attendance of the Event

Total attendee- 78 

List: 
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1. Introduction of the Event  

“A nation that destroys its soils destroys itself. Forests are the lungs of our land, 

purifying the air and giving fresh strength to our people. ” Trees are indispensable 

for life. Man can’t live without trees. However, the present condition of forests in 

the world, especially developing countries is pathetic and miserable. Forests are 

the source of life. They are the giving angels. They give man oxygen, rains, wood, 

fruit, make the world look so beautiful, yet the sinister man kills them! Who will 

be more inhumane than man himself? Cutting of forests ultimately endangers 

man’s own existence. Trees are important to the environment; they recycle water 

and process carbon dioxide in the atmosphere through photosynthesis. They are 

the world's full-time purifiers of air and water. Their cutting will disturb the 

natural water cycles which will lead to the shortage of fresh water in the water 

reserves of the world.  

Rotaract Green Club under Society Connect organized a Plantation Drive on account 

of DAAN UTSAV 2031. It took place on the 3rd of October from 10 a.m. Students were 

taken to the Mahatma Gandhi School, Begus for the drive. The drive aimed to instill a 

sense of discipline and respect for the environment while doing our part. 

 

 

 

2. Objective of the Event  
• Spread awareness on the importance of afforestation 

• Direct students’ mind in constructive activities 

• Contribution to the society 

• Promote tree planting 

• Create awareness regarding importance of ecology 

• Attempt at reducing pollution and improve green ambience 

 

3. Beneficiaries of the Event 

 

Community 

 

4. Brief Description of the event  

 
Rotaract Green Club organized the Plantation Drive on the 3rd October at 9 a.m. on 

account of DAAN UTSAV 2023. The drive’s main aim was to direct student’s mind  
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in constructive activities with the positive outcome through the facilitation of 

contributing to the nature and environment.  

 

It also aimed at spreading awareness about the effects of global warming and the 

positive effects of planting trees. The students gathered on campus to go to the 

Mahatma Gandhi School, Begus. 

 

The students participated in the drive enthusiastically and helped each other in 

planting the saplings. All the saplings were planted in the school ground by students. 
Participants were highly energetic to make the event a big success. A spirit of 

teamwork, exchange of ideas and enthusiasm of the participants especially among the 

students could be seen. Pictures were taken. The drive was successfully conducted by 

planting 40-50 saplings.   
 

5. Photographs of the event  

 

 

Image 1. Students and Faculty planting saplings 
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Image 2 Students participating in the Drive. 

 

Students participating in the Drive. 
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Image 4 Giving the manure to the newly plant samplings 

 

 

 

6. Brochure or creative of the event  

 

 
 

Plantation Drive  
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7. Schedule of the event  

 

S.NO. Name of the Event Time Place 

1. Plantation Drive 10:00 AM Mahatma Gandhi School (English 
Medium) Begus. 

 
A bus from MUJ was taken to the school in the morning. 

 

 

8. Attendance of the Event  

Total attendee- 67   

 

S.No. Reg. NO.  Name of Students  Institute Name  

1 23FE10ITE00079 Amisha anand Manipal University Jaipur 

2 23FE10CAI00360 shaivi adesh Manipal University Jaipur 

3 23FE10CSE00060  Amay Garg Manipal University Jaipur 

4 23FE10CDS00177 Manas Mathur  Manipal University Jaipur 

5 23fe10bte00029 Saloni kamal Manipal University Jaipur 

6 23FE10CSE00508 Dev Dhawan Manipal University Jaipur 

7 23fe10cii00035  Bhargavi Anand  Manipal University Jaipur 

8 220606004 Pranjal Puri Manipal University Jaipur 

9 23FA10BSP00028 Anupama Rustagi Manipal University Jaipur 

10 23FE10CCE00085 Siddhartha tiwari  Manipal University Jaipur 

11 23FA10BAP00002 Tanisha Mathur Manipal University Jaipur 

12 23FD10BFD00009  Mariya Shabbir Baiwala Manipal University Jaipur 

13 23FE10CDS00224 Harsh Ajmera  Manipal University Jaipur 

14 23fe10cds00125 Suryanshi Singh  Manipal University Jaipur 

15 23fs10mat00009 Malavika ramdas  Manipal University Jaipur 

16 221007021 Arshi Jain Manipal University Jaipur 

17 23FE10CSE00137 Stuti Dixit Manipal University Jaipur 

18 23fe10cii00094 Aarohi Tyagi Manipal University Jaipur 

19 23FE10CSE00152 Gautam Kakkar Manipal University Jaipur 

20 23FE10CSE00318 Krish Ray  Manipal University Jaipur 

21 23FE10CII00076 Kriissh Marwaha  Manipal University Jaipur 

22 229310321 Shiv Rajput Manipal University Jaipur 

23 23FS10BIO00051 Ragini Singh Thakur Manipal University Jaipur 

24 23FS10BIO00052 Anukriti sharma Manipal University Jaipur 

25 220901073 Diya Mittal Manipal University Jaipur 

26 23FE10CSE00081 Smmayan Gupta  Manipal University Jaipur 

27 229309083 Raghav Gupta  Manipal University Jaipur 

28 23FE10CDS00397 Hrishita Singh Timaney Manipal University Jaipur 

29 23FE10ITE00203 Sarah Sharda Manipal University Jaipur 

30 23fa10bsp00025 Jasleen kaur Manipal University Jaipur 
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31 23FA10BSP00039 Jiya Kumar Manipal University Jaipur 

32 23FA10BSP00004 Aarya Mahale  Manipal University Jaipur 

33 220606020 Chaarvi Kumar  Manipal University Jaipur 

34 23fa10bsp00058 Kashvi Mahajan Manipal University Jaipur 

35 229301095 Shaurya Singh Manipal University Jaipur 

36 23fe10ece00024 Kushagra agrawal  Manipal University Jaipur 

37 23FA10BSP00017 Megha  Sharma  Manipal University Jaipur 

38 23FM10BBA00162 Alina Nadeem  Manipal University Jaipur 

39 23FM10BBA00178  Avishi Akhaury Manipal University Jaipur 

40 221007004 Urvi Thakare Manipal University Jaipur 

41 23FA10BAP00027 Natasha Joan Menezes  Manipal University Jaipur 

42 23FA10BLE00004 Tanisha chaturvedi  Manipal University Jaipur 

43 23fe10cai00579 Arjun Malhotra  Manipal University Jaipur 

44 23FE10CAI00352 Maanyata Aul Manipal University Jaipur 

45 220901322 Divyanshi Singh  Manipal University Jaipur 

46 229310412 Jatin Verma Manipal University Jaipur 

47 229301094 Yashovardhan Pratap Singh  Manipal University Jaipur 

48 23FM10BBA00348 Niska kedia Manipal University Jaipur 

49 221105005 Dhruv Nair Manipal University Jaipur 

50 23FM10BBA00170 Shambhavi Agrawal  Manipal University Jaipur 

51 23FE10CDS00241 Armaan Setia Manipal University Jaipur 

52 23FE10CAI00105 Mritunjay Singh Manipal University Jaipur 

53 229311075 Aarna Tyagi Manipal University Jaipur 

54 229302051 Prince jindal Manipal University Jaipur 

55 23FA10BHE00035 Taneesha puri Manipal University Jaipur 

56 220903033 Suhani Jain  Manipal University Jaipur 

57 220901391 Dipika Agarwal Manipal University Jaipur 

58 229310222 Aayush Sharma Manipal University Jaipur 

59 221003007 Yachna Jain Manipal University Jaipur 

60 220901002 Anshu jangir  Manipal University Jaipur 

61 23FE10CDS00284 Anant Barjatya Manipal University Jaipur 

62 221015074 Rupal Sharma  Manipal University Jaipur 

63 23fa10bsp00047 Vartika Agarwal  Manipal University Jaipur 

64 23FA10BSP00041 Kali Vithlani  Manipal University Jaipur 

65 23FM10BBA00030 Harshal Saini Manipal University Jaipur 

66 23FE10CSE00746 Daksh Sharma Manipal University Jaipur 

67 23FS10BIO00034 PC Rahul  Manipal University Jaipur 

 

 

 

9. Feedback of the Event:- The students participated enthusiastically. 
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(Hemant Kumar) 

Assistant Director, Society Connect  

Directorate of Student’s Welfare 
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1. Introduction of the Event 
The practical knowledge about the subject is of immense importance for the students 

of B.A, Economics (Hons.), M.A. Economics (Hons.), and as such apart from regular 

classroom teaching there is a strong case for exposing them to innovative and practical 

outdoor sessions/visits to the nearby areas & projects. Taking this pedagogy of 

teaching, a one day visit to the renowned Laporiya village and interaction with Padma 

Shree Laxman Singh was planned to closely to observe how the water stressed 

Laporiya village became self-sufficient in water with all the efforts of Laxman Singh 

Ji. He has been awarded the Padma Shree for his significant contribution to the field of 

saving water and the environment for the last 40 years. He changed the picture of more 

than 50 villages with the technique of saving water and the campaign launched for it. 

He recharged the ponds with the Chowka technique to save water and pastures. 

 

To take insights into his dedication, efforts, and commitments, this visit was planned  

for students to interact with him so that the environmental sustainability thought 

will sustain forever with Gen-Z and they will transfer the same to Gen-Alpha. 

 
2. Objective of the Event 

Water is a finite and shared resource. As well as being a basic human right and 

fundamental to healthy ecosystems, water is vital to the functioning of the global 

economy. However, increasing demand and competition, climate change and pollution 

are putting pressure on global water resources, creating risks for business and society. 

To experience the outstanding achievements and gain practical knowledge about 

environmental economics, an academic visit to “Laporiya village, near Dudu” is 

organized for the betterment and knowledge enhancement of the students. 

 

3. Beneficiarie s of the Event 

Students and faculty members of Manipal University Jaipur. 

 
4. Details of the Guests 

The President of India has awarded Shri Laxman Singh Ji Padma Shree for his 

commendable work of reviving the Chowka system, a traditional water harvesting 

method in Rajasthan. He has founded the NGO Gram Vikas Navyuvak Mandal 

Laporiya (GVNML). The efforts of Sh. Laxman Singh Ji has borne fruits in a drought- 

ridden small village (Lapodiya), 80 km from Jaipur. 

 

5. Brief Description of the event 

It was an expert lecture on Syllogism of knowledge of economics, entrepreneurial 

and data skills: Unpack the Why? by Mr. Abhishek Jain, EY, Senior project consultant 

E & Y. The aim of the lecture is to provide economic knowledge, entrepreneurial skill with 

basic data analytics knowledge and skills when it comes to leveraging data while 

growing their businesses, regardless of their respective industries. Student’s always be 

in prisoners dilemma of  Why? 
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3 to 5 geotagged photographs of the event or screenshots of the event (if 

online) with captions 

 

Mr Laxaman Singh Ji discussing the importance of ecosystem 
 

 
Mr Laxaman Singh Ji Addressing the students 

 

 
Photographs 
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The Village well 
 

 
Taking a short break, Mr Lakshman Singh Ji, faculties and students 
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Mr Singh (centre) discussing the young mind’s learnings and impressions in his house at the end of the 

visit. 
 

 

The students, Mr Lakshman Singh (towards right in white) and Dr Shilpi Gupta, outside his house. 

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06



Page 7 of 9 Name of Event 

 

 

6. Brochure or creative of the event (insert in the document only) 
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7. Schedule of the event (insert in the report) 

 
Date of the event –October 31, 2023 7:30 AM 

 

 

8. Attendance of the Event (insert in the document only) 

Total attendee- 
 

Registration No. Name of the Students Column1 Column2 

211101046 Akshay P  

211101035 Anubhav p  

211101003 Dakshita P  

211101043 Gaurav basniwal P  

211101050 Gaurav kumar P  

211101013 Saarthak tiwari P  

211101042 Praseeda P  

211101004 Rishita P  

211101006 Shivangi P  

211101015 Sumriddhi P  

211101040 Yash P  

211101041 Yashi P  

211101039 Anushka P  

211101007 Utkarsh P  

211101044 Riti P  

211101021 Paritosh P  

211101028 Divya surana P  

211101025 Atharv P  

23FA20MEA00004 Santanu Bhowmick P  

23FA20MEA00007 Anubhav Joshi P  

23FA20MEA00005 Bhumita Yadav P  

23FA20MEA00006 Shweta Choudhary P  

23FA20MEA00003 Medini Choudhary A Unwell 

23FA20MEA00002 Nisha Choudhary A Unwell 

231151001 Devanshi Kapoor P  

 
Dr. Shilpi Gupta 

Associate professor - Department of 
Economics 

 
P 

 

Mr. Apoorva 
Saxena 

 
Head, community Radio Station 

 
P 

 

Mr. Parul Kanwar Jr. Assistant SHSS P  
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News Publication- News printed in newspaper or online links (if any) for 

news – insert images) 

NA 

 

 
9. Feedback report of the Event 

Students experienced Padam Shree Laxman Singh Ji’s dedication, efforts, and  

commitments, and take away from him the environmental sustainability thought 

which will sustain forever with Gen-Z and they will transfer the same to Gen-Alpha. 

 

10. Link of MUJ website stating the event is uploaded on website 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Seal and Signature of Head with date 
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Department of Civil Engineering 

 

Societal Connect Activity 

On 

Toilet Training for GHS Staff 
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Content of Report  

1.  Introduction of the Event 

2. Objective of the Event 

3. Beneficiaries of the Event 

4. Details of the Guests 

5. Brief Description of the event 

6. Photographs 

7. Brochure or creative of the event 

8. Schedule of the Event  

 9. Attendance of the Event  

10. News Publication 

11. Feedback of the Event 

12. Link of MUJ website   
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1. Introduction of the Event  
Department of Civil Engineering SCCE, Conducted Toilet management training for GHS staff 

on 19th Oct. 2023. The planned and coordinated by Mr Sagar Gupta, Assistant Professor, Civil 

Engineering Department.  

 

2. Objective of the Event  
• The activity was designed to raise conscious related to behaviour of toilet users and consensus 

building.  

• Understanding essential composnent of toilet cleaning and management 

3. Beneficiaries of the Event  
The beneficiaries of event where GHS house keeping staff and students of MUJ.  

4. Details of Speaker 

Sr.No. Name of Guest Designation 

1. 
Animesh Kumar, Good 

Host Spaces 
Operations Manager 

2. Sagar Gupta, MUJ Assistant Professor 

 

5. Brief Description of the event  
The activity includes video lecture and active question and answer sessions . The planned and 

coordinated by Mr Sagar Gupta, Assistant Professor, Civil Engineering Department. 

Brochure of the Event 

 
6. Attendance of the Event  

 

Manipal University Jaipur 

School of Civil & Chemical Engineering 

Department of Civil Engineering 
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Toilet Training for GHS Staff 

Date Oct. 19, 2023 

Attendance List 

S. NO. Name Reg.No. 

1.  AKSHIT CHAURASIA 219102001 

2.  PRINCE KUMAR 219102002 

3.  HARSHIT GOTHWAL 219102005 

4.  AAKARSH RANJAN RAI 219102009 

5.  ARMAAN VERMA 219102010 

6.  TANYA SINGH THAKUR 219102011 

7.  DIVYA PRAKASH DUBEY 219102014 

8.  RAVISH DEG 219102015 

9.  MAYANK CHOUDHARY 219102016 

10.  SUPRIYA CHATTOPADHYAY 219102017 

11.  JASVEER DEWASI 219301128 

12.  HEMANT MEDATWAL 209102009 

13.  ADNAN  SHEIKH 209102010 

14.  PIYUSH  SHARMA 209102013 

15.  SANKET SANDEEP KARPE 209102014 

16.  KHADKE SUYASH SHAILENDRA 209102015 

17.  SPARSH KHARE 209102016 

18.  ANURAG MEERAL 209102017 

19.  SAGAR CHOUHAN 209102018 

20.  MAYANK SHARMA 209102019 

21.  HIMANSHU MANDRAI 209102021 

22.  MAYANK TOMAR 209102023 

 

7. List of Participants 

Manipal University Jaipur 

School of Civil & Chemical Engineering 

Department of Civil Engineering 

Toilet Training for GHS Staff 

Date Oct. 19, 2023 

Attendance List 
S.No Employee Code Employee Name 

1 2000860612 Meera Devi Mundotiya 

2 2000860626 Kamla Devi 

3 2000860635 Santosh 

4 2000860649 Geeta Verma 

5 2000860699 Seeta Kumawat 

6 2000860726 Chanda Devi 

7 2000860731 Vimla Devi 

8 2000860734 Vinod 
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Page 5 of 6               Toilet Training for GHS Staff 

9 2000860741 Jitendra Kumar Pareek 

10 2000860767 Manju Devi 

11 2000860770 Manju Devi 

12 2000860773 Manju Devi 

13 2000860794 Nagendra Singh 

14 2000860797 Nand Kishore 

15 2000860835 Sita 

16 2000860874 Guddi Devi Balai 

17 2000860904 Sugan Meena 

18 2000860913 Suman Devi 

19 2000860939 Shanti Kumawat 

20 2000860963 Deepak Bariwa 

21 2000860981 Lali Barai 

22 2000861082 Tara Kumawat 

23 2000861094 Gopali 

24 2000861138 Prem Devi 

25 2000861150 Radha Devi 

26 2000861170 Guddi Devi 

27 2000861192 Prem Devi 

28 2000861286 Jagdish 

29 2000861302 Usha 

30 2000861307 Babli Harijan 

31 2000861359 Rakesh Kumar Raikwar 

32 2000861384 Koyal Devi 

33 2000861404 Manisha Devi 

34 2000861426 Anita Devi 

35 2000939490 Gita Devi 

36 2000939503 Naina 

37 2000939515 Santosh Devi 

38 2000939527 Vimla Devi Bairwa 

39 2000954160 Minakshi Devi 

40 2000982536 Ramesh 

41 2000996175 Kavita Kumari Raigar 

42 2001043602 Pinky Yogi 

43 2001113764 Somoti Lal Bairwa 

44 2001194725 Anju Devi 

45 2001289599 Ramswrup 
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8. Photograph 

 
 

Pic no.1 active session on toilet management training 

 
 

Pic no.2 Participant at Event  

                                

 

 

 

Link of event posted on university Website -  
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FACULTY OF DESIGN 

SCHOOL OF ARCHITECTURE AND DESIGN 

“SAMSARA” at Nehru Children Secondary School, Dehmi Kalan 

ON 30th Sep 2023 

Date of Event 30th Sep 2023 
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1. Introduction of the Event

At Nehru Children Academy Secondary School in Dehmi Kalan, a pioneering initiative unfolded. This 
inventive project aims to transform discarded materials into a vibrant space, meeting the school's 
assembly requirements while emphasizing resource efficiency and community engagement. 

With approximately 300 students, the school grappled with challenges like the lack of a dedicated 
assembly area and inadequate facilities for artistic activities. The selected site within the school grounds 
proved perfect for this transformative endeavor, aiming to integrate cultural practices, such as shoe 
removal, into its design seamlessly. 

2. Objective of the Event

To create an architectural design that showcases the potential of utilizing pre-used, discarded, or waste 

material in a new building. To raise public awareness about building sustainability through functional 

efficacy, resource frugality, and sensory appeal of the design. 

To demonstrate the above attributes through a built example that can be used, experienced, and 

emotionally engaged with by the common public. 

To create a functional space using waste material for the betterment of the community, the space can 

be used for any activity for any age group with a minimum capacity of 6 people. 

• Site Selection:

Location-Nehru Children Academy Secondary School, Dehmi Kalan 

We visited a private school named 'Nehru Children Academy Secondary School', Dehmi Kalan, with a 

holding capacity of approximately 300 students with no functional area for assembly gatherings and 

poor amenities for the students ranging from KG to Grade 10. There is a need to design versatile spaces 

that can accommodate various artistic disciplines, to create an environment that inspires creativity and 

promotes a well-rounded education. According to Indian culture, students remove their shoes while 

entering the premises without any proper arrangement. 

3. Beneficiaries of the Event

The beneficiaries of the stage at Nehru Children Academy include students and staff with 
improved learning and assembly spaces, the local community with a multi-functional gathering 
area, and the environment through waste reduction and increased awareness of sustainability. 
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4. Details of the Participants

1. Prof. Raunak Prasad (Asst. Prof.)

19. Arghya Bhagwat

2. Divyesh Shankla

20. Harshita Mundhra

3. Chirag Gurnani

21. Aarya Chandiramani

4. Kartik Gehlot

22. Moulesh

5. Riddhi Sorte

23. Shriya Panwar

6. Aishmeen Kaur

24. Yash Dhingra

7. Vaishnavi Shukla

25. Ridhi Arora

8. Aishwarya Singh Rathore

26. Bhoomica Mittal

9. Sahib Chagger

27. Tanmay Gupta

10. Khushi Chowdhary

28. Nalin Sharma

11. Bhavesh Khemka

29. Subhrajyoti Dutta Choudhary

12. Harsh Srivastava

30. Aditi Payne

13. Abhinav Kumar Singh

31. Aadhya Mahajan

14. Ikshita Bagla

32. Raghav Mahajan

15. Pranat Kothari

33. Palak Chawla

16. Sajal Panwar

34. Abhijeet Yadav

17. Rijul Chaudhary

35. Ritwiza

18. Daksh Rupani
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5. Photographs of the event or screenshots of the event with captions

Students performing on the stage created Image showing the structure created

Utilization of space created during school event Tree plantation during the event
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6. Brochure or creative of the event

7. Attendance of the Event

1. Prof. Raunak Prasad (Asst. Prof.) 19. Arghya Bhagwat
2. Divyesh Shankla 20. Harshita Mundhra
3. Chirag Gurnani 21. Aarya Chandiramani
4. Kartik Gehlot 22. Moulesh
5. Riddhi Sorte 23. Shriya Panwar
6. Aishmeen Kaur 24. Yash Dhingra
7. Vaishnavi Shukla 25. Ridhi Arora
8. Aishwarya Singh Rathore 26. Bhoomica Mittal
9. Sahib Chagger 27. Tanmay Gupta
10. Khushi Chowdhary 28. Nalin Sharma
11. Bhavesh Khemka 29. Subhrajyoti Dutta Choudhary
12. Harsh Srivastava 30. Aditi Payne
13. Abhinav Kumar Singh 31. Aadhya Mahajan
14. Ikshita Bagla 32. Raghav Mahajan
15. Pranat Kothari 33. Palak Chawla
16. Sajal Panwar 34. Abhijeet Yadav
17. Rijul Chaudhary 35. Ritwiza
18. Daksh Rupani
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https://jaipur.manipal.edu/content/dam/manipal/muj/fod/Document/eventlist/NSS%20
REPORT.pdf
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Letter of Appreciation 

On 30th September 2023, Manipal University Jaipur organized SAMSARA (the Stage 
Design) in association with NSS (National Service Scheme), DSW (Directorate of 
Student Welfare, MUJ), and SA&D (School of Architecture & Design) in the campus of 
Nehru Children Secondary School, Dehmi Kalan. 

SAMSARA was conducted by Ar. Siddharth Mishra & Ar. Raunak Prasad, MUJ along 
with students of 1 st

, 2nd
• and 3rd year Architecture and Students from Nehru Children 

Secondary School. 

We highly appreciate the efforts of Manipal University Jaipur for,conducting SAMSARA 
(the stage design) in the campus of Nehru Children Secondary School, Dehmi Kalan. 

--� 
HEADMASTER \S' \�\'2-__; d 

NEHRU CHILDREN ACADEMY 
SECONDARY SCHOOL 

----------1JJ'>JiW!l'"'l\'Mt1U\?�;1�tA1Pt�------------
. P,,:1d_,:.t ,cl:11!.11�G,t 

Nehru Children Secondary School, Dehmi Kalan 
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MUJ/Q&C/22/F/1.01  Event Report Format 

FACULTY OF ENGINEERING 

SCHOOL OF ELECTRICAL, ELECTRONICS AND COMMUNICATION 

ENGINEERING 

DEPARTMENT OF ELECTRONICS AND COMMUNICATIONS 

ENGINEERING 

CLEAN WATER AND SANITATION DRIVE  

at Sri Sri Krishna Balaram Mandir  

in collaboration with MUJ NCC & Abhigya Club, MUJ 

Visit to: Sri Sri Krishna Balaram Mandir, 

Jagatpura, Jaipur, 302017, Rajasthan, India. 

Date of Event: 17/08/2023 
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Content of Report 

1. Introduction of the Event

2. Objective of the Event

3. Beneficiaries of the Event

4. Details of the Guests

5. Brief Description of the event

6. Geo-tagged Photographs

7. Brochure or creative of the event

8. Schedule of the Event

9. Attendance of the Event

10. News Publication

11. Feedback of the Event

12. Link of MUJ website
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1. Introduction of the Event

Water and sanitation are at the core of sustainable development, and the range 

of services they provide underpin poverty reduction, economic growth and 

environmental sustainability. However, in recent decades overexploitation, 

pollution, and climate change have led to severe water stress in locales across the 

world.  Today, 2.2 billion people lack access to safely managed drinking water, 

and more than 4.2 billion people lack safely managed sanitation. 

This drive aims to educate people about the importance of CLEAN WATER AND 

SANITATION. 

2. Objective of the Event (bullet points or about 50 words)
To bring awareness about CLEAN WATER AND SANITATION sustainable development

goals.

3. Beneficiaries of the Event (Student/Faculty/Community etc) (25 words)
General Public & MUJ students.

4. Details of the Guests (Chief Guests, speakers etc Designation, organization,

contact details if any please give them in sr no)
a) Dept of ECE, NCC & Abhigya Club Students.

b) Raghav Charan Das ji, is a Civil Engineer by education and has worked in the industry for

few years. He has been a national cricket player. From the past 10 years he is a full time

volunteer in The Akshaya Patra foundation. He is a spiritualist, a youth mentor and is also

Unit Head at FOLK programme offered by The Akshaya Patra foundation. He has been

associated with Abhigya Club MUJ from last 4 years.

5. Brief Description of the event
Water and sanitation are at the core of sustainable development, and the range of services they

provide underpins poverty reduction, economic growth and environmental sustainability.

However, in recent decades overexploitation, pollution, and climate change have led to severe

water stress in locales across the world.  Today, 2.2 billion people lack access to safely managed

drinking water, and more than 4.2 billion people lack safely managed sanitation.

Looking at this grave situation students of Dept of ECE, NCC and Abhigya Club MUJ decided

to collaborate and conduct an awareness session for general public. It was decided to conduct

this event at a prominent temple, Sri Sri Krishna Balaram Mandir, Jagatpura, Jaipur. As temple

attracts good footfall and general public does not emhasise enough on importance of clean water

and sanitation in general.

Shri Raghav Charan Das ji engaged students to develop Krishna Consciousness. After offering

prayers ECE, NCC & Abhigya Club students educated general public and visiting school

students at the temple about the importance of clean water and sanitation and also about

necessary actions to be taken at individual level.
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6. Photographs

3 to 5 geotagged photographs of the event or screenshots of the event (if

online) with captions

HoD ECE Flagging of the students 

Students Offering Prayers Students Participating in the Kirtan 

Session on Krishna Consciousness Students Meditating 

ECE, NCC & Abhigya Club Students conducting awareness session on CLEAN WATER AND SANITATION 
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7. Brochure or creative of the event:

8. Schedule of the event (insert in the report)

S.No. Timing Event 

1) 09:15 AM – 10:30 AM MUJ to Sri Sri Krishna Balaram Mandir 

2) 10:30 AM – 12:00 NOON Visit Sri Sri Krishna Balaram Mandir 

3) 12 NOON – 12:30 PM Session on Krishna Consciousness 

4) 12:30 PM – 02:00 PM Awareness Drive by ECE, NCC & Abhigya Club 

Students 

5) 02:00 PM – 03:30 PM Back to MUJ 
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9. Attendance of the Event (insert in the document only)

Total attendee: 53

S. 
No. 

Registration 
No. Student Name 

1 229202019 VINEET PATEL 

2 229202064 YUVRAJ SINGH SIKARWAR 

3 229202068 KARTIK SHARMA 

4 229202007 AYUSH KUMAR SINGH 

5 229202008 ASHISH SHAMRAO GAIKWAD PATIL 

6 229202048 ABIR GAUTAM 

7 229202042 ADITYA KUMAR 

8 229202052 SACHIN YADAV 

9 229202045 SOUMIL HALLAN 

10 229202066 AAGMAN SHUKLA 

11 229202054 DILLI SHANMUKHA PRANAYA 

12 229202001 DEVANG VIKRAM SINGH 

13 229202044 SASHIV ASHISH BHATNAGAR 

14 229202036 SHAIHAM SRIVASTAVA 

15 229202062 VIKRANT KUMAR 

16 229202033 JAYANT KUMAR 

17 229202070 MOHD RAMIN ZAHEER 

18 229202059 SARTHAK JAIN 

19 229202067 GARV YADAV 

20 229202017 AYUSH RAGHUDATHA PAI PANANDIKAR 

21 229202039 BHARVI JAYDEEP PATEL 

22 229202004 ANUSHKA SHARMA 

23 229202016 HARSHVARDHAN ADIL 

24 229202058 TANAY MALHAN 

25 229301167 VIVEK SHEKHAWAT 

26 229202077 KANISHKA GOYAL 

27 229202072 HIMANSHU 

28 229202055 SAKSHAM ARORA 

29 229202015 SIDDHANT SHRENIK KOLE 

30 229202023 RUGVED PRASAD PANSE 

31 229202079 YUVRAJ SINGH 

32 229302495 AYUSH GUPTA 

33 229202020 SHREYASH 

34 229202026 JASANJOT SINGH 

35 229202029 PRATYUSH TAK 

36 229202076 DINESH SARAN 

37 229202078 POORVAKSHI BARGOTI 
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S. 
No. 

Registration 
No. Student Name 

38 229202047 JAIDEEP PATEL 

39 229202010 KANISHKA CHAUDHARY 

40 229303006 SAKSI ADHIKARI 

41 229202002 KAMAL KISHOR PRAJAPATH 

42 229202041 ANSH YADAV 

43 229202043 UJJAWAL SHARMA 

44 229202061 KANAV JAIN 

45 229202071 JAYAN GUPTA 

46 229202053 GARV MISHRA 

47 229202069 DIVYANSHU RAI 

48 229202073 AADARSH PAL 

49 229202063 MAYANK JAWLA 

50 229202014 ADITYA GUPTA 

51 229202005 TANMOY PODDER 

52 229205005 MAYAANK  Shailesh Bambardekar 

53 229202081 Harshad Sharma 

10. News Publication- News printed in newspaper or online links (if any) for

news – insert images)

11. Feedback report of the Event

Would you be interested in attending sessions on similar topics? 

YES 

NO 
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12. Link of MUJ website stating the event is uploaded on website

17th August 2023 

Dr. Manish Tiwari 

HEAD OF DEPARTMENT 

Seal and Signature of Head with date 
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MUJ/DSW/Society Connect/Oct 2023/02 

DIRECTORATE OF STUDENT’S WELFARE 

(SOCIETY CONNECT) 

#DAANUTSAV 2023 

CLEANLINESS DRIVE 

(GANDHI JAYANTI) 

2nd October 2023 
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1. Introduction of the Event

A clean India would be the best tribute India could pay to Mahatma Gandhi on his 150-birth 

anniversary in 2019,” said Shri Narendra Modi as he launched the Swachh Bharat Mission at 

Rajpath in New Delhi. On 2nd October 2014, Swachh Bharat Mission was launched throughout 

the length and breadth of the country as a national movement. The campaign aims to achieve 

the vision of a ‘Clean India’. In this direction, “Cleanliness Drive" is organized on 2nd October 

2023 at the nearby village called Dehmi kalan at 9 Am morning. The importance of Swachh 

Bharat Abhiyan has been discussed with local people and vendor. The whole team of Faculty 

and students advised the local people and vendors to put dustbin near the village. Team also 

interacted with the students at school and discussed the swachhatha hi seva and Swachh 

Bharat Mission. This drive is organized by Rotaract Club of MUJ on the auspicious occasion 

of Gandhi Jayanti and DAAN UTSAV 2023 i.e 2nd October from 9 in the morning. The 

drive was conducted to help clean our surroundings and the betterment of the environment. 

2. Objective of the Event
• Promote the value of cleanliness

• Discipline and respect for the environment

• Spreading word about the need for cleanliness and hygiene

• Sensitizing people about the importance of cleanliness

3. Beneficiaries of the Event

Community, students of MUJ 

4. Brief Description of the event

The Cleanliness Drive took place on 2nd October, the birth anniversary of Mahatma Gandhi 

and the 4th anniversary of Swachh Bharat Abhiyan. On the account of DAAN UTSAV 2023, 

Rotaract Club organized this event in Dahmi Kalan Village. Students participated with 

enthusiasm throughout the drive. Everyone gathered at 9 a.m. to depart for the drive. 

Everyone helped each other to clean up the area and dispose the waste properly. 

The drive helped instill the importance of cleanliness and hygiene in the environment and 

how we, as regular people, can help maintain it. 
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Image 1 Cleaniliness Drive at Dahmi Kalan 

Image 2 Cleanining drive at near School 

5. Photographs of the event
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Image 3 Rotaract  Club Srtucents participating in the drive 

Image 4 Students participating in the drive. 
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6. Brochure or creative of the event

#DAANUTSAV 2023- Cleanliness Drive 

7. Schedule of the event

S.NO. Name of the Event Time Place 

1. Cleanliness Drive 9:00 AM Dehmi Kalan Village 

8. Attendance of the Event (insert in the document only)

Total attendee- 70

S.NO. Registration Number Name Institute Name 

1 229302644 Ankur kumar Manipal University Jaipur 

2 229311104 Shashwat Kumar Manipal University Jaipur 

3 229301221 Rubhav Bahirwani Manipal University Jaipur 

4 229302571 Shreya Kumari Manipal University Jaipur 

5 23FE10CAI00360 shaivi adesh Manipal University Jaipur 

6 23FE10CAI00487 Dev Sharma Manipal University Jaipur 

7 229310059 Aditya Yadav Manipal University Jaipur 

8 23FS20MBO00001 Ankita Singh Manipal University Jaipur 

9 23FA20MCP00005 Ayushi Pushkarna Manipal University Jaipur 

10 23FE10CSE00186 Akshita Sai Pery Manipal University Jaipur 

11 23FE10CSE00766 Akshat Tiwari Manipal University Jaipur 
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12 23FE10CSE00435 HARSHIT ATTRI Manipal University Jaipur 

13 229310269 Sneha Bhatia Manipal University Jaipur 

14 229303005 Nidhi Verma Manipal University Jaipur 

15 221007075 Preetika Sharma Manipal University Jaipur 

16 23FE10CAI00028 VALLURI SRI AASRITHA Manipal University Jaipur 

17 23FE10CDS00483 Kritika Magnani Manipal University Jaipur 

18 23FE10CDS00528 VANSHIKA VISHNAWAT Manipal University Jaipur 

19 23FE10CSE00043 KRITI RASTOGI Manipal University Jaipur 

20 23FE10CII00034 Trisha shanvi Manipal University Jaipur 

21 23FE10ITE00199 Ayush Singh Manipal University Jaipur 

22 23FE10CCE00034 KRISHNA GOEL Manipal University Jaipur 

23 23FE10AEE00008 Kisna Rana Manipal University Jaipur 

24 23FE10CSE00077 Akriti Chauhan Manipal University Jaipur 

25 23FE10CAI00548 Poorti Swarup Manipal University Jaipur 

26 23FE10CSE00005 Suhana Kaushik Manipal University Jaipur 

27 23FA10BSP00024 Lavanya Choudhary Manipal University Jaipur 

28 23FA10BSP00046 Rafia Manipal University Jaipur 

29 23FA10BHE00012 Nausheen broca Manipal University Jaipur 

30 221007020 Ayushi Mittal Manipal University Jaipur 

31 23FE10CCE00057 Mohit kumhar Manipal University Jaipur 

32 23fe10cse00395 Samriddhi Sharma Manipal University Jaipur 

33 23FE10CSE00699 Nancy Manipal University Jaipur 

34 23FE10ITE00015 Janhvi Soni Manipal University Jaipur 

35 23FE10ITE00185 Aryaman Singh Manipal University Jaipur 

36 23FE10CSE00039 Priyal Kansal Manipal University Jaipur 

37 221002064 shweta mishra Manipal University Jaipur 

38 23FE10CSE00643 KSHITIJ VERMA Manipal University Jaipur 

39 23FE10CDS00235 Anika  sharma Manipal University Jaipur 

40 23FE10CII00109 Satvik Ahuja Manipal University Jaipur 

41 23FE10CDS00208 Ananya Srivastava Manipal University Jaipur 

42 23FE10CSE00222 Taarunya Aggarwal Manipal University Jaipur 

43 23FM10IBA00010 Harshit singh Manipal University Jaipur 

44 23FE10ITE00277 Aayushi Singh Manipal University Jaipur 

45 229302160 Parth johar Manipal University Jaipur 

46 23FM10BBA00341 Pallavi Dhaibhai Manipal University Jaipur 

47 23fd10bar00004 Aadhya mahajan Manipal University Jaipur 

48 23FE10CDS00423 Purvi Sharma Manipal University Jaipur 

49 23FE10ITE00021 Mounil Kankhara Manipal University Jaipur 

50 23FE10ITE00178 Pranav Prakash Manipal University Jaipur 

51 23FE10ITE00079 Amisha anand Manipal University Jaipur 

52 23FE10CAI00360 shaivi adesh Manipal University Jaipur 

53 23FE10CSE00060 Amay Garg Manipal University Jaipur 

54 23FE10CDS00177 Manas Mathur Manipal University Jaipur 

55 23fe10bte00029 Saloni kamal Manipal University Jaipur 

56 23FE10CSE00508 Dev Dhawan Manipal University Jaipur 

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06



57 23fe10cii00035 Bhargavi Anand Manipal University Jaipur 

58 220606004 Pranjal Puri Manipal University Jaipur 

59 23FA10BSP00028 Anupama Rustagi Manipal University Jaipur 

60 23FE10CCE00085 Siddhartha tiwari Manipal University Jaipur 

61 23FA10BAP00002 Tanisha Mathur Manipal University Jaipur 

62 23FD10BFD00009 Mariya Shabbir Baiwala Manipal University Jaipur 

63 23FE10CDS00224 Harsh Ajmera Manipal University Jaipur 

64 23fe10cds00125 Suryanshi Singh Manipal University Jaipur 

65 23fs10mat00009 Malavika ramdas Manipal University Jaipur 

66 221007021 Arshi Jain Manipal University Jaipur 

67 23FE10CSE00137 Stuti Dixit Manipal University Jaipur 

68 23fe10cii00094 Aarohi Tyagi Manipal University Jaipur 

69 23FE10CSE00152 Gautam Kakkar Manipal University Jaipur 

70 23FE10CSE00318 Krish Ray Manipal University Jaipur 

9. Feedback of the Event
The students participated enthusiastically and helped to spread message for cleanliness.

(Hemant Kumar) 

Assistant Director, Society Connect 

Directorate of Student’s Welfare 
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DEPARTMENT OF LAW 
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1. Introduction of the Event

A small NGO visit was organised on 20th February, 2023 at Aashray Help and Care

Foundation, Nirman Nagar, Brijlapura, Jaipur. It was organised for First Year students so that

they get encouraged to be a supportive part of LAC to help people who are in need. We

visited there to explain and teach girls about sanitisation and cleanliness which is very

important for proper health as they are the most important element of this new emerging

generation.

2. Objectives of the Event

➢ To spread awareness.

➢ Making children feel comfortable to share any problem they face while staying in the NGO,

studying, hygiene provided by the NGO, etc.

➢ Promoting Legal Aid Clinic (LAC) work and make them understand that they can approach

us whenever they need.

3. Beneficiaries of the Event

➢ The beneficiaries of the event included the Students of the School of Law of Manipal

University, Jaipur.

➢ Students of First and Second year.

4. Brief Description of the Event

The volunteers were asked to report at the Old Mess of the University at 1:30 PM. We all 
collected there and headed towards the University bus to leave for Brijlapura. Exactly at 2:00 
PM after the President of LAC- Navendu Vijayvergia and our Sensitisation Team Head 
Shivanshi Sharma addressed, the group left for the greatest experience to talk with the 
children, one can have.

After reaching the NGO, we asked girls to gather and taught them basic rights they have and 
should exercise when in need. We interacted with them in the best way a mentor could. We 
explained the importance of proper sanitation and hygiene and education.

All girls interacted beautifully and cooperated with us with all respect, love and care. 

Therefore, we had a very successful visit and achieved our goal.
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6. Photographs
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1. Introduction of the Event  

The Department of Arts in collaboration with the DSW (NCC and NSS) 

organized a tree plantation drive with a number of BA(Liberal Arts) 

students. 

 

2. Objective of the Event (bullet points or about 50 words) 

      To make the students aware of the importance of tree plantation. 

 

3. Beneficiaries of the Event  

 

Government school, Begas, an adopted school of MUJ 

 

4. Brief Description of the event 

The Department of Arts in collaboration with the DSW (NCC and NSS) 

organized a tree plantation drive with a number of BA(Liberal Arts) 

students. The objective of the event was to make the students aware 

of the importance of tree plantation. 
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5. Photographs 

 

Students engaged in a tree plantation drive in the government school, Begas 
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MUJ students with the government school students 

 

 

MUJ department students during the plantation drive 

 

 

6. Brochure or creative of the event (insert in the document only ) 
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7. Schedule of the event (insert in the report) 

 

6th September, 11:00 a.m. to 12:00 p.m. 

 

8. Attendance of the Event (insert in the document only) 

Total attendee-16 

Sr. 
No 

Name of 
Institution 

Place of 
Institution  

Name of Attendee  
Name of 

Dept 

 1.  MUJ  Jaipur  Chandravardhan   Arts 

 2. 
MUJ Jaipur 

 Kumesh Mishra 
Arts 

3. 
MUJ Jaipur  Soumya Pareek 

Dhanushree 
Arts 

4. MUJ Jaipur  Arts 

5. 
MUJ Jaipur Karan Mallick 

 
Arts 

6. 
MUJ Jaipur Vanshika Agarwal 

 
Arts 

7. 
MUJ Jaipur 

Prithviraj 
Arts 

8. 
MUJ Jaipur Akshatt Singh 

 
Arts 

9. 
MUJ Jaipur 

Dhruv Nair 
Arts 

10. 

MUJ Jaipur 

Krishna 

Arts 

11. 
MUJ Jaipur 

Gaury 
Arts 

12. 
MUJ Jaipur Sudeepti 

Dhruv Dahiya 
Arts 

13. MUJ Jaipur Aditi Panigrahi Arts 

14. MUJ Jaipur Aradhya Khandelwal Arts 

15. 
MUJ Jaipur  

Komal Chadha 
Arts 

16. 
MUJ Jaipur Krritika Khandelwal 

Pragya Sharma 
Arts 

17. 
MUJ Jaipur Prachi Randhawa 

 
Arts 

18. 

MUJ Jaipur 

Gurmehr Singh 

Arts 

19. 
MUJ Jaipur 

Himmat di Charan 
Arts 

20. 
MUJ Jaipur 

Sameer Khan 
Arts 

21. 

MUJ Jaipur 

Ananya Thakur 

Arts 

22. 
MUJ Jaipur Harshita Das 

 
Arts 

23. MUJ Jaipur Manan Sharma Arts 

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06



 

Page 8 of 9   Name of Event  

24. 
MUJ Jaipur Surendra Singh 

 
Arts 

25. 
MUJ Jaipur 

Joy Tak 
Arts 

26. 
MUJ Jaipur Soumya harma 

 
Arts 

27. MUJ Jaipur Deepak Arts 

28. 
MUJ Jaipur Anup Choudhary 

 
Arts 

29. 

MUJ Jaipur 

Prithviraj Hada 

Arts 

30. 

MUJ Jaipur 

Tanisha Vashisht 

Arts 
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9. Link of MUJ website stating the event is uploaded on website 

 

https://jaipur.manipal.edu/muj/news-events/events-list.html 

 

 

 

 

 

 15.9.23 

Seal and Signature of HOD 
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1. Introduction of the Event

The Department of Arts in collaboration with the DSW (NCC and NSS)

organized a tree plantation drive with a number of BA(Liberal Arts)

students.

2. Objective of the Event (bullet points or about 50 words)

 To make the students aware of the importance of tree plantation. 

3. Beneficiaries of the Event

Government school, Begas, an adopted school of MUJ 

4. Brief Description of the event

The Department of Arts in collaboration with the DSW (NCC and NSS)

organized a tree plantation drive with a number of BA(Liberal Arts)

students. The objective of the event was to make the students aware

of the importance of tree plantation.
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5. Photographs

Students engaged in a tree plantation drive in the government school, Begas 

MUJ students with the government school students 
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MUJ department students during the plantation drive 

6. Brochure or creative of the event (insert in the document only )
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7. Schedule of the event (insert in the report)

6th September, 11:00 a.m. to 12:00 p.m. 

8. Attendance of the Event (insert in the document only)

Total attendee-16

Sr. 
No 

Name of 
Institution 

Place of 
Institution 

Name of Attendee 
Name of 

Dept 

 1.  MUJ  Jaipur  Chandravardhan  Arts 

 2. 
MUJ Jaipur 

 Kumesh Mishra 
Arts 

3. 
MUJ Jaipur  Soumya Pareek 

Dhanushree 
Arts 

4. MUJ Jaipur Arts 

5. 
MUJ Jaipur Karan Mallick Arts 

6. 
MUJ Jaipur Vanshika Agarwal Arts 

7. 
MUJ Jaipur 

Prithviraj 
Arts 

8. 
MUJ Jaipur Akshatt Singh Arts 

9. 
MUJ Jaipur 

Dhruv Nair 
Arts 

10. 

MUJ Jaipur 

Krishna 

Arts 

11. 
MUJ Jaipur 

Gaury 
Arts 

12. 
MUJ Jaipur Sudeepti 

Dhruv Dahiya 
Arts 

13. MUJ Jaipur Aditi Panigrahi Arts 

14. MUJ Jaipur Aradhya Khandelwal Arts 

15. 
MUJ Jaipur 

Komal Chadha 
Arts 

16. 
MUJ Jaipur Krritika Khandelwal 

Pragya Sharma 
Arts 

17. 
MUJ Jaipur Prachi Randhawa Arts 

18. 

MUJ Jaipur 

Gurmehr Singh 

Arts 

19. 
MUJ Jaipur 

Himmat di Charan 
Arts 

20. 
MUJ Jaipur 

Sameer Khan 
Arts 

21. 

MUJ Jaipur 

Ananya Thakur 

Arts 

22. 
MUJ Jaipur Harshita Das Arts 

23. MUJ Jaipur Manan Sharma Arts 
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24. 
MUJ Jaipur Surendra Singh Arts 

25. 
MUJ Jaipur 

Joy Tak 
Arts 

26. 
MUJ Jaipur Soumya harma Arts 

27. MUJ Jaipur Deepak Arts 

28. 
MUJ Jaipur Anup Choudhary Arts 

29. 

MUJ Jaipur 

Prithviraj Hada 

Arts 

30. 

MUJ Jaipur 

Tanisha Vashisht 

Arts 

9. Link of MUJ website stating the event is uploaded on website

https://jaipur.manipal.edu/muj/news-events/events-list.html 

15.9.23 

Seal and Signature of HOD 
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And 
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Presents 

Plantation Drive 

OCTOBER 26, 2023 

Venue : Dabar Ki Dhani 
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1. Introduction of the Event

School of Basic science in collaboration with Directorate of Student Welfare, NCC, NSS

organized a “Plantation Drive” on October 26, 2023.  The societal connect outreach activity

on by planting the small plants. Program is organized by the Department of Chemistry in

collaboration with Department of Student welfare (DSW) under the guidance of Mr. Hemant

Kumar (Assistant Director, DSW), Dr. Rahul Shrivastava (Head, Department of Chemistry)

and Dr Meenakshi Pilania (Departmental coordinator, DSW). The mention activity held at a

Government School, Dabar ki Dhani, near Manipal University Jaipur on Thursday, 26th

October 2023.

2. Objective of the Event

The focal point of this event was to spread awareness among school students with respect to their 

environment and also motivate the students towards to work their endeavors via the power of 

knowledge and education.

3. Beneficiaries of the Event

Through this initiative, students and villagers had better communication and understanding

of the situation.

4. Details of the Guests

The event was laid by the students of BBA, BBA(BA), IMBA

Rotary Club Jaipur Bapu Nagar 

Rotary started with the vision of one man — Paul Harris. The Chicago attorney formed the Rotary 

Club of Chicago on 23 February 1905, so professionals with diverse backgrounds could exchange 

ideas and form meaningful, lifelong friendships. 

Over time, Rotary’s reach and vision gradually extended to humanitarian service. Members have a 

long track record of addressing challenges in their communities and around the world. 

Rotary is a global network of 1.4 million neighbors, friends, leaders, and problem-solvers who see a 

world where people unite and take action to create lasting change – across the globe, in our 

communities, and in ourselves. They provide service to others, promote integrity, and advance world 

understanding, goodwill, and peace through our fellowship of business, professional, and community 

leaders. We collaborate with community leaders who want to get to work on projects that have a real, 

lasting impact on people’s lives. We connect passionate people with diverse perspectives to exchange 
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ideas, forge lifelong friendships, and, above all, take action to change the world. 

5. Brief Description of the event

The Department of Chemistry organized a societal connect outreach activity on Plantation in collaboration

with the Department of Student Welfare (DSW) under the supervision of Mr. Hemant Kumar (Assistant

Director, DSW), Dr. Rahul Shrivastava (Head, Department of Chemistry) and Dr. Meenakshi Pilania

(Departmental coordinator, DSW). The mentioned activity was held at a Govt. school, Dabar ki Dhani, near

Manipal University Jaipur on Thursday, 26th October 2023.

6. Photographs

Image 1 : Students with faculty at School for the Career Awareness 
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Image 2: Students of school during the plantation drive 

Image 3: Team of MUJ Students at DABAR ki Dani School 
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7. Brochure or creative of the event

8. Schedule of the Event

The event took place on October 26, 2023

9. Attendance of the Event (50)

S. No. Name Registration No Name of Institution 

1 Rakshanda Singhal 211051012 Manipal University Jaipur 

2 Vartika Vaishya 211051015 Manipal University Jaipur 

3 Shakir Sisodia 201022604 Manipal University Jaipur 

4 Govind Gupta 170703601 Manipal University Jaipur 

5 Kanika Taneja 211004002 Manipal University Jaipur 

6 Avani Kothari 221004004 Manipal University Jaipur 

7 Pranjalee Ghosh 221004002 Manipal University Jaipur 

8 Kishika Arora 221004003 Manipal University Jaipur 

9 Aman Kumar 221004001 Manipal University Jaipur 
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10 Khushi Verma 211004006 Manipal University Jaipur 

11 Karunya Papney 211004004 Manipal University Jaipur 

12 Ankita Kumawat 211004003 Manipal University Jaipur 

13 Supriyo 23FS20MCH00004 Manipal University Jaipur 

14 Anjali Yadav 23FS20MCH00001 Manipal University Jaipur 

15 Divya Sharma 23FS20MCH00003 Manipal University Jaipur 

16 Vaibhav Anand 221013001 Manipal University Jaipur 

17 Dipesh Gehlot 221013002 Manipal University Jaipur 

18 Suman Yadav 221013003 Manipal University Jaipur 

19 Ashish Sharma 221013004 Manipal University Jaipur 

20 Ishan Jain 229310159 Manipal University Jaipur 

21 Ishika Jain 229310410 Manipal University Jaipur 

22 Aditi Singh Parihar 219311171 Manipal University Jaipur 

23 Utkarsh Shukla 229301763 Manipal University Jaipur 

24 Vedika 221007014 Manipal University Jaipur 

25 Honey Trivedi 229302207 Manipal University Jaipur 

26 Shaurya Nandwani 229301726 Manipal University Jaipur 

27 Shreyas Bhati 229301374 Manipal University Jaipur 

28 Aditya Mishra 229310237 Manipal University Jaipur 

29 Aaryan kale 229303031 Manipal University Jaipur 

30 Mustansir kanchwala 220903021 Manipal University Jaipur 

31 Sahil Kalra 229303321 Manipal University Jaipur 

32 Krishang Goel 229309035 Manipal University Jaipur 

33 Anand Mandlik 229310162 Manipal University Jaipur 

34 Aryan Sachdeva 229301438 Manipal University Jaipur 

35 Ansh manawat 229301712 Manipal University Jaipur 

36 Utkarsh Jha 220901009 Manipal University Jaipur 

37 ria chauhan 229301253 Manipal University Jaipur 

38 Ishita Sharma 229303237 Manipal University Jaipur 

39 Ajinkya wagh 229310003 Manipal University Jaipur 

40 Kritika Pahuja 229310048 Manipal University Jaipur 

41 Ishan Aaditya 229303314 Manipal University Jaipur 

42 Jiya Thakur 229309176 Manipal University Jaipur 

43 Utsav Acharjya 229301358 Manipal University Jaipur 

44 Kanishka Chaudhary 229202010 Manipal University Jaipur 

45 Sameeksha 229310311 Manipal University Jaipur 

46 Taarush Kathuria 229301462 Manipal University Jaipur 

47 Ankit Kumar Tiwari 229309098 Manipal University Jaipur 

48 Hanis Gori 229310131 Manipal University Jaipur 

49 Aditya Prakash Sinha 229310189 Manipal University Jaipur 

50 Lakshita Agrawal 229301455 Manipal University Jaipur 

(Hemant Kumar) 

Assistant Director, Society Connect 

Directorate of Student’s Welfare 
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MUJ/DSW/Society Connect/ Oct2023/03 

DIRECTORATE OF STUDENT’S WELFARE 

(SOCIETY CONNECT) 

#DAANUTSAV 2023 

Plantation Drive 

3rd October 2023 

Date: 3rd October 2023 
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1. Introduction of the Event

“A nation that destroys its soils destroys itself. Forests are the lungs of our land, 

purifying the air and giving fresh strength to our people. ” Trees are indispensable 

for life. Man can’t live without trees. However, the present condition of forests in 

the world, especially developing countries is pathetic and miserable. Forests are 

the source of life. They are the giving angels. They give man oxygen, rains, wood, 

fruit, make the world look so beautiful, yet the sinister man kills them! Who will 

be more inhumane than man himself? Cutting of forests ultimately endangers 

man’s own existence. Trees are important to the environment; they recycle water 

and process carbon dioxide in the atmosphere through photosynthesis. They are 

the world's full-time purifiers of air and water. Their cutting will disturb the 

natural water cycles which will lead to the shortage of fresh water in the water 

reserves of the world. 

Rotaract Green Club under Society Connect organized a Plantation Drive on account 

of DAAN UTSAV 2031. It took place on the 3rd of October from 10 a.m. Students were 

taken to the Mahatma Gandhi School, Begus for the drive. The drive aimed to instill a 

sense of discipline and respect for the environment while doing our part. 

2. Objective of the Event
• Spread awareness on the importance of afforestation

• Direct students’ mind in constructive activities

• Contribution to the society

• Promote tree planting

• Create awareness regarding importance of ecology

• Attempt at reducing pollution and improve green ambience

3. Beneficiaries of the Event

Community 

4. Brief Description of the event

Rotaract Green Club organized the Plantation Drive on the 3rd October at 9 a.m. on 

account of DAAN UTSAV 2023. The drive’s main aim was to direct student’s mind  
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in constructive activities with the positive outcome through the facilitation of 

contributing to the nature and environment.  

It also aimed at spreading awareness about the effects of global warming and the 

positive effects of planting trees. The students gathered on campus to go to the 

Mahatma Gandhi School, Begus. 

The students participated in the drive enthusiastically and helped each other in 

planting the saplings. All the saplings were planted in the school ground by students. 
Participants were highly energetic to make the event a big success. A spirit of 

teamwork, exchange of ideas and enthusiasm of the participants especially among the 

students could be seen. Pictures were taken. The drive was successfully conducted by 

planting 40-50 saplings.   

5. Photographs of the event

Image 1. Students and Faculty planting saplings 
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Image 2 Students participating in the Drive. 

Students participating in the Drive. 
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Image 4 Giving the manure to the newly plant samplings 

6. Brochure or creative of the event

Plantation Drive 

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06

Anushri Gaur
SDG 06



7. Schedule of the event

S.NO. Name of the Event Time Place 

1. Plantation Drive 10:00 AM 
Mahatma Gandhi School (English 
Medium) Begus. 

A bus from MUJ was taken to the school in the morning. 

8. Attendance of the Event

Total attendee- 67  

S.No. Reg. NO. Name of Students Institute Name 

1 23FE10ITE00079 Amisha anand Manipal University Jaipur 

2 23FE10CAI00360 shaivi adesh Manipal University Jaipur 

3 23FE10CSE00060 Amay Garg Manipal University Jaipur 

4 23FE10CDS00177 Manas Mathur Manipal University Jaipur 

5 23fe10bte00029 Saloni kamal Manipal University Jaipur 

6 23FE10CSE00508 Dev Dhawan Manipal University Jaipur 

7 23fe10cii00035 Bhargavi Anand Manipal University Jaipur 

8 220606004 Pranjal Puri Manipal University Jaipur 

9 23FA10BSP00028 Anupama Rustagi Manipal University Jaipur 

10 23FE10CCE00085 Siddhartha tiwari Manipal University Jaipur 

11 23FA10BAP00002 Tanisha Mathur Manipal University Jaipur 

12 23FD10BFD00009 Mariya Shabbir Baiwala Manipal University Jaipur 

13 23FE10CDS00224 Harsh Ajmera Manipal University Jaipur 

14 23fe10cds00125 Suryanshi Singh Manipal University Jaipur 

15 23fs10mat00009 Malavika ramdas Manipal University Jaipur 

16 221007021 Arshi Jain Manipal University Jaipur 

17 23FE10CSE00137 Stuti Dixit Manipal University Jaipur 

18 23fe10cii00094 Aarohi Tyagi Manipal University Jaipur 

19 23FE10CSE00152 Gautam Kakkar Manipal University Jaipur 

20 23FE10CSE00318 Krish Ray Manipal University Jaipur 

21 23FE10CII00076 Kriissh Marwaha Manipal University Jaipur 

22 229310321 Shiv Rajput Manipal University Jaipur 

23 23FS10BIO00051 Ragini Singh Thakur Manipal University Jaipur 

24 23FS10BIO00052 Anukriti sharma Manipal University Jaipur 

25 220901073 Diya Mittal Manipal University Jaipur 

26 23FE10CSE00081 Smmayan Gupta Manipal University Jaipur 

27 229309083 Raghav Gupta Manipal University Jaipur 

28 23FE10CDS00397 Hrishita Singh Timaney Manipal University Jaipur 

29 23FE10ITE00203 Sarah Sharda Manipal University Jaipur 

30 23fa10bsp00025 Jasleen kaur Manipal University Jaipur 
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31 23FA10BSP00039 Jiya Kumar Manipal University Jaipur 

32 23FA10BSP00004 Aarya Mahale Manipal University Jaipur 

33 220606020 Chaarvi Kumar Manipal University Jaipur 

34 23fa10bsp00058 Kashvi Mahajan Manipal University Jaipur 

35 229301095 Shaurya Singh Manipal University Jaipur 

36 23fe10ece00024 Kushagra agrawal Manipal University Jaipur 

37 23FA10BSP00017 Megha  Sharma Manipal University Jaipur 

38 23FM10BBA00162 Alina Nadeem Manipal University Jaipur 

39 23FM10BBA00178 Avishi Akhaury Manipal University Jaipur 

40 221007004 Urvi Thakare Manipal University Jaipur 

41 23FA10BAP00027 Natasha Joan Menezes Manipal University Jaipur 

42 23FA10BLE00004 Tanisha chaturvedi Manipal University Jaipur 

43 23fe10cai00579 Arjun Malhotra Manipal University Jaipur 

44 23FE10CAI00352 Maanyata Aul Manipal University Jaipur 

45 220901322 Divyanshi Singh Manipal University Jaipur 

46 229310412 Jatin Verma Manipal University Jaipur 

47 229301094 Yashovardhan Pratap Singh Manipal University Jaipur 

48 23FM10BBA00348 Niska kedia Manipal University Jaipur 

49 221105005 Dhruv Nair Manipal University Jaipur 

50 23FM10BBA00170 Shambhavi Agrawal Manipal University Jaipur 

51 23FE10CDS00241 Armaan Setia Manipal University Jaipur 

52 23FE10CAI00105 Mritunjay Singh Manipal University Jaipur 

53 229311075 Aarna Tyagi Manipal University Jaipur 

54 229302051 Prince jindal Manipal University Jaipur 

55 23FA10BHE00035 Taneesha puri Manipal University Jaipur 

56 220903033 Suhani Jain Manipal University Jaipur 

57 220901391 Dipika Agarwal Manipal University Jaipur 

58 229310222 Aayush Sharma Manipal University Jaipur 

59 221003007 Yachna Jain Manipal University Jaipur 

60 220901002 Anshu jangir Manipal University Jaipur 

61 23FE10CDS00284 Anant Barjatya Manipal University Jaipur 

62 221015074 Rupal Sharma Manipal University Jaipur 

63 23fa10bsp00047 Vartika Agarwal Manipal University Jaipur 

64 23FA10BSP00041 Kali Vithlani Manipal University Jaipur 

65 23FM10BBA00030 Harshal Saini Manipal University Jaipur 

66 23FE10CSE00746 Daksh Sharma Manipal University Jaipur 

67 23FS10BIO00034 PC Rahul Manipal University Jaipur 

9. Feedback of the Event:- The students participated enthusiastically.
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(Hemant Kumar) 

Assistant Director, Society Connect 

Directorate of Student’s Welfare 
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FACULTY OF SCIENCES 

SCHOOL OF BASIC SCIENCES 

DEPARTMENT OF CHEMISTRY 

& 

Department of Student welfare (DSW) 

The societal connect outreach activity on Plantation. 

October 26, 2023 
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The societal connect outreach activity on Career Awareness Programme is organized by the 

Department of Chemistry in collaboration with Department of Student welfare (DSW) under 

the guidance of Mr. Hemant Kumar (Assistant Director, DSW), Dr. Rahul Shrivastava (Head, 

Department of Chemistry) and Dr Meenakshi Pilania (Departmental coordinator, DSW). The 

mention activity held at a Government School, Dabar ki Dhani, near Manipal University Jaipur 

on Thursday, 26th October, 2023.. 

In order to promote a sense of concern among the students with regards to the natural 

environment around them we planted number of trees like peepal, neem, ashoka, babul, and 

meetha neem saplings on the school campus ground. Our B.Sc, M.Sc, PhD scholars and 

students of school campus participated in plantation activity. They would develop over the next 

years to shade the school's kids and create a greener, healthier environment. Refreshments were 

provided to the school's students, faculty, and staff after the aforementioned  

Event Schedule: 

Date: October 26, 2023; 12:30 PM 

Venue: Govt Primary School, Dabar ki Dhani, Jaipur 

Faculty Coordinator: 

Dr. Meenakshi Pilania 

Number of MUJ students: 05 

Number of school students: 24 
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Some photographs of plantation in Govt Sr. Sec. School, Dabar ki Dhani, Jaipur 
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    Attendance sheet 

List of Students participated the Event (Undergraduate and PhD Scholar): 

S. No. Name Registration Number 

1 Rakshanda Singhal 211051012 

2 Vartika Vaishya 211051015 

3 Shakir Sisodia 201022604 

4 Govind Gupta 170703601 

5 Kanika Taneja 211004002 

6 Avani Kothari 221004004 

7 Pranjalee Ghosh 221004002 

8 Kishika Arora 221004003 

9 Aman Kumar 221004001 

10 Khushi Verma 211004006 

11 Karunya Papney 211004004 

12 Ankita Kumawat 211004003 

13 Supriyo 23FS20MCH00004 

14 Anjali Yadav 23FS20MCH00001 

15 Divya Sharma 23FS20MCH00003 

16 Vaibhav Anand 221013001 

17 Dipesh Gehlot 221013002 

18 Suman Yadav 221013003 

19 Ashish Sharma 221013004 

List of faculties attended the event 

Dr. Rahul Shrivastava 

Dr Praveen K Surloia 

Dr. Meenakshi Pilania 

Dr. Sriparna Ray 

Dr Susruta Samanta 

Dr. Saurabh 
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School Students list: 
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Brochure or creative of the event: 
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Appreciation Certificate

This is certified that faculty and students of Department of Chemistry, Manipal
University Jaipur in collaboration with Directorate of Student Welfare (DSW)-MUJ,
conducted a societal connect outreach activity on "Plantation" at Government
School, Dabaf ki Dhani on 26th October 2023 during � 1 :00 AM - 1 :30 PM. The

following students and faculty members participated in event:

Students: 

(l) Vaibhav Anand
(2) Dipesh Gehlot
(3) Suman Yadav
(4) Ashish Shanna

(5) Aditya Talesara

Faculty Members: 

(1) Dr Babita Malik

(2) Dr. Meenakshi Pilania

(3) Dr. Sriparna Ray

22101300I

221013002 

221013003

221013004 

221013005

■ 
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MUJ/DSW/Student Clubs/2023/Biotech Club MUJ/28th February 

DIRECTORATE OF STUDENTS’ WELFARE 

Nukkad Natak 

ON 

Solid Waste Management 

Department of Biosciences & Biotech Club, Manipal University Jaipur 

Date of Event (28th February, 2023) 

(Venue: TMA Pai Auditorium) 
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Introduction of the Event , 

The Department of Biosciences & Biotech Club, Manipal University Jaipur organized a 

‘Nukkad Natak’ on ‘Solid Waste Management’ on  28th Feb, 23. It was directed by 2nd year 

students of Department of Biosciences, Divya and Samrat and it was awe-inspiringly 

performed by the students. This Nukkad Natak was under the guidance of the convenor – Dr. 

Mousumi Debnath, Faculty Coordinator, Biotech Club. 

The performers interacted with the audience and presented an informatic skit on solid waste 

management and the do’s and don’ts of waste disposal. 

This skit was a call to action, urging the audience to take responsibility for their waste and 

make conscious choices in their daily lives. It was an effective way to educate and engage the 

public on a crucial environmental issue. 

Objectives of the Event 

• To increase awareness about solid waste management.

• To bring public awareness about the fatality caused by wastes.

• To educate about the waste disposal methods and its do’s and don’ts.

Beneficiaries of the Event 

● MUJ Students

● Faculty

Brief Description of the event 

Conducted under the guidance of the Founder Faculty Coordinator, Biotech Club, Dr. 

Mousumi Debnath, Faculty of Biosciences, this Nukkad Natak solely aimed in bringing public 

awareness on solid waste management. It was well directed by students of Department of 

Biosciences, Divya and Samrat, who commenced from writing the scripts to directing the 

performers and eventually operated a successful and inspiring Nukkad Natak. 

A group of brilliant and motivated performers presented the Nukkad Natak, bringing attention 

to the problem of solid waste management through a stirring and thought-provoking 

performance. The show highlighted the negative consequences of littering and the necessity of 

effective waste management. 

The actors portrayed different characters like a litterbug, a garbage collector, and a responsible 

citizen who showed how the problem of solid waste management can be tackled. The audience 

was made conscious of the risks that incorrect garbage disposal poses to both the public's health 

and the environment. 
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The play also highlighted the role of the government and the civic bodies in managing solid 

waste. 

In conclusion, the Nukkad Natak on Solid Waste Management held on 28th February on the 

occasion of National Science Day was a highly successful event that effectively highlighted 

the issue of solid waste management. The play succeeded in spreading awareness about the 

importance of proper waste management practices and the role of individuals and the 

government in tackling this issue. 

Photographs 

Figure 1 National Science Day; Coordinates: 26.843429; 75.566529; N26°50'36.34" E75°33'59.50"(Manipal University 
Jaipur)

Figure 2 Nukkad Natak performed by students.; Coordinates: 26.843429; 75.566529; N26°50'36.34" E75°33'59.50"(Manipal 
University Jaipur)
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Figure 3 Nukkad Natak performed by students. Coordinates: 26.843429; 75.566529; N26°50'36.34" E75°33'59.50"(Manipal 
University Jaipur) 

Figure 4 Nukkad Natak performed by students. Coordinates: 26.843429; 75.566529; N26°50'36.34" E75°33'59.50"(Manipal 
University Jaipur)
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Figure 5 Nukkad Natak team and Dr. Mousumi Debnath, Faculty Coordinator, Biotech Club; Coordinates: 26.843429; 
75.566529; N26°50'36.34" E75°33'59.50"(Manipal University Jaipur)
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Brochure or Creative of the Event 
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8 

Schedule of the event 

The event was on the 28th February 2023 from 2:00 PM- 3:00 PM in TMA Pai 

Auditorium, Academic Block 2. 

Attendance of the event: 38 

S.No. Name Registration No. 

1. Ananya Singh 201002002 

2. Harsh Saxena 201003004 

3. Anvarshu Gopal 211002011 

4. Anshullika Saxena 211002053 

5. Ayushi Gupta 201002029 

6. Divya 211002056 

7. Sylvia Parveen 211003009 

8. Anushka Singh 211002003 

9. Shivani Tiwari 211002002 

10. Aryan Singh 211002038 

11. Muskan Yadav 211002040 

12. Sakshi Nirmal 211002060 

13. Priyasha Paul 211002035 

14. Akash Chandra 211002036 

15. Shashank Goyal 21102043 

16. Nandini 211003001 

17. Mrunal Mangaje 211003007 

18. Sowvhik Parvej 211002007 

19. Aayushi Thakkar 211002061 

20. Manisha Verma 211002009 

21. Rahul Shrivastava 211002050 

22. Debarghya Sarkar 211002015 
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  Ananya  Singh   Dr. Mousmai Debnath 

   President, Biotech Cub MUJ   School of Basic Science 

Signature of the Student Coordinator Signature of the Faculty Coordinator 

23. Samrat Banerjee 211003008 

24. Sneha Srivastava 211002042 

25. Sonali Lalwani 211002041 

26. Suhani Pareek 211002062 

27. Vishnu Priya 211002028 

28. Tarushi Jain 201003001 

29. Dr. Abhijeet Singh 

30. Dr. Mousumi Debnath 

31. Dr. Madan Mohan Sharma 

32. Dr. Rakesh Sharma 

33. Dr. Nitesh Poddar 

34. Dr. Monika Sangani 
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Faculty of Management and Commerce 

Department of Business Administration 

Presents 

 

SWACH BHARAT 

OCTOBER 25, 2023 
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1. Introduction of the Event 

School of Business and Commerce in collaboration with Directorate of Student Welfare, 

Directorate of sports and NCC, NSS organized a “SWACH BHARAT” on October 25, 2023. 52 

students participated in the campaign. The event took place in Dehmi Kalan hamlet. 

2. Objective of the Event 

The aim of the campaign was to raise awareness about Waste Segregation and encourage 

education on the SWACH BHARAT. 

3. Beneficiaries of the Event 

Through this initiative, students and villagers had better communication and understanding of the 

situation. 

 

4. Details of the Guests 

 

The event was laid by the students of BBA, BBA(BA), IMBA 

Rotary Club Jaipur Bapu Nagar 

Rotary started with the vision of one man — Paul Harris. The Chicago attorney formed the 

Rotary Club of Chicago on 23 February 1905, so professionals with diverse backgrounds could 

exchange ideas and form meaningful, lifelong friendships. 

Over time, Rotary’s reach and vision gradually extended to humanitarian service. Members 

have a long track record of addressing challenges in their communities and around the world. 

Rotary is a global network of 1.4 million neighbors, friends, leaders, and problem-solvers who 

see a world where people unite and take action to create lasting change – across the globe, in 

our communities, and in ourselves. They provide service to others, promote integrity, and 

advance world understanding, goodwill, and peace through our fellowship of business, 

professional, and community leaders. We collaborate with community leaders who want to get 

to work on projects that have a real, lasting impact on people’s lives. We connect passionate 

people with diverse perspectives to exchange ideas, forge lifelong friendships, and, above all, 

take action to change the world. 

 

 

 

5. Brief Description of the event 

The event was initiated to make students aware of their surroundings with respect to Waste and 

it consequences on the local community. The students went on a rally in groups, holding posters 
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on Wet Waste and Dry Waste. They were chanting slogans “Alag Karo Alag Karo” Gila aur 

Sukha Kachara Alag Karo, to make the local community aware of the Waste Segregation 

process. 

6. Photographs 

Image 1 : Students with faculty 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Image 2: Students walking with the Rally through the Village 
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Image 3: Team of MUJ Students at Village for Rally 
 
 

 
 
 

Image 4: Team of MUJ Students at Village for Rally 

Swa ch 
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7. Brochure or creative of the event 
 
 

 
 

 
8. Schedule of the Event 

The event took place on Ocotber 25, 2023 
 
 
9. Attendance of the Event 

 

 
Sr. No Name of Institution Registration No Attendee Name 

1 Manipal University Jaipur 23FM10BBA00122 Naresh Choudhary 
2 Manipal University Jaipur 23FM10BBA00123 Prem Singhrathore 
3 Manipal University Jaipur 23FM10BBA00124 Yash Vardhansingh 
4 Manipal University Jaipur 23FM10BBA00125 Krishna Snair 
5 Manipal University Jaipur 23FM10BBA00126 Viyom Gupta 
6 Manipal University Jaipur 23FM10BBA00127 Aditya Singh shekhawat 
7 Manipal University Jaipur 23FM10BBA00128 Sheikh Tabish ahmed 
8 Manipal University Jaipur 23FM10BBA00129 Bhavesh Aggarwal 
9 Manipal University Jaipur 23FM10BBA00130 Riddhima Gupta 

10 Manipal University Jaipur 23FM10BBA00131 Ishita Sharma 
11 Manipal University Jaipur 23FM10BBA00132 Akshat Sharma 
12 Manipal University Jaipur 23FM10BBA00133 Preksha Sood 
13 Manipal University Jaipur 23FM10BBA00134 Tanisha Agarwal 
14 Manipal University Jaipur 23FM10BBA00135 Ram Avtarchouhan 
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15 Manipal University Jaipur 23FM10BBA00136 Sourabh Shekhawat 
16 Manipal University Jaipur 23FM10BBA00137 Abhishek Jain 
17 Manipal University Jaipur 23FM10BBA00138 Priyanshu Yadav 
18 Manipal University Jaipur 23FM10BBA00139 Riddhi Charan 
19 Manipal University Jaipur 23FM10BBA00140 Akhil 
20 Manipal University Jaipur 23FM10BBA00141 Shaily Kushwaha 
21 Manipal University Jaipur 23FM10BBA00142 Deep Mittal 
22 Manipal University Jaipur 23FM10BBA00143 Rahul Choudhary 
23 Manipal University Jaipur 23FM10BBA00144 Ronil Joshi 
24 Manipal University Jaipur 23FM10BBA00145 Arihant Jaisawal 
25 Manipal University Jaipur 23FM10BBA00146 Ayush Kumarthakur 
26 Manipal University Jaipur 23FM10BBA00147 Angad Yadav 
27 Manipal University Jaipur 23FM10BBA00148 Shashank Chaudhary 
28 Manipal University Jaipur 23FM10BBA00149 Khushi Gupta 
29 Manipal University Jaipur 23FM10BBA00150 Garvita Rathore 
30 Manipal University Jaipur 23FM10BBA00151 Anirban Bhattacharyya 
31 Manipal University Jaipur 23FM10BBA00152 Keshav Badthuniya 
32 Manipal University Jaipur 23FM10BBA00153 Yash Saini 
33 Manipal University Jaipur 23FM10BBA00154 Vineet Kumar 
34 Manipal University Jaipur 23FM10BBA00155 Bhavuk Parashar 
35 Manipal University Jaipur 23FM10BBA00156 Mohit Oshu 
36 Manipal University Jaipur 23FM10BBA00157 Honey Chandnani 
37 Manipal University Jaipur 23FM10BBA00158 Veer Singh 
38 Manipal University Jaipur 23FM10BBA00159 Naman Kriplani 
39 Manipal University Jaipur 23FM10BBA00160 Himanshu Yogesh Mittal 
40 Manipal University Jaipur 23FM10BBA00161 Amogh Goyal 
41 Manipal University Jaipur 23FM10BBA00162 Alina Nadeem 
42 Manipal University Jaipur 23FM10BBA00163 Prince Gandhi 
43 Manipal University Jaipur 23FM10BBA00164 Devansh Devansh Tiwari 
43 Manipal University Jaipur 221016048 Aarohi 
44 Manipal University Jaipur 229301387 Soham maskara 
45 Manipal University Jaipur 229301650 Karan Kapoor 
46 Manipal University Jaipur 229301552 MONIL SHAH 
47 Manipal University Jaipur 229311009 Krittika Wadhawan 
48 Manipal University Jaipur 229301034 Maulik Mehrotra 
49 Manipal University Jaipur 229302340 Shreya Saihgal 
50 Manipal University Jaipur 229302257 Yash Dhruv 
51 Manipal University Jaipur 229302641 Pankaj Patel 
52 Manipal University Jaipur 229310250 Amrit Raj 
53 Manipal University Jaipur 220901154 Mehul rawat 
54 Manipal University Jaipur 221201002 Palak chawla 
55 Manipal University Jaipur 229309070 Pranav Banker 
56 Manipal University Jaipur 229303128 Mahi Bhardwaj 
57 Manipal University Jaipur 229303305 Karshh Divekar 
58 Manipal University Jaipur 229310242 Ashmit 
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59 Manipal University Jaipur 229301681 Armaan Deep Singh Bedi 
60 Manipal University Jaipur 229302281 Shriyam Singh Tiwari 
61 Manipal University Jaipur 229301130 Shreyansh Reddy 
62 Manipal University Jaipur 220901032 Raj Singh 
63 Manipal University Jaipur 211103077 Sanmai Pathak 
64 Manipal University Jaipur 211103075 Anvesha Shekhar 
65 Manipal University Jaipur 219311129 Shubham Yadav 
66 Manipal University Jaipur 221201033 Divanshi Gupta 
67 Manipal University Jaipur 229310052 Lakshya Khandelwal 
68 Manipal University Jaipur 229303191 Krishang Shukla 
69 Manipal University Jaipur 221305050 Baibhav Bhanu Naithani 
70 Manipal University Jaipur 229302371 Rishika Bhagawati 
71 Manipal University Jaipur 229311168 Rudra Nayyar 
72 Manipal University Jaipur 229311024 Shivam Singh 
73 Manipal University Jaipur 229311289 puneet more 
74 Manipal University Jaipur 229310200 Nainish Mane 
75 Manipal University Jaipur 229310153 Diksha M 
76 Manipal University Jaipur 221007068 Akshita Pandey 
77 Manipal University Jaipur 229309068 Rahul Trivedi 
78 Manipal University Jaipur 229309052 Raeez Mohammed K P 

 
 
 

Dr Narendra Singh Bhati HoD, BBA 
 
 
 

(Hemant Kumar) 
Assistant Director, Society Connect 
Directorate of Student’s Welfare 
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Bacteria assisted green synthesis
of copper oxide nanoparticles and
their potential applications as
antimicrobial agents and plant
growth stimulants

Deepak Singh1, Devendra Jain1*, Deepak Rajpurohit1,
Gajanand Jat2, Himmat Singh Kushwaha3, Abhijeet Singh4,
Santosh Ranjan Mohanty5, Mohammad Khalid Al-Sadoon6,
Wajid Zaman7 and Sudhir K. Upadhyay8

1Department of Molecular Biology and Biotechnology, Maharana Pratap University of Agriculture and
Technology, Udaipur, India, 2Department of Soil Science and Agricultural Chemistry, Maharana Pratap
University of Agriculture and Technology, Udaipur, India, 3Material Research Centre, Malviya National
Institute of Technology, Jaipur, India, 4Department of Biosciences, Manipal University Jaipur, Jaipur, India,
5All India Network Project on Soil Biodiversity-Biofertilizers, ICAR-Indian Institute of Soil Science, Bhopal,
India, 6Department of Zoology, College of Science, King Saud University, Riyadh, Saudi Arabia,
7Department of Life Sciences, Yeungnam University, Gyeongsan, Republic of Korea, 8Department of
Environmental Science, V. B. S. Purvanchal University, Jaunpur, India

Copper oxide nanoparticles (CuO-NPs) have piqued the interest of agricultural
researchers due to their potential application as fungicides, insecticides, and
fertilizers. The Serratia sp. ZTB29 strain, which has the NCBI accession number
MK773873, was a novel isolate used in this investigation that produced CuO-NPs.
This strain can survive concentrations of copper as high as 22.5 mM and can also
remove copper by synthesizing pure CuO-NPs. UV-VIS spectroscopy, DLS, Zeta
potential, FTIR, TEM, and XRD techniques were used to investigate the pure form
of CuO-NPs. The synthesized CuO-NPs were crystalline in nature (average size of
22 nm) with a monoclinic phase according to the XRD pattern. CuO-NPs were
found to be polydisperse, spherical, and agglomeration-free. According to TEM
and DLS inspection, they ranged in size from 20 to 40 nm, with a typical particle
size of 28 nm. CuO-NPs were extremely stable, as demonstrated by their zeta
potential of −15.4 mV. The ester (C=O), carboxyl (C=O), amine (NH), thiol (S-H),
hydroxyl (OH), alkyne (C-H), and aromatic amine (C-N) groups from bacterial
secretion were primarily responsible for reduction and stabilization of CuO-NPs
revealed in an FTIR analysis. CuO-NPs at concentrations of 50 μg mL−1 and
200 μg mL−1 displayed antibacterial and antifungal activity against the plant
pathogenic bacteria Xanthomonas sp. and pathogenic fungus Alternaria sp.,
respectively. The results of this investigation support the claims that CuO-NPs
can be used as an efficient antimicrobial agent and nano-fertilizer, since,
compared to the control and higher concentrations of CuO-NPs (100mg L−1)
considerably improved the growth characteristics of maize plants.

KEYWORDS

novel bacterial isolate, 16s-rDNA sequencing, CuO-NPs-green synthesis, confirmatory
tests, antimicrobial and plant growth-promoting activity
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1 Introduction

Nanotechnology research is the most active research region in
contemporary materials science (Singh et al., 2018; Rajput et al.,
2021a; Bhavyasree and Xavier, 2022). Nanomaterials synthesis through
conventional physical and chemical methods has several adverse features
viz., critically high pressure and temperature conditions, utilization of
expensive and hazardous chemicals, a longer reaction time and
absorbance of toxic by-products on nanomaterial surface (Buazar
et al., 2019; Sukumar et al., 2020). Properties of NPs determined by
their size, shape, composition, crystalline, and structure (Sharma et al.,
2020; Hidangmayum et al., 2022; Rajput et al., 2022). Recent years have
seen a significant increase in the significance of green synthesis techniques
for nanomaterials, making it one of the very popular methods in modern
material sciences (Sukhwal et al., 2017; Mahboub et al., 2022).

Green synthesis has become one of the most preferred methods
to overcome the adverse effects physical and chemical synthesis such
as critical conditions of temperature and pressure, expensive and
toxic chemicals, long reflux time of reaction, toxic by-products etc.
(Sukhwal et al., 2017; Jain et al., 2020). Metal-tolerant bacteria are
important nano-factories that not only accumulates and also
detoxify heavy metals due to the various mechanism, i.e.,
reductase enzymes, EPS, etc., to reduce metal salts to
nanomaterials (Jain et al., 2012; Jain et al., 2020; Garg et al.,
2022). The nanomaterial synthesis using plant extracts may be
easier than microbial synthesis however the microbial synthesis is
more cost-effective and freer from any seasonal and plant growth
stage variation.

Inorganic metal oxide NPs, viz., CuO, ZnO, MgO, TiO2, SiO2,
etc., with significant antimicrobial features as well as their selective
toxicity, point to potential applications of these materials in medical
devices and diagnostics, therapeutics, and nanomedicine against
human pathogens (Mohsen and Zahra, 2008; Sobha et al., 2010; Jain
D. et al., 2022). These inorganic oxide NPs are beneficial as
antibacterial agents because they are more effective against
resistant pathogens. According to Makhluf et al. (2005),
crystalline structure and particle shape of nanomaterials have
relatively little effect on antibacterial behavior, but a high
concentration of smaller-size nanoparticles with a higher surface
area does.

The simplest copper compound in the family is copper oxide,
which has a variety of possibly practical physical characteristics
(Buazar et al., 2019). Copper oxide (CuO) has drawn more interest
than other nanomaterials because of its distinctive qualities, which
include stability, conductivity, catalytic activity, and anticancer and
antibacterial activities. Copper oxide nanoparticles (CuO-NPs) are
receiving more attention owing to their availability and lower cost
when compared to more costly and noble metals like gold and silver,
as well as their effective potential for application as microbial agents
(Sankar et al., 2014). Among them, CuO-NPs has drawn a lot of
attention in research areas including solar cells, biodiesel,
photocatalysis, water pollutant removal, supercapacitors, and
electrocatalysis owing to their desired qualities, such as cheap
cost, non-toxicity, and ease of manufacturing (Grigore et al., 2016).

By preventing the growth of bacteria, fungi, viruses, and algae,
CuO-NPs have important antimicrobial qualities (Amin et al., 2021;
Bukhari et al., 2021). Furthermore, compared to other organic
antimicrobials like silver and gold, nanoscale copper oxide has a

longer shelf life. According to Keabadile et al. (2020) green synthesis
of CuO-NPs with acceptable physio-chemical characteristics has
previously been performed with several microbial precursors as
reductants. However, very little study has been done on the
synthesis of CuO-NPs employing bacteria that are copper-resistant.
Hence, the current investigation was conducted to tackle this issue and
build a bacteria-assisted synthesis of CuO-NPs and assessment of their
antimicrobial and plant growth stimulating activities.

2 Materials and methods

2.1 Source, minimum inhibitory
concentration, and molecular identification
of copper-tolerant bacteria

The maximum copper tolerance concentration (MTC) was
determined on LB agar medium (in triplicate) having an
increased concentration of CuSO4 (2.5–25 mM), and the MTCs
were noted from the concentration of CuSO4 at which the isolate
failed to demonstrate growth. The different bacterial isolates were
utilized in this study taken from our lab, which were isolated from
Zn-Pb ore mine tailings areas of Zawar mines in Udaipur, Rajasthan,
India (Jain et al., 2020). According to a previously illustrated
method, the 16S rDNA region was amplified and sequenced to
perform molecular characterization of copper-tolerant bacteria
(Janda and Abbott, 2007).

2.2 Bacterial-assisted synthesis of copper
oxide nanoparticles

The synthesis of CuO-NPs was borne out by using copper (Cu)
tolerant bacterial isolate (ZTB29) with little modification technique
of earlier published (John et al., 2021). The bacterial strain that
showed the highest tolerance against copper ion, was inoculated in
LB medium (100 mL) and incubated at 28°C with 150 rpm. After
24 h, 5 mMCuSO4.5H2O was dropped into the bacterial culture and
incubated for 48 h at 28°C until the solution color changed from blue
to green. This combination was then centrifuged at 4,000 rpm for
20 min at 4°C to separate the bacterial cell pellet, and the CuO-NPs
were produced by centrifuging the residual supernatant at
14,000 rpm for 15 min at 4°C. The obtained CuO-NP pellet was
washed twice with deionized water, dried at 80°C in an oven and
used for further characterization. A control experiment without
copper-tolerant bacteria was also done and upon inclusion of 5 mM
CuSO4.5H2O, the color change was not seen which states no
nanoparticles formation.

2.3 Characterization of CuO-NPs

CuO-NPs were primarily characterized using UV-Vis absorption
scanning at 200–1,000 nm using a nanophotometer (Make: Implen,
Germany) as the method outlined by Davaeifar et al. (2019). Dynamic
Light Scattering (DLS) and Zeta potential were performed by the earlier
described method (Rajput et al., 2021b) by using Malvern zeta-sizer
nanoseries (United Kingdom). The FTIR spectroscopy (Perkin Elmer)
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was performed for Cuo-NPs (in KBr pellets) in the 4,100–400 cm−1

range (Garg et al., 2022). Around 10 µL of CuO-NPs dispersed in milli
Q water were placed onto carbon-coated copper TEM grid for
transmission electron microscopy (Tecnai G220 (FEI) S-Twin
200kv) (Sukhwal et al., 2017). The dried powder of CuO-NPs was
further characterized by XRD (X’Pert Pro X-ray diffractometer, PAN
analytical BV) with Cu Kα radiation set with 40 kV and 30 mA
(Sukhwal et al., 2017).

2.4 Antimicrobial activities of CuO
nanoparticles

Antibacterial activities of bacterial-assisted CuO-NPs were studied
by both disc diffusionmethod and well diffusion using LB agarmedium
against plant pathogenic bacteria Xanthomonas sp. Briefly, 1 mL
bacterial suspension (>107 CFUmL−1) was spread by spreader on LB
agar Petri-plates, and in disc diffusion method, the sterile filter paper
disk, dipped in a known concentration of CuO-NPs was placed on LB
agar plates whereas, in well diffusion method, 5 mm wells (prepared by
sterile cork-borer on LB agar Petri-plates) were loaded with CuO-NPs
and incubated for inhibition zone development (Jain et al., 2020). The
antifungal activities of CuO-NPs were investigated by using the
poisoned food technique and spore germination test. The radial
mycelia growth of test fungi Alternaria sp. was recorded on PDA
containing different concentrations of CuO-NPs (50, 75, 100, 150, and
200 μg mL−1). PDA plates without CuO-NPs were used as a control.
These plates were kept for incubation at 25°C until full radical growth
was observed in the control. The different concentration of CuO-NPs
was used as per the CRD design in triplicate and the significant
difference among treatment were determined by Turkey–Kramer
HSD test at p = 0.05.

2.5 In vitro studies of CuO-NPs on the
growth of maize

The experimental pot was filled with agricultural soil supplemented
with sterile plantingmixture, seeded with maize seed (PRATAP-3), and
placed inside the plant growth chamber (humidity: 60%, light intensity:
750 μmol/m2s with 15 h light and 9 h dark conditions at 25°C–20°C).
Seven days old maize seedlings were treated with CuO-NPs
concentrations viz.0, 25, 50, 75, 100, 200, and 300 mg L−1 (in
Hoagland solution) as foliar spry. The shoot length (cm), root
length (cm), chlorophyll content (SPAD-502 + Chlorophyll Meter,
Spectrum Technologies, India), Copper content [atomic absorption
spectroscopy (AAS), Make: Electronics co. India Ltd. Modal no.
AAS4141] was studied in 21 days old seedlings (Garg et al., 2022).

3 Result

3.1 Source, screening of MTC against copper
and molecular identification of potent
copper-tolerant bacteria

The bacterial isolates ZTB15, ZTB24, ZTB28, and ZTB29 were
tested for their maximum copper (CuSO4) tolerance levels in

nutritional broth and observed Minimum inhibitory
concentration (MIC). The bacterial isolate ZTB29 had a very
maximum MIC of 22.5 mM copper in the medium and was able
to withstand high doses of copper in the current experiment
(Supplementary Table S1). A further selection of the
ZTB29 strain was made for the bacterially aided synthesis of
copper oxide CuO-NPs. The ZTB-29 isolate’s 16S rRNA gene
was sequenced in its entirety and put into nucleotide-nucleotide
BLAST analysis. The strains’ similarity and matches to previously
published bacterial rDNA sequences allowed scientists to identify
them as Serratia sp. (Figure 1). The ZTB29 nucleotide sequence was
deposited to NCBI with the accession MK773873. The detailed
biochemical, plant growth promoting and other physiological
attributes of the ZTB29 strain were summarized in
(Supplementary Table S2) which enables the ZTB29 strain to not
only bioremediate excess copper but also to promote plant growth.

3.2 ZTB29 assisted copper oxide
nanoparticles synthesis and its confirmatory
examination

The easily observed synthetic bacterial growth in the bottom of
the flask demonstrated the reaction between the bacterium and
copper sulfate, the precursor salt. The starting solution’s color
changed from light blue to green when 5 mM copper sulfate was
added drop by drop to the bacterial suspension, indicating the
production of CuO-NPs. The greatest absorbance of 285 nm by
using UV-visible spectroscopy was observed, indicating that copper
sulfate (which does not produce any absorbance at 285 nm:
Supplementary Figure S1), the starting material, was converted to
CuO-NPs, as shown in (Figure 2).

The surface charge, size distribution, and potential stability of
the nanoparticles contained in a liquid were characterized using
dynamic light scattering (DLS) and zeta potential, respectively.
Particles in the solution ranged in size from 15 nm to 30 nm and
were homogeneous in size. The average CuO-NPs particle size was
21 ± 5.4 nm which was created with a homogenous dispersion
(Figure 3A). The TEM investigations provided strong support for
the DLS findings. The presence of bacterial cell artifacts or the
agglomeration of nanoparticles may be responsible for the second
large-size distribution peak at about 1,000 nm. The zeta potential’s
magnitude (−30 mV to +30 mV) determines the stability and
primarily depends upon the surface charge of the generated
nanomaterials. The produced nanoparticles have a Zeta potential
of −15.4 mV, which demonstrates that they were quite stable at
ambient temperature (Figure 3B). The similar zeta potential value
was observed even after 1 year of synthesis with CuO-NPs
suggesting CuO-NPs were stable for 1 year or more. Zeta
potential with a negative value indicates a strong repelling force
between the particles, which inhibits agglomeration.

Fourier transform infrared spectroscopy (FTIR) technique was
utilized to recognize the occurrence of different functional groups
found in a sample. Depending on the infrared absorption range
600–4,000 cm−1 in FTIR analysis, the absorbance range
3,200–3,550 cm−1 is indicated for O-H stretching, 2,371 cm−1

observance for O=C=O stretching, 1,624 cm−1 observance for
C=C stretching, 1,058 cm−1 observance for C-OH stretching,
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1,377 cm−1 observance for the existence of CO2 when compared with
the standard database. The 608 cm−1 vibration attributed to CuO
formation confirms the synthesis of pure CuO nanostructures. FTIR
study revealed that the carboxyl (C=O), hydroxyl (OH), amine
(NH), alkyne (C-H), thiol (S-H), ester (C=O) and aromatic
amine (C-N) groups from the bacterial secretion are responsible
for the copper reduction and CuO-NPs stabilization (Figure 4). The
details of the different FTIR peaks observed in bacteria assisted
CuO-NPs and the bacterial extract used for CuO-NPs synthesis were
described in the Supplementary Table S3 and Supplementary Figure
S2. The CuO-NP’s size and shape were studied using TEM. TEM
analysis revealed the formation of different shapes of copper oxide
nanostructures (Figure 5). It was evident from TEM studies that
CuO-NPs were polydisperse and spherical which were free from
agglomeration. The particles were in the size range of 20–40 nmwith
28 nm average particles size.

X-ray diffraction (XRD) was performed to study the phase
(structure) and purity (composition) of the biosynthesized CuO-
NPs using copper-tolerant bacteria. The XRD pattern (Figure 6)
depicted the creation of pure and crystalline CuO-NPs. The peaks at
2 = 32.548, 35.466, and 38.769 were assigned to the (110) (002) and
(111) reflection lines of monoclinic CuO-NPs compared to JCPDS
file No. 01-080-1268. The average crystallite size calculated based on
the Scherrer technique for synthesized CuO-NP was 22 nm.

3.3 Antimicrobial activities of CuO-NPs

The CuO-NPs (50 μg mL−1) showed significant antibacterial
activity by generating an inhibition zone in well diffusion assay
(Figure 7A). The disc contacting 50 μg mL−1 CuO-NPs
demonstrated antibacterial activity against Xanthomonas sp. as it
showed a clear inhibition zone (Figure 7B), which was higher
compare to Neomycin (30 μg mL−1) and lower compare to
Rifampicin (5 μg mL−1). The highest inhibition of 91% in fungal
mycelia and 88% spore germination was detected at the 200 μg mL−1

CuO-NPs concentration (Table 1). The rate of mycelia inhibition
and spore germination was proportional to CuO-NPs concentration
(Figure 8). The results observed in the present study revealed CuO-
NP scan be used as an efficient nano fungicide against soil-born
fungus.

3.4 Influence of CuO-NPs onmaize seedling

The shoot and root length, plant biomass, total chlorophyll and
copper content were considerably high in the maize plantlet (21 days
old) compared to the untreated control plantlet (Table 2). The
maximum shoot and root length, biomass and chlorophyll content
were observed in 100 mg L−1 CuO-NPs application and contributed
to plant growth significantly as efficient nano-fertilizers. The CuO-
NPs (<100 mg L−1) caused significant toxicity to maize seedlings and
resulted in decreased growth parameters.

FIGURE 1
Neighbourhood joining tree showing the polygenetic relationship of copper tolerant bacterial strain ZTB29 Serratia sp. (NCBI Accession: MK773873).

FIGURE 2
UV-Vis absorption spectrum of biogenic CuO nanoparticles.
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4 Discussions

The new study could pave the way for bioprospecting for metal-
tolerantmicroorganisms for the quick and easy synthesis of nanoparticles
with a variety of applications (Jain et al., 2012; Jain et al., 2020). John et al.
(2021) investigated bacterial strain copper tolerance at various CuSO4

concentrations, and the bacterial strain Marinomonas, which tolerated
5mM CuSO4, was employed to produce copper and CuO-NPs. Similar
findings were found in the current investigation. Tiwari et al. (2016)
synthesized CuO-NPs from a copper-resistant Bacillus cereus isolate that
tolerated >10mM of copper. The B. cereus isolate was able to and was
identified asB. cereus using 16S rDNA amplification and sequencing. The
change of color depends on the surface plasmon vibration of the

nanoparticles (Abdulhameed et al., 2019). Shantkriti and Rani (2014)
observed that the color of the reaction changed from blue to dark green
when CuSO4 was added to the Pseudomonas fluorescens solution, which
corroborated the findings. The bacteria-assisted green synthesis of metal
and metal oxide nanoparticles is dependent on the bacteria’s ability to
remediate harmful metal concentrations by reducing metal ions to
nanoparticles (Jain et al., 2020). As a result, copper-tolerant bacteria
produce copper and copper oxide nanomaterials by mimicking the
natural biomineralization processes that these microbes have adapted
to under dangerous copper concentrations (John et al., 2021).

UV-visible absorption spectroscopy can be used to characterize
metallic nanoparticles based on surface plasmon resonance (SPR)
(Upadhyay et al., 2023). UV-visible spectroscopy (wavelength scan

FIGURE 3
(A) Particle size determination using dynamic light scattering (B) Zeta potential analysis of bacterial assisted CuO nanoparticles.

FIGURE 4
FTIR analysis of biogenic CuO nanoparticles.
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between 200 and 1,000 nm) was used to observe the solution resulting
from the bluish-to-greenish color alterations of copper-tolerant bacteria
(Zhao et al., 2022). The spectra of CuO-NPs generated employing copper-
tolerant bacteria showed pronounced absorption at 285 nm wavelength,
confirming the conversion of the starting material (copper sulfate) to the
final product (CuO nanoparticles) as shown in Figure 3. Tshireletso et al.
(2021) revealed that the UV-VIS absorption spectra of green-produced
CuO-NPs from citrus peel extracts resulted in a notable absorbance at
290 nm.Due to surface plasmon resonance, Sankar et al. (2014) found that
the UV-Vis spectra of papaya leaf extract medicated CuO-NPs spanned
between 250–300 nm. In contrast, the different experiments revealed
distinct absorption peaks and spectrums, which could be attributable to
different forms of copper and copper oxide nanomaterials and the
technology employed for nanomaterial fabrication.

DLS confirmed that the produced CuO-NPs had a homogeneous
particle size distribution (15 nm–30 nm) and an average particle size of
21 ± 5.4 nm (Figure 4A), which TEM investigations also validated. The
CuO-NPs’ −15.4 mV zeta value clearly demonstrated their fairly stable
character, as illustrated in Figure 4B. Nardella et al. (2022) conductedDLS
investigations of biosynthesized CuO-NPs and reported a 24.4 nm
Z-average diameter, while the zeta potential value, which frequently
analyses the stability of nanoparticles, was found to be −16.1 mV,
confirming the nanoparticles’ stability. Nagaraj et al. (2019) reported

the Pterolobium hexapetalum leaf extract-mediated synthesized CuO-
NPs and the synthesized nanoparticles were extensively distributed and
highly dispersed in the 10–76 nm size range, however, the associated zeta
potential was −27.6 mV attributed to moderate stability of nanoparticles.

FTIR study indicated the presence of different compounds from the
bacterial secretion involved in the reduction and stabilization of CuO-
NPs. Amin et al. (2021) observed the FTIR peaks at 518.4 and
600.1 cm−1 (formation of CuO nanostructure and Cu–O stretching),
1,021.14 and 800.58 cm−1 (assigned to C–O and C–H bending) and
1,412.3 and 1,636.4 cm−1(O–Hbending and C=C stretching). John et al.
(2021) studied FTIR spectroscopy of CuO-NPs synthesized from
marine bacteria indicating the presence of -C=O, –OH, –NH,
–CH2scissor vibrations of aliphatic compounds and C=C bonds
inside the biomolecules suggesting the interaction of these
biomolecules with CuO-NPs also observed in the present study.

TEM analysis revealed the formation of polydisperse and roughly
spherical CuO-NPS which were free from agglomeration with the
20–40 nm size range (average particle size is 28 nm). The CuO-NPs
aswater suspension are slightly agglomerated due to their interactionwith
water and due to such inter-particle interactions viz. van der Waals,
electrostatic and magnetic forces, etc. Previously, similar results of
biogenic CuO-NPs were reported by several studies (Ida et al., 2010;
Cheng and Walker, 2010; Chandra et al., 2014; Sagadevan and
Koteeswari, 2015; Kimber et al., 2020; Singh et al., 2019) as observed
in TEM. John et al. (2021) reported the TEM micrographs of CuO-NPs
from marine bacteria and reported the synthesis of monodispersed,
spherical/ovoidal NPs of 10 nm–70 nm size with ~40 nm average size.
The irregular shape can be attributed to bacterial metabolites on the
surface of nanoparticles as stabilizing and reducing agents. Bukhari et al.
(2021) reported the Streptomyces sp. mediated Cu-NPs synthesis of
uniform and spherical nanoparticles (1.72–13.49 nm) in the TEM

FIGURE 5
TEM analysis of biogenic CuO nanoparticles.

FIGURE 6
XRD analysis of bacterial assisted CuO nanoparticles.

FIGURE 7
Antibacterial activities of biogenic CuO nanoparticles at
50 μg mL−1 the concentrationagainst (A) Xanthomonas Sp. (B) E. coli
using (a) well diffusion method (b) disc diffusion method along with
Rifampicin 5 μg mL−1 and Neomycin 30 μg mL−1.
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images. Krishna et al. (2020) synthesized CuO nanoparticles
from Cinnamomum malabatrum aqueous leaf extract and the
TEM revealed spherically shaped CuO-NPs with 11 nm–24 nm
size range which was also in close agreement with the present
study.

The XRD pattern revealed the pure CuO-NPs were crystalline in
nature. Ali et al. (2021) performed XRD of CuO-NPs and the
detected peaks in their study confirmed the monoclinic phase of
CuO compared to JCPDS card 000021040 which was also seen in the
present study. Further, the characteristic crystallite size measured

TABLE 1 Effect of varying concentrations of CuO nanoparticles on in vitro mycelial growth and spore germination of phytopathogenic fungi Alternaria sp.

Treatment (CuO nanoparticles) Percent inhibition mycelia growth Percent inhibition spore germination

Control 0.0 ± 0.0A 5.33 ± 1.52A

50 μg mL−1 15.0 ± 1.53B 15.0 ± 2.0B

75 μg mL−1 70.0 ± 1.53C 55.0 ± 2.0C

100 μg mL−1 77.0 ± 5.7CD 64.3 ± 2.51D

150 μg mL−1 81.0 ± 2.0D 74.0 ± 1.0E

200 μg mL−1 91.0 ± 1.52E 88.0 ± 2.0F

aEach value is mean of 3 replicates from 2 experiments. Mean ± SE, followed by same letter in column of each treatment is not significant difference at p = 0.05 by Tukey–Kramer HSD, test, %

inhibition rate was calculated compared to the germination of the control (0%).

FIGURE 8
Antifungal activity of CuO nanoparticles against Alternariasp. on (A) mycelial growth inhibition by poisoned food technique (A) Control (B)
50 μg mL−1 (C) 75 μg mL−1 (D) 100 μg mL−1 (E) 150 μg mL−1 and (F) 200 μg mL−1CuO nanoparticles (B) Spore germination inhibition by (A)Pour plate
technique C1 - Crude spore suspension and T1 - 200 μg mL−1CuO nanoparticles (B) Microscopic studies C2: Control, T2: 200 μg mL−1CuO
nanoparticles.

TABLE 2 In vitro studies on the effect of CuO-NPs on growth of maize seedling (Data are means of three replicates ±SD. Data are recorded after 21 days of
germination).

Treatment Average shoot
length (cm)

Shoot dry
weight g)

Average root
length (cm)

Chlorophyll index
(SPAD)

Copper content in maize
seedling (ppm)

Control 18.4 ± 1.7 4.4 ± 1.1 12.8 ± 2.1 10.03 ± 2.11 0.041 ± 0.02

T 1 24.5 ± 2.4 7.8 ± 2.3 14.8 ± 3.2 12.33 ± 2.65 0.055 ± 0.08

T 2 28.8 ± 2.8 8.3 ± 1.6 21.6 ± 2.4 13.63 ± 2.49 0.088 ± 0.06

T 3 32.4 ± 2.2 8.4 ± 2.1 24.1 ± 1.9 14.14 ± 2.43 0.092 ± 0.08

T 4 34.2 ± 3.1 10.6 ± 1.8 24.8 ± 2.3 16.86 ± 4.5 0.098 ± 0.09

T 5 29.4 ± 2.3 9.1 ± 1.5 22.7 ± 2.1 13.93 ± 2.8 0.012 ± 0.05

T 6 21.1 ± 1.9 7.5 ± 1.2 15.1 ± 1.7 11.26 ± 2.3 0.015 ± 0.05
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using the Scherrer equation was found to be 24.7 nm also supports
the finding of the present study. Buazaret al. (2019) reported that
clear and sharp peaks in XRD can be ascribed to the highly
crystalline structure of nanomaterials. Similar results of the
crystallite size of CuO-NPs in the range of 9–23 nm were solely
dependent on the precursor conditions (Tavakoli et al., 2019).

The CuO-NPs exhibited superior antimicrobial activities and have a
significant potential to control phytopathogens. Krishna et al. (2020)
reported significant antibacterial activities of CuO-NPs against human
pathogenic bacteria viz., Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa and Proteus mirabilis using well diffusion
method and similar results were also observed against plant
pathogenic bacteria in the present study. Abboud et al. (2014)
reported significant antimicrobial activities of CuO-NPs synthesized
from the alga extract against Enterobacter aerogenes and S. aureus and
the observed radial diameter of the inhibition zone was 14 and 16mm,
respectively. Bhavyasree and Xavier (2022) extensively reviewed the
copper and CuO nanomaterial and their antimicrobial properties and
demonstrated the mechanism of antibacterial action which includes
mechanical damage, gene toxicity, and oxidative stress injury. The
bio-molecules absorbed on the surface may also help in the
antimicrobial activities of CuO-NPs.

The CuO-NPs (200 g mL−1 concentration) exhibited superior
antifungal activities. Qamar et al. (2020) showed reasonable results
for the antifungal activity of CuO-NPs against Trichophyton rubrum.
Rabiee et al. (2020) synthesized Achillea millefolium extract-mediated
CuO-NPs and reported significant in vitro antifungal activities against
four different fungi. The biosynthesized CuO-NPs showed effective
antifungal activities owing to the entering of CuO-NPs on fungal
membranes and negatively effect the cell divisions via strong
interaction on the respiratory chains.

The use of CuO-NPs (100mg L−1) resulted in the improvement of
plant growth attributes as copper-based nano-fertilizer. The specific doses
of CuO-NPs can play a remarkable role in plant growth promotion are
advocated by several researchers (Singh et al., 2018; Rajput et al., 2022)
due to the increase bio-availability of Cu2+ which led to accelerating the
mobilization of food reserves during germination, greater activation of
copper enzymes such as cytochrome C oxidase, etc. CuO-NPs in the
optimum dose can significantly influence the plant growth and act as
efficient nano-fertilizers.

5 Conclusion

In conclusion, we present a straightforward, quick, and
environmentally friendly method for producing CuO-NPs with
exceptional antibacterial properties. Different approaches have been
applied to clarify the size, shape, composition, and stability, and the
findings demonstrate that the synthesized nanoparticles are very stable and
monoclinic, with the largest particles falling within the size range of 28 nm
in diameter. The CuO-NPs may function as a potent bactericide and
fungicide that may be employed to combat plant infections as a result of
the positive results. With the right toxicological information, the greenly
producedCuO-NPs have a large potential andmay be used for a variety of
tasks, including food processing and control, biomedical forms, product
packaging, and more. According to the observations of this study, CuO-
NPs are a novel class of antimicrobial agents that may be developed and
applied in sustainable agriculture.
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Climate trends and maize 
production nexus in Mississippi: 
empirical evidence from ARDL 
modelling
Ramandeep Kumar Sharma 1, Jagmandeep Dhillon 1*, Pushp Kumar 2, Raju Bheemanahalli 1, 
Xiaofei Li 3, Michael S. Cox 1 & Krishna N. Reddy 4

Climate change poses a significant threat to agriculture. However, climatic trends and their impact on 
Mississippi (MS) maize (Zea mays L.) are unknown. The objectives were to: (i) analyze trends in climatic 
variables (1970 to 2020) using Mann–Kendall and Sen slope method, (ii) quantify the impact of climate 
change on maize yield in short and long run using the auto-regressive distributive lag (ARDL) model, 
and (iii) categorize the critical months for maize-climate link using Pearson’s correlation matrix. The 
climatic variables considered were maximum temperature (Tmax), minimum temperature (Tmin), 
diurnal temperature range (DTR), precipitation (PT), relative humidity (RH), and carbon emissions 
 (CO2). The pre-analysis, post-analysis, and model robustness statistical tests were verified, and all 
conditions were met. A significant upward trend in Tmax (0.13 °C/decade), Tmin (0.27 °C/decade), and 
 CO2 (5.1 units/decade), and a downward trend in DTR ( − 0.15 °C/decade) were noted. The PT and RH 
insignificantly increased by 4.32 mm and 0.11% per decade, respectively. The ARDL model explained 
76.6% of the total variations in maize yield. Notably, the maize yield had a negative correlation 
with Tmax for June, and July, with PT in August, and with DTR for June, July, and August, whereas 
a positive correlation was noted with Tmin in June, July, and August. Overall, a unit change in Tmax 
reduced the maize yield by 7.39% and 26.33%, and a unit change in PT reduced it by 0.65% and 2.69% 
in the short and long run, respectively. However, a unit change in Tmin, and  CO2 emissions increased 
maize yield by 20.68% and 0.63% in the long run with no short run effect. Overall, it is imperative to 
reassess the agronomic management strategies, developing and testing cultivars adaptable to the 
revealed climatic trend, with ability to withstand severe weather conditions in ensuring sustainable 
maize production.

Maize is the most important cereal, known as the “queen of  cereals1.” The United States (US) is the leading 
producer, followed by China, Brazil, and  Argentina2. The US contributes 32% to global production, and 60% of 
total production is  exported2. Within the US, Mississippi (MS) is the state that contributes 748.3 million USD 
annually to national maize  revenue3. Mississippi has 0.64 million acres under maize  cultivation4. Mississippi 
has eight of the total twelve soil types, 60% of cropland is irrigated (by center pivot and furrow), and maize is 
grown on raised  beds5,6. Mississippi has registered its maize yield progressing at a faster annual growth rate than 
the US for the past two  decades7. As a result, MS actual maize yield surpassed the US in 2000; the current yields 
for MS and the US are 12.51 and 11.87 Mg  ha-1,  respectively4. Over the past half-century, MS has experienced a 
rapid increase (173%) in the harvested acres for maize compared to the US average (47%)4. More intriguingly, 
MS maize still has a considerable yield gap of 2 to 5.6 Mg  ha-1, or 14 to 31%, at the state level when compared to 
the highest achievable yield under best management  practices7. Closing these yield gaps is critical for economic 
benefits, reducing food prices, and consequently improving food  security8. Strategies to close existing yield gaps 
via research necessitate a broader understanding of the causal factors and their extent on variations in crop  yield9.

The factors that govern crop production and its variability include genetics, environment, and management 
such as soil properties, and agronomic management for instance fertilization, irrigation, tillage, planting dates, 
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row-to-row width, planting population, planting time, depth, etc.,10,11. However, amongst all, the climate is noted 
to be the major uncontrollable contributor affecting crop production, with the proven potential to explain up to 
or even greater than 60% of the global crop yield  variations12. Numerous studies on wheat (Triticum aestivum 
L.)13–16,  maize17–19 and rice (Oryza sativa L.)20,21 has demonstrated a consensus on crop-climate link in cereals. 
Based on region-specific studies, the crop-climate association was found to be strong, ranging 22–60%, 40–71.3%, 
and 67–92% in wheat, maize, and rice, respectively. The same has been confirmed by global studies for other crops 
as  well22–25. Specifically, in maize, Rizzo et al.26 attempted to separate climate, management, and genetic factors 
and deduced that climate change (48%) explained most of the yield variation, followed by management (39%), 
and genetics (13%). Given the alarming rate of future climate warming, almost 1.5 °C upsurge, precipitation 
(PT) irregularities (24–40%) combined with increased carbon emissions, the coefficient of yield dependability 
on climate is expected to rise further by 47% in  205027.

Climatic trends induce biotic and abiotic stresses in plants by controlling microclimates around them, and 
influence evapotranspiration, gas exchange, resource use efficiency, plant-microbe relations, phenological pro-
cesses, crop performance, and finally  yield28. The severity of crop-climate links is determined by the magnitude 
and trend of change of climatic variables, which vary by region, and such estimates for MS are  lacking29. Missis-
sippi is in a climatically vulnerable southeastern region of the US, and has a significant agroeconomic  impact30,31. 
Also, Mississippi agriculture relies on reduced capital investments and infrastructural inputs, removing several 
choices for combating climate-related negative  consequences32,33. Even so, only a few climate-crop studies were 
conducted so far for  MS34–37, and even fewer on  maize21,38,39. Therefore, the current study is aimed at calculating 
(i) the trend in climatic variables, namely, daily maximum temperature (Tmax), daily minimum temperature 
(Tmin), diurnal temperature range (DTR), precipitation (PT), carbon emissions  (CO2), and relative humidity 
(RH) in MS during 1970–2020, and (ii) impact of change in these variables on MS maize yield. The novelty of 
this study lies in investigating climatic variables other than just temperatures and PT, monthly investigations of 
trends in climatic variables, pinpointing crucial months impacting maize and employing econometric method 
for the first time to explore crop-climate link in MS.

Methodology
A detailed step-by-step outline of the various methodologies used to accomplish the study’s objectives is displayed 
in Fig. 1. The sections below provide a detailed discussion on the various methodology components, including 
data, study model specifications, and the estimation procedures involved.

Figure 1.  A step-by-step flowchart outlining the detailed methodology for the three different objectives. The 
first objective—estimating the trend for each of the six climatic variables—maximum temperature (Tmax), 
minimum temperature (Tmin), diurnal range (DTR), precipitation (PT), relative humidity (RH), and carbon 
dioxide emissions  (CO2)—is shown in blue boxes on the left, the second objective—quantifying the overall 
impact of climatic variables on maize yield—are shown in yellow boxes in the middle, and the third objective 
workflow—identifying the key months for crop-climate linkage—are shown in green boxes on the right.
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Data
The present study utilized the past 50 years of time-series dataset for MS (Fig. 2), from 1970 to 2020 similarly 
to previous  studies12,40–42.

As per World Meteorological Organization guidelines, 30 years (at minimum) dataset is recommended for 
climatic trend  computations43. The response variable was maize yield, and the explanatory variables were Tmax, 
Tmin, DTR, PT, RH and  CO2 (Fig. 1). Harvested area (HA) was included as an input control variable as sug-
gested by Jan et al.44. Moreover, following Chandio et al.40, the Tmax, Tmin, DTR, and RH were averaged, and 
PT was totaled to maize growing season (MGS) for analyzing the impact of growing season anomalies. Also, the 
monthly averaged data of each variable was utilized to compute the month-wise climatic impact on maize. The 
MGS (March-September) was taken as per the USDA harvesting and planting dates handbook. The data on  CO2 
was available on a yearly average basis. The data were gathered from the USDA-NASS repository (https:// www. 
nass. usda. gov/) for yield, National Oceanic and Atmospheric Administration (NOAA) database (https:// www. 
noaa. gov/) for Tmax, Tmin, DTR, and PT, PRISM database (https:// prism. orego nstate. edu/ compa risons/) for 
RH, and US energy information administration (https:// www. eia. gov/ envir onment/ emiss ions/ state/) for  CO2. 
There is a vast literature authenticating the use of time series data and the aforesaid data sources for crop-climate 
 estimations45–48.

Econometric model specification
The two-dimensional effects of climate change on crops include a short-term effect that is directly impacting 
the yield in the current and subsequent (residual effect)  years49,50. This immediate effect accumulates to build 
the foundation for permanent effects, referred to as long-term effects, that ultimately influence the soil-forming 
processes, soil properties, microbial buildups in the soil, and nutrient-use  abilities51–53. Therefore, the study 
evaluated both the short and long-term relationships between the variables using the widely used auto-regres-
sive distributive lag (ARDL) bound-testing  method44,54–58. The ARDL model is preferred over other statistical 
methods because it can efficiently run the analysis for both short-term and long-term relationships simultane-
ously at ceteris paribus keeping all other variables  unchanged55. Moreover, the ARDL model accounts for previ-
ous year inputs/factors influencing the current year yield, by incorporating the “lag length” component in its 
 functionality59. These factors could be residual effects of previous year fertilization especially if a granular form 
is applied, late season excessive rainfall, or maybe rollover effects of previous crop  rotation60,61. By regressing the 
lag values of the regressors against the regressand, the lag length feature statistically advises the ARDL model 
on how far back in time it needs to go to capture the residual  effect62,63. The ARDL model works well regardless 
of the integration level of the time series data i.e., level (I = 0), at first difference (I = 1), or combination of I (0), 
and I (1)56. The ARDL approach is robust against endogeneity issues, which arises when the dependent variable 
tends to correlate with the error term in the regression  model64, reducing residual correlation, and small sample 
 sizes54. The ARDL has an intrinsic feature of error correction model (ECM) that estimates the pace (% per year) 
with which the short-term effects transfer cumulatively to form permanent basis for the long-term  effects54. The 
following linear equation was used to evaluate short-term and long-term association of mentioned variables:

The natural log form variables are suggested for time series data to smoothen multicollinearity and instability 
issues if  any56.

(1)Y = f (Tmax,Tmin,DTR, Prec,RH ,CO2,HA)

(2)
lnYt =β0 + β1ln(Tmax)t + β2ln(Tmin)t + β3ln(DTR)t + β4ln(PT)t

+ β5ln(RH)t + β6ln(CO2)t + β7ln(HA)t + εt

Figure 2.  The study area (Mississippi state) highlighted on the USA map.

https://www.nass.usda.gov/
https://www.nass.usda.gov/
https://www.noaa.gov/
https://www.noaa.gov/
https://prism.oregonstate.edu/comparisons/
https://www.eia.gov/environment/emissions/state/
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where, Yt is maize yield (Mg  ha-1) in year t. Tmax, Tmin, and DTR are in (°C), PT in (mm), RH in (%),  CO2 in 
metric ton, HA is maize harvested in hectares, β0 is intercept, and β1,β2,β3,β4,β5,β6,β7 are coefficients of slopes 
in the function, and εt is error term in time t.

Auto‑regressive distributive lag (ARDL) bound test approach
The ARDL model equation adopted in similar previous  studies44,55,57, is used here as follow:

where Y is maize yield, t is the time in year, i is the lag order with n is the highest lag value, α0 is the intercept, � 
denotes the first differencing, εt is the error term, α1 to α8 represents coefficients of long term cointegration for 
different variables, γ1 to γ8 are short term coefficients for different variables, ECT is the error correction term and 
∅ is its coefficient which determines the pace (% per year) by which short term climatic impacts cumulatively 
transfer to form basis for permanent long term effects.

The first differencing, as suggested in previous  studies23,65, was applied as a technique to detrend the maize 
yield to account for the other yield impacting unobserved factors such as advancement in agricultural technology, 
progression of the adjustments in growers according to the management recommendations, and the infrastruc-
tural developments. The data on aforesaid factors was not available. Detrending is widely used in literature to 
exclude (minimize) the impact of such unobserved variables and to capture the sole impact of climate variables 
on crop  yields23,65.

Climatic trend analysis
The Mann-Kendall  test66,67 and Sen slope  method68 were employed to time series (1970–2020) data for all study 
variables to establish the trend on both monthly and growing seasonal timescale (Mar-Sep). Both these non-
parametric tests are recommended by the World Meteorological Organization for climatic trend  estimation69. 
The Kendall tau computes the direction and strength of the trend where positive sign of the coefficient indicates 
increasing (upward), negative sign signifies decreasing (downward) trend, and the magnitude of 0–0.25 (weak), 
0.26–0.50 (fair), 0.51–0.75 (moderate), and values above 0.76 (strong) signifies the strength of the  trend70–72. 
However, the Sen slope coefficient indicates the rate of change per year. For more detailed understanding on 
methodology of both these tests, readers are suggested to read Gocic and  Trajkovic73 or Gujree et al.74 procedures.

Estimation procedures
Unit tests
Units root problem arise when the mean, variances, and co-variances are time dependent or non-constant during 
the study  timeframe75. Usually, unit root problems (non-stationarity) exist with time series data, if it exists, can 
cause spurious  regression76. When a single coefficient fails to accurately reflect the true relationship between 
the study variables, false regression occurs, and the conclusions drawn may be  untrue76. Hence, the Augmented 
Dickey-Fuller (ADF)77 and the Phillips–Perron tests (PP)78 unit root tests were performed. The results revealed 
that all the variables were stationary at level or first differencing, fulfilling the assumption of ARDL bound test-
ing model (Table 1A).

Multicollinearity testing
Analyses involving multiple variables may be susceptible to multicollinearity due to the propensity of variables 
to become correlated with one  another79. To avoid overfitting in a regression model caused by multicollinearity, 
either the variables exhibiting it should be eliminated, or it needs to be verified that the data is free of multicollin-
earity, using tests such as the variance inflation factor (VIF) test and tolerance  test80. The present study performed 
both these tests and found that the VIF value (3.45) and tolerance value (0.30) were within the permissible limits 
(Table 1B); VIF < 10 and tolerance value (TOV) > 0.142,79,80, confirmed that multicollinearity was not an issue 
with the dataset (Table 1B).

(3)
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Optimum lag selection
The ARDL model can determine the number of prior years to include in the model for regressing the explanatory 
variables (including their lag values) against the regressand (current year yield) by using the optimal lag number, 
to incorporate the previous years’ residual effects on current year maize  yield55. The study used statistical tests 
such as Sequential modified likelihood ratio (SMLR) test, final prediction error (FPE) test, Akaike information 
criterion (AIC) method, Schwarz information criterion (SIC) method, and Hannan-Quinn information criterion 
(HQ) method, as guided by Agbenyo et al.57, and Warsame et al.55, to select optimum lag length for the model.

The appropriate lag length for the ARDL model was determined to be three (Table 1C), based on the mini-
mum value generated by majority of the tests (SMLR, FPE, and AIC) utilized. The lag length of three signifies 
that the previous three years data needs to be considered to regress against the regressand for capturing residual 
effects.

Cointegration testing
The Wald F-test was used for the null and alternative hypotheses testing after running a regression to check for 
the existence of cointegration between regressors and  regressand44. The two types of threshold values were pro-
duced, the upper bound threshold values were termed I (1), and the lower bound threshold values were termed I 
(0). The null hypothesis is accepted if the Wald F-statistics value is less than the lower bound (at I = 0) threshold 
value, indicating no relationship present between the regressand and  regressors41. However, the null hypothesis 
is rejected if the Wald F-statistics value is higher than the upper bound (at I = 1) threshold value, indicating the 
presence of a relationship between the regressand and  regressors41. The Wald F-test value (Table 1D) was esti-
mated as 7.228, which, at the 1% significance level, was higher than the upper critical limit (4.15). The absence 

Table 1.  Pre-analysis diagnostic testing. “***”shows the significance level at 1%. *Indicates lag order selected 
by the criterion, SMLR: sequential modified likelihood ratio test statistic, FPE: Final prediction error, AIC: 
Akaike information criterion, SC: Schwarz information criterion, HQ: Hannan-Quinn information criterion, 
and each test at 5% level of significance.

Variables

ADF PP

Level First difference Level First difference

(A) Unit root test results following Augmented Dickey-Fuller (ADF) and Phillips-Perron (PP) tests of variables including maxi-
mum temperature (Tmax), minimum temperature (Tmin), carbon dioxide emission  (CO2), harvested area (HA), precipitation 
(PT), and maize grain yield (Y)

Tmax  − 6.276***  − 10.036***

Tmin  − 6.340***  − 10.580***

CO2  − 2.256  − 8.400***  − 2.264  − 8.357***

HA  − 3.237  − 8.323***  − 3.170  − 10.284***

PT  − 6.317***  − 6.287***

Y  − 7.058***  − 7.054***

Variable Variance inflation factor (VIF) Tolerance value (TOV)

(B) Multicollinearity test results based on variance inflation factor (VIF) and tolerance value (TOV) tests of variables includ-
ing maximum temperature (Tmax), minimum temperature (Tmin), carbon dioxide emission  (CO2), harvested area (HA), and 
precipitation (PT)

Tmax 4.512 0.221

Tmin 4.126 0.242

CO2 3.207 0.312

PT 2.475 0.404

HA 2.937 0.340

Mean value 3.451 0.304

Lag SMLR FPE AIC SIC HQ

(C) Model’s lag selection criterion using sequential modified statistics test (SMLR), final prediction error (FPE) test, Akaike infor-
mation criterion (AIC) method, Schwarz information criterion (SIC) method, and Hannan-Quinn information criterion (HQ) 
method

0 NA 8.36e-13  − 10.783  − 10.544  − 10.693

1 177.455 4.28e-14  − 13.768  − 12.099*  − 13.142*

2 37.853 7.06e-14  − 13.350  − 10.249  − 12.188

3 26.476* 3.42e-14*  − 14.295*  − 9.7631  − 12.597

4 67.775 7.43e-14  − 13.990  − 8.0276  − 11.756

Test Statistic Value Significance (%) Level I (0) First difference I (1)

(D) The ARDL bounds cointegration test results

 F-statistic 7.228 10 2.08 3

5 2.39 3.38

1 3.06 4.15
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of cointegration was thus ruled out as the null hypothesis, and the presence of cointegration was determined at 
a 1% level of significance.

Post analysis diagnostic tests, and sensitivity/robustness check of ARDL model
After the ARDL model estimation, the study performed Breusch-Godfrey LM test (for serial correlation check), 
Breusch–Pagan–Godfrey test (for heteroscedasticity check), and cumulative sum (CUSUM) and cumulative sum 
of squares (CUSUMSQ) of recursive residuals tests (for stability check of the model coefficients), as suggested 
by the previous  studies58.

The results confirmed that the functional model was free from serial correlation and heteroskedasticity (mis-
specifications) issues (Table 2A). The CUSUM and CUSUMSQ test graphs found that the parameter plot lines 
were consistent, stable, and stayed within critical bounds at the 5% level of significance (Figs. 3 and 4). Hence, 
confirming the accuracy and stability of short and long run model coefficients that affected the MS maize yield 
from 1970 to 2020. The CUSUM test can identify systematic, whereas the CUSUMSQ test identifies rapid and 
drastic variations from the constancy of the model  coefficients81.

After confirming the ARDL model’s goodness of fit and predictive effectiveness by running post-analysis 
diagnostic tests, the sensitivity analysis was carried out using the fully modified ordinary least square (FMOLS) 
model to examine the robustness of the ARDL model functionality in long run. The FMOLS model showed that 
Tmax and PT had a negative impact on maize yield while Tmin and  CO2 had a positive impact (Table 2B). These 
results are consistent with the long-run coefficients of the ARDL model, further validating the robustness of the 
model recommendations.

Table 2.  Post analysis diagnostic testing. Tmax represents maximum temperature, Tmin: minimum 
temperature,  CO2: carbon emissions, HA: harvested acres for maize, and PT: precipitation.

Test Statistics Probability

(A) Diagnostic test results following Breusch–Pagan–Godfrey test, Breusch-Godfrey 
LM test, cumulative sum (CUSUM) and cumulative sum of squares (CUSUMSQ) of 
recursive residuals tests, for the error terms of the regression equation obtained based on 
the ARDL model output

 BPG test for Heteroskedasticity 0.532 0.919

 BG LM test for Serial Correlation 0.841 0.443

 CUSUM Stable Figure 3

 CUSUM Squares Stable Figure 4

Variable Coefficient Std. error t-Statistic Prob

(B) Results of fully modified ordinary least square (FMOLS) model for confirming the 
robustness and validation of the study model

 Tmax  − 14.133 4.073  − 3.469*** 0.001

 Tmin 7.735 2.524 3.064*** 0.004

  CO2 1.374 0.574 2.396** 0.021

 HA 0.252 0.115 2.180** 0.035

 PT  − 1.253 0.438  − 2.858*** 0.007

 C 26.614 10.959 2.429** 0.019

 R-square 0.828

 Adjusted R-square 0.808
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Figure 3.  Cumulative sum (CUSUM) plot of recursive residuals of ARDL model with 95% confidence interval 
around the null.
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Pearson’s coefficient of correlation matrix
Pearson’s coefficient of correlation between detrended (first differenced) yield and monthly averaged value of each 
climatic variable, as suggested by Eck et al.82, was calculated. Based on the strength of correlation, the months 
that had the greatest impact on maize yield were pinpointed.

Results and discussions
The final regression fit equation used by the ARDL was a reduced model, which excluded DTR and RH since 
they were found to be non-significant and reducing the overall predictive efficiency of the model. Hence, the 
pre and post diagnostic tests (Tables 1, 2)—all of which were based on the ARDL model’s assumptions—were 
only carried out for the variables that were part of the ARDL model. However, all variables were included for 
climatic trend analysis, and for calculating the Pearson’s correlation between detrended (first differenced) yield 
and monthly averaged values of climatic variables (Tables 3 and 4B).

Climatic trend analysis
Tmax increased by 0.13 °C per decade in MGS, while Tmin increased by 0.27 °C per decade, which is 107.67% 
faster than Tmax (Table 3). Other studies have found similar unsymmetric Tmin-Tmax warming  rates83–86. 
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Figure 4.  Cumulative sum (CUSUM) of squares Plot for recursive residuals of ARDL model with 95% 
confidence interval around the null.

Table 3.  The summarized results of the Mann–Kendall test and the Sen slope method for trend estimation of 
variables including maximum temperature (Tmax), minimum temperature (Tmin), diurnal temperature range 
(DTR), precipitation (PT), relative humidity (RH), and carbon dioxide emission  (CO2) in Mississippi from 
1970 to 2020. Kendall tau negative (–) value signifies downward (decreasing) trend, and positive ( +) value 
indicates upward (increasing) trend with its value ranging between -1 and 1, and its absolute value signifies 
the strength of the trend. As the absolute value of Kendall tau approach 1, the strength of the trend becomes 
strong. The Sen slope value represents the rate of change (of variable) per year. Kendall tau is a pure number 
(unitless) as it is a correlation coefficient and Sen slope units are °C/year (for Tmax, Tmin, and DTR), mm/year 
(for PT), percentage/year (for RH), and Mmt/year (for  CO2). The negative (–) value of Sen slope means the 
rate of decrease per year while the positive ( +) value represents the rate of increase per year. Significance: “*” 
p < 0.05, “**” p < 0.01, and “***” p < 0.001.

Series\test

Tmax Tmin DTR PT RH CO2

Kendall tau Sen slope Kendall tau Sen slope Kendall tau Sen slope Kendall tau Sen slope Kendall tau Sen slope Kendall tau Sen slope

March 0.139 0.032 0.146 0.030 0.012 0.001  − 0.095  − 0.193 0.047 0.021 – –

April 0.014 0.003 0.101 0.015  − 0.078  − 0.008 0.090 0.194 0.157 0.060 – –

May 0.103 0.012 0.178 0.022  − 0.092  − 0.009  − 0.087  − 0.183 0.003 0.000 – –

June 0.051* 0.007* 0.373*** 0.035***  − 0.261**  − 0.028** 0.095 0.163 0.125 0.036 – –

July  − 0.006  − 0.001 0.262** 0.024**  − 0.401***  − 0.031*** 0.119 0.147 0.068 0.022 – –

August 0.066* 0.009* 0.299** 0.027**  − 0.201*  − 0.019* 0.158 0.269  − 0.009  − 0.004 – –

September 0.143 0.021 0.183 0.027 0.006 0.001  − 0.063  − 0.112  − 0.110  − 0.060 – –

MGS 0.176* 0.013* 0.422*** 0.027***  − 0.252**  − 0.015** 0.057 0.432 0.027 0.011 0.669*** 0.514***

Mean 28.56 °C 16.02 °C 12.54 °C 48.49 mm 66.73% 53.58 million metric tons 
(Mmt)
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There was an upward trend for Tmax for MGS, specifically for June and August, but it was weak, as magnitude 
of correlation strength was less than 0.25 (Fig. 5A; Table 3). July was the only month that experienced a Tmax 
decreasing trend (Fig. 5A), yet non-significant (Table 3).

In contrast, MGS shows an upward trend for Tmin, increasing by 0.27 °C per decade in the last five decades 
(Fig. 5B; Table 3). Tmin warming rates ranged between 0.24 and 0.35 °C per decade in June, July, and August 
of MGS (Table 3). June, Tmin had the greatest rise, adding 0.35 °C per decade to global warming (Table 3). The 
equivalent rising trends were seen by Eck et al.82 and Sharma et al.87 in MGSs in the southeastern part of the US.

In recent years, the DTR (Tmax-Tmin) has been recognized as another climatic variable that is essential for 
diagnosis, particularly under rising unsymmetrical warming  scenarios88,89. There was a downward trend for DTR 
in June, July, and MGS, and a weak trend for August (Fig. 5C). In MGS, the DTR decreased by 0.15 °C per decade, 
but in June, July, and August, it decreased by 0.19–0.31 °C per decade (Table 3). These rates are comparable with 
the computations of Sun et al.90 for the other maize-growing regions.

Precipitation and RH, neither for MGS nor for any other month were found to indicate a significant trend 
line (Figs. 5D, 6A), although numerically, a negative trend was noted in March, May, and September for PT and 
August and September for RH (Table 3).

A moderately strong and significant upward trend and an annual increase rate of 0.51 units was noted for  CO2 
(Fig. 6B; Table 3). The same is corroborated by  Rahman91 and Wu et al.92 previously in the context of direction 
and strength, and by Ainsworth et al.93 in the context of rate of increase.

The climatic impact on maize
The Tmax was found to have a significant negative effect on maize yield in both the short and long run (Table 4A). 
More specifically, every 1 °C rise in Tmax reduced the maize yield by 7.39% and 26.33% in the short and long 
run, respectively (Table 4A).

On further downscaling the analysis to monthly basis to capture the effect of within season variability, it was 
noted that the monthly averaged Tmax of June and July had a significantly negative correlation with maize yield 
(Table 4B). This indicates that Tmax in June and July (reproductive-early grain filling stages) contributed the 

Table 4.  Impact of climate change on maize yield. “*” p < 0.05, “**” p < 0.01, and “***” p < 0.001. Tmax 
represents maximum temperature, Tmin: minimum temperature, DTR: diurnal temperature range,  CO2: 
carbon emissions, HA: harvested acres for maize, PT: precipitation, and ECM: error correction model. 
Significance codes: “*” p < 0.05, “**” p < 0.01, and “***” p < 0.001.

Variable Coefficient Std. Error t-Statistic Prob

(A) Calculated ARDL model estimates for short and long run effects of Tmax, Tmin,  CO2, 
HA, and PT on maize yield (dependent variable)

ARDL model long run effects

 Tmax  − 26.330 9.169  − 2.872*** 0.008

 Tmin 20.684 6.731 3.073*** 0.005

  CO2 0.629 0.976 0.644** 0.032

 HA 0.155 0.154 1.007 0.323

 PT  − 2.696 0.983  − 2.742** 0.011

ARDL model short run effects

 Tmax  − 7.392 2.074  − 3.563*** 0.001

 Tmin 2.361 1.340 1.760 0.091

  CO2  − 0.061 0.623 -0.098 0.922

 HA 0.018 0.093 0.198 0.844

 PT  − 0.645 0.249  − 2.587** 0.016

 C 44.329 25.660 1.728** 0.096

 ECM  − 0.302 0.038  − 7.892*** 0.000

 R square 0.834

 Adjusted R square 0.766

Growing season months

Climatic variables

Tmax Tmin DTR PT RH

(B) Pearson’s correlation matrix between the first differenced (detrended) yield and climatic 
variables (Tmax, Tmin, DTR, PT, RH) based on each month of MGS

 March 0.248 0.228 0.013  − 0.251 0.103

 April 0.062 0.129  − 0.107 0.024 0.248

 May 0.173 0.240  − 0.123  − 0.143  − 0.024

 June  − 0.001** 0.485***  − 0.420** 0.267 0.226

 July  − 0.159*** 0.314*  − 0.472*** 0.132 0.190

 August  − 0.000 0.354**  − 0.319*  − 0.323* 0.022

 September 0.213 0.231  − 0.019  − 0.098  − 0.126
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Figure 5.  Trend lines for Tmax (A), Tmin (B), DTR (C), and precipitation (D) for maize growing season (MGS) 
and its individual months from 1970 to 2020 in Mississippi. Each figure is faceted by months from March to 
September and average of all months all together in MGS.

Figure 6.  (A) Trend lines for relative humidity for maize growing season (MGS) and its individual months 
from 1970 to 2020 in Mississippi. (B)Trend line for  CO2 emissions for years from 1970 to 2020 in Mississippi. 
Figure A is faceted by months from March to September and average of all months all together in MGS.
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most to yield loss in MS. This is because in reproductive stage, stress-induced plant dysfunction has irreparable 
harm on kernel development and yield which is not the case with the vegetative  phase94,95. These findings are 
consistent with those of Kucharik and  Serbin17 in the context of highly correlated months with respect to maize 
growing season and to those of Lobell and  Field23, and Wu et al.92 in the context of Tmax’s adverse effects. Hu and 
 Buyanovsky96 reported that maize needs both a warming trend with temperatures higher than average in April 
and May to provide better conditions for germination and emergence and a cooling trend with temperatures 
lower than average in June-August to promote reproductive success and, consequently, yield. This statement 
is largely agreed with by Lobell and  Asner97 as well. However, MS had not seen any significant warming trend 
in April and May; instead, it showed an unfavorable significant warming trend in June and August (Table 3). 
Contrary to favorable conditions, MS was observed to have temperatures that were below average (28.56 °C) in 
April (24.24 °C) and May (28.13 °C) and above average in June (31.66 °C) and August (32.78 °C) (Table 3). The 
Mid-MGS (i.e., the beginning reproductive stage) coincides with June and July (hotter climate), which affects 
tasseling and grain filling, thereby yield, and is sensitive to additional  warming98,99. Furthermore, the average 
Tmax (28.56 °C) noted in MS for MGS (Table 3) has already surpassed the optimal temperature (26.40 °C) for 
 maize100, and is rapidly approaching 29 °C, which is damaging to  maize101. The main reason is that after surpass-
ing 29 °C101,102 or 30 °C103, processes such as anthesis-silking, assimilates production, translocation of resources 
during reproductive and grain filling are hampered. Temperature beyond this range has been linked to impaired 
pollen structure, decreased sugar (energy) levels upon anthesis, and retarded pollen shedding, all of which 
negatively affect pollen germination ability and  fertilization104. More recent studies found that short duration 
of Tmax episodes during anthesis can cause significant reduction in pollen germination (30%), kernel number 
(72%), kernel weight (10%), and stomatal conductivity (52%) in  maize105,106. Further at the biochemical level, the 
activity of the enzymes involved in converting atmospheric  CO2 to glucose or other key photosynthesis-related 
molecules were found to be disrupted by elevated  temperatures107. In worst case scenario at higher temperatures, 
a yield loss could reach 34–80%87,108.

A 1°C rise in Tmin increased maize productivity by 20.68% over the long run, indicating a significant and 
positive effect on maize yield in MS (Table 4A). Several other maize-growing regions have shown that yields 
respond to  Tmin87,109–111. Tmin warming was also shown to be advantageous to maize yield in the short run, 
while the impact was not significant (Table 4A). Although there has not yet been an agreement regarding the 
physiological effects of Tmin on plants as there is an inclination of the crop-climate research towards the Tmax or 
Tavg and overlooking the  Tmin112,113. The current study’s findings on the positive association of Tmin and maize 
yield were supported by evidence from the literature, which included studies using statistical  modeling87,114–121 
as well as simulation-based  studies122,123. This is attributable to the fact that the increased Tmin speeds up night-
time respiration, resulting in carbohydrates  losses124. However, this carbon starvation enhances the following day 
photosynthetic rate to more than make up for the losses brought on by the accelerated night-time respiration, 
increasing overall plant  productivity125,126. Consequently, the amassed dry matter from various plant tissues starts 
remobilizing toward grain, increasing maize kernel weight, and hence, the  yield127. Also, the increased Tmin 
is believed to impart conducive conditions for germination, emergence, seedling growth, grain filling (during 
night-time), and milk-maturity stage in  maize110. More importantly, according to Badu-Apraku et al.127, Cairns 
et al.128, and Sanchez et al.100, all the beneficial mechanisms of Tmin mentioned above only prevail when the 
Tavg is below 25 °C or 26.40 °C. The Tavg for the current study was found to be 22.29 °C (Table 3). Furthermore, 
a similar case of Tavg of less than 25 °C was observed in all studies that supported the current findings, specifi-
cally at 21.2 °C and 24.4 °C in Liu et al.116 and Shammi and  Meng36. Contrarily, the studies that found negative 
effects of Tmin on maize yield were all found to have been carried out at Tavg of more than 25 °C129. For example, 
Wang et al.130 tested at Tavg (27-31 °C), Liu et al.131 tested at Tavg (25–35 °C), Suwa et al.132 at Tavg (31 °C), and 
Wilhelm et al.133 at 29.5 °C and observed negative Tmin-yield impact in maize. Furthermore, it was noted that 
June, July, and August demonstrated a significant and positive correlation between Tmin and detrended yield 
(Table 4B). This suggests that warmer nights in June, July, and August are beneficial for maize yields in MS, but 
there is no evidence that this beneficial effect offsets the detrimental effect of Tmax during the same months. 
Chen et al.110 also noted 1 °C Tmin warming during May/September improved maize yield by 303/284 kg  ha-1. 
 Reilly134, Izaurralde et al.135, and Reilly et al.136 also realized the positive effects of warming on maize yield. Also, 
according to Schlenker and  Roberts137, Lobell et al.138, and Lobell et al.139, yield reductions are expected when 
temperature surpasses 30 °C, which was not the case with this study (Table 3). So far, the curve of Tmin has never 
reached the point at which it can cause the Tavg to pass above the optimal range and negatively affect maize yield.

According to the model’s long-run estimation, the rising trend in  CO2 emissions had a positive and significant 
impact on maize yield (Table 4A). Ahsan et al.140 and Chandio et al.40 also realized similar yield improvements due 
to  CO2 emissions. However, it was discovered that the impact of  CO2 emissions on maize yield in the short run 
was not significant (Table 4A), and this is consistent with Warsame et al.55 and Anapalli et al.38 studies, focused 
on MS. Specifically, every unit increase in  CO2 emissions resulted in a long-term improvement in maize yield 
of 0.62% (Table 4A). Similar reports of 0.23% and 0.70% yield increases were noted by Asfew and  Bedemo56 
and  Mahrous141 where they quantified the positive effects of increased  CO2 emissions. However, Islam et al.142 
estimated that under current climate change scenarios, these  CO2 emissions-driven yield increments might 
reach 3.5 to 12.8% at the rate of 1.80% every  decade143. The upsides of elevated  CO2 on maize yield are due to its 
effects on plant physiology, growth, and biochemistry, through diminished stomatal conductivity and enhanced 
photosynthetic  rates144–147. The decreased stomatal conductance reduces water loss thereby increasing water use 
efficiency, especially in drought-stress  conditions148,149. The rise in atmospheric  CO2 levels increases the intercel-
lular  CO2 concentration (Ci) and thus, photosynthetic rate (A)150. However, maize has a lower carbon saturation 
point than C3 plants like  soybean151 due to the high affinity (to  CO2) of the key enzyme, phosphoenolpyru-
vate  carboxylase152,153. These physiological and biochemical responses of maize to  CO2 indicated that further 
increases in  CO2 levels may not increase assimilation  production150,151. Increased  CO2 level have been shown 
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to benefit other  crops154–157. However, the response of C4 plants (maize) to elevated  CO2 levels is complex, as it 
is influenced by various factors such as air temperature, water availability, light intensity, vapor pressures, and 
nitrogen  availability158,159. Nevertheless, predicted rise in  CO2 levels by the years 2050 and 2100 may diminish 
the beneficial effect of  CO2 in row crops, like  maize150,151. Further research is therefore required to determine 
the influence of elevated  CO2 in C4 plants at different growth  stages150,152,160,161

Even though PT is a crucial crop growth factor, the current findings revealed that, at a 1% level of significance, 
PT patterns were determined to pose a negative and significant effect on maize yields in both the short- and 
long-term (Table 4A). More specifically, every 1 mm change in PT had reduced maize yield in the short- and 
long-term, by 0.64% and 2.70%, respectively (Table 4A). These results are consistent with the observations of 
Rosenzweig et al.162, Chen et al.163, and Xiang and  Solaymani58 who also noted the negative effect of the ongoing 
PT trends on maize yield. A crop yield decline due to prevailing PT trends was also documented in the study by 
Shammi and  Meng36 in MS. These results are attributable to the excessive PT (1504.44 mm annually) in  MS164. 
Excessive PT, in addition to directly or physically harming the crop, results in prolonged wet conditions that 
lead the soil saturation and are averse to crop development, particularly in conditions of inadequate  drainage165. 
This yield-reducing effect of excess moisture is attributable to (i) root growth hindrance impairing plants ability 
of nutrients and water  uptake166,167, (ii) increased nitrate leaching, leading to nutrient  depletion168, (iii) anoxic 
conditions in soil, leading to the risk of toxic substances development, diseases, and insect  infestation169, and (iv) 
delayed planting or harvesting, owing to the difficulty of driving the machinery in wet  fields149,170,171. On account 
of the aforementioned factors, the US as a whole suffers a 3% yield loss  annually162,172, and significant yield decline 
has been seen over the past two decades in various parts of the US i.e.,  Iowa173,174. When the analysis was further 
scaled down to a monthly level, it was discovered that the most significant month correlated with the MS maize 
yield was August, and the association was negative (Table 4B). This indicates that the August PT had the most 
significant negative effect on MS maize, and Eck et al.82 also deduced similar results documenting increased PT 
to be detrimental in the latter part of the MGS. This is because the uptake of nitrogen, phosphorus, and potas-
sium in maize plants continues up until the R3-R4 stage in August, when the plant can still transpire to the 
extent of 0.25–0.30 inches of water, according to  Lauer175, who claimed that by this time, the two (ear and kernel 
number) of three key yield parameters are determined, but the kernel size/weight is still yet to be determined. 
Furthermore, low PT is required during the ripening period (August) of  maize96; nonetheless, the current study 
found that the MGS month with the highest PT growth rate (2.69 mm/decade) was August (Table 3). However, 
Rosenzweig et al.162 had a different perspective on the negative association of August-maize yield, according to 
them it probably has less to do with plant itself and more primarily linked with the harvesting challenges aris-
ing from overly moist conditions, for growers. Delayed harvesting degrades the quality of maize, rendering it 
unsalvageable, in some instances, due to rotting in the  field82. Overall, such scenarios of delayed harvesting could 
lead to a yield loss to the extent of 10%149.

Pearson’s correlation matrix revealed that the RH of any month of MGS had no correlation but DTR of June, 
July, and August months had negative and strong correlation with the maize yield (Table 4B). These results are 
consistent with those of Muhammad et al.176 who found a weak correlation of RH and HA with yields, as well as 
with that of  Lobell89 who examined the impact of DTR on maize yield.

The coefficient of ECM was determined to be  − 0.302 (Table 4A), which signifies that every year, 30.20% of 
the immediate climatic impact cumulatively transfers to form the permanent basis for the long-term effects. A 
30.20% is equivalent to the results of Warsame et al.55 and Jan et al.44. The ARDL model estimated the adjusted 
 R2 value of 0.766, indicating that 76.60% of the total variations in maize yield due to the studied variables are 
explained by the study model.

Study limitations
Each research has its unique set of limitations, which forms the base for further advancement in the research 
field. The factors such as maize evapotranspiration, sunshine durations/hours, irrigation intensity, and vapor 
pressure deficit that could interact to determine the climatic effects for better insights on crop-climate link, were 
not included in the present study due to data unavailability. Hence, future research is suggested incorporating 
the aforesaid variables along with the variables considered in the present study for more practicable and accurate 
estimations.

Concluding remarks
This study demonstrated a markedly rising trend in Tmax, Tmin, and  CO2, with Tmin majorly contributing to 
the overall warming trend in the MGS of MS. The Tmin progressed at a faster rate (0.14°C  decade-1) than the 
Tmax, causing a considerably lowering trend in the DTR. The month-wise analysis determined the most corre-
lated month for Tmax (June and July), Tmin and DTR (June, July, and August), and PT (August) in significantly 
impacting maize yield in MS, indicating the varied sensitivity of maize yield to within season variability for 
different climatic parameters. The crop-climate link assessment revealed a significantly negative effect of Tmax 
and PT on maize yield in both short and long run, whereas Tmin and  CO2 emissions posed a significantly posi-
tive effect on maize yield in long run and no effect in short run. Overall, the study model explained the 76.60% 
variations in maize yield due to climate change in MS. As shown by the ECM coefficient of the study model, the 
short-term immediate climatic effects on maize progressively transfer to permanent long-term effects by 30.2% 
every year, making the crop-climate link more prominent in the long run than in the short run. As the water 
and nutrient usage efficiencies are climate driven and based on the current findings, it is suggested to reassess 
the agronomic optimum management strategies in the face of MS crop-climate link. Also, the research efforts 
need to be intensified to test crop varieties that might be more resistant to elevated Tmax, perform better under 
delayed planting circumstances, and continue to interact favorably with elevated  CO2 and Tmin scenarios under 
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the local climatic conditions of the MS. Moreover, it is recommended to test current findings at the field or in 
controlled settings using the locally prevalent climatic indices with a focus on agronomic optimum management 
strategies as they react to the climatic variations.

Data availability
The data used in this study is accessed from National Agricultural Statistics Service’s repository (USDA-NASS), 
US Climate Divisional Database (NOAA), PRISM database, and US energy information administration. The 
online links for these data sources are mentioned in Section “Data” (data) of methodology chapter. However, 
for more information on data, rs2564@msstate.edu (Ramandeep Kumar Sharma) can be contacted. No separate 
field study on plants was carried out because all the data used in the study was accessible online.
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Abstract: The exponentially growing energy requirements and, in turn, extensive depletion of non-
restorable sources of energy are a major cause of concern. Restorable energy sources such as solar
cells can be used as an alternative. However, their low efficiency is a barrier to their practical use.
This provokes the research community to design efficient solar cells. Based on the study of efficacy,
design feasibility, and cost of fabrication, DSSC shows supremacy over other photovoltaic solar cells.
However, fabricating DSSC in a laboratory and then assessing their characteristics is a costly affair.
The researchers applied techniques of computational chemistry such as Time-Dependent Density
Functional Theory, and an ab initio method for defining the structure and electronic properties
of dyes without synthesizing them. However, the inability of descriptors to provide an intuitive
physical depiction of the effect of all parameters is a limitation of the proposed approaches. The
proven potential of neural network models in data analysis, pattern recognition, and object detection
motivated researchers to extend their applicability for predicting the absorption maxima (λmax) of
dye. The objective of this research is to develop an ANN-based QSPR model for correctly predicting
the value of λmax for inorganic ruthenium complex dyes used in DSSC. Furthermore, it demonstrates
the impact of different activation functions, optimizers, and loss functions on the prediction accuracy
of λmax. Moreover, this research showcases the impact of atomic weight, types of bonds between
constituents of the dye molecule, and the molecular weight of the dye molecule on the value of λmax.
The experimental results proved that the value of λmax varies with changes in constituent atoms and
types of bonds in a dye molecule. In addition, the model minimizes the difference in the experimental
and calculated values of absorption maxima. The comparison with the existing models proved the
dominance of the proposed model.

Keywords: solar; DSSC; artificial neural network; energy; λmax

1. Introduction

Electricity consumption is increasing proportionally with an increase in population.
Mankind mainly depends on non-restorable energy sources such as coal and fossil fuels for
electricity production [1]. These non-restorable sources will be exhausted in the future if
depletion continues at the same rate. Furthermore, these sources cause environmental pol-
lution. Therefore, researchers emphasize designing the devices to harness the energy from
renewable sources such as biomass, wind, hydroelectric, geothermal, and solar energy [2].
Electricity production utilizing solar energy is cleaner and safer than conventional sources.
In the recent era, Photovoltaics (PV) technology is considered the most encouraging tech-
nology due to its potential to convert solar energy into electrical energy [3]. The PV cells
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developed so far have been categorized into three generations. The cells designed in the
first generation consist of monocrystalline and polycrystalline silicon. The PV cells of the
second generation consist of silicon of non-crystalline form, cadmium telluride, and copper
gallium indium diselenide. Along with the advantages of the first and second generation
of solar cells in their better performance, there are certain limitations. The materials used in
the development of the first and second generation of solar cells are hazardous and expen-
sive. To conquer these issues, scientists have developed third-generation solar cells, such as
Dye-Sensitized Solar Cells (DSSC), quantum Dot (QDs) organic, and Perovskite Solar Cells
(PSC) [4–7]. Based on the study of efficacy, design feasibility, and cost of fabrication, DSSC
shows supremacy over other PV cells developed in the first and second-generation [8–10].
Furthermore, DSSC is attractive to industry and users due to its high molar absorption
coefficient, and potential to perform under diffused light conditions. Moreover, DSSC
has low fabrication cost, is processable at ambient temperature, easy to manufacture, and
suitable for roll-to-roll production. Further, the material’s ecofriendly nature, printability
on a flexible substrate, and availability in a variety of colors increase the importance of
DSSC in real-life [11,12].

DSSC is an integration of components viz. photoanode, with a semiconductor layer,
dye sensitizer, electrolyte and counter electrode with a thin layer of catalyst [13]. Along
with all components, the dye plays an important role in deciding the efficiency of a DSSC
because it is responsible for the absorption of photons from the incident sunlight [14,15].
It is covalently bonded to semiconductor oxide. These dyes have been extensively tested
in the fabrication of DSSC and are classified into three groups based on their source or
components used for manufacturing. For example, dyes extracted from plant parts such as
fruits, flowers, and leaves are considered natural dyes [16]. Dyes fabricated by using metal
complexes such as ruthenium [8,17], osmium [18], platinum [19], copper [20], iridium [21],
etc. are classified as metal complex dyes. Metal-based dyes are preferred in DSSC due to
their advanced photo-conversion efficiency. In contrast, the metal-free organic dyes were
introduced at a later stage due to their low cost, high molar extinction coefficient, and
simple fabrication technique [22,23]. However, metal-free dyes still show less photovoltaic
efficiency compared to metal-complex dyes. Among natural, organic and inorganic dyes,
the inorganic dyes’ mainly polypyridyl complex of ruthenium metal has been widely used
and investigated [24]. Inorganic dyes are selected for their high stability and excellent
redox properties [25]. Further, an efficient sensitizer satisfies the following five conditions.

(i) The bond between the semiconductor oxide surface and dye must be strong enough to
move the electron injection in the Conduction Band (CB) of the semiconductor oxide.

(ii) The LUMO of the sensitizer should be greater than TiO2 CB. It empowers the
charge injection.

(iii) The molecule of dye must be small because the bulky molecule can lead to a lower
optical cross-section.

(iv) The dye must be thermally, photochemically, and electrochemically vigorous. If the
oxidation-back reduction turnover number exceeds 106, then the stability of DSSC
can reach up to approximately 20 years.

(v) The sensitizer should be effective in absorbing all light below the 920 nm wavelength
strike to the surface of the semiconductor oxide [2].

The above-discussed conditions are indicative of the challenging synthesis of such
an efficient and novel dye sensitizer that includes all the above-mentioned characteristics.
The hit and trial experiments in the laboratory incur a high cost, require expertise in the
synthesis of DSSC, and consume a lot of time. Thus, fabricating DSSC in the laboratory
and then assessing their characteristics is a costly affair. Therefore, there is a strong need to
find an alternative that minimizes the cost and time for trial experiments.

The researchers apply computational chemistry in defining the structure and electronic
properties of dyes without actually synthesizing them. For example, the Time-Dependent
Density Functional Theory (TD-DFT) [26] and an ab initio method [27] have been employed
for identifying new organic dyes for synthesizing DSSC. TD-DFT is preferred for investi-
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gating the properties of organic dyes in their excited state due to its higher accuracy and
lower computational time than the ab initio method [28,29].

To further improve the prediction accuracy, Xu et. al. employed the QSPR model using
Polak–Ribiere algorithm in HYPERCHEM for the prediction of absorption maxima (λmax) of
organic dyes [30]. They employed DRAGON software to calculate three-dimensional (3-D)
descriptors from the optimized molecular geometries. In the subsequent research work,
Xu et.al. designed a QSPR between descriptors [31]. They represented that the molecular
structures and the λmax of organic dyes used in DSSC follow the same protocols as applied
by Colombo et al. in [20]. The disadvantage of the QSPR approach is that the descriptors
do not always provide an intuitive physical depiction of the effect of all parameters [32].

Further, to develop a nonlinear model, researchers applied a quasi-Newton Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm [31,33]. They applied the algorithm on the
same dataset as used in the research works discussed in [30,31,34]. The details of the dataset
are shown in Table S1.

In the BFGS algorithm, there is no need to specify the rate or momentum. Furthermore,
it undergoes fast training. However, it is unable to determine small and medium scale
minimizing functions. It requires a large amount of memory, and therefore, it involves a
huge extent of numerical operations [35].

These challenges can be resolved by employing the Artificial Neural Networks (ANN)
models [36,37]. Although the potential of neural network models in data analysis [38], pattern
recognition [39], and object detection [40] is proven in various application areas such as
healthcare [41–43], agriculture [44], and material science [45], only a few researchers employed
the ANN-based models for predicting the absorption maxima (λmax) of dye [30,31]. Thus, there
is a huge scope to extend their applicability. In this research, we propose an ANN-based
QSPR model for correctly predicting the value of λmax for inorganic ruthenium complex
dyes used in DSSC.

The major objectives of this research are as follows.

(i) To develop an ANN-based model for predicting the absorption maxima of the dye
sensitizer used in DSSC.

(ii) To minimize the difference in the experimental and calculated values of absorp-
tion maxima.

(iii) To showcase the impacts of the atomic weight of each atom and molecular weight on
the value of λmax.

(iv) To demonstrate the impact of different types of bonds on the value of λmax.
(v) To justify the impact of different activation functions, optimizers, and loss functions

on the prediction accuracy of λmax using the ANN model.

The structure of the article is as follows: Section 1 provides the introduction. It gives
an overview of the research topic, introduces the research problem, highlights the gaps
in existing knowledge, and presents the objectives of the study. Section 2 describes the
data collection and methodology of the research work. Section 3 illustrates the results. It
presents the findings of the study. It includes tables, figures, and statistical analyses to
support the findings. Section 4 presents the discussion of the research work. It interprets
and analyzes the results, relates them to the objectives, and compares them with previous
research. Section 5 presents the conclusion of the work. It summarizes the main findings
and their implications. It also offers insights for future investigations.

2. Materials and Methods
2.1. Data Set

To prepare the dataset, the molecular structures of 81 ruthenium dye complexes were
taken from the literature. From these structures of ruthenium dye complexes, molecular
weight, atomic weight, number of all types of bonds such as C-C, C=C, C-N, Ru-N,
C=O, Ru-NCS, C-O, and other bonds were calculated for each dye. The prepared dataset
comprises 81 rows and 15 columns. The sample dataset is shown in Table 1 and the complete
dataset is shown in Table S1. As reported in the earlier works [46,47], the experimental
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values of λmax are also dependent on the solvent. Therefore, to ignore the impact of solvent,
the dataset is collected for a single solvent viz. Dimethylformamide (DMF). It is obvious
from the sample dataset shown in Table 1 that the values of λmax lie in the range from 473 to
631 nm in the collected dataset. This large variation in the range of values is important for
improving the robustness of the ANN model. It means that the performance of the model
does not degrade with any change in the value of λmax. So, the model works efficiently for
a wide range of dyes to correctly predict the value of λmax.

Further, the number of each type of bond was inferred from the structure of dyes.
These are shown as N+Bu4 =2, O-H=1, O-Na=1, O-H=2, C-S=4, C-S=8, C-Se=4, C-S=12,
N+(C4H9)4=1, C-S=2, O-H=3, C-F=3, N≡N=1, C-F=6, O-H=7, N≡N=2, TBA+=1, N-H=2,
N-H=4, O-H=4, and TBA+=1. Here, the symbol shows the type of bond, and the digit
denotes the number of bonds or functional groups present in a dye molecule. For example,
N+Bu4 =2 means that the dye contains two N+Bu4 groups, and O-H=1 means that the dye
contains one O-H bond. The other groups can be interpreted in the same way.

2.2. Experiments
2.2.1. Architecture of Model

An Artificial Neural Network (ANN) is a machine learning model that is inspired by
the structure and function of biological neurons in the brain. An ANN consists of multiple
interconnected nodes i.e., neurons, organized into layers. Each neuron in the network
has a set of weights associated with it, which determine the strength of its connections to
other neurons in the network. The input layer of an ANN receives input data, which is
then passed through one or more hidden layers. Each hidden layer applies a non-linear
transformation to the input. During the training phase, its neurons adjust the weights
to minimize the difference (value of loss function) between the predicted output and the
actual output. Finally, the output layer of the network provides the prediction.

Rather than using the ANN models available in the literature [30,31], a customized
ANN-based shallow network has been designed in this research. Its architecture is shown
in Figure 1.
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The designed model can deal with observable outliers available in the data. Further-
more, the model requires a smaller dataset for training. Before, the final selection of the
architecture, the ANN-based architectures with dense layers comprising 16, 32, 64, and
1024 Units were implemented on a trial-and-error basis. Furthermore, the experiments by
employing different activation functions viz. Leaky ReLu, ReLu, Softmax, and Sigmoid;
optimizers viz. Adam, AdaGrad, SGD, and RMSProp; and loss functions viz. Mean Ab-
solute Error, Mean Square Error, Mean Squared Logarithmic Error, Binary Cross-Entropy,
and Kullback Leibler Divergence Error were employed for experiments. The experimental
results obtained by employing the above-mentioned parameters are shown in the subse-
quent Section 2.2. The impacts of these parameters on the prediction accuracy justify the
selection of the ‘Relu’ activation function, Mean Absolute Error (MSE) loss function, and
‘Adam’ optimizer in the proposed ANN architecture.
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Table 1. Collected and calculated data of Ruthenium dyes.

Dye Structure Formula Mol.
Weight

Atomic
Weight

λmax
(MLCT) Solvent C-C

Bond
C=C
Bond

C-N
Bond

Metal-
N

Bond

C=O
Bond

Metal-
NCS
Bond

C-O
Bond

Other
Bonds/
Groups

Ref.

N749
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The proposed ANN model comprises one input layer, two dense layers, and one
output layer. The first and second dense layers comprise 512 and 128 units, respectively.
Further, the model contains 20,480; 65,664 parameters at the first and second dense layers,
respectively. The number of trainable parameters was reduced to 129 at the output layer.
This shows that the employed ANN model involves 86,273 trainable parameters. It does
not involve any non-trainable parameter in its architecture. The model is trained with a
batch size of 40 for 1000 epochs. Its efficacy is evaluated by using the evaluation metrics
defined below.

i Difference λmax: This is the difference in the predicted and experimental value of
absorption maxima, as defined in Equation (1):

Difference λmax = Predicted λmax − Experimental λmax (1)

ii Percentage error (Error%): This is the percentage of difference in the predicted and
experimental value of absorption maxima, as defined in Equation (2).

Error % =
Difference λmax

Experimental λmax
× 100 (2)

iii Correlation matrix: This matrix shows the correlation between (i) λmax and all bonds
in dye molecule (ii) λmax and other additional groups present in a dye structure
(iii) λmax and atomic and molecular weight. The matrix represents the direct as well
as inverse correlation. The value ‘0’ denotes no correlation, ‘1’ indicates complete and
direct correlation. Whereas ‘−1’ shows that the given parameters have a complete
and inverse correlation. The values increasing from 0 to 1 show an increasing degree
of direct correlation. On the other hand, values approaching from 0 to −1 indicate the
increasing degree of negative correlation between the parameters.

2.2.2. Selection of Hyperparameters

In this sub-section, the experiments conducted to select the optimum parameters
are demonstrated.

Selection of Activation Function

Activation functions are employed in the neural networks to introduce non-linearity
and enabling them to learn complex patterns in the input data. In this research, we
employed the ReLU (Rectified Linear Unit) activation function. It is a simple and com-
putationally efficient function that sets all negative values in the input to zero and leaves
positive values unchanged as defined in Equation (3).

f (x) = max(0, x) (3)

Here, x is the input to the function, and f (x) is the output. The ReLU function returns
the input x, if it is positive, and returns 0 otherwise. This makes the ReLU function a simple
yet powerful way to introduce non-linearity into neural networks.

The selection of ReLU activation function is based on the set of experiments conducted.
The performance of ANN by employing different activation functions viz. Leaky ReLU,
ReLU, Sigmoid, and Softmax are demonstrated in Figure 2. The difference in the predicted
and experimental values of absorption maxima was observed. Further, the percentage
error was calculated by employing the above-mentioned activation functions. It is evident
from the results demonstrated in Figure 2 that employing the ReLu activation function in
the proposed ANN model reports the minimum, whereas the softmax activation function
results in the maximum percentage error in predicting of λmax. Therefore, the ReLu
activation function was employed in this research.
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Selection of Loss Function

In this work, the selection of loss functions is accomplished strategically. Initially, the
loss functions viz. mean absolute error, mean squared error, mean squared logarithmic
error, categorical cross entropy and Kullback–Leibler divergence error were employed
individually for predicting the value of λmax. The values of percentage error in the λmax
obtained for each loss function were evaluated. It is evident from the results demonstrated
in Figure 3 that the mean absolute error reports the minimum value of percentage error.
Thus, this loss function is employed in the architecture of the proposed ANN model.

Big Data Cogn. Comput. 2023, 7, x FOR PEER REVIEW 9 of 23 
 

 
Figure 2. Comparison in percentage error reported by activation functions. 

Selection of Loss Function 
In this work, the selection of loss functions is accomplished strategically. Initially, the 

loss functions viz. mean absolute error, mean squared error, mean squared logarithmic 
error, categorical cross entropy and Kullback–Leibler divergence error were employed in-
dividually for predicting the value of λmax. The values of percentage error in the λmax ob-
tained for each loss function were evaluated. It is evident from the results demonstrated 
in Figure 3 that the mean absolute error reports the minimum value of percentage error. 
Thus, this loss function is employed in the architecture of the proposed ANN model. 

 
Figure 3. Percentage error comparison for loss functions. 

  

0

20

40

60

80

100

120

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

Leaky ReLU ReLU Sigmoid Softmax

0

20

40

60

80

100

120

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79

Mean Absolute Error Mean Squared Error

Mean Squared Logarithimic Error Categorical Crossentropy

Kullback Leibler Divergence Error

Figure 3. Percentage error comparison for loss functions.

Anushri Gaur
SDG 06



Big Data Cogn. Comput. 2023, 7, 115 8 of 21

Selection of Optimizer

Selecting the most suitable optimizer plays an important role in improving the predic-
tion accuracy and minimizing the percentage error. For selecting the appropriate optimizer
for the proposed model, a series of experiments were conducted. The optimizers, namely
Adam, SGD, RMSProp, AdaGrad, were employed individually and the values of percent-
age error in the λmax were recorded. It is clear from the results shown in Figure 4 that the
Adam optimizer results in the minimum value of percentage error. Therefore, the Adam
optimizer was employed with the proposed ANN model.
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3. Results

The proposed ANN model is trained for 1000 epochs. The results of the trained model
were recorded on the validation and testing datasets. The predicted values of absorption
maxima based on the structure of the dye molecule, numbers of bonds, molecular weight,
and atomic weight are demonstrated in the correlation matrices shown in Figures 5–9.
The details of the correlation obtained are discussed below. Two more machine learning
algorithms ‘XGBoost’, and random forest were applied, and their performance is compared
with the ANN model. The comparative analysis is demonstrated in Figures 10 and 11.
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3.1. Prediction of λmax Based on the C-C, C=C, C-N, C=O, Metal-NCS, C-O, Metal-N Bonds

The correlation between λmax and different types of bonds is demonstrated in Figure 5.
The correlation studied from the correlation matrix is observed as linear. The range of
λmax varies from 1 to −1. Values of 1 or close to 1 indicate a higher positive correlation,
whereas the value ‘−1’ or close to ‘−1’ denote a negative correlation between the considered
parameters. For example, it is evident from the sixth row and first column of the correlation
chart shown in Figure 5 that the metal-NCS bond reports the value 0.77 which is close to
1. It shows the highest correlation between the metal-NCS bond and the value of λmax.
Furthermore, it is evident from its positive value that the increase in the metal-NCS bond
leads to an increase in the value of λmax proportionally.
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Further, the value ‘−0.74’ shown in the eighth row, the first column of the correlation
matrix indicates the high inverse correlation of metal-N bond with the value of λmax. This
means that the increase in the number of metal-N bonds in a dye leads to a decrease in the
value of λmax. Similarly, the value ‘−0.48’ in the fourth row and first column shows that
λmax and C–N bond are inversely correlated but the degree of correlation is lower than a
metal-N bond. Next, the observation from column one of the second and ninth row shows
that the C–C bond and DMF have a negligible correlation with the value of λmax.

Additionally, the correlation matrix also shows the correlation between different bonds
and functional groups present in a dye. For example, the value ‘0.54’ recorded in the third
column, the second row indicates that the number of C=C increases with an increase in the
number of C-C single in the molecular structure of a dye. In contrast, the correlation of C-C
with C-N is 0.38, C=O is 0.25, the metal-NCS bond is 0.18 and C-O is 0.11. These values are
too small to have an impact on each other.

Similarly, the inter-correlation of C-N with C-C bond is 0.38, C=C bond is 0.47, C=O
is 0.26, metal-NCS is −0.47, C-O is −0.19, and with the metal-N bond is 0.49. It reflects
that the C-N bond has the highest correlation with the metal-N bond among all the above-
stated bonds.

Next, the C=O bond is correlated to C-C, C=C, C-N, metal-NCS, C−O, and metal-N
bonds with the values 0.25, −0.24, 0.26, −0.063, 0.13, and 0.072 respectively. The highest
value of the Metal-N bond indicates that it has the maximum and direct correlation with
C=O. In contrast, the smaller values for the other bonds mentioned above show their trivial
impact on C=O.

Moreover, metal-NCS bond shows 0.18, 0.052, −0.47, −0.063, 0.16, with C-C bond,
C=C bond, C-N bond, C=O bond, C-O bond, respectively. All the positive values are too
small to impact each other. However, the value −0.99 reported in the sixth row and eighth
column of fig 5 indicates the highest inverse correlation of the metal-NCS bond with the
Metal-N bond. The presence of one such bond is a strong hindrance for another bond in
the same dye.

Next, the C-O bond shows 0.11, −0.065, −0.19, 0.13, 0.16, −0.15 with C-C bond, C=C
bond, C-N, C=O, metal-NCS bond, and metal-N bond respectively. This indicates the
minimum impact of these bonds on the presence of a C-O bond in a dye.

Further, the Metal-N bond shows −0.14, −0.017, 0.49, 0.072, −0.99, −0.15 with C-C
bond, C=C bond, C-N, C=O, metal-NCS bond, C-O bond respectively. It is clear from these
values that the Metal-N bond has the maximum direct correlation with the C=O bond, and
the highest inverse correlation with the metal-NCS bond.

Based on the above interpretation, it is obvious that the highest direct correction value
of λmax is 0.77, observed with metal-NCS bonds. Whereas the maximum inverse correlation
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is −0.74, observed with metal-N bonds. Therefore, if we want to fabricate a dye with
a higher value of λmax, the dye with a greater number of metal-NCS bonds should be
fabricated and vice versa.

3.2. Prediction of λmax Based on N+Bu4, O-H, O-Na, C-S, and C-Se Bonds

The correlation between λmax and other bonds viz. N+Bu4=2, O-H=1, O-Na=1, O-H=2
C-S=4, C-S=8, and C-Se=4 present in a dye molecule was also studied. The correlation of
these bonds with the value of λmax as well as a favor for co-existence of these bonds are
shown in Figure 6. The highest correlation of λmax is 0.19 is observed in the first row and
fifth column when two O-H groups are present in a dye. The positive correlation of 0.13,
0.1, 0.15, 0.19, 0.045 is observed between λmax and other bonds N+Bu4=2, O-H=1, O-Na=1,
O-H=2 and C-Se=4 respectively. In contrast, a negative correlation of−0.0068,−0.065 exists
with bond C-S=4, C-S=8 respectively. So, it is evident from the results reported in Figure 6
that the above-stated bonds have a negligible impact on the value of λmax. Therefore, the
study of a number of these bonds can be ignored while fabricating a dye with the desired
value of λmax.

More analysis of the results given in Figure 6 shows that the maximum correlation
of 0.87 is observed in the number of O-H and O-Na groups. However, these also have a
negligible impact on the value of λmax.

3.3. Prediction of λmax Based on C-S, N+(C4H9), O-H, C-F, N≡N Bonds

Now, the correlation of absorption maxima with the bonds such as twelve C-S groups,
one N+(C4H9), two C-S, three O-H, three C-F, one N≡N, six C-F was also studied as shown
in Figure 7. The analysis of results given in Figure 7 shows that the λmax is negatively
correlated with C-S, O-H, C-F, N≡N with a negligible impact. On the other hand, the λmax
is positively correlated with N+(C4H9) and C-S groups with values of 0.034 and 0.37. These
values indicate that the C-S group has the highest impact on the value of λmax. However,
the degree of correlation is not very significant. The remaining groups have a negligible
impact on the value of λmax.

Further, it is clear from the results shown in Figure 7 that C-F, O-H, and N≡N bonds
favor their coexistence in a dye. Therefore, while fabricating a dye with the desired value
of λmax, the number of C-S groups should be considered. Furthermore, the number of C-F,
O-H, and N≡N bonds can be increased or decreased in proportion to each other.

3.4. Prediction of λmax Based on O-H, N≡N, TBA+, N-H Bond

Now, the correlation of λmax with different bonds such as O-H=7, N≡N=2, TBA+=1,
N-H=2, N-H=4, O-H=4, and TBA+=1 was also studied. It has been observed that only the
presence of one TBA+ group in a dye have a significant and direct correlation with the
value of λmax. Increasing the number of TBA+ groups can result in the dye with a higher
value of λmax. However, there is a negligible direct impact of the N-H group on the value
of λmax.

Similarly, there is an insignificant inverse impact of O-H=7, N≡N=2, O-H=4 groups
on the value of λmax. Furthermore, it is clear from the values reported in Figure 8 that the
aforementioned bonds do not favor or hinder their co-existence.

3.5. Prediction of λmax Based on Atomic and Molecular Weight

The value of λmax is also dependent on the atomic mass of an atom present in a dye
molecule. Furthermore, it is dependent on the molecular mass of a molecule present in a dye
and the complete molecule of a dye. The inter-correlation of λmax with the individual atomic
masses of Carbon (C), Hydrogen (H), Nitrogen (N), Oxygen (O), Ruthenium (Ru), Sulfur (S),
Sodium (Na), Selenium (Se), Fluorine (F) is demonstrated in Figure 9. Furthermore, the
directly or inversely correlated atoms or groups of a dye are presented in Figure 9.

The absorption maxima show a negative correlation with an atomic weight of N and
F in proportion to values −0.32 and −0.58 respectively. However, it shows a positive
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correlation with C, H, O, S, Na and molecular weight of the dye in proportion to the
values 0.16, 0.36, 0.098, 0.44, 0.16, and 0.17 respectively. It is obvious from these values that
increasing the mass of Sulfur in a dye leads to a significant increase in the value of λmax.

Increasing the mass of Fluorine may lead to a decrease in the value of λmax. Thus,
it is apparent that if we want to fabricate the dye with a higher value of λmax then the
number of Sulfur atoms in a dye molecule must be increased. On the other hand, if we
want to fabricate a dye with a lower value of λmax, then the number of F atoms in a dye
molecule must be increased. The other atoms, viz. C, H, N, O, Ru, Na, and Se, have a
negligible impact on the value of λmax. Furthermore, the molecular weight of a dye has
an insignificant impact on the value of λmax. The impact is in proportion to the value of
0.17 only.

Further, it is evident from the results reported in Figure 8 that the atomic weight of
C shows a correlation to H, N, O, S, Na, F with values 0.75, 0.37, 0.14, 0.26, 0.26, and 0.34,
respectively. The C atom is in a strong correlation of 0.95 with the molecular weight of a
dye. This shows that a greater number of C atoms are present in a dye with high molecular
weight and vice versa.

Similarly, the atomic weight of the H atom shows a correlation with C, N, O, S, Na,
and F in proportion to values 0.75, 0.21, 0.32, 0.23, −0.043, and −0.42 respectively. These
values indicate that C and H atoms significantly favor their co-existence in a dye molecule.
Whereas H and F atoms hinder the co-existence of each other. Other atoms, viz. N, O, S,
and Na, have a negligible impact on the presence of H atoms in a dye molecule. Further,
the H atom shows a correlation of 0.78 with the molecular weight of a dye. The higher
molecular weight of a dye favors the presence of a greater number of H atoms in it.

Next, it is evident from Figure 8 that the atomic weight of N is correlated to atomic
weights of C, H, O, S, Na, and F, with values 0.37, 0.21, 0.094, 0.36, −0.0066, and 0.39,
respectively. These values are too small to have any significant effect on each other. Further,
it is correlated to the molecular weight of dye in proportion to the value 0.42.

Similarly, the molecular weight of the O atom is also correlated with the molecular
weight of C, H, N, S, Na, Se, F in proportion to values 0.14, 0.32, 0.094, −0.021, 0.24, −0.074,
and −0.028, respectively. These values indicate that the O atom has minimum interference
with the presence of the other atoms in a dye molecule. Moreover, the molecular weight
of a dye also has a minimum correlation of 0.098 with the presence of an O atom in a
dye molecule.

Further, the atomic weight of the S atom shows values 0.26, 0.23, −0.36, −0.021, 0.073,
−0.036,−0.53, for the atomic weight of C, H, N, O, Na, Se, and F, respectively. Its correlation
with the molecular weight of a dye is observed as 0.33. These values show that the atomic
weight of S is inversely correlated with the atomic weight of N, O, Se, and F atoms but the
degree of correlation is not significant. It is, however, directly correlated to atomic weights
of C, H, and Na. Furthermore, the degree of direct correlation is insignificant.

The atomic weight of Na also shows a correlation with the atomic weight of C, H,
N, O, Ru, Se, S, and F with values 0.16, 0.026, −0.043, −0.0066, 0.24, 0.073, −0.032, −0.15,
respectively. It is apparent from these values that the direct, as well as inverse correlation
of atomic weight of Na with above-stated atoms, is negligible.

Now, it has been observed from Figure 9 that the atomic weight of Se is correlated
with C, H, N, O, S, Na, and F with values −0.066, −0.046, −0.1, −0.074, −0036, −0.032,
−0.061, respectively. The low positive, as well as negative values, clearly show that the
presence of the Se atom in a dye molecule is not determined by the presence of other atoms.

Similarly, the atomic weight of F is correlated with the atomic weights of C, H, N, O, S,
Na, and Se with the values of −0.34, −0.42, 0.39, −0.028, −0.53, −0.15, −0.061, respectively.
These values indicate that the presence is F is inversely related to all the above-mentioned
atoms except N. However, the degree of correlation is not very high.

Further, the molecular weight of the dye is also correlated with absorption maxima
and atomic weights of C, H, N, O, S, Na, Se, and F in proportion to the values 0.95, 0.78,
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0.42, 0.27, 0.33, 0.054, −0.023, −0.25, respectively. It indicates that the molecular weight is
highly dependent on the atomic weight of carbon and H.

3.6. Difference and Percentage Error

To validate the reliability and accuracy of the proposed model, we calculated the
difference in the experimental values of λmax reported in the literature and the predicted
values [30,31]. Furthermore, we calculated the percentage error in the experimental and
predicted values of λmax. The values of difference and percentage error of individual dyes
are demonstrated in Table 2. Its first column shows the name of the dye, the second column
shows the experimental value of λmax, the third column includes the predicted value of
λmax, the fourth column shows the difference in λmax values, and the last column contains
the values of percentage error.

Table 2. Comparison of experimental and predicted values of absorption maxima.

Dye λmax
(Experimental)

λmax
(Predicted) Difference Percentage

Error t-Score Ref.

N749 600 599.9605103 −0.039489746 0.006581625 2.962804 [48]
N719 525 525.0811157 0.081115723 0.015450614 2.573224 [52]
Z907 520 518.3882446 −1.611755371 0.309952945 2.554664 [51]
YS-1 536 535.9921265 −0.007873535 0.001468943 2.633939 [51]
YS-2 536 536.6464233 0.64642334 0.120601371 2.637666 [51]
YS-3 539 538.6637573 −0.336242676 0.062382687 2.65839 [51]
YS-4 535 534.9170532 −0.082946777 0.015504071 2.642976 [51]
YS-5 555 554.8757324 −0.124267578 0.022390554 2.746662 [51]

CYC-B1 553 554.9368896 1.936889648 0.350251287 2.737349 [53]
CYC-B3 544 543.5513306 −0.448669434 0.082475998 2.699216 [54]
SJW-E1 546 545.9083252 −0.091674805 0.016790258 2.713337 [54]

C101 547 545.3406372 −1.659362793 0.303357005 2.72482 [55]
C102 547 545.6287842 −1.37121582 0.250679314 2.728966 [55]
C103 550 549.0956421 −0.90435791 0.164428711 2.74789 [56]
C104 553 554.3543701 1.354370117 0.24491322 2.764281 [57]
C105 550 546.0117188 −3.98828125 0.725142062 2.759501 [58]
C106 550 549.9251099 −0.074890137 0.013616389 2.759075 [55]
C107 559 558.5645142 −0.43548584 0.07790444 2.808949 [56]
K19 545 545.203064 0.203063965 0.037259445 2.740354 [59]
K77 546 544.6682739 −1.331726074 0.243905872 2.752063 [60]

CYC-B11 554 552.9317627 −1.068237305 0.19282262 2.796931 [61]
CYC-B6L 551 545.9569702 −5.043029785 0.915250421 2.790254 [62]
CYC-B6S 548 547.302124 −0.697875977 0.12734963 2.774375 [62]
CYC-B7 551 552.8936157 1.893615723 0.343668908 2.791177 [63]
CYC-B13 547 548.375 1.375 0.251371115 2.775524 [64]

JK-55 539 538.1456909 −0.854309082 0.158498898 2.74214 [65]
JK-56 537 538.4175415 1.417541504 0.26397422 2.734822 [65]
RC-31 560 558.7681274 −1.231872559 0.219977245 2.860881 [66]
RC-32 564 562.3169556 −1.683044434 0.298412144 2.884413 [66]
RC-36 547 545.4786377 −1.521362305 0.278128386 2.798735 [66]
PRT1 520 520.6152954 0.61529541 0.118326038 2.663049 [67]
PRT2 517 517.5576172 0.557617188 0.107856326 2.652854 [67]
PRT3 519 519.3753052 0.375305176 0.072313137 2.668113 [67]
PRT4 519 514.8287964 −4.171203613 0.803700089 2.678184 [67]

PRT21 514 515.2487793 1.248779297 0.242953166 2.651222 [68]
PRT22 520 519.6818237 −0.31817627 0.061187744 2.688368 [68]
PRT23 536 537.9351196 1.935119629 0.361029774 2.774103 [68]
PRT24 537 537.1176147 0.117614746 0.021902187 2.787605 [68]

TF1 510 509.9632568 −0.036743164 0.007204542 2.653727 [69]
TF2 509 510.1255798 1.125579834 0.221135527 2.651082 [69]
TF3 513 513.4284058 0.428405762 0.083509892 2.676337 [69]
TF4 516 516.3215942 0.321594238 0.062324464 2.69655 [69]
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Table 2. Cont.

Dye λmax
(Experimental)

λmax
(Predicted) Difference Percentage

Error t-Score Ref.

MJ-4 594 594.5967407 0.596740723 0.100461401 3.109695 [70]
MJ-6 608 606.5596313 −1.440368652 0.236902744 3.174494 [70]
MJ-7 603 606.5596313 3.559631348 0.590320289 3.119411 [70]

MJ-10 630 630.5605469 0.560546875 0.088975698 3.233595 [70]
MJ-11 630 630.5605469 0.560546875 0.088975698 3.149689 [70]
MJ-12 631 632.057312 1.057312012 0.167561337 3.010226 [70]

TFRS-1 532 534.241333 2.241333008 0.421303183 2.251667 [71]
TFRS-2 533 533.7162476 0.716247559 0.1343804 2.269726 [71]
TFRS-3 503 503.7233887 0.723388672 0.143814847 2.151846 [71]
TFRS-4 501 501.8835449 0.883544922 0.176356271 2.146519 [71]

TFRS-21 499 500.2005005 1.200500488 0.240581259 2.137079 [72]
TFRS-22 473 473.5461426 0.546142578 0.115463547 2.022101 [72]
TFRS-24 485 485.4335938 0.43359375 0.089400776 1.963301 [72]
TFRS-51 499 499.3976135 0.397613525 0.079682067 1.925546 [73]
TFRS-52 495 495.3208618 0.320861816 0.064820565 1.866991 [73]
TFRS-53 500 500.4888611 0.488861084 0.097772218 1.795062 [73]
TFRS-54 496 496.4121094 0.412109375 0.083086565 1.695218 [73]

CS9 518 518.0759277 0.075927734 0.014657863 1.573186 [74]
A597 539 538.2700806 −0.729919434 0.135421053 1.632301 [75]
CS27 517 517.1707764 0.170776367 0.033032179 1.590288 [76]
CS28 518 517.486084 −0.513916016 0.099211589 1.579045 [76]
CS32 518 518.0393066 0.039306641 0.007588155 1.557655 [76]
CS43 518 518.1796875 0.1796875 0.034688707 1.529054 [76]
CS17 530 529.7614136 −0.238586426 0.045016307 1.521574 [76]
CS22 533 532.6157837 −0.384216309 0.072085612 1.578218 [76]
LXJ-1 549 548.1496582 −0.850341797 0.154889211 1.686294 [56]

KW-1# 515 514.050293 −0.949707031 0.184409127 1.566551 [77]
KW-2# 550 549.9004517 −0.09954834 0.018099697 1.529517 [77]
HRD-1 543 542.3900757 −0.609924316 0.112324923 1.449902 [78]

K-73 545 545.2966309 0.296630859 0.05442768 1.48967 [79]
KC-5# 537 537.1211548 0.121154785 0.022561412 1.454641 [80]
KC-6# 531 527.5883179 −3.411682129 0.642501354 1.539624 [80]
KC-7# 533 530.7481079 −2.25189209 0.422493815 1.649544 [80]
KC-8 522 522.1340332 0.134033203 0.02567686 1.730241 [80]

MH06 541 540.6497192 −0.350280762 0.064746909 1.841917 [81]
MH11 547 546.6559448 −0.344055176 0.062898569 1.987435 [81]
MC119 548 548.0170898 0.017089844 0.003118585 1.976855 [82]

S3 516 515.6741333 −0.325866699 0.063152462 1.256043 [83]
S4 518 519.6868286 1.686828613 0.325642586 1.462133 [83]

# These compounds were named after the initials of the first author of the reference cited.

It is evident from the results shown in Table 2 that the predicted values of λmax
are closer to the experimental values of λmax collected from the literature. The range
of difference in predicted and experimental values is −5.04 to 3.559, which is very low.
Furthermore, the percentage error observed in the experimental and predicted values lie is
in the range of 0.00145 to 0.915. The low values prove the reliability of the model.

Statistical Analysis: For statistical analysis of the results shown in Table 2, we applied
the t-test as defined in Equation (4). The value of t as shown in column 6 of Table 2 lies
in the range of 1.25 to 3.25. A positive absolute value of t indicates a moderate difference
between the means of the two sets of values. It also suggests that the difference between the
means is statistically significant, implying that the predicted values significantly deviate
from the experimental values.

t− score =
Difference between experimental and predicted value

standard error
(4)
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4. Discussion

The research work proposed in this work meets the objectives of accurately predicting
the absorption maxima. The ANN model designed in this research correctly predicts the
value of absorption maxima of the dye sensitizer based on the structure of the dye molecule,
numbers of bonds, molecular weight, and atomic weight. The model, trained with different
sets of values of these parameters and their corresponding value of the compound, learns to
predict the correct value of the absorption maxima. It magnificently reduced the difference
and percentage error in the experimental and predicted values of λmax of a dye, reported in
the literature [30,31]. Furthermore, it predicted the impact of collective atomic weights of
each atom type and molecular weight of the dye molecule on the value of λmax of a dye.
Moreover, the proposed research work successfully showed the impact of different bonds
between constituent atoms of a dye on its absorption maxima.

To achieve the first objective ANN model is trained to predict the absorption maxima
of inorganic dye mainly ruthenium complexes used in DSSC. Further, the calculated values
of absorption maxima are very close to the experimental values collected from the literature
as shown in Table S1. Moreover, it reported the lesser difference in experimental and
calculated values of absorption maxima reported by Xu et.al. [30,31]. They reported the
difference in range of −27.3 to 27.1 [30] and −16.6 to 16.2 [31]. In contrast, the difference
reported in the work proposed in this manuscript lies in the range of −5.043029785 to
3.559631348. This shows that the proposed model more accurately predicts the value of
λmax. Moreover, the statistical analysis of the difference in the experimental and predicted
values in terms of the t-test validates the obtained result. The t-score obtained in the range
of 1.25 to 3.23 signifies the importance of the t-test.

In addition, the percentage error observed from the experimental results lies in the
range of 0.01468943 to 0.915250421, which are 96.63 and 94.35% less than the percentage
error calculated in the works reported in [30,31].

To demonstrate the impacts of the atomic weight of each atom and molecular weight
on the value of λmax, a correlation matrix was studied as shown in Figure 9. The atomic
weight of sulfur and fluorine shows a considerable impact on λmax value. The λmax value
is directly proportional to the sulfur atoms, whereas it is indirectly proportional to the
fluorine atoms.

Further, the correlation matrix of λmax with different bonds was studied as shown in
Figures 5–8. Initially, the correlation matrix of λmax with C-C, C=C, C-N, C=O, Metal-NCS,
C-O, Metal-N bonds as demonstrated in Figure 5 shows that the λmax directly depends only
on the Metal-NCS bond and inversely depends on Metal-N bonds. The next correlation
matrix as shown in Figure 6 indicates the relation of λmax and N+Bu4=2, O-H=1, O-Na=1,
O-H=2 C-S=4, C-S=8, and C-Se=4. It is concluded that the λmax directly depends on the
bond O-H=2, whereas it inversely depends on the C-S=8 bond. Likewise, the correlation
of λmax based on C-S, N+(C4H9), O-H, C-F, N≡N bonds were studied. It is observed
that λmax directly depends on the C-S bonds and is inversely dependent on the C-F bond.
Furthermore, the correlation of λmax based on O-H, N-N, TBA+, N-H bonds were studied.
It is concluded that the impact on the λmax is observed at its maximum with the increase
in the TBA+ group in dye structure, whereas the λmax value decreases with an increase in
N≡N bonds.

The impacts of activation function ‘ReLU’, loss function Mean Absolute Error (MSE),
and optimizer ‘Adam’ on the prediction accuracy of λmax using the ANN model were
observed. It is concluded that the proposed model is more efficient than the methods
available in the literature [30,31]. It accounts for the diminishing difference in predicted
and experimental values of λmax. Furthermore, justify the relation of λmax with other bonds
of dye molecule as well as the impact of atomic and molecular weight on it.

Further, the superiority of the customized ANN model over the traditional machine
learning models is proved by conducting the experiments. The values of Mean Square
Error (MSE), and Percentage Error reported by ANN, Xgboost, and Random Forest models
were recorded for each epoch. These values are illustrated in Figures 10 and 11, respectively.
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This is evident from Figure 10, that the ANN model reports the lowest value of MSE among
all the three models. This proves that ANN model outperforms the Xgboost and Random
Forest in predicting the value of absorption maxima.

Similarly, the results demonstrated in Figure 11 prove that the ANN model reports the
lowest value of percentage error among all the above-stated three models. This justifies the
efficacy of ANN model in correctly predicting the value of absorption maxima.

5. Conclusions

In this manuscript, a customized ANN model is developed for automating the predic-
tion of the value of absorption maxima of dye without actually fabricating the dye. Further,
the ANN model is fine-tuned to minimize the difference in the experimental and predicted
values. The model precisely predicted values of absorption maxima. The difference re-
ported in the proposed work is −22.3 to 23.6 values lower than the range of difference
reported in [30,31]. Similarly, the difference is lower by values from 11.56 to 12.7. This
proves the supremacy of the proposed work over the reported methods in the literature.

Furthermore, the research work available so far does not focus on showing the impact
of the atomic weight of atoms in a dye molecule, the number, and types of bonds available
in a dye molecule. The research works presented in this manuscript showcase the role
of atomic weights and different types of bonds present in dye molecules on the value of
their absorption maxima. Furthermore, they show the direct and inverse correlation of
individual atoms present in a dye molecule on the value of absorption maxima. Moreover,
they predict the inter-correlation among different atoms present in a dye molecule. The
experimental results prove the efficacy of the proposed work, minimizing the requirements
for hit and trial experiments. Therefore, it is a cost-saving approach for fabricating the dye
of desired characteristics.

The model is purely dependent on the descriptors originated from the chemical
structure of the dye molecule and valid for regular dyes of whichever chemical structure.
Therefore, this model would be beneficial for the synthesis of new sensitizers with preferred
absorption maxima values for DSSC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bdcc7020115/s1, Table S1: Dataset.
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1. Introduction of the Event  

The conference is inspired from the critical challenge of human, environmental, 

heritage and built sustainability concerning the present and future generations in a 

global-scale context. This theme emphasizes the strong foundation that is provided 

by using research to inform our everyday practices, policies, and analytical 

approaches. This interdisciplinary forum is for scholars, teachers, and practitioners 

from the built environment professional discipline who share an interest in—and 

concern for— sustainability in an holistic perspective, where environmental, cultural, 

economic and social concerns intersect. It will provide a platform for various 

individuals to connect the past and present and develop solutions to a more universal 

and environmentally friendly approach towards built environment. 

The conference will include topics such as 

(i)Sustainable approach to design in built environment, 

(ii)Sustainability & built Heritage, 

(iii)Conserving Built Heritage, 

(iv)Sustainable Policies for Environmental and Infrastructure Planning, 

(v)Earth and Environmental Planning & Design 

2. Objective of the Event  

This conference was a gathering of minds dedicated to addressing the pressing 

challenges of sustainability that affect our world today and tomorrow. It recognized 

that sustainability is a multifaceted concept that requires interdisciplinary 

collaboration and rigorous research. By bringing together scholars, educators, and 

practitioners, the conference facilitated the exchange of ideas and the development 

of solutions that promote a more sustainable, resilient, and environmentally friendly 

built environment.  

 

3. Beneficiary of the event 
This interdisciplinary forum is for scholars, teachers, and practitioners from the 

built environment professional discipline who share an interest in—and concern 

for— sustainability in an holistic perspective, where environmental, cultural, 

economic and social concerns intersect. 
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4. Brief Description of the event  

The conference was hosted by Department of Interior Design and School of Architecture 

and Design, Faculty of Design at Manipal University Jaipur. This interactive and engaging 

event is tailored exclusively for our researchers, as part of our commitment to foster 

continuous learning,future research opportunities. The presentations focused on 

sustainability as the prime agenda and paved way for the researchers to present their 

work at an international level. 

5. Photographs of the Event              

 

 

Snippets of the Conference 
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6. Poster of the event 
 

 

 

7. Schedule of the event 

 

Time Event  Speaker 

11:00 – 11:30 AM Opening speech  Dr Richa 

Jagatramka 

11: 30 – 11:35 AM       Welcome address       
 

Dr Madhura Yadav 

11: 35 – 11:45 AM Introduction of international speaker Ar Himangshu 

Kedia 

11: 45 AM – 12:45 

PM 

Presentation by Dr Muge   Dr Muge 

12: 45 – 01:00 PM Q & A session  

01:00 – 01:05PM Vote of Thanks Ar. Himangshu 

Kedia 
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Meeting Link :  

https://teams.microsoft.com/l/meetup-

join/19%3ameeting_MmRjNjZiN2ItMTc1NS00YmJlLTkwMTItMzBiYTVjNTI0YTRh

%40thread.v2/0?context=%7b%22Tid%22%3a%227d0726e8-bf4b-4ac1-

99f1-010fb11f1d3f%22%2c%22Oid%22%3a%2216be8839-914f-456c-

9836-e6b3ba8fa2f9%22%7d 

8. Attendance of the Event  

Total attendees – 28 participants from MUJ and outside 

Sl.no Name Organisation 

1 Dr. Richa Jagatramka FOD 

2 Megha Prabhu K  FOD 

3 Dr. Sampath Kumar Padmanabha 
Jinka 

FOD 

4 Dr. Madhura Yadav  FOD 

5 Dr. Anantkumar Dada Ozarkar  FOD 

6 Dr. Subhash Chandra Devrath  FOD 

7 Nisha Nelson  FOD 

8 Preethi Agrawal  Practicing Architect and PhD scholar 

9 NITIKA TORVI Christ University 

10 Subhadha B Christ University 

11 Himangshu Kedia  FOD 

12 Rushikesh Kolte MNIT 

13 Dr. Sunanda Kapoor FOD 

14 Ananya Tripathi  AKTU - GCA 

15 Kinzalk Chauhan FOD 

16 Ritu Sharma  FOS – Phd Scholar 

17 Rimjhim Swami  FOD 

18 Ayushi Sharma  FOD 

19 Apoorva Agarwal FOD 

20 Muge Fialho Leandro Alves Teixeira QUT Australia 

21 Deeksha MNIT 

22 Siddharth Mishra FOD 

23 Akshay Gupta FOD 

24 Ritu Sharma  FOD 

25 Neha Saxena  FOD 

26 Antima Kuda MAHE Dubai 

27 Raunak Prasad FOD 

28 Ashutosh Saini FOD 
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Bioprospecting of novel ligninolytic bacteria for effective bioremediation of 
agricultural by-product and synthetic pollutant dyes 
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A R T I C L E  I N F O   

Keywords: 
Lignin 
Methylene blue 
Lignin degradation bacteria 
Ligninolytic enzymes 
16 S rRNA gene sequencing 
Biodegradation 

A B S T R A C T   

Lignin is a significant renewable carbon source that needs to be exploited to manufacture bio-ethanol and 
chemical feedstocks. Lignin mimicking methylene blue (MB) dye is widely used in industries and causes water 
pollution. Using kraft lignin, methylene blue, and guaiacol as a full carbon source, 27 lignin-degrading bacteria 
(LDB) were isolated from 12 distinct traditional organic manures for the current investigation. The ligninolytic 
potential of 27 lignin-degrading bacteria was assessed by qualitative and quantitative assay. In a qualitative plate 
assay, the LDB-25 strain produced the largest zone, measuring 6.32 ± 0.297, on MSM-L-kraft lignin plates, while 
the LDB-23 strain produced the largest zone, measuring 3.44 ± 0.413, on MSM-L-Guaiacol plates. The LDB-9 
strain in MSM-L-kraft lignin broth was able to decolorize lignin to a maximum of 38.327 ± 0.011% in a 
quantitative lignin degradation assay, which was later verified by FTIR assay. In contrast, LDB-20 produced the 
highest decolorization (49.633 ± 0.017%) in the MSM-L-Methylene blue broth. The highest manganese perox-
idase enzyme activity, measuring 6322.314 ± 0.034 U L− 1, was found in the LDB-25 strain, while the highest 
laccase enzyme activity, measuring 1.5105 ± 0.017 U L− 1, was found in the LDB-23 strain. A preliminary ex-
amination into the biodegradation of rice straw using effective LDB was carried out, and efficient lignin- 
degrading bacteria were identified using 16SrDNA sequencing. SEM investigations also supported lignin 
degradation. LDB-8 strain had the highest percentage of lignin degradation (52.86%), followed by LDB-25, LDB- 
20, and LDB-9. These lignin-degrading bacteria have the ability to significantly reduce lignin and lignin-analog 
environmental contaminants, therefore they can be further researched for effective bio-waste management 
mediated breakdown.   

1. Introduction 

Plant biomass naturally decomposes over time and is mostly trig-
gered by enzymatic activity of neighboring bacterial and fungal species 
(Janusz et al., 2017; da Costa et al., 2018; Jimenez et al., 2018; Lee et al., 
2019; Riyadi et al., 2020). Numerous microorganisms, such as bacteria 
and fungi, have been the focus of the most thorough investigations on 
lignin alteration and breakdown (Lee et al., 2019; Atiwesh et al., 2022). 
When lignocellulosic organic wastes are processed for use in the 

production of bioethanol and the paper industry, respectively, powerful 
lignin-degrading microorganisms or their ligninolytic enzymes can be 
used successfully (Fang et al., 2018; Brink et al., 2019; Li et al., 2022). 
Plants’ rigidity and tensile strength come from lignin, a complex, 
chemically heterogeneous polymer made up of 4-hydroxyl phenyl-
propanoid units (Hasanin et al., 2018). Biomass is essentially resistant 
because lignin acts as a physical barrier to stop cellulose from being 
hydrolyzed by biological or chemical processes (Wu et al., 2022). 

For the production of biofuels, lignocellulosic biomass is highly 
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desirable as a raw component (Malode et al., 2021). Lignin and cellulose 
make up the majority of 80% of crop residue/biomass (Chen et al., 
2018). Large volumes of lignocellulosic waste are produced by forestry 
and agricultural activities, paper-pulp companies, wood industries etc. 
and burning is a common method of decreasing this waste, which 
otherwise may contribute to pollution (Haile et al., 2021). Therefore, 
enhancing lignin breakdown has enormous promise to save the envi-
ronment and build new beneficial products (Gupta et al., 2022). 
Chemical contaminants like synthetic dyes are significant contributors 
to water pollution. Methylene blue (MB) dye is one of these and is 
frequently used in various industries such as dyeing, textile, tannery, 
and paper, etc. (Bhat et al., 2022; Pham et al., 2022). Using promising 
microbial isolates, a biological strategy giving a more affordable and 
sustainable alternative method has been used to remove MB. Microor-
ganisms, which can degrade MB, come from a wide range of taxa, 
including Acinetobacter, Aspergillus, Bacillus, Pseudomonas, Staphylo-
coccus etc. (Eslami et al., 2017; Karim et al., 2018; Bharti et al., 2019; 
Ogunlaja et al., 2020; Kishor et al., 2021b; Haque et al., 2021). To 
participate in central carbon metabolism, bacteria that degrade lignin 
and lignin-imitating dyes secrete extracellular enzymes that break down 
lignin into smaller components (Beckham et al., 2016). A range of 
extracellular oxidative enzymes, such as laccases, lignin peroxidases 
(LiPs), manganese peroxidases (MnPs), and multifunctional peroxidases, 
are released by the lignin-degrading organisms (Kumar and Chandra, 
2020). 

Several bacteria, in addition to wood-rot fungus, can degrade lignin 
(Haq et al., 2022). Pretreatments may become economically viable if 
lignin is removed selectively using lignin-degrading enzymes (Lee et al., 
2019; Wu et al., 2022). A biological (or primarily biological) approach 
to removing lignin could overcome these limitations, enabling the 
generation of bio-fuel at a cheaper cost and with less impact on the 
environment. Microorganisms can produce metabolites and enzymes 
that hasten the breakdown of organic waste and raise the caliber of soil 
humus (Singh et al., 2017). 

The breakdown of rice straw into smaller products so they can be 
digested by microorganisms occurs through a microbial process 
(Goodman, 2020). In the past, the majority of these lignin-degrading 
bacteria were found in soil and the intestines of insects that fed wood 
(Zhang et al., 2021). This research was focused on identifying and 
characterizing the microbial inoculants that causes rice straw to break 
down so quickly. In this study, we identify new lignin-degrading bac-
teria from a variety of organic sources, characterize them, and assess 
their potential for lignin degradation. 

2. Material and methods 

2.1. Isolation and screening of lignin-degrading bacteria 

The isolation of LDB was carried out using the method reported by 
Rahman et al. (2013). The minimal salt media-Luria agar (MSM-L agar) 
medium supplemented with 1% Kraft lignin (KL) as the primary carbon 
and energy source was used for the isolation of ligninolytic bacteria from 
freshly prepared organic manures (Jain et al., 2021) (Table 1). The 
bacterial strains that showed proper growth were purified on fresh 
MSM-L agar plates and stored at 4 ◦C. Screening of LDB was carried out 
on MSM-L agar plate containing Kraft lignin (0.5%) (Chen et al., 2012b) 
and guaiacol (10%) (Atalla et al., 2010) and methylene blue indicator 
dye (50 mg/L) (Bandounas et al., 2011) and incubated at 30 ± 20 C for 
4–5 days for the development of the de-colorization zone. After growth, 
the plates were taken out and flooded with 10 ml of a ferric chlor-
ide/potassium ferricyanide solution [1% (w/v)]. After 10 min, the so-
lution was drained off, leaving the agar where the aromatic compounds 
were present stained blue or green. It was assumed that a yellowish zone 
where growth had been eradicated was proof of lignin breakdown 
(McCarthy and Broda, 1984). The degrading of indicator dye is 
considered a positive test for lignin degradation (Bandounas et al., 

2011). 

3. Ligninolytic enzyme activity assay 

A 50 ml conical flask filled with MSM-L medium was used to inoc-
ulate the chosen positive isolates for screening assays. These inoculated 
flasks were incubated for 6 days per the procedures outlined by Rahman 
et al. (2013), during which time culture samples were collected for 
manganese peroxidase (MnP) and laccase activity were assessed using 
the oxidation of Guaiacol (2-methoxyphenol) and ABTS (2, 2′-azinobi-
s-(3-ethylbenzethiazoline-6-sulphonate) method respectively (Rahman 
et al., 2013; Bourbonnais et al., 1995). 

Table 1 
Determination of lignolytic activities of lignin degrading bacteria isolated from 
traditional organic manures.  

S. 
N. 

Source Strain 
Name 

Growth and de-colorization of 
ligninolytic substrates 

Kraft 
Lignin 

Guaiacol Methylene 
blue 

1 JeevaAmrat SBD- 
LDB-1 

+ + - 

2 BhabhutAmritPani SBD- 
LDB-2 

+ + +

3 PanchGavya SBD- 
LDB-3 

+ + +

4 MatkaKhad SBD- 
LDB-4 

+ + +

5 Vermiwash 
(Silica enriched) 

SBD- 
LDB-5 

+ + - 

6 BeejaAmrat SBD- 
LDB-6 

+ - +

7 Vermi Wash SBD- 
LDB-7 

+ + +

8 Silica enriched 
Compost tea 

SBD- 
LDB-8 

+ + +

9 Compost Tea SBD- 
LDB-9 

+ + +

10 BD500 SBD- 
LDB-10 

+ + - 

11 BD500 SBD- 
LDB-11 

+ + +

12 JeevaAmrat SBD- 
LDB-12 

+ + - 

13 BhabhutAmritPani SBD- 
LDB-14 

+ + +

14 PanchGavya SBD- 
LDB-15 

+ + - 

15 MatkaKhad SBD- 
LDB-16 

+ + - 

16 Silica enriched vermi 
wash 

SBD- 
LDB-17 

+ + - 

17 BeejaAmrat SBD- 
LDB-18 

+ - - 

18 Vermi Wash SBD- 
LDB-19 

+ + +

19 Compost tea 
(Silica enriched) 

SBD- 
LDB-20 

+ + +

20 Compost Tea SBD- 
LDB-21 

+ - - 

21 BD 501 SBD- 
LDB-22 

+ + +

22 BD 501 SBD- 
LDB-23 

+ + +

23 PanchGavya SBD- 
LDB-24 

+ + +

24 MatkaKhad SBD- 
LDB-25 

+ + +

25 Silica enriched vermi 
wash 

SBD- 
LDB-26 

+ + +

26 BeejaAmrat SBD- 
LDB-28 

+ + - 

27 Vermi Wash SBD- 
LDB-29 

+ + +
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3.1. Decolorization activity of bacteria on liquid MSM containing MB dye 
and Kraft lignin 

Decolorization of lignin-mimicking dyes i.e. Methylene Blue (MB) 
was assessed in test tubes as liquid-phase assays. For broth assays, the 
individual bacterial strains were grown in MSM containing methylene 
blue indicator dye (50 mg/L) at 30 ◦C with shaking at 200 rpm. Control 
without inoculation was also maintained. The samples were centrifuged 
and dye de-colorization was absorbance was measured at λ663 (Saratale 
et al., 2009). 

All the test bacterial cultures were inoculated in 10 ml of MSM-L agar 
medium containing 0.5% lignin in 25 ml capacity screwed cap tubes 
with the maintenance of un-inoculated control for comparison. All the 
tubes were incubated at 30 ± 20 C at 120 rpm for 5 days in a shaker 
incubator and color change was measured by spectrophotometer on the 
5th day at 465 nm. The decolorization percentage of 0.5% lignin by 
respective bacteria was calculated using the formula given by (Sani and 
Banerjee, 1999). 

% decolorization = Initial absorbance− observed absorbance
Initial absorbance × 100 

Additionally, Fourier transform infrared (FTIR) spectroscopy study 
was done to verify that the isolates had degraded and depolymerized 
kraft lignin (Khan et al., 2022). 

3.2. In vitro efficacy of ligninolytic bacteria for degradation of agro-waste 
residues 

After being treated with 1% NaOH for 24 h at room temperature, 
deionized water was used to adjust the pH to 7, and then the rice straw 
was dried at 80 ◦C (Yu et al., 2009). The 3 g quantity of pretreated rice 
straw was immersed in 100 ml flasks in triplicate and steam sterilized 
and then 5 ml of selected lignin-degrading bacteria were inoculated in 
each flask incubated for 21 days at ambient temperature (room tem-
perature) and assayed for lignin degradation and the observations of 
weight reduction and consistency were also monitored (Bakar et al., 
2018). After the end of the incubation period, the acid detergent fiber 
(ADF) and acid detergent lignin (ADL) methods (Thimmaiah, 2009) 
were used to determine the amount of lignin in rice straw. 

4. Effects of bio-pretreatment on the structure of the rice straw 

Using a freeze drier, untreated and bio-pretreated rice straw was 
dehydrated. Using a scanning electron microscope (SEM), the various 
surface morphologies of the untreated and bio-pretreated rice stover 
were observed (Dong et al., 2019). 

5. Sequencing and Phylogenetic Analysis of 16 S rDNA of Potent 
LDB Isolates 

The five most effective LDB isolates’ PCR-amplified 16 S rDNA re-
gion was sequenced using an automated DNA sequencer (ABI model 
377, Applied Biosystems, USA) in accordance with the normal technique 
utilizing universal 16 S rDNA primers (27 F and 1492 R; amplicons size 
≈ 1465 bp). Prior to BLAST, the 16 S rDNA sequences were modified 
using the Bio Edit software. Utilizing the nucleotide BLASTn pro-
gramme, the sequences collected during the investigation were 
compared to previously submitted sequences in the nucleotide database 
GenBank at the National Center for Biotechnology (NCBI) (Altschul 
et al., 1990). The online programme CLUSTAL-W was used to align the 
16 S rDNA consensus sequences (Thompson et al., 1994). Phylogenetic 
trees were constructed using this alignment and the greatest likelihood 
technique using MEGA 6.06 software (Tamura et al., 2013). 

6. Statistical analyses 

Using SPSS-20, the statistical analysis known as the standard 

deviation (SD) was performed on all the observed data. Additionally, 
correlation functional interaction between all chosen bacterial isolates’ 
production of the enzymes that break down Kraft lignin and Methylene 
Blue was performed using Past3 software, and correlation heat maps 
were created using TB tools. 

7. Result and discussion 

7.1. Isolation and screening of lignin degrading bacteria 

The isolation and screening of lignin-degrading bacteria were carried 
out on the MSM-L agar medium supplemented with Kraft lignin (0.5%), 
Guaiacol (10%), and Methylene blue (50 mg/L). In the present study, 27 
lignin-degrading bacteria were isolated and purified from 12 different 
organic produces and are summarized in Table 1. All the strains were 
able to grow on MSM-L containing Kraft lignin (0.5%), whereas 24 
strains and 18 strains were able to grow and utilize Guaiacol (10%) and 
Methylene blue (50 mg/L) respectively. The 16 strains along with the 
positive culture showed positive growth and de-colorization on all three 
different ligninolytic substrates. The decolorization zone was measured 
to determine the lignin degradation index (LDI), and the findings are 
shown in Table 2. This is the first report that we are aware of lignin- 
degrading microbial strains being isolated from conventional liquid 
organic manures. 

The various lignin-degrading bacteria were identified in rotting oil 
palm, empty fruit bunches, rotten wood, textile effluent, and sludge etc. 
(Faisal et al., 2021; Kishor et al., 2021a). While Harith et al. (2014) 
isolated 8 strains with lignin degradation ability from agro-industrial 
waste, Sharifi-Yazdi et al. (2001) isolated 22 LDB strains from decayed 
plants, Falade et al. (2017) isolated 30 potential strains of ligninolytic 
bacteria from water and sediment samples, and Couger et al. (2020) 
isolated lignin-degrading bacteria from the termite gut. Nahrowi et al. 
(2018) previously reported a correlation between ligninolytic activities 
of bacterial isolates and the lignin degradation index (LDI), and they 

Table 2 
Determination of lignolytic activities of lignin degrading bacteria using plate 
assay by measuring decolourisation zone.  

S.NO Strain Name Lignin degradation index by measuring decolourisation 
zone after 72 h 

Kraft Lignin (0.5%) Guaiacol (10%) 

1 SBD-LDB-1 3.24 ± 0.035 2.86 ± 0.125 
2 SBD-LDB-2 2.1 ± 0.10 2.21 ± 0.257 
3 SBD-LDB-3 3.6 ± 0.200 2.28 ± 0.145 
4 SBD-LDB-4 3.46 ± 0.351 1.31 ± 0.162 
5 SBD-LDB-5 1.01 ± 0.11 1.83 ± 0.175 
6 SBD-LDB-6 1.04 ± 0.12 ND 
7 SBD-LDB-7 3.38 ± 0.325 1.63 ± 0.126 
8 SBD-LDB-8 5.23 ± 0.321 3.01 ± 0.225 
9 SBD-LDB-9 5.47 ± 0.240 3.21 ± 0.256 
10 SBD-LDB-10 3.48 ± 0.141 1.65 ± 0.200 
11 SBD-LDB-11 4.53 ± 0.251 3.02 ± 0.087 
12 SBD-LDB-12 5.15 ± 0.160 2.21 ± 0.256 
13 SBD-LDB-14 2.35 ± 0.100 2.01 ± 0.225 
14 SBD-LDB-15 0.94 ± 0.18 1.78 ± 0.257 
15 SBD-LDB-16 4.32 ± 0.192 2.26 ± 0.205 
16 SBD-LDB-17 5.57 ± 0.222 2.41 ± 0.272 
17 SBD-LDB-18 0.98 ± 0.08 ND 
18 SBD-LDB-19 1.24 ± 0.250 1.52 ± 0.087 
19 SBD-LDB-20 5.17 ± 0.210 3.30 ± 0.174 
20 SBD-LDB-21 0.84 ± 0.14 ND 
21 SBD-LDB-22 3.34 ± 0.262 2.36 ± 0.127 
22 SBD-LDB-23 6.14 ± 0161 3.44 ± 0.413 
23 SBD-LDB-24 6.31 ± 0.298 2.88 ± 0.247 
24 SBD-LDB-25 6.32 ± 0.297 3.29 ± 0.187 
25 SBD-LDB-26 3.61 ± 0.135 2.09 ± 0.085 
26 SBD-LDB-28 1.04 ± 0.13 1.93 ± 0.081 
27 SBD-LDB-29 3.42 ± 0.186 2.84 ± 0.177 

*ND: Not Detected; Data (Mean of triplicate value ± SD) 
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demonstrated that lignin-degrading bacterial isolates had LDI values 
ranging from 2.6 to 1.22, validating the results of the Lignin degradation 
index by lignin-degrading bacterial strains. Falade et al. (2017) assessed 
the lignin-degrading activity of bacterial strains using guaiacol decol-
orization and found that only 5 strains out of 30 displayed decoloriza-
tion zone, which validates our current findings. 

8. Ligninolytic enzyme activity assay 

The quantification of ligninolytic enzymes viz. Manganese peroxi-
dase enzyme and Laccase enzyme in the lignin-degrading bacteria were 
conducted further to understand the mechanism of their ligninolytic 
activities. The results of the Manganese peroxidase enzyme and Laccase 
enzyme were summarized in Fig. 1. 

Fig. 1 shows the correlation between the percentage of KL and MB 
elimination and the bacterial enzymes (MnP and laccase). The lines in 
the graph below indicate the ligninolytic bacteria, while the columns 
stand in for the enzymes. The level of enzymatic activity was indicated 
by the colour of the tiles. The bacterial strains SBD-LDB-9, SBD-LDB-8, 
SBD-LDB-20, SBD-LDB-23, and SBD-LDB-25 that significantly reduce KL 
and MB were determined to have the highest enzymatic activity, as 
depicted in Fig. 1. 

The highest Manganese peroxidase enzyme activity of 6322.314 
± 0.034 U L− 1 was observed in the strain SBD-LDB-25 whereas the 
minimum activity of 2630.854 ± 0.031 U L− 1 was observed in SBD- 
LDB-3 strain. In the case of Laccase enzyme, the maximum degrada-
tion activity was observed in SBD-LDB-23 strain of 1.510 
± 0.017 U ml− 1 whereas minimum activity was reported in SBD-LDB-18 

strain of 0.825 ± 0.026 U ml− 1. Shamseldin and Abdelkhalek (2015) 
studied Manganese peroxidase enzyme activities and reported that MnP 
activity was found as 1720 U L− 1 and 1750 U L− 1 after the third day 
whereas the Laccase enzymes were found as 810 U L− 1 and 
915 U L− 1after six days in two examined LDB strains. The enzyme ac-
tivities reported by Shamseldin, Abdelkhalek (2015) were lower 
compared to the results obtained in the present studies. The results 
observed by Chen et al. (2012a) and Yang et al. (2017) were in close 
agreement with the result obtained in the present study. Chen et al. 
(2012b) revealed the maximum Manganese peroxidase activity was 
3229.8 U L− 1 on the 4th day and the highest Laccase activity of 
1275 U L− 1 was recorded at the 5th day of the growth of the bacteria. 
Yang et al. (2017) reported that the Laccase activity of most LDB 
increased significantly from 24 to 48 h, with a maximum of 2250 U L− 1 

in the bacterial strain H2 at 60 h incubation. In the case of the Manga-
nese peroxidase enzyme, the highest activity of 1119 U L− 1 was 
observed in strain J12 at 24 h. 

8.1. Decolorization activity of bacteria on liquid MSM containing MB dye 
and Kraft lignin 

The quantitative determination of the ligninolytic activities of the 
LDB was identified by measuring of percent decolorization of MSM-L 
broth medium supplemented with kraft lignin (0.5%) and Methylene 
blue indicator dye (50 mg/L) after 72hrs of incubation. All the strains 
showed significant activity and the results of the % degradation of Kraft 
lignin and methylene blue indicator dye were summarized in Table 3. 

The data of the % decolorization is displayed in heat map graph 
format in Fig. 1. It is a method of condensing information, with the lines 
denoting the investigated ligninolytic bacteria and the columns denot-
ing Kraft Lignin and Methylene Blue decolorization. The degree of the % 
decolorization is shown by the colored tiles. Fig. 1 demonstrates that the 
bacterial strains SBD-LDB-9, SBD-LDB-8, SBD-LDB-20, SBD-LDB-23, and 
SBD-LDB-25 achieved the highest % decolorization. 

The maximum percent decolorization of 38.327 ± 0.011% was 
observed by the SBD-LDB-9 strain in MSM-L broth containing Kraft 

Fig. 1. Heatmap correlation analysis of the percentage of KL (Kraft Lignin) and 
MB (Methylene Blue) removed by several bacterial isolates producing the en-
zymes MnP and laccase. 

Table 3 
Quantitative determination of Ligninolytic activity of bacteria.  

S.N. Percent decolourisation 

Strain Name Kraft lignin (0.25%) Methylene blue (50 mg/L) 

1 SBD-LDB-1 19.566 ± 0.010 17.866 ± 0.013 
2 SBD-LDB-2 21.025 ± 0.005 30.250 ± 0.016 
3 SBD-LDB-3 23.587 ± 0.025 23.495 ± 0.018 
4 SBD-LDB-4 19.771 ± 0.027 21.684 ± 0.012 
5 SBD-LDB-5 19.809 ± 0.012 22.222 ± 0.017 
6 SBD-LDB-6 24.429 ± 0.021 26.383 ± 0.015 
7 SBD-LDB-7 23.419 ± 0.020 28.732 ± 0.012 
8 SBD-LDB-8 37.298 ± 0.013 46.256 ± 0.020 
9 SBD-LDB-9 38.327 ± 0.011 48.458 ± 0.015 
10 SBD-LDB-10 24.317 ± 0.021 29.613 ± 0.007 
11 SBD-LDB-11 20.819 ± 0.014 30.886 ± 0.016 
12 SBD-LDB-12 30.134 ± 0.028 38.228 ± 0.017 
13 SBD-LDB-14 22.409 ± 0.031 29.662 ± 0.019 
14 SBD-LDB-15 19.0422 ± 0.012 21.390 ± 0.013 
15 SBD-LDB-16 22.858 ± 0.011 23.201 ± 0.014 
16 SBD-LDB-17 29.985 ± 0.012 44.542 ± 0.019 
17 SBD-LDB-18 17.385 ± 0.015 22.663 ± 0.014 
18 SBD-LDB-19 18.387 ± 0.011 30.299 ± 0.012 
19 SBD-LDB-20 35.185 ± 0.030 49.633 ± 0.017 
20 SBD-LDB-21 23.943 ± 0.016 29.075 ± 0.012 
21 SBD-LDB-22 23.228 ± 0.007 32.795 ± 0.006 
22 SBD-LDB-23 35.652 ± 0.005 46.941 ± 0.022 
23 SBD-LDB-24 22.521 ± 0.019 31.082 ± 0.012 
24 SBD-LDB-25 33.558 ± 0.017 47.969 ± 0.007 
25 SBD-LDB-26 25.065 ± 0.009 39.452 ± 0.020 
26 SBD-LDB-28 16.666 ± 0.009 26.258 ± 0.017 
27 SBD-LDB-29 23.251 ± 0.014 30.299 ± 0.010 

Data (Mean of triplicate value ± SD) 
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lignin whereas the minimum activity was observed in the SBD-LDB-28 
strain with 16.666 ± 0.009% decolonization. A similar percent decol-
orization was observed in MSM-L broth containing Methylene blue dye 
and after 72 hrs incubation, the maximum percent decolorization 
(49.633 ± 0.017%) was observed in the SBD-LDB-20 strain whereas the 
minimum percent decolorization (17.866 ± 0.013%) was observed in 
SBD-LDB-1 strain. It has been speculated that the depolymerization of 
lignin polymers by bacterial ligninolytic systems, which consists of 
several enzymes secreted by these bacteria, is what causes the reduction 
in a color that results from lignin biodegradation. Bacillus amylolique-
faciens (SL-7) bacteria produced manganese peroxidase, lignin peroxi-
dase, Laccase activity, and degraded 28.55% of tobacco straw lignin 
(Mei et al., 2020). Xiong et al. (2013) reported that Panteoa spp. strain 
Sd-1effectively reduced lignin color (52.4%) after 4 days of incubation. 
The ligninolytic bacterial strain, Bacillus velezensis, was used by Verma 
et al. (2020) and found that under ideal conditions, this strain had a 
maximum capacity for KL decolorization and degradation of 56.16% 
and 40.39%, respectively. These findings were in close agreement with 
those of the current study. 

9. FTIR analysis 

The lignin-degrading bacterial isolates were evaluated using FT-IR to 
determine how they had altered the structural and chemical properties 
of kraft lignin (Fig. 2). Lignin degradation was evident from the FTIR 
spectra of untreated and treated kraft lignin using lignin degrading 
bacteria depicted discrete changes, especially in the FTIR absorbance 
range from 1350 to 1715 cm− 1 correlated to the stretching of C––C 
bonds in the aromatic skeleton of lignin when incubated in the broth for 
5 days (Wang et al., 2021). The C––C bonds in the aromatic skeleton of 
lignin are the primary targets of the ligninolytic enzymes, resulting in 
lignin structural depolymerization (Zeng et al., 2014). Further, the 
decrease in absorbance around wave number 3500–3000 cm− 1 corre-
sponds to –OH bonds in alcohol and phenol in lignin in treated samples 
also indicating lignin degradation (Khan et al., 2022). Kraft lignin’s FTIR 
spectrum underwent significant changesat 3210 cm− 1 (OH stretching 

vibration), 2927 cm− 1 (stretching vibration of C–H band in CH2, CH3, 
and CH3O groups of the lignin structure), 2860 cm− 1 (C–H stretching in 
aromatic methoxyl groups), 1715 cm− 1 (C––O stretching), 1650 cm− 1 

(Absorbed O–H and conjugated C–O), 1635 cm− 1 (C––C stretching vi-
bration in benzene ring), 1580 cm− 1, 1511 cm− 1 (attributed to the 
stretching vibration of aromatic rings), 1420 cm− 1 (O-CH3 stretching 
vibration), 1330 cm− 1 (-CH stretching vibration), 1042 cm− 1 (C–O vi-
brations) and 618 cm− 1 (stretching vibrations of the C–S bond linked to 
the aromatic ring) (Kumar et al., 2015; Xu et al., 2018; Ma et al., 2021). 
The absorbance at 1335 cm− 1 (S) significantly decreased during 
biodegradation, but the absorbance at 1275 cm− 1 (G) barely changed. 
Significant differences between the FTIR spectra of the treated samples 
and the control samples showed that the lignin structure was largely 
destroyed by the different enzymes secreted by LDB used in the present 
study. 

9.1. In vitro screening of lignin-degrading bacteria using rice straw bio- 
waste as substrate 

Furthermore, research was conducted to determine the optimal 
strain for in vitro degradation of agricultural waste. The consistency of 
rice straw altered when the lignin content in the straw was broken down 
by lignin-degrading bacteria, as shown in Fig. 3. The results of the 
decomposition of rice straw by using lignin degrading bacteria were 
summarized in Table 4. In rice straw that had been exposed to lignin- 
degrading bacteria, the amount of lignin was substantially reduced 
after 20 days after inoculation compared to the control rice straw. 
Among all LDB strains, the maximum percent lignin degradation were 
obtained in the SBD-LDB-8 strain (52.86%) followed by SBD-LDB-25 
(52.69%), and SBD-LDB-20 (48.01%) and SBD-LDB-9 (45.99%) 
whereas the minimum percent lignin degradation was observed in SBD- 
LDB-17 strain (17.98%). 

In a comparison of three bacterial isolates for lignin degradation on 
rice straw, Bakar et al. (2018) found that the rice straw treated with the 
AMB1 bacterial strain had significantly less lignin, at 4.97% compared 
to the lignin content of the control which was 8.89 ± 1.0. Similarly, 

Fig. 2. FTIR spectrum of LDB treated and untreated kraft lignin.  
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Ochrobactrum oryzae BMP03 strain-treated rice straw’s chemical 
makeup was investigated by Tsegaye et al. (2018) and reported that the 
BMP03 treatment degraded and mineralized 53.74% lignin after 14 days 
of pretreatment. According to Chandra et al. (2007), Novosphingobium 
sp. B-7 bacteria were responsible for 37% of the breakdown of Kraft 
lignin. Shi et al. (2017) found that after 7 days of pretreatment with the 
Cupriavidus basilensis B-8 bacterial strain, 41.5% of kraft lignin was 
eliminated, which was quite similar to the findings of the current study. 

9.2. Effects of bio-pretreatment on the structure of the rice straw using 
SEM 

The morphological modification of the rice straw that was treated by 
lignin-degrading bacterial isolates was analysed by scanning electron 
microscopy. The original rice straw displayed smooth, well-organized, 
and complete frameworks (Fig. 4). It was noticed that the surface was 
fairly smooth. It became fragmented and porous after being treated with 
lignin-degrading bacterial isolates. The rice straw developed some holes. 
After bacterial treatment, the rice straw’s morphology showed that its 
linkages had been broken, and its lignin contents had been noticeably 
reduced. Various researchers observed the change in morphology of 
lignin using SEM which confirm the degradation of lignin visually (Xu 
et al., 2018; Ma et al., 2021). Dong et al. (2019) analyzes the lignin 
degradation by SEM technique and they observed that the microbial 
treated lignin sample became cracked and porous as compared to 

ordered and intact structures of untreated lignin samples which further 
supports the observation in the present study. 

9.3. Sequencing and phylogenetic analysis of 16 S rDNA of potent LDB 
isolates 

Based on in vitro rice straw degradation efficacy, the comprehensive 
sequences of the 16 S rDNA genes of the most effective lignin-degrading 
bacterial strains were sequenced and examined using the nucleotide 
BLASTn programme. These strains were identified as LDB-8: Entero-
bacter ludwigii (MW264070), LDB-25: Klebsiella variicola (MW265009), 
LDB-20: Rahnella aquatilis (MW264333), LDB-9: Bacillus paramycoides 
(MW264994), and LDB-23: Bacillus paramycoides (MW423733) as 
shown in Fig. 5. Table 5 lists the molecular details and NCBI GeneBank 
accession number associated with these strains. Similar approach was 
adopted by Upadhyay et al. (2009, 2011) for identification of salt 
tolerant rhizobacterial isolates. Rahman et al. (2013) characterized 
lignin-degrading bacteria using 16 SrRNA gene sequencing analysis and 
identified the bacterial strains as Bacillus sp., Ochrobactrum sp., and 
Leucobactersp., with 99% sequence similarity to the strains from 
NCBI-Gene bank databases. El-Hanafy et al. (2008) isolated two 
lignin-degrading bacterial strains from Egyptian soils and identified 
them as Bacillus sp. (EU344809) and Bacillus subtilis based on the partial 
16 S rRNA sequencing (EU344808). From a decomposing empty fruit 
bunch of an oil palm, Riyadi et al. (2020) isolated and described a 
lignin-degrading bacterial strain. Based on 16S rDNA sequencing, the 
isolated strain was identified as Streptomyces sp. S6. 

10. Conclusion 

The current investigation was based on the isolation of 27 lignin- 
degrading bacteria from 12 conventional manures. These strains were 
strong in ligninolytic enzymes such laccase and MnP, which can degrade 
KL and MB. SBD-LDB-8, SBD-LDB-25, SBD-LDB-20, SBD-LDB-9, and 
SBD-LDB-23 were shown to be the best LDB isolates based on their in 
vitro lignin degradation capacity using rice straw as the substrate. SEM 
images indicating changes in surface morphological properties linked 
with lignin breakdown backed up this claim. Despite tremendous 
progress in the isolation and characterization of lignin-degrading mi-
crobes to date, appropriate and effective formulations for waste break-
down and biodegradation of synthetic dyes like MB must be developed. 
According to these results, the isolated LDB strains from the current 
study would make a good choice for lignin valorization. Therefore, more 
thorough research is needed to establish their capacity to degrade waste 
biomass on the ground and in certain environmental conditions. 

Fig. 3. In vitro efficacy evaluation of lignin degrading bacteria for rice-straw degradation.  

Table 4 
Effect of effective lignin degrading bacteria pretreatment on the composition of 
rice straw.  

Strain Name ADF %* ADL %* * ASH % Lignin% % Lignin 
degradation 

CONTROL  88.04  25.35  7 18.35 ± 0.014  100 
SBD-LDB-8  68.43  13.98  5.3 8.65 ± 0.018  52.86 
SBD-LDB-9  69.55  13.91  4 9.91 ± 0.016  45.99 
SBD-LDB-11  76.03  18.73  4.6 14.06 ± 0.044  23.37 
SBD-LDB-12  74.06  15.03  4 11.03 ± 0.027  39.89 
SBD-LDB-16  75.44  16.55  4.6 11.08 ± 0.045  39.61 
SBD-LDB-17  78.14  18.72  3.6 15.05 ± 0.023  17.98 
SBD-LDB-20  72.46  13.87  4.3 9.54 ± 0.023  48.01 
SBD-LDB-22  77.72  17.73  4.6 13.06 ± 0.015  28.82 
SBD-LDB-23  69.42  13.57  3.6 9.91 ± 0.008  45.99 
SBD-LDB-25  66.53  12.02  3.3 8.68 ± 0.038  52.69 
SBD-LDB-26  76.16  16.78  4 12.78 ± 0.016  30.35 

* *Acid Detergent Lignin: Lignin+Ash (Data recorded after 21 days pre- 
treatment) 

* Acid Detergent Fiber (Cellulose+Hemi-cellulose+Lignin+Mineral); 
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Fig. 4. Scanning electron micrographs of the control and LDB treated rice straw for 21 days.  
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A B S T R A C T   

High concentrations of inorganic matter such as silicates, alkali and alkaline earth metals (AAEMs), and heavy 
metals (HMs) in biosolids limit their pyrolysis conversion to high-value products. Therefore, the reduction or 
passivation of the deleterious pyrolytic activities of these native inorganics in biosolids can enhance the yield and 
quality of products obtained during pyrolysis. The pyrolysis of raw and 3% sulfuric acid pre-treated biosolids was 
carried out in a fluidised bed reactor at 300–700 ℃, and the influence of pre-treatment was examined on biochar 
properties, gas production, and bio-oil composition. At all temperatures, the selective removal of ash-forming 
elements (demineralisation) in biosolids by pre-treatment improved organic matter devolatilisation yielding 
higher bio-oil and lower biochar than untreated biosolids. Demineralisation weakened gas production, partic-
ularly at higher pyrolysis temperatures. At 700 ℃, the in-situ formation of acidic metal sulfate salts in sulfuric 
acid-infused biosolids facilitated H+ release, thereby increasing H2 yield to a maximum of 15 mol% compared to 
8 mol% from untreated biosolids and 4 mol% from demineralised biosolids. Biochar produced from treated 
biosolids had considerably lower HMs concentration and higher organic matter retention compared to raw 
biosolids biochar. The effect of pre-treatment on biochar properties was profound at 700 ℃ pyrolysis temper-
ature. Pre-treatment increased biochar fixed carbon by 57%, calorific value by 37%, fuel ratio by 44%, doubled 
the specific surface area from 55 to 107 m2/g, and enhanced porous structure formation. At 300 ℃, the major 
chemical compounds in the bio-oil were amides (20%), N-heterocyclics (25%), and ketones (30%), and higher 
temperatures favoured phenols and aromatic hydrocarbon production. Pre-treatment enhanced the selectivity of 
furans by 10-fold, anhydrosugars by 2-fold, and aromatic hydrocarbons by 1.5-fold relative to the raw biosolids 
bio-oil. Acid pre-treatment is a promising strategy for improving biosolids quality as feedstock for pyrolysis to 
generate high-value products.   

1. Introduction 

Biosolids (stabilised sewage sludge) are solid residues of the waste-
water treatment process. Biosolids are enriched with plant nutrients (N, 
P, K), facilitating their widespread application on agricultural land. 
However, the presence of microbial, organic, and inorganic contami-
nants is reducing the attractiveness of biosolids for direct land applica-
tion [1]. Therefore, a substantial volume of biosolids may not be safely 
applied on land due to increasingly stringent regulations on biosolids 

management. Non-combustive thermal techniques such as pyrolysis, 
gasification, and hydrothermal carbonisation/liquefaction have been 
widely demonstrated for treating biosolids with the potential for 
contaminant destruction and resource recovery [2,3]. Pyrolysis is the 
most promising thermal treatment technique for biosolids processing 
and has been extensively studied under different conditions. At typical 
pyrolysis conditions (usually 400–700 ◦C under an inert atmosphere), 
pathogens and organic contaminants can be effectively degraded, and 
the waste volume can be reduced by at least 30% while generating solid 

* Corresponding author at: Chemical and Environmental Engineering, School of Engineering, RMIT University, Melbourne, VIC 3000, Australia. 
E-mail addresses: ibrahim.hakeem@rmit.edu.au (I.G. Hakeem), kalpit.shah@rmit.edu.au (K. Shah).  

Contents lists available at ScienceDirect 

Journal of Analytical and Applied Pyrolysis 

journal homepage: www.elsevier.com/locate/jaap 

https://doi.org/10.1016/j.jaap.2023.106087 
Received 17 May 2023; Received in revised form 13 July 2023; Accepted 15 July 2023   

mailto:ibrahim.hakeem@rmit.edu.au
mailto:kalpit.shah@rmit.edu.au
www.sciencedirect.com/science/journal/01652370
https://www.elsevier.com/locate/jaap
https://doi.org/10.1016/j.jaap.2023.106087
https://doi.org/10.1016/j.jaap.2023.106087
https://doi.org/10.1016/j.jaap.2023.106087
Anushri Gaur
SDG 06



Journal of Analytical and Applied Pyrolysis 173 (2023) 106087

2

(biochar), liquid (bio-oil), and gaseous (syngas) products [4]. However, 
despite these promising outcomes, biosolids pyrolysis can be limited by 
low conversion, poor selectivity, and product contamination [5]. Unlike 
lignocellulosic biomass, biosolids can have high amounts of inorganic 
matter (up to 50 wt%), depending on the source and stabilisation 
method [6]. The high ash content (and low volatile solids) may limit the 
suitability of biosolids as a pyrolysis feedstock. The inorganic content 
such as silicates, aluminates, alkali and alkaline earth minerals 
(AAEMs), and heavy metals (HMs) can inhibit the conversion of organic 
matter and interferes with the formation pathway of valuable chemical 
compounds during pyrolysis [7]. After pyrolysis, the inorganic minerals 
are largely retained in the biosolids-derived biochar at a higher con-
centration with deleterious influence on the biochar physicochemical 
properties and application potential [8]. For example, biosolids biochar 
with higher HMs concentration may not be attractive for land applica-
tion. Excessively high amounts of ash content and inorganic minerals in 
biochar can reduce the oxidation resistance of the biochar carbon, lower 
the ash fusion temperature, and induce slagging and fouling during 
combustion for energy recovery [9]. Also, higher concentrations of 
minerals can lower chars’ activation potential, reduce microporous 
structure development, and decrease the specific surface areas [10]. 

Three improvement strategies, such as i) feed pre-treatment, ii) use 
of catalysts, and iii) feed co-processing, have been demonstrated to 
enhance the pyrolytic conversion of biosolids to high-value products 
[11]. The extensively studied approaches are co-pyrolysis and in-situ 
catalytic pyrolysis, which involves the wet or dry mixing of biosolids 
with other biomass feedstock or catalyst additives [12–14]. Besides the 
opportunity to manage more than one waste stream, the potential ad-
vantages of co-processing biosolids with other feedstock in the presence 
or absence of catalysts include improved process selectivity, faster 
conversion kinetics, suppression of pollutant release, and enhanced 
product properties [15,16]. Co-pyrolysis, catalytic pyrolysis, and their 
combinations have been demonstrated to improve the pyrolytic con-
version of biosolids through beneficial synergistic interactions of 
co-feedstock and catalysts additive. However, there are still some 
technical issues that require further attention, such as (i) deconvolution 
of the complex conversion kinetics and synergistic interactions, (ii) poor 
product homogeneity arising from feedstock variability and feed particle 
segregation, and (iii) difficulty in catalyst separation and recovery 
during in-situ operations. 

The chemical pre-treatment of biosolids as an initial process step 
before pyrolysis has not been fully explored. Previous works suggested 
that mild acid pre-treatment of biosolids can selectively remove inor-
ganic elements and partially hydrolyse recalcitrant organics to produce 
organic-rich residue suitable for pyrolysis conversion to bio-oil [8, 
17–19]. During acid pre-treatment, protons (H+) from the acid solution 
replaced free or loosely bound metal ions in biosolids via an ion ex-
change mechanism, causing the removal of ash-forming elements [11]. 
Also, deprotonation of carboxylic O–H and hydroxylic O–H functional 
groups can produce many H+ and negatively charged polyions that 
promote the desorption of metal ions in biosolids [20]. Depending on the 
severity of the acid pre-treatment conditions, disintegration (hydrolysis) 
of organic matter in biosolids can occur attributed to the disruption of 
hydroxyl bonds and cleavage of carbonyl groups, as well as the trans-
formation of crystalline compounds to amorphous form, thereby 
reducing the structural and thermal recalcitrance of the treated residue 
[21,22]. For example, mild acid (<5% H2SO4 at 25 ℃ and 1 h) 
pre-treatment of biosolids was reported to remove about 75–95% of 
inherent HMs and 80–95% AAEMs, which reduced the ash content by 
50% without degradation of organic constituents [17]. Then, the py-
rolysis of acid-pre-treated biosolids had higher rates of devolatilisation 
occurring at lower temperatures to produce lower char residues than 
untreated biosolids [8,17]. Similarly, Liu et al. [18] reported that acid 
washing using 0.1 M H2SO4 at ambient conditions for 12 h reduced 
biosolids ash content from 32 wt% to 20 wt% and increased carbon 
content by 26%. Therefore, acid pre-treatment of biosolids before 

pyrolysis may be desired for many reasons, such as (i) reduction of HMs 
concentration and bioavailability in the resultant biochar, (ii) reduction 
of ash content and increased organic matter retention in biochar, (iii) 
enhancement of char textural properties and specific surface area, and 
(iv) improvement of both energy and chemical value of bio-oil through 
reduction of water and oxygenates content ordinarily catalysed by 
native AAEMs. Furthermore, there is an extensive demonstration of acid 
pre-treatment of biosolids for removing HMs and other limiting con-
taminants, thereby improving the grade of biosolids for unrestricted 
beneficial land reuse [20,23,24]. Therefore, biosolids pre-treatment may 
have a two-fold benefit for improving biosolids quality for land appli-
cation as well as for pyrolysis upcycling. 

Existing studies on integrated acid pre-treatment and pyrolysis were 
centred on understanding the role of inherent metals on biosolids’ 
thermal decomposition behaviour and pyrolysis kinetics [19,25,26]. 
The analytical pyrolysis of acid-demineralised biosolids or demineral-
ised biosolids spiked with specific metal additive have been used to 
elucidate the catalytic role of internal or added metals in fostering or 
inhibiting the release of gaseous nitrogen and sulfur compounds, 
degradation characteristics of organic matter, volatiles evolution, and 
pyrolysis activation energy [19,25–27]. There are limited studies on the 
bench-scale pyrolysis of acid-treated biosolids [18,28]. The role of acid 
pre-treatment on the distribution of pyrolysis product fractions (oil, 
char, and gas) and their properties have not been fully documented in 
the literature. Also, the observed effect of pre-treatment of biosolids in 
analytical pyrolysis setup may differ in practical reactor systems such as 
the fluidised bed reactor where gas-solid interactions are faster due to 
improved mass and heat transfer. Hence, biosolids pre-treatment before 
pyrolysis demands an extensive investigation in a typical fluid bed 
reactor under wide conditions of pre-treatment and pyrolysis. 

This work studied the pyrolysis of raw and acid-treated biosolids in a 
fluidised bed reactor at 300–700 ℃ to understand the role of pre- 
treatment on biosolids pyrolysis. It was hypothesised that the removal 
or passivation of inherent metals in biosolids through acid pre-treatment 
could enhance the biochar quality, influence the formation path of 
chemical components in the bio-oil, and affect gas production during 
pyrolysis. Two pre-treatment scenarios were selected to include (i) 
biosolids acid treatment followed by water washing as a neutralisation 
step for selective demineralisation and (ii) biosolids acid treatment 
having residual acid unwashed for metal passivation. The specific ob-
jectives of this work were to study the effect of mild acid pre-treatment 
on (i) biosolids’ physicochemical properties and thermal decomposition 
behaviour, (ii) pyrolysis product distributions, (iii) biochar quality with 
respect to carbon retention, calorific value, HMs concentration and 
bioavailability, and surface morphology, (iv) compositions of chemical 
compounds in the pyrolysis liquid to assess the chemical value of the bio- 
oil, and (v) compositions and evolution profile of non-condensable py-
rolysis gases. 

2. Materials and methods 

2.1. Biosolids collection and sample preparation 

Biosolids used in this study were collected from Mount Martha Water 
Recycling Plant, South East Water Corporation, Melbourne, Australia. 
The plant uses a dissolved air flotation process for sludge activation, 
then anaerobic followed by aerobic digestion for sludge treatment. The 
digested sludge is then dosed with polymer additives to coalesce the 
flocs, followed by mechanical dewatering in a centrifuge and drying in 
solar dryer shed. The biosolids employed in this study are the final solids 
from the dryer. The as-obtained biosolids were dried in an oven at 
105 ◦C, ground, and sieved to 100–300 µm particle size before further 
use. 
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2.2. Biosolids pre-treatment 

The pre-treatment procedure was as described in our previous work 
[17]. The biosolids were pre-treated using a 3% (v/v) sulfuric solution at 
a solid-to-liquid ratio of 1:10 (g/mL) at 25 ◦C under continuous stirring 
at 600 rpm for 1 h. These conditions were obtained from an earlier 
optimisation study [17]. At the end of the pre-treatment experiment, the 
slurry was vacuum filtered to separate into aqueous phase (filtrate) and 
solid residue (treated biosolids). The residue was divided into two por-
tions. The first portion was washed many times with deionised water 
until the filtrate pH was near neutral to remove residual acid and other 
water-soluble inorganics. The second portion was used as obtained with 
no further water washing to study the effects of residual acid on bio-
solids pyrolysis performance. The raw (untreated) biosolids were 
denoted as RB, treated biosolids with water washing were denoted as 
TB, while treated biosolids with no water washing were denoted as 
TB_nw. The generation of large volumes of aqueous waste is a typical 
limitation of acid pre-treatment; however, our recent work has devel-
oped a closed-loop hydrometallurgical process for managing the 
generated aqueous acidic leachate stream via recycling and metal re-
covery [23]. The effect of pre-treatment on the pyrolysis behaviour of 
biosolids was assessed through Thermogravimetry analysis using a 
high-temperature TG/DSC Discovery series SDT650 equipment (TA 
instrument). 

2.3. Pyrolysis experiments and products yield 

Pyrolysis experiments were carried out in a quartz tubular fluidized 
bed reactor under atmospheric conditions. The details of the pyrolysis 
rig and reactor specifications can be found in our previous works [15, 
29]. The pyrolysis procedure involves weighing 40 g of dry biosolids 
feed (RB or TB or TB_nw) into a clean, dry pre-weighed reactor. The 
reactor and its content were inserted vertically into a three-zone elec-
trically controlled furnace with an average heating rate of 35 ◦C/min. 
The reactor and its content were continuously flushed with a stream of 
pure nitrogen to create an inert atmosphere before heating the reactor. 
The experimental setup is shown in Fig S1. Biosolids pyrolysis was 
conducted at three temperatures: 300, 500, and 700 ℃, which were 
selected to study the effect of pre-treatment on the product distribution 
and properties over a wide temperature range. During pyrolysis, a 
continuous stream of nitrogen flow required to achieve a gas velocity 
equivalent to 2.5 times the minimum fluidisation velocity was main-
tained using the Ergun correlation described in our previous work [30]. 
After reaching the desired temperature, the experiment was continued 
for 60 min, sufficient to complete the pyrolysis process. At the end of 
each experiment, biochar was collected from the reactor after cooling 
down to ambient temperature, and bio-oil was collected from the con-
densers. Non-condensable pyrolysis gas was continuously analysed on-
line using micro-GC equipment connected to the pyrolysis gas cleaning 
units. Nine primary experiments were conducted, 3 samples by 3 tem-
peratures. The pyrolysis product notations are distinguished by sample 
name-pyrolysis temperature, e.g., RB300 denoted Raw biosolids pyro-
lysed at 300 ℃. At least a single repeat experiment was conducted for all 
samples, and average data has been reported with error bars repre-
senting the standard deviation. Product yields were calculated using 
Eqs. (1)–(3). 

Biochar(wt%) =
Weight of biochar

Weight of biosolids feed
X100% (1)  

Bio − oil (wt%) =
WCT ,af ter − WCT ,bef ore

Weight of biosolids f eed
X100% (2)  

Gas(wt%) = 100% − Biochar (wt%) − Biooil(wt%) (3)  

Where WCT refers to the weight of the condensers and oil collecting 
tubes. 

2.4. Products characterisation 

2.4.1. Biochar 
Proximate analysis of biosolids and their biochar were carried out 

using a TGA 8000 Perkin Elmer equipment, and the ultimate analysis 
was performed in a CHNS 2400 Series II Perkin Elmer equipment 
coupled to a thermal conductivity detector. Physicochemical properties 
such as pH and electrical conductivity (EC) were determined using a pre- 
calibrated platinum electrode probe. Higher heating value (HHV) was 
estimated using the correlation of Channiwala and Parikh [31] shown in 
Eq. (4). Bulk density of the biosolids and biochar samples was deter-
mined using the standard measuring cylinder method [30]. FTIR Spectra 
were captured in absorbance mode over a scanning wavelength of 
4000–650 cm− 1 at 32 scanning times and 4 cm− 1 resolutions using 
Frontier FTIR Spectroscopy (Spectrum 100, Perkin Elmer). Scanning 
electron microscope (SEM) FEI Quanta 200, USA, was used to analyse 
the surface morphologies of biochar samples after coating with iridium 
using Leica EM ACE 600 sputter coating instrument. The SEM instru-
ment was operated at 30 kV, and SEM images were captured at the same 
spot size (5.0) and magnification (×3000) to compare all samples’ sur-
face morphology. Brunauer–Emmett–Teller (BET) Surface Area Analysis 
was employed to estimate the surface area of the samples using Micro-
meritics TriStar II instrument. 

The concentration of major elements in biosolids and biochar sam-
ples was measured using XRF analysis (S4 Pioneer Bruker AXS). Trace 
elements were measured using ICP-MS analysis following the acid 
digestion of the biosolids samples in aqua regia following the procedure 
described in Hakeem et al. [17]. Lastly, the potential soil bioavailable 
HMs concentration in biochar samples was measured using the dieth-
ylenetriamine pentaacetate (DTPA) acid extractable metal procedure 
[32]. Briefly, the extractant was prepared by weighing 1.97 g of DTPA, 
1.47 g of CaCl2.2 H2O, and 14.92 g of triethanolamine and dissolved in 
deionised water to make up 1 L solution. The pH of the solution was 
adjusted to 7.3 using concentrated HCl. Then 1 g of biochar sample was 
added to 10 mL of the pH-adjusted extractant solution, and the mixture 
was agitated at 250 rpm overnight at room conditions. The metal 
enrichment factor (MEFi) and metal retention/recovery (Ri) in the bio-
char was estimated using Eqs. (5) and (6), respectively [17]. 

HHV
(
MJ
kg

)

= 0.3491C+ 1.1783H+ 0.1005S − 0.1034O

− 0.0151N − 0.0211Ash
(4)  

MEFi =
Metali concentration

(
mg
kg

)
in biochar

Metali concentration
(
mg
kg

)
in biosolids

(5)  

Ri(%) = MEFi X biochar yield (wt%) (6)  

2.4.2. Bio-oil compositions 
Pure bio-oil oil samples collected from the condenser during pyrol-

ysis were used for the analysis. Bio-oil samples were dissolved in DCM 
before analysis in a Gas Chromatography-Mass Spectrometry (GC/MS 
Agilent Technologies, GC/MSD 5977B, 8860 GC system) instrument. 
HP-5MS (19091S-433UI) capillary column (30 m length, 0.25 mm I.D. 
and 0.25 µm film thickness) was used in the GC/MS equipment, and the 
temperature program of the oven was as follows: isothermal hold at 
45 ◦C for 3 min, ramp to 300 ◦C at 7 ◦C/min and isothermal hold at 
300 ◦C for 5 min. Other conditions were 300 ◦C - injection temperature; 
280 ◦C - MS transfer line; 230 ◦C - MS ion source; 1 µL - splitless injection 
volume; 23.0 mL/min - total inlet flow, and helium was used as the 
carrier gas. The relative composition of chemical compounds in each 
bio-oil sample was determined by peak area normalisation, denoted as 
peak area percentage [15]. For further analysis, the identified com-
pounds in each bio-oil sample were categorised into different chemical 
groups such as oxygenated, nitrogenated, hydrocarbons, phenolics, 
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anhydrosugars, and sulfur-containing compounds. Acids, alcohols, al-
dehydes, esters, ethers, furans, and ketones were categorised into 
oxygenated, while pyrazine, pyridine, pyrrole, azole, amines, amides, 
and nitriles were categorised into nitrogenated. Phenols and their de-
rivatives are phenolics, while saccharides and sugar alcohols are clas-
sified as anhydrosugars. Finally, olefin, paraffin, BTXS (benzene, 
toluene, xylene, and styrene), and PAHs were classified as hydrocar-
bons. This classification was used to provide insight into the chemical 
value of the bio-oil based on dominant platform chemical species and 
study the effect of pre-treatment on the distribution of the chemical 
compounds. 

2.4.3. Pyrolysis gas compositions 
The components and relative compositions (mol%) of the gas stream 

from each pyrolysis experiment were analysed online using a Micro-GC 
490 (Agilent Technologies) instrument connected to the gas scrubbing 
unit from the pyrolysis reactor. The microGC has been calibrated with 
standard gases such as CO2, CO, H2, N2, O2 and C1-C4 hydrocarbon. 
Pyrolysis gasses were sampled every 4 min until the end of the experi-
ment to identify and quantify the gas components. The gas evolution 
profile during the pyrolysis was obtained by plotting the relative gas 
compositions as a function of pyrolysis time. 

3. Results and discussions 

3.1. Effect of pre-treatment on biosolids physicochemical properties 

The effect of H2SO4 pre-treatment on the physiochemical properties 
of biosolids is summarised in Table 1. The mild acid pre-treatment (3% 
H2SO4 at 25 ℃ for 60 min) of biosolids impacted the proximate com-
positions of the biosolids without substantial change in the ultimate 
compositions. Hence demineralisation mechanism dominated the pre- 
treatment process, which selectively removed inorganic matter. The 
percentage change in carbon contents was far lower than the percentage 
change in ash content of biosolids after pre-treatment. Specifically, there 
was a 40% and 20% decrease in ash content for TB and TB_nw, 
respectively and a 10% increase in the volatile matter for the treated 
samples. In contrast, the carbon, hydrogen, and nitrogen contents of the 
treated samples differ by less than 10% relative to the raw biosolids, 
attributed to the loss of acid-soluble light volatiles. The ash content 
decreased due to the substantial removal (>60%) of ash-forming ele-
ments (such as AAEMs, Fe, Al, and HMs) from the biosolids. Devolati-
lisation was slightly enhanced by pre-treatment due to the hydrolysis of 
recalcitrant organics, thereby increasing volatile matter from 57% in 
raw biosolids to over 63% in treated feeds. 

There was also a considerable reduction in HMs concentration, 
particularly Cu and Zn, which are the major limiting HMs in biosolids for 
land application. Overall, there was about a 75% reduction in HMs 
concentration in the TB relative to RB. The intensity of demineralisation 
and HMs reduction, as well as other physicochemical changes, were 
lesser in TB_nw than in TB due to the subsequent water-washing step 
performed in the latter, which aided the removal of water-soluble in-
organics and organic components. The HMs concentration (except Cu) in 
TB is within the concentration limit prescribed by Victoria EPA for C1- 
grade (least contaminant grade) biosolids for unrestricted land appli-
cation [33]. The bioavailability of the residual HMs in TB is considerably 
low and can be an attractive material for direct land use in its current 
form [17]. However, other rapidly emerging contaminants in biosolids, 
such as per- and polyfluoroalky substances (PFAS) and microplastics, 
might still be present in TB. Our earlier work observed that sulfuric acid 
pre-treatment could not extract PFAS from biosolids; rather, the process 
concentrated PFAS in the treated solids due to volume reduction [23]. 
Therefore, the thermal treatment of TB via pyrolysis might be necessary 
to completely degrade all potential organic and microbial contaminants 
and produce quality biochar for land beneficiation and other high-value 
applications. 

Notably, there was an increase in sulfur content in TB_nw compared 
to the other two samples indicating the presence of high residual sulfur 
from H2SO4 pre-treatment without any post-treatment water washing. 
The sulfur from H2SO4 could react with organic matter in biosolids to 
form organosulfur compounds, which might initiate the release of 
sulfur-containing volatiles during pyrolysis. The FTIR spectra (Fig S2) of 
the treated biosolids confirmed the formation of organosulfur com-
pounds such as C-S, C––S, S––O, and SO2NH2 groups. The water-washing 
neutralisation steps neutralised residual sulfuric acid and removed the 
precipitated metal sulfate salts, raising the treated solids’ pH to 6.5 
(Table 1). However, the water-washing process caused a loss of total 
solids with a solids recovery of 85% and carbon retention of 82% in TB 
compared to 95% solids recovery and 88% carbon retention in TB_nw. 
Pre-treatment had a negligible change on the calorific value of the feed 
materials due to the contrasting effect of ash and oxygen concentration 
on the HHV correlation (Eq. (4)); however, pre-treatment reduced the 
bulk density of the biosolids, which was more profound in TB due to the 
extra water washing step. The overall observation of the acid pre- 

Table 1 
Effect of pre-treatment on biosolids physicochemical properties.  

Properties Compositions/ 
Elements 

Biosolids samples  

RB TB TB_nw C1-grade 
biosolids* 

Proximate 
analysis (wt% 
dry basis) 

Moisture 1.9 1.8 0.8  
Volatile matter 57.5 63.4 63.6  
Fixed carbon 10.6 16.4 11.3  
Ash 30.0 18.5 24.3  

Ultimate 
analysis (wt% 
dry basis)a 

Carbon 35.4 36.4 32.9  
Hydrogen 4.4 5.1 4.5  
Nitrogen 5.6 5.6 5.5  
Sulfur 0.9 2.3 7.4  
Oxygen 23.8 32.1 25.5  

pH  6.8 6.0 2.0  
EC (µS/cm)  1885 2400 9385  
HHV (MJ/kg)b  14.4 15.1 14.2  
Bulk density (g/cm3) 0.78 0.73 0.77  
Solids recovery 

(%)  
- 80 95  

Carbon retention (%)c - 82.3 88.3  
Major elements 

in ash (wt%) 
Al 0.74 0.54 0.56  
Ca 10.18 5.35 8.54  
Cl 0.35 0.08 0.08  
Fe 4.23 4.07 2.25  
Na 0.12 BDL BDLd  

K 1.07 0.18 0.35  
Mg 0.53 0.12 0.12  
P 1.32 0.54 0.51  
Si 2.69 3.29 2.91  

Demineralisation efficiency (%)e - 38.6 19.0  
AAEMs removal efficiency (%)f - 77.0 65.2  
Heavy metals 

(mg/kg) 
As 2.5 1.3 1.9 20 
Cd 1.3 0.3 0.5 1 
Co 1.3 0.5 0.9 - 
Cu 690 220 500 100 
Cr 20 13 16 400 
Ni 18 7 12 60 
Mn 210 10 53 - 
Pb 20 18 17 300 
Zn 850 160 560 200 

HMs removal efficiency (%) - 76 35   

a Obtained by difference Oxygen = (100-C-H-N-S-Ash); 
b Estimated using the correlation of Channiwala and Parikh (Eq. 4) 
c (Carbon content(wt%)in treated feeds)⁄ (Carbon content(wt%)

in raw biosolids)X Solids recovery(%)
d BDL – Below Detection Limit; 
e Based on ash content reduction; 
f Based on average Na, K, Mg, and Ca content reduction 
* Biosolids grade for land application as prescribed by EPA Victoria [33]. 
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treatment process on the changes in the physicochemical properties of 
biosolids is comparable with the literature [8,18,19]. For instance, in the 
study of Liu et al. [18], 0.1 M H2SO4 pre-treatment of biosolids at 
ambient temperature for 12 h reduced the ash content by 12 wt% and 
increased volatile matter and carbon contents by ~10 wt% relative to 
the untreated biosolids. Tang et al. [19] using 5% HCl, 25 ℃ and 6 h for 
biosolids pre-treatment yielded 8 wt% decrease in ash content and 
~5 wt% increase in volatile matter and carbon contents while nitrogen 
and hydrogen contents remained relatively unchanged compared to the 
raw biosolids. The current work used 3% H2SO4, 25 ℃ and 1 h to ach-
ieve 12 wt% reductions in ash content and 6 wt% increments in volatile 
matter while ultimate compositions were least impacted. 

3.2. Effect of pre-treatment on biosolids thermal decomposition behaviour 

The influence of pre-treatment on the pyrolysis behaviour of bio-
solids is illustrated by the various thermographs shown in Fig. 1. The 
DTG profile (Fig. 1(A)) occurs in three distinct degradation stages, 
which are: (I) dehydration (50–165 ℃), (II) devolatilisation of organic 
components (150–600 ℃), and (III) decomposition of recalcitrant 
carbonaceous materials and residual char organics (>600 ℃). In stage I, 
the dehydration peak attributed to the loss of moisture and light vola-
tiles occurred at 100 ℃ with < 4% mass loss. The major mass loss 

(>50%) occurred in stage II over three degradation peaks at 250, 350, 
and 400 ℃, corresponding to the thermal decomposition of carbohy-
drates, lipids and proteins/biopolymers, respectively [34,35]. The last 
degradation stage III, with < 10% mass loss, peaked at 750 ℃ and was 
attributed to the degradation of recalcitrant organics, such as lignin, and 
a fraction of inorganics, usually carbonates. There were clear differences 
in the DTG thermograph of RB, TB, and TB_nw with respect to changes in 
maximum degradation temperatures and rate of weight loss. The 
maximum degradation temperature shifted to lower values in treated 
samples compared to the raw sample. In contrast, the raw sample’s 
degradation rate was higher than the treated biosolids. For example, the 
maximum degradation temperature was 285 ℃ for RB, and it shifted to 
245 ℃ for TB_nw and 260 ℃ for TB, and while the rate of weight loss 
was 5.5%/℃ for RB and it slightly decreased to 5.3%/℃ for TB and 
4.3%/℃ for TB_nw. These differences can be attributed to the partial 
hydrolysis of organic matter and the removal of inorganics by the 
pre-treatment step, facilitating the thermal devolatilisation reactions at 
lower degradation temperatures. However, the pre-treatment process 
also resulted in the slight dissolution of organic matter, which decreased 
the overall quantity of volatile matter in the treated samples relative to 
RB, thereby reducing the rate of volatile degradation. The lower rate of 
TB_nw degradation compared to the other samples confirmed the for-
mation of thermally stable metal sulfate salts, which inhibited organic 

Fig. 1. Effect of pre-treatment on the thermal decomposition behaviour of biosolids (A) DTG thermograph showing decomposition peaks (B) TG mass degradation 
curve (C) DSC profile showing heat flow (D) plot of fractional conversion as a function of pyrolysis temperature. 
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matter conversion [36]. The TG curve (Fig. 1(B)) shows that the 
decomposition profile of TB and RB was closely similar with no over-
lapping, and at all temperatures, the degradation of TB was always 
higher than RB. This indicated that both samples have a similar organic 
matrix, and the lower ash content in TB was largely responsible for the 
higher mass loss at all temperatures. In contrast, TB_nw had a different 
degradation profile whose mass loss was faster than the other materials 
up to 320 ℃. Beyond this temperature, the mass loss was slower than in 
the other samples. The residual mass of RB and TB_nw was similar 
(40%), while that of TB was the lowest (35%). 

Fig. 1(C) illustrates the DSC curve of the biosolids samples showing 
the thermal energy flow as a function of pyrolysis temperature. Pyrolysis 
is an endothermic process where external energy is needed to break 
chemical bonds and decompose major biochemical components into 
primary decomposition products. From Fig. 1(C), two distinct endo-
thermic peaks occurred at 100 ℃ and 300 ℃, corresponding to loss of 
moisture and organic devolatilisaiton, respectively. After the initial 
transformation up to 350 ℃, the energy needed to heat the feed mate-
rials began to decline, and the decrease of heat flow with increasing 
pyrolysis temperature from 350 to 600 ℃ was almost linear. During this 
stage, there are traces of broad endotherms indicating that the decom-
position of organic matter at 300–600 ℃ required minimal thermal 
energy. However, the non-distinct endotherms made attributing the 
degradation behaviour to specific organic components difficult. Beyond 
600 ℃, a small exothermic spike was observed occurring at 650–750 ℃ 
attributed to the decomposition of carbon refractories such as aromatic 
ring, N-alkyl long chain structures, and carbonates with the release of 
CO2 [37,38]. The intensity of the endothermic peak at 300 ℃ in TB_nw 
suggests that the thermal energy required to decompose its organic 
structure is higher. The infusion of sulfuric acid might have changed the 
organic structure of TB_nw to a thermally recalcitrant matrix through 
the formation of stable metal sulfate salts, consistent with observations 
reported in other works [18,39]. 

The iso-conversional temperature required for the pyrolysis of the 
three biosolids samples at the same heating rate (20 ℃/min) is shown in 
Fig. 1(D). The figure indicates that the pyrolysis conversion of biosolids 
occurred over at least three kinetic regimes: i) ≤ 10% conversion 
occurring at 100–240 ℃ (R-I), ii) 10–80% conversion occurring at 
240–500 ℃ (R-II), and iii) ≥ 80% conversion at 500–800 ℃ (R-III). 
These three kinetic regimes denoted dehydration, primary devolatili-
sation, and secondary devolatilisation and char cracking stages. How-
ever, the temperature required for each conversion stage differs for 
individual samples. For example, 10% conversion of TB_nw occurred at 
190 ℃ and about 230 ℃ for both RB and TB, suggesting that the 
dehydration stage occurred faster in TB_nw compared to the other two 
samples. The faster conversion kinetics of TB_nw continued into the 
primary devolatilisation stage up to 50% conversion, after which the 
rate was slower than RB and TB. Meanwhile, both RB and TB showed 
similar kinetics, up to 80% conversion, suggesting that the organic 
structure of both samples is identical. The slightly higher conversion rate 
of RB beyond 80% can be attributed to the role of native inorganic 
minerals, which promoted the cracking of recalcitrant organic matter. 
Notably, the pyrolysis temperature required to achieve 50% conversion 
was largely similar for all samples (340 ℃), as the conversion rate of all 
samples overlapped at that temperature (indicated by Xe in Fig. 1(D)). 
Overall, the required pyrolysis temperature was lowest for TB_nw at any 
given conversion < 50% and was highest at any given conversion 
> 50%. 

3.3. Pyrolysis products distribution: effect of pre-treatment and 
temperature 

The product distribution of raw and treated biosolids at 300–700 ℃ 
is shown in Fig. 2. The product yields are expressed in dry feed weight to 
compare the influence of the temperature and pre-treatment on pyrol-
ysis product distributions (Fig. 2(A)). According to Fig. 2, with 

increasing pyrolysis temperature (from 300 to 700 ℃), biochar yields 
decreased while bio-oil and gas products yield increased irrespective of 
feed material. This trend in product distribution as a function of pyrol-
ysis temperature is consistent with extant literature [29,30,40]. With 
increasing pyrolysis temperature, mass and heat transfer rates are faster, 
and several thermolysis decomposition reactions are enhanced with the 
rapid cleavage of chemical bonds. For all samples, the effect of pyrolysis 
temperature on biosolids devolatilisation was profound between 300 
and 500 ℃ compared to that between 500 and 700 ℃. Nevertheless, 
bio-oil and gas products yield monotonically increased with tempera-
tures up to 700 ℃, indicating that biosolids contain recalcitrant organic 
fraction requiring higher temperatures to devolatilise. For example, 
during RB pyrolysis, the conversion was 28.8% at 300 ℃; it increased to 
49.7% at 500 ℃ and 58.6% at 700 ℃. A similar trend can be observed 
for TB and TB_nw. The DTG profile in Fig. 1(A) showed that most of the 
organic components in biosolids volatilised at temperatures between 
200 and 500 ℃. There were only slight improvements in bio-oil and gas 
yield by raising the temperature to 700 ℃. 

Pre-treatment had a clear effect on pyrolysis product distribution. 
From Fig. 2(A), pyrolysis of TB produced lower biochar yield 
(38.2–65.6 wt%) than that from RB (41.4–71.2 wt%), and the biochar 
yield from TB_nw (43.0–68.7 wt%) was found to be between the yields 
from RB and TB. In contrast, bio-oil yield from TB (24.7–42.6 wt%) was 
higher than that from RB (20.6–37.0 wt%) and TB_nw (19.6–36.8 wt%). 
Removal of ash-forming elements from biosolids and partial hydrolysis 
of the organic matter by H2SO4 pre-treatment improved the devolatili-
sation of TB to produce more bio-oil and less char residues compared to 
other biosolids samples. It has been indicated that trace levels (<1 wt%) 
of certain ash components in biomass have significant catalytic effect 
during pyrolysis, which can decrease bio-oil yield considerably [41]. 
From Fig. 1(A), TB_nw had the least conversion of all biosolids samples 
producing the highest biochar yield at 500 and 700 ℃. The residual 
sulfuric acid in TB_nw can catalyse crosslinking and polycondensation 
reactions at higher temperatures to form extra char, thereby increasing 
biochar yield [42]. The effect of pre-treatment was prominent on the 
distribution of biochar and bio-oil fractions, suggesting that the removal 
of inorganics had a remarkable influence on the thermal devolatilisation 
of organic matter in biosolids. Depending on the metal species and 
chemical form, mineral components have been shown to play various 
catalytic roles in releasing pyrolytic volatiles from organic matter [26, 
43]. The extent of the interaction of mineral matter on organic matter 
conversion during biosolids pyrolysis has been elucidated in another 
work [8]. The gas product yield increased with increasing pyrolysis 
temperature and was higher for RB and TB_nw than for TB. The catalytic 
effect of the inherent inorganics in RB and residual acid in TB_nw 
facilitated gas production through secondary cracking and dehydration 
reactions, respectively. 

Fig. 2(B) shows the pyrolysis product yield expressed on volatile 
solids (VS) or dry-ash-free basis to discount the effect of ash matter on 
product distribution as well as understand the real impact of pre- 
treatment on the downstream pyrolysis conversion of VS. At all pyrol-
ysis temperatures, RB and TB had a similar yield of bio-oil in the range of 
30–53 wt%, and biochar yield (30–59 wt%) was only similar for both 
samples at 300–500 ℃. However, gas and biochar yield varies sub-
stantially for RB and TB at 700 ℃. This indicates that VS conversion to 
bio-oil was not negatively impacted by demineralisation as in the case of 
TB. In contrast, biosolids pre-treatment without the water neutralisation 
step, as in TB_nw, negatively impacted VS conversion to bio-oil during 
pyrolysis at all temperatures. The higher biochar yield at 500 and 700 ℃ 
for treated biosolids compared to the RB clearly indicates the char 
cracking role of native mineral matter during biosolids pyrolysis. The 
presence of mineral matter in RB caused a substantial cracking of 
recalcitrant volatiles at 700 ℃ to decrease biochar yield and increase 
gas yield. Consequently, RB conversion was 84% against 75% for treated 
biosolids. The elevated VS conversion attributed to the internal minerals 
in RB caused a decrease in fixed carbon and organic matter retention of 
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the resulting biochar. In contrast, the lower conversion of VS in treated 
biosolids increased fixed carbon content and organic matter retention in 
the biochar. The higher biochar yield from the treated samples suggests 
that the pre-treatment process caused a reduction of thermally labile VS 
through the dissolution of acid-soluble organics and the loss of total 
solids during the process. This observation was confirmed by the 
80–95% solids recovery and 82–88% carbon retention in treated bio-
solids relative to RB (Table 1). Besides the loss of total solids and light 
volatiles during pre-treatment, the residual organic structure might also 
be impacted by pre-treatment, increasing the stable VS fraction as 
indicated by the higher fixed carbon contents in treated biosolids. In 
sum, pre-treatment weakened the pyrolysis conversion of biosolids VS to 
gas product only at 700 ℃. 

Under the conditions of this work, there could be more than one 
mechanism through which acid pre-treatment influenced biosolids 
organic matter devolatilisation to produce higher bio-oil and lower 
biochar compared to RB. Perspectives on how biosolids’ devolatilisation 
could be enhanced by acid pre-treatment with water washing step (as in 

TB) have been provided.  

i) The substantial reduction of ash content by pre-treatment increased 
volatile matter concentration in TB. Since the volatile matter content 
per solid mass is higher in TB than RB, the pyrolysis of equal amounts 
of TB and RB implies more volatiles per unit TB mass is available for 
thermal conversion to bio-oil. The lower biochar yield in TB is due to 
reduced ash content since ash components are largely retained in the 
biochar. The proximate compositions of the biosolids changed sub-
stantially after pre-treatment, with a major opposite shift in the 
volatile matter and ash matter contents (Table 1).  

ii) During pre-treatment, complex organic components in biosolids can 
be hydrolysed into simpler components through the disruption of O- 
H bonds by H+ from acid solution and surface deprotonation reaction 
causing the cleavage of carbonyl groups in protein and carbohydrate 
structures [20,22]. The partially hydrolysed organic macromolecules 
in TB are thermally less stable, and their characteristics decompo-
sition temperature occurs in a lower region than untreated biosolids 

Fig. 2. Effect of pre-treatment and temperature on biosolids pyrolysis product distribution (A) expressed on a dry feed weight basis (B) expressed on volatile solids 
(dry-ash-free) basis. 
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(The TGA/DTG curve confirmed the shift to lower degradation 
temperature) (Fig. 1(A)). 

The results of this work provide insight into the impact of acid pre- 
treatment on biosolids pyrolysis product distribution under a wide 
range of temperatures. However, the findings cannot sufficiently iden-
tify the specific organic chemical bonds and components being trans-
formed during pyrolysis, aided or inhibited by pre-treatment. Further 
studies are needed to comprehensively understand the pre-treatment 
process and the exact mechanisms through which organic matter 
devolatilisation occurs to increase bio-oil yield. 

3.4. Effect of pre-treatment on biochar quality 

3.4.1. Physicochemical properties 
The physicochemical properties such as proximate and ultimate 

analyses, caloric value, pH, carbon retention and bulk densities of the 
resultant biochar obtained from the three biosolids feed samples at 
300–700 ℃ are summarised in Table 2. Generally, volatile matter (VM) 
decreased, while fixed carbon (FC) and ash content increased in all 
biochar samples with increasing pyrolysis temperature. However, the 
increase in FC was negatively influenced by higher ash contents in 
biochar as the metal oxides in the ash can further oxidise FC, particularly 
at higher temperatures. During pyrolysis, thermally labile organic 
matter in the biosolids is removed, leading to substantial volume 
reduction. As a result, recalcitrant organic matter and inorganic matter 
are concentrated in the biochar. Increasing pyrolysis temperature 
increased the intensity of organic matter degradation and inorganic 
matter retention. The reduction of VM with increasing temperature had 
a consequential decrease in the ultimate compositions (C, H, N, O) of the 
biochar through dehydration, deoxygenation, decarboxylation, and 
denitrogenation reactions. Pre-treatment had clear effects on the prox-
imate and ultimate compositions of the biochar samples. At all pyrolysis 
temperatures, biochar obtained from treated feeds had lower ash con-
tents and higher FC than RB-biochar due to the prior removal of the ash- 
forming elements via the pre-treatment demineralisation process. TB- 
derived biochar had the highest VM and FC increase, and the lowest 
ash contents decrease compared to corresponding biochar obtained from 

other biosolids feeds, albeit at the cost of biochar yield. Pre-treatment 
with water neutralisation steps retained higher organic matter in the 
biochar (24–58%), supported by the higher carbon contents and calo-
rific value in the TB-derived biochar relative to RB and TB_nw biochar 
(Table 2). Also, the fuel ratio of TB biochar was higher than RB-biochar, 
particularly at 700 ℃; the fuel ratio of treated biosolids biochar was 
higher by 44–63% than RB-biochar. It is then suggested that removing 
minerals before pyrolysis can be a promising approach for strengthening 
biochar carbon-sequestration and energy-recovery potential. Also, the 
lower ash contents in the TB-derived biochar can enhance the biochar- 
carbon resistance to thermal and chemical oxidation, thereby 
increasing the carbon stability, as demonstrated in previous work [8]. 
However, the increase in sulfur contents in the biochar may be an un-
desired outcome of the pre-treatment process, particularly when the 
sulfuric acid pre-treatment is not followed by the water-washing neu-
tralisation step, as in TB_nw. Nevertheless, sulfur is an essential plant 
micronutrient in biochar for land application, and the pre-treatment can 
enrich the derived biochar of sulfur contents compared to RB-biochar. 

The elemental H/C and O/C ratio is typically used to measure bio-
char aromaticity and biochemical stability and can be correlated to 
pyrolysis temperature [44]. The decrease in the H/C ratio indicated 
higher biochar aromaticity due to the strong degree of carbonisation 
with increasing pyrolysis temperature [40]. Biochar produced at higher 
temperatures and from pre-treated biosolids had aromatic and hydro-
phobic structures through the loss of oxygen-containing functional 
groups (such as hydroxyl and carboxyl). Nan et al. [8] also observed that 
removing inherent minerals from sewage sludge via acid pre-treatment 
facilitated the disappearance of oxygen-containing functional groups 
such as C––O, O––C− O, and C− O, while promoting C− C/C––C bonds, 
indicating higher aromatisation of biochar. Pyrolysis temperature plays 
an important role in shaping biochar’s surface chemistry and organic 
structure. At lower temperatures (<500 ℃), the hydrogen-bonding 
network in the organic compounds is eliminated, and hydroxyl groups 
are oxidised to carboxyls. At higher temperatures, methylene groups are 
heavily dehydrogenated to aromatic structures [45]. The bulk (or 
apparent) densities of the biochar obtained at 300–700 ℃ from the three 
biosolids feed samples were found to vary substantially. Generally, there 
was a monotonic increase in bulk density with increasing pyrolysis 

Table 2 
Effect of pre-treatment on biochar physicochemical properties.  

Pyrolysis temperature (℃) 300 500 700 

Biosolids samples RB TB TB_nw RB TB TB_nw RB TB TB_nw 

Proximate analysis (wt% dry basis) 
Moisture 0.37 0.47 0.45 0.80 0.65 0.84 0.84 0.91 0.89 
Volatile matter 46.16 52.11 50.69 29.28 30.67 35.67 20.07 21.70 16.71 
Fixed carbon 14.66 18.45 13.28 17.62 27.66 17.15 19.99 31.32 27.26 
Ash 38.82 28.97 35.57 52.31 41.02 46.35 59.10 46.06 55.15 
Ultimate analysis (wt% dry basis) 
Carbon 39.35 45.08 40.07 32.82 41.67 35.34 30.41 37.27 30.21 
Hydrogen 3.18 3.57 2.80 1.01 1.50 1.08 0.29 0.83 0.48 
Nitrogen 6.55 7.35 6.39 5.47 5.63 5.21 3.25 4.83 4.01 
Sulfur 0.89 2.58 6.13 0.58 3.12 6.06 0.65 3.14 7.32 
Oxygena 11.22 12.45 9.04 7.81 7.07 5.97 6.30 7.87 2.84 
Other properties 
O/C 0.21 0.21 0.17 0.18 0.13 0.13 0.16 0.16 0.07 
H/C 0.97 0.95 0.84 0.37 0.43 0.37 0.11 0.27 0.19 
pH 5.8 5.5 4.1 7.8 6.8 6.3 9.8 9.4 9.6 
EC (µS/cm) 722 1042 2614 305 1500 1868 2160 3218 2902 
Bulk density (g/cm3) 0.79 0.74 0.69 0.80 0.78 0.67 0.83 0.70 0.65 
HHV (MJ/kg)b 15.49 18.19 16.13 10.71 14.95 12.54 9.07 12.44 10.33 
Fuel ratio (FC/VM)c 0.32 0.35 0.26 0.60 0.90 0.48 1.00 1.44 1.63 
Organic matter retention (%VS)d 58.8 57.8 58.6 29.0 33.3 36.8 16.3 24.2 24.7  

a Obtained by difference, i.e. O = 100-(C+H+N + S+Ash); 
b Estimated by the correlation of Channiwala and Parikh [31] (Eq. 4); 
c Fuel ratio was estimated by dividing the fixed carbon content (wt%) by the volatile matter content (wt%) in each sample; 
d Calculated by dividing the volatile solids (VS) in biochar (Biochar yield (wt%)–ash content (wt%)) by the corresponding VS in the respective feedstock (100 (wt%)– 

ash content (wt%)). 
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temperature reflected by the extent of volume reduction caused by py-
rolysis. The bulk density of the RB-biochar was the highest, followed by 
TB_nw and TB-biochar, which is reflective of the lower ash content in 
treated biosolids relative to raw biosolids at a given pyrolysis temper-
ature. Lastly, the pH of the biochar was observed to generally increase 
with increasing temperature largely due to the destruction of acidic 
functional groups and the increase in the concentration of basic func-
tional groups such as char-N as well as metal oxides in the ash contents. 
Biochar produced from TB_nw at 300 ℃ was more acidic (pH 4) than 
biochar from other biosolids samples (pH 5.5–5.8) due to residual sul-
furic acid in TB_nw. However, the pH of all biochar samples was similar 
at 700 ℃ suggesting the inherent acid in TB_nw has no influence on the 
resultant biochar pH, possibly because acidic metal sulfate salts have 
been cracked into normal metal sulfate or oxides form. 

3.4.2. Metals concentration, retention, and bioavailability 
The effect of pre-treatment on the concentration of inorganic ele-

ments in biochar was assessed. The compositions and concentration of 
metal oxides and HMs in the raw and treated biosolids-derived biochar 
produced at 300–700 ℃ are summarised in Table 3. The major ash- 
forming elements enriched in the biochar are oxides of Ca, Si, Fe, P, 
Al, K, Mg, and Na in decreasing order. Expectedly, the metal concen-
tration increased with increasing pyrolysis temperature (decreasing 
biochar yield). The metal concentrations were highest for the RB biochar 

samples containing the full spectrum of metal components. The prior 
removal of inorganic elements during pre-treatment substantially 
reduced the final concentration in the treated biosolids biochar. 
Notably, Na removal in biosolids via pre-treatment was almost 100%; 
consequently, Na2O was only detected in RB biochar and was below the 
detection limit in all treated biosolids biochar samples. According to  
Fig. 3(A), the metal contents in the respective biosolids feed were largely 
retained in their derived biochar with a retention rate of > 90%, con-
firming the thermal stability of the metal species at the pyrolysis con-
ditions. However, at the highest pyrolysis temperature (700 ℃), there 
appears to be some volatilisation of AAEMs, particularly Ca and K, 
attributed to the decomposition of Ca-containing minerals such as 
CaCO3 in the case of RB and CaSO4 hydrates in the case of treated bio-
solids. In addition, the sublimation of KCl at high temperatures may 
cause K loss from the biochar [29]. Moreover, recalcitrant organics 
bonded to mineral matter may decompose at high temperatures leading 
to the release of metal species to the gas phase, lowering their recovery 
in the biochar [46]. 

Heavy metals are limiting contaminants in biosolids and their 
derived char, particularly for land application purposes. The HMs con-
centration in the biochar obtained from the three biosolids samples at 
300–700 ℃ is shown in Table 3. The concentration generally increases 
with temperature with an enrichment factor of at least 1.2 times the 
concentration in the parent biosolids at 300 ℃ and up to 2.5 times at 

Table 3 
Effect of pre-treatment and pyrolysis temperature on metal concentration in biochar.  

Temp. (℃) 300 500 700 

Feed samples RB TB TB_nw RB TB TB_nw RB TB TB_nw 

Major metal oxides (wt%) 
Al2O3 2.1 1.7 1.7 3.0 2.5 2.0 3.4 2.8 2.7 
CaO 14.3 8.7 12.9 17.3 10.8 14.2 18.8 11.7 15.9 
Fe2O3 6.6 4.6 4.0 8.0 6.0 4.7 8.2 6.4 5.0 
K2O 1.5 0.3 0.5 1.8 0.4 0.6 1.9 0.4 0.6 
MgO 1.1 0.3 0.3 1.6 0.5 0.4 1.8 0.5 0.5 
Na2O 0.5 BDLa BDL 0.7 BDL BDL 0.7 BDL BDL 
P2O5 3.4 1.5 1.3 4.4 1.9 1.4 4.8 2.1 1.7 
SiO2 7.7 10.6 8.6 10.6 14.9 8.9 11.9 16.0 11.4 
Heavy metals (mg/kg) 
As 3.0 2.0 2.5 3.5 2.4 3.0 2.1 1.7 1.9 
Cd 1.8 0.5 0.7 2.5 0.7 1 1.8 0.8 0.8 
Cr 30 15 23 47 28 32 35 30 22 
Cu 890 1100 1600 950 1200 1800 1200 1400 1900 
Ni 26 10 17 38 13 24 29 16 16 
Pb 29 25 21 37 40 34 40 40 36 
Zn 1300 400 770 1500 580 970 1600 530 930  

a BDL – Below detection limit 

Fig. 3. Effect of pre-treatment on (A) metal retention in biosolids biochar at 700 ℃ (B) bioavailable HMs concentration in biosolids biochar.  
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700 ℃. Up to 500 ℃, there was an upward trend in the increase in the 
HMs concentration. However, at 700 ℃, there was a decline in the 
concentration of the metals attributed to the rise in the thermal vola-
tilities of certain elements. Specifically, at 700 ℃, less than 50% of As 
and Cd were retained in the biochar, and Zn retention was less than 70%. 
Zhang et al. [47] reported similar observations during sewage sludge 
pyrolysis, with Hg being completely partitioned in the oil and gas 
product fractions as low as 300 ◦C while Cd and As had less than 10% 
recovery in the biochar at 650 ◦C. At 700 ◦C, the thermal volatilities of 
HMs can be ranked as Cu < Cr < Ni < Pb < Zn < As = Cd, suggesting 
that Cu, Cr, and Ni were least involved in migration during biosolids 
pyrolysis. This observation was similar to that reported in previous 
works [29,47]. Cu had the highest retention in biochar due to the high 
affinity of Cu to organic matter [17]. The higher organic matter reten-
tion in TB/TB_nw biochar also explains the higher Cu concentration in 
treated biosolids biochar compared to RB biochar. The poor removal of 
Pb with sulfuric acid resulted in the inconsequential effect of 
pre-treatment on Pb concentration in the biochar obtained from all 
samples. The concentration of all other HMs was lower in treated 

biosolids biochar compared to RB biochar, with the lowest for TB bio-
char. However, the enrichment factor for a given HM was higher in TB 
biochar than in RB biochar. The low ash content in TB weakens the 
dilution effect resulting in higher MEF. For instance, in biochar obtained 
at 500 ℃, Cd concentration increases by 1.9 times for RB and 2.3 times 
for TB; similarly, Zn enrichment was 1.8 for TB and 3.6 for TB. Besides 
the reduction of metal concentration by pre-treatment, there was an 
increase in the stability of the metal as their recovery in the biochar was 
higher for treated samples than the RB (Fig. 3(A)). The removal of 
acid-exchangeable (ionisable) and reducible metal (bound to carbonates 
and Fe-Mn oxides) fractions during pre-treatment facilitated the trans-
formation and stabilisation of the remaining HMs in the treated samples 
to oxidisable (bound to organic matter) and residual fractions (bound to 
silicates) [48]. Therefore, stabilising HMs in the TB and TB_nw biochar 
compared to RB biochar can reduce the undesired migration of HMs into 
oil and gas product fraction during biosolids pyrolysis. 

The reduction of HMs concentration and the increased metal stability 
in the biochar facilitated by pre-treatment may not be enough indication 
of the potential toxicity of the residual HMs. Therefore, DTPA-plant 

Fig. 4. Effect of pre-treatment and temperature on the surface morphology of biosolids biochar (A) RB300 (B) TB300 (C)TB_nw300 (D) RB500 (E) TB500 (F) 
TB_nw500 (G) RB700 (H) TB700 (I) TB_nw700. 
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available HMs concentration was assessed, and the result showed that 
pre-treatment drastically reduces the bioavailable metal concentration 
in the biochar (Fig. 3(B)). Specifically, at 500 ℃, the DTPA-extractable 
Cu concentration from RB biochar was 60 mg/kg, while it was 20 mg/kg 
for TB biochar. Similarly, Zn bioavailable concentration in TB biochar 
was reduced by at least 50% compared to RB biochar at the same py-
rolysis temperature. The effect of pre-treatment follows a similar trend 
for Ni bioavailable concentration reaching about 7 mg/kg in TB700 
compared to 15 mg/kg in RB700. The higher organic matter retention 
and surface functional groups in TB biochar could promote organome-
tallic complexation reaction, thereby enhancing HMs immobilisation in 
the char matrix and decreasing the extractable metal concentrations 
[49]. 

3.4.3. Morphological properties 
The SEM imaging of the biochar obtained from raw and treated 

biosolids samples at 300–700 ℃ is shown in Fig. 4. There was a clear 
distinction in the image of the samples, highlighting the effect of pre- 
treatment and pyrolysis temperatures on biochar surface morphology. 
The image of the biochar obtained at 300 ℃ (Fig. 4(A-C)) showed a 
bulky structure with particle shrinkage resulting from the dehydration 
and decarboxylation of organic matter. The char sample from RB and TB 
appeared similar (Fig. 4(A&B)), and the biochar sample from TB_nw 
(Fig. 4(C)) had a flaky structure with a surface covering arising from the 
acidic metal sulfate salts. At 500 ℃, the image of the char samples 
(Fig. 4(D-F)) showed a matured organic conversion with the compact 
structure becoming disintegrated into small fragments; however, the 
pore structure is not well developed with traces of pore openings. The 
char from TB_nw still showed the thermally stable metal sulfate salts 
coverings, limiting the full development of the pores (Fig. 4(F)). At 
700 ℃ (Fig. 4(G-I)), organic compounds have been completely 
degraded, and the char cracking reaction removed residual volatiles, 
opening up pores within the char matrix and exposing the char surface. 
TB biochar has a strong pore development (Fig. 4(H)) due to enhanced 
devolatilisation and lower ash residues. The RB700 (Fig. 4(G)), due to its 
high ash content, had poor pore structure development attributed to the 
creation of stable organometallic compounds within the aromatic 
structures, which are recalcitrant to thermal volatilisation at 700 ℃ 
[29]. It has been suggested that high levels of ash-forming minerals in 
biosolids would require higher pyrolysis temperatures for their biochar 
pore structure to be fully developed compared to low-ash-containing 
biomass biochar [6]. Hence, reducing the ash minerals in biosolids by 
mild sulfuric acid pre-treatment was beneficial in producing biochar 
with a porous structure, albeit the effect was profound only at 700 ℃. 
However, the presence of residual acid and acidic metal sulfate salts 
inhibited volatile removal and caused pore blockage, as observed in the 
SEM images of TB_nw. 

The BET-specific surface areas and average pore volume of the bio-
char samples are summarised in Table 4. At 300 ℃, the surface area 
(15–25 m2/g) of the biochar from all feed samples was largely similar; 

however, the pore volume of TB (0.024 cm3/g) was almost double of the 
RB (0.012 cm3/g) supporting the elevated rate of inorganic removal by 
pre-treatment and organic matter removal from the bulk of TB sample 
during pyrolysis. Increasing the pyrolysis temperature to 500 ℃ 
increased the biochar surface area by at least 40%, reaching 27 m2/g for 
RB and 40 m2/g for TB, and a further increase in temperature to 700 ℃ 
increased the surface area to 55 m2/g for RB and 107 m2/g to TB. The 2- 
fold higher surface area of TB-biochar compared to RB-biochar was 
supported by the improved pore structure development of TB biochar, as 
shown in Fig. 4(H). Higher surface area and pore volume are indicative 
of the stability of the char structure, which can enhance their application 
in catalysis and adsorption [6]. The pore size distribution indicates that 
the biochar materials are largely mesoporous with pore width in the 
2–50 nm range. However, the relatively lowest pore width in the case of 
TB_nw indicates possible pore blockage by the poorly soluble metal 
sulfate salt, particularly CaSO4 hydrates that covers the surface as 
observed under the SEM imaging. 

3.5. Effect of pre-treatment on bio-oil compositions 

The chemical compositions identified through the GC/MS analysis of 
the bio-oil obtained from the pyrolysis of raw and treated biosolids are 
summarised in Table 5. The results showed that the bio-oil is a complex 
mixture of various chemical compounds grouped into oxygenates, 
nitrogenated compounds, sulfur-containing, and hydrocarbons. Tem-
perature and pre-treatment considerably affect the evolution of volatile 
organic compounds in the bio-oil. Generally, for all biosolids samples, 
the yield of nitrogenated and oxygenated compounds decreased with 
increasing pyrolysis temperature, while hydrocarbons and phenol yield 
increased with temperature. The effects of pre-treatment on the distri-
bution of chemical components in the bio-oil varied with pyrolysis 
temperature. For instance, pre-treatment enhanced hydrocarbon pro-
duction from 20% in RB to 30–35% in treated biosolids at ≥ 500 ℃, 
whereas anhydrosugars yield was increased from 2.1% in RB to 4.5% in 
TB only at 300 ℃, while phenolics yield was similar for all bio-oils at all 
temperatures. 

The bio-oil obtained at 300 ℃ consists mainly of high molecular 
weight nitrogenated and oxygenated compounds, with major chemical 
species being N-heterocyclics and ketones. Nitrogenated compounds in 
bio-oil originated from the thermal devolatilisation of proteins, while 
ketonic compounds are from the primary decomposition of carbohy-
drates. N-heterocyclics could be formed by dehydrogenation of the 
amino group present in proteins and nucleic acids in biosolids and 
through the addition of HCN and/or NH3 to benzene/toluene aromatic 
ring during pyrolysis [50]. Dehydration and decarboxylation of organic 
matter are prominent thermolysis reactions at lower temperatures 
resulting in the formation of high-molecular-weight reactive oxygenate 
fragments such as R–CHO, R–C–O–R, R–CO–OH, and R–O–R [51]. Py-
rolysis at 300 ℃ was selective for producing a few kinds of N-hetero-
cyclics, amides/amines, and ketones, irrespective of the biosolids feed 

Table 4 
Surface properties of biochar samples.  

Pyrolysis temperature (℃) Feed samples Surface properties 

BET specific surface area (m2/g) BJH average pore volume (cm3/g) BJH average pore width (nm) 

300 RB  15.2  0.012  7.94 
TB  25.2  0.024  8.00 
TB_nw  20.5  0.015  7.84 

500 RB  26.9  0.021  8.67 
TB  43.7  0.030  8.81 
TB_nw  32.9  0.017  8.22 

700 RB  55.3  0.039  7.65 
TB  106.9  0.061  8.54 
TB_nw  72.5  0.043  7.03  
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samples. However, inherent minerals in RB and residual acid in TB_nw 
facilitated denitrogenation reactions to generate more volatile-N com-
pounds than TB. For instance, at 300 ℃, total N-compounds were 53% 
for RB and TB_nw and 34% for TB. Significant thermal cracking of heavy 
N-heterocyclic compounds to simple aromatic/aliphatic N-compounds 
occurred at higher pyrolysis temperatures (500–700 ℃), reducing total 
nitrogenated compounds in the bio-oil to ≈ 23% for all samples. The 
effect of pre-treatment on the evolution of N-compounds was less intense 
at 500 and 700 ℃. It has been observed that the interaction between 
mineral matter and N-containing compounds in biosolids was strongly 
limited by pyrolysis temperature [52]. 

Notably, anhydrosugars (including sugar alcohols) production was 
sensitive to pyrolysis temperatures. It was detected only at 300 ℃, and 
the yield was improved by more than 50% following the removal of 
AAEMs in TB. At 500–700 ℃, pre-treatment had no impact on the 
production of anhydrosugars as they are highly susceptible to secondary 
degradation facilitated by metal and acid catalysts as well as higher 
pyrolysis temperatures [53]. However, biosolids pre-treatment favoured 
the production of sugar dehydration products such as maltol and furans 
(10%), mainly comprising 3-HMF, furfural, and 5-methyl furfural. The 
acid catalysis of sugars is a popular route to enhance the formation of 
furfural compounds [54]. The passivation of AAEMs by acid infusion 
selectively enhanced sugar dehydration products, such as levoglucose-
none and furfural, whose yield was observed to be related to the quantity 
of acid added [55]. Phenols and their derivatives may originate from 
biosolids pyrolysis through the secondary decomposition of poly-
saccharides and proteins and are generally enhanced at higher temper-
atures from aromatisation reactions [56]. At 300 ℃, the total phenolics 
yield was less than 10%, mostly detected in RB bio-oil. At higher tem-
peratures, phenolics yield increased to ≈ 15% for both RB and TB, 
whereas it was no more than 10% for TB_nw. Mineral removal by 
pre-treatment had no significant effect on phenol production; however, 

residual acid in TB_nw suppressed phenol formation relative to RB. 
Other works [36,57] have also suggested that phenol precursor such as 
lignin is relatively inert to AAEMs. While AAEMs are largely inert in 
catalysing the cleavage of the ester group in lignin to produce guaiacols 
(vinyl-phenols), it has been found effective in promoting the cleavage of 
β-O-4 aryl ether bonds to produce simple phenolic monomers such as 
cresols [55]. This could explain the higher yield of p-cresol with 
acid-pre-treated biosolids compared to RB. 

Hydrocarbon production increased monotonically with temperature, 
and it grew from 0% to 3% at 300 ℃ to 20–35% at 500 ℃ for all sam-
ples, with RB having the lowest yield. Raising the temperature to 700 ℃ 
increased hydrocarbon yield to 28% for RB, slightly decreasing the yield 
to about 32% for treated biosolids. Monoaromatic hydrocarbons, mainly 
benzene, toluene, xylene, and styrene (BTXS), are the major compounds 
in the bio-oil at higher temperatures ≥ 500 ℃. In contrast, aliphatic 
hydrocarbons, mainly paraffin and olefin, were detected in bio-oil from 
untreated biosolids at < 500 ℃. Acid pre-treatment enhanced aroma-
tisation reactions, which increased the yields of monoaromatic hydro-
carbons due to the suppression of AAEMs-catalysed ring opening and 
fragmentation reactions that would otherwise convert -CH to light ox-
ygenates, COx gases, and char [36,58]. In a previous study [36], acid 
washing and infusion enhanced the formation of aromatic hydrocarbons 
by ~30%; however, both pre-treatment did not significantly change the 
yield of olefins, similar to the observation in the current work. The 
weaker effect of inherent AAEMs caused by acid pre-treatment increased 
the formation of undesired stable polycyclic aromatic hydrocarbons 
(PAHs) in bio-oil from TB and TB_nw; however, PAHs were not detected 
in RB bio-oil at all temperatures. AAEMs and their minerals can enhance 
the cracking of heavy PAHs into monoaromatics, particularly at higher 
temperatures [59]. Lastly, aromatic sulfur compounds such as benziso-
thiazole, thiazolidine, thiophene, and aliphatic S-compounds, mainly 
methyl sulfides, were detected in the bio-oil obtained from treated 

Table 5 
GC/MS analysis showing the chemical composition of the bio-oil samples.  

Bio-oil compositions 

Pyrolysis temperature (℃) 300 500 700 

Biosolids samples RB TB TB_nw RB TB TB_nw RB TB TB_nw 

Compounds Peak Area (%) 
Pyrazine 14.1 2.9 16.3 - - 2.3 4.5 - - 
Pyridine 8.3 6.4 8.5 3.0 1.5 2.3 1.7 1.0 8.5 
Pyrrole 3.4 0.4 - 8.2 1.4 0.4 1.6 5.7 0.5 
Azole 0.3 0.2 - 0.9 6.3 0.9 9.0 8.0 0.5 
Amines 5.3 5.8 16.9 3.4 2.0 0.6 1.3 0.4 4.6 
Amides 19.3 17.6 8.5 7.4 4.8 2.1 4.2 2.3 1.6 
Nitriles 1.8 1.1 3.2 4.5 7.1 7.2 3.8 5.9 6.5 
Total Nitrogenated 52.5 34.4 53.4 27.3 23.0 15.8 26.2 23.7 22.2 
Esters 1.2 2.9 3.5 8.3 15.0 18.8 14.4 10.9 13.0 
Ethers - - - 2.5 - - 2.5 - - 
Ketones 30.5 37.7 16.7 20.9 11.5 8.8 10.6 8.6 6.1 
Aldehydes - 1.0 - - 0.8 - - 0.9 1.0 
Acids 2.1 4.5 7.8 4.4 0.9 3.8 3.6 3.3 6.9 
Alcohols 2.1 0.5 - 0.8 1.5 9.3 1.5 3.0 6.6 
Furans 1.0 10.6 10.4 - - - - - 0.5 
Total Oxygenated 37.0 57.2 38.4 36.9 29.7 40.6 32.6 26.7 34.0 
1,4:3,6-Dianhydro-α-D-glucopyranose 1.2 1.9 - - - - - - - 
2,3,4-Trimethyllevoglucosan 0.5 0.4 - - - - - - - 
Maltol - 0.7 0.7 - - - - - - 
Others 0.4 1.5 - - - - - - - 
Total Anhydrosugars 2.1 4.5 0.7 - - - - - - 
Phenols 8.6 1.0 2.7 11.3 9.3 4.7 8.9 10.2 6.0 
p-Cresol - - - 4.1 5.3 1.4 4.8 6.2 4.2 
Total Phenolics 8.6 1.0 2.7 15.4 14.6 6.1 13.7 16.4 10.2 
Olefin - 0.3 1.0 1.9 2.1 2.1 2.9 2.3 1.8 
Paraffin - 1.2 0.8 6.2 7.7 8.1 11.6 10.4 5.2 
BTXSa - 0.6 1.2 12.4 20.6 25.0 13.1 18.6 20.9 
Polyaromatic - - - - 0.4 0.3 - 0.8 2.8 
Total Hydrocarbons - 2.1 3.0 20.5 30.8 35.5 27.6 32.1 30.7 
Total S-containing compounds - 1.0 1.5 - 2.0 2.7 - 0.9 3.0  

a BTXS- Benzene, Toluene, Xylene, and Styrene 
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biosolids. The evolution of these S-compounds was stronger at ≥ 500 ℃ 
and for TB_nw (up to 3%). Therefore, the acid treatment should be 
accompanied by a neutralisation step, as in TB, to mitigate the release of 
volatile S-compounds. 

Due to the generally high nitrogen and oxygen contents, the bio-oil 
may not be suitable as fuel for energy recovery. However, the chemi-
cal value of the bio-oil obtained at 300 ℃ can be explored for the se-
lective recovery of N-containing compounds, and the ketone-rich 
fraction can be subjected to catalytic hydrodeoxygenation to produce 
olefins [60]. Therefore, biosolids pyrolysis at 300 ℃ may be considered 
a thermal pre-treatment step for the reduction of nitrogen and oxygen 
contents and improve hydrocarbon yield during subsequent pyrolysis at 
higher temperatures [61]. The addition of acid pre-treatment can further 
enhance the chemical value of the bio-oil by increasing sugars, furans, 
and aromatic hydrocarbon, as observed in the current work. Fonts et al. 
[62] reported that ammonia, α-olefins, n-paraffins, aromatic hydrocar-
bons, nitriles, phenols, fatty acids, short carboxylic acids and indole 
were the most attractive chemical compounds in biosolids bio-oil. 

3.6. Effect of pre-treatment on pyrolysis gas compositions 

The evolution profile of non-condensable gases from the pyrolysis of 
raw and treated biosolids at 300–700 ℃ is shown in Fig. 5. The identi-
fied gas components are carbon oxides (CO and CO2), H2, and C1-C3 
saturated hydrocarbon gases (methane, ethane, and propane). The 
concentration of the gases was low at the start of pyrolysis as the feed 
was gradually heated to the desired temperature. The gas concentration 
steadily increased between 10 and 30 min; after that, the concentration 
gradually decreased, reaching zero at 60–90 min. The most abundant 

gas components were H2, CO, CO2 and CH4, while only traces of ethane 
and propane were detected at higher pyrolysis temperatures > 500 ℃. 
Generally, gas production increased with increasing pyrolysis temper-
ature due to the profound thermal cracking of primary decomposition 
products and secondary reactions. At 300 ℃ (Fig. 5(A-C)), CO2 was the 
dominant gas component, with traces of CH4 and H2 in the pyrolysis gas 
stream largely from the decarboxylation of organic matter. At higher 
pyrolysis temperatures, gasification reactions matured, and more gas 
components were formed at higher concentrations stemming from the 
thermal cracking of heavy molecular weight volatiles to lighter ones 
accompanied by the release of C1-C3 hydrocarbons (Fig. 5(D-I)). At 
700 ℃ (Fig. 5(G-I)), the gas evolution was stronger, and the concen-
trations were highest attributed to the profound secondary cracking 
reactions heightened by char-volatile interactions [63]. 

The removal or passivation of inherent metals in biosolids via pre- 
treatment affected the gas evolution and concentration during pyroly-
sis, especially at higher pyrolysis temperatures. The pyrolysis of TB 
produced less CO2, CO, and H2 but slightly more C1-C3 hydrocarbons 
than RB, suggesting that pre-treatment inhibited gas production due to 
the inferior catalytic cracking effect of ash elements. For example, at 
700 ℃, the highest CO and H2 concentration was 4.2 mol% and 8 mol%, 
respectively, for RB (Fig. 5(G)), and it was 3.6 mol% and 4.3 mol%, 
respectively, for TB (Fig. 5(H)). Secondary cracking was prominent and 
catalysed by the native metal in RB, leading to higher concentrations of 
CO and H2. The second CO peak in RB at 700 ℃ (Fig. 5(G)) after 30 min 
pyrolysis time can be attributed to Boudouard char gasification re-
actions where CO2 is reacted with carbon to give CO [30]. Notably, the 
highest gas concentrations were observed during the pyrolysis of TB_nw 
at all temperatures. The XRD pattern of TB_nw identified Ca(HSO4)2 and 

Fig. 5. Effect of pre-treatment and temperature on pyrolysis gas compositions (A) RB300 (B) TB300 (C)TB_nw300 (D) RB500 (E) TB500 (F) TB_nw500 (G) RB700 (H) 
TB700 (I) TB_nw700. 
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Fe(HSO4)3 as the major acidic sulfate salts, which facilitated H2 pro-
duction via the release of H+ through thermal hydrolysis reactions to 
form normal sulfate salts (CaSO4 and Fe2(SO4)3) [64]. The presence of 
residual acid in TB_nw had a remarkable catalytic effect on gas pro-
duction, with CO2, CO, CH4, and H2 yield reaching a maximum con-
centration of 28 mol%, 10 mol%, 10.5 mol%, and 15 mol%, respectively 
(Fig. 5(I)). Whereas, with the full spectrum of metals in RB, the 
maximum gas concentration at 700 ℃ was 12 mol% CO2, 4 mol% CO, 
4.5 mol% CH4, and 8 mol% H2 (Fig. 5(G)). The improved gas production 
in TB_nw despite lean mineral matter compared to RB was attributed to 
the dehydration reactions catalysed by residual H2SO4, favouring 
water-gas reactions [42]. Biosolids acid pre-treatment for deminerali-
sation (as in TB) can be helpful to weaken gas production and CO2 
release, while pre-treatment as in TB_nw strengthened gas production, 
and CO2 yield was more than 2-fold higher than that from RB. 

4. Conclusions 

The quality of biosolids as feedstock for pyrolysis can be improved by 
acid pre-treatment to selectively remove the ash-forming elements and 
HMs without degrading the organic matter. Mild acid pre-treatment 
process (using 3% v/v H2SO4 at 25 ℃ for 60 min) followed by a water 
washing step achieved about 40% reduction of ash content and a 10% 
increase in volatile matter with carbon retention of 80%. In contrast, the 
acid treatment without the water washing step achieved lower demin-
eralisation efficiency (28%) with higher carbon retention (88%). At all 
operating temperatures, the pyrolysis of neutralised acid-treated bio-
solids produced higher bio-oil and lower biochar yield due to improved 
organic matter devolatilisation and inorganic content reduction. The 
presence of residual acid in treated biosolids inhibited organic matter 
conversion to bio-oil; however, it enhanced gas production attributed to 
dehydration reactions and hydrolysis of acidic metal sulfate salts to 
normal metal sulfate salts. Biochar obtained from treated biosolids had 
higher organic matter retention, calorific value, fuel ratio, and fixed 
carbon due to the weakened catalytic cracking of organics, particularly 
at higher pyrolysis temperatures. Biosolids pre-treatment increased the 
stability and reduced the concentration and bioavailability of HMs in the 
derived biochar. The bio-oil composition was impacted by pre- 
treatment, and at 300 ℃, anhydrosugars yield doubled in treated bio-
solids’ bio-oil compared to raw biosolids’ bio-oil. While pre-treatment 
did not have much effect on phenol production, monoaromatic hydro-
carbon yield was remarkably improved. However, the evolution of PAHs 
and sulfur-containing compounds was stronger during the pyrolysis of 
treated biosolids than raw biosolids. Biosolids acid pre-treatment with 
the water washing step is preferred to increase bio-oil yield and enhance 
biochar quality. 
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Abstract 

(Language note by the journal's language editor: the whole manuscript should be checked for accurate use of active and 
passive sentence structures!!!!!) 

The present investigation was carried out to examine the noticeable phytotoxicity symptoms, growth behavior, metabolic 
changes, sulfur, phosphorus, iron, chromium translocation and accumulation in the cluster bean (Cyamopsis tetragonoloba 
L) plants under different concentration of Cr (VI) treatment. Initially plants were grown after sowing of seeds for 90 d with 
supplying essential nutrients solution. On the day 91 after plant growth, Cr treatment was given as potassium dichromate at 
0.05 mM, 0.25 mM and 0.50 mM concentration along with a set of control (0.00 mM Cr). At 0.5 mM of Cr (VI), visual 
toxicity symptoms were noticed 8-9 days after exposure expressed as loss of turgor, old as well as central leaves became 
chlorotic, wilted and reductions in leaf dimension. Later phases of toxicity symptoms appear on newly young upper leaves 
followed by chlorosis and necrosis in patches at subsequent stages.  After 15 days of Cr exposure, toxicity symptoms showed 
at lower levels (0.25 mM) with decreased leaf area, RWC, biomass, yield, concentration of chlorophyll, non-reducing sugar, 
protein nitrogen, total nitrogen, starch, protein, hill activity, glutathione reductase and non-protein thiol; however, the 
concentration of reducing sugar, total sugar, non-protein nitrogen, catalase activity, peroxidase, ribonuclease, acid 
phosphatase, proline and lipid peroxidation increased in the Cr treated plants. Excess levels of Cr concentration resulted in 
reduction of iron (Fe) accumulation in the leaves from 497to 176 µg/g-1dw along with sulfur (S) and phosphorus (P) 
translocation significantly at 0.50 mM Cr concentration. Maximum Cr accumulation recorded in the roots (197µg g-1 dw) 
and leaves (142 µg g-1 dw) and minimum in the shoots (69 µgg-1dw) at higher concentration of Cr (0.50 mM) and 30 days of 
treatment duration. The present study concludes that uptake and accumulation of Cr at higher concentration affect the plant 
growth, metabolic processes, translocation of essential nutrients, crop yield and may lead to health hazards. 

Keywords : Chromium; Phytotoxicity; RWC; Glutathione reductase; Non protein thiol 
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1. Introduction 

The chromium (Cr) is a metal known for its toxic 
effects due to its detrimental effects on living organisms 
including human beings and persistent nature in the soil 
and water for a long time once contaminated (Kapoor et 
al.,2022). Cr (VI) and Cr (III) are more stable among 
several chromium oxidation state (Shanker et al., 2005), 
and hexavalent chromium causes more toxicity in the 
living being as compared to trivalent chromium due to its 
more reactivity and mobility (Cervantes et al., 2001; Von 
Handorf et al., 2021). Cr has been listed as one of the 14 
most dangerous substances due to its toxic and detrimental 
effects on plants and other organisms (EPA 2000). 

Chromium (Cr) in trace amount required in animals 
including human beings for certain metabolism (Mertz 
1969), however, no known biological role reported in the 
plant metabolism (Reale et al., 2016). Presence of 
chromium in water bodies is largely due to discharge of 
industrial effluent particularly from tanneries (Nriagu, 
1988) and electroplating industries. On average, 2000–
3200 tons of Cr beings discharged in the aquatic 
environment by tanneries effluent annually in India 
(Chandra et al., 1997). Discharge of more Cr in the water 
and soil leads to serious health concern through 
environmental and food chain contamination (Dube et al., 
2003; Ahmed et al., 2016; Singh et al., 2021). 

Effects of chromium in relation to phytotoxicity have 
been investigated by Tiwari et al., (2008; 2009; 2013) on 
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important crop plants due to its uptake from soil, water and 
subsequent accumulation in the plant tissues. Cr has 
detrimental impacts on the plant’s growth due to 
imbalances in nutrients uptake and metabolic processes 
due to its competing uptake with other essential elements 
having similar structure and absorption pathway. Also, Cr 
uptake in plants leads to formation of more reactive 
oxygen species (ROS) due to oxidative damage of plant 
tissues, ultrastructural changes in the chloroplast, cell 
membrane and subsequent phytotoxicity (Sharma et al., 
2020a). Phytotoxicity leads to retarded growth of plants, 
seed germination inhibition, degradation of photosynthetic 
pigments, nutrient imbalances, and oxidative injuries 
(Panda et al., 2003; Tiwari et al., 2009; Tiwari et al., 
2013). Trivalent chromium (Cr III) treatment induces 
stunted growth and phytotoxicity with smaller leaves, 
wilting and chlorosis (Chatterjee and Chatterjee 2000). 
Similarly, Cr induced biochemical changes and enzyme 
activities in the crop plant under different concentrations 
leads to chlorosis and necrosis of leaves (Dube et al., 
2003). 

Cr effects nutrients and water uptake in plants leads to   
reduction in cell division, reduced translocation of 
essential elements, decrease uptake of selective   inorganic 
nutrients, increase in generation of reactive radicals and 
oxidative stress, essential nutrients substitution with 
ligands and other key molecules, damage to plant tissues 
and organelles including chloroplasts, mitochondria and 
nucleic acids (Cervantes et al.,2001; Shanker et al., 
2005;Tiwari et al.,2013). Although Cr induced stress may 
be alleviated by activities of antioxidants, it is more 
susceptible to Cr toxicity in plants at higher concentration 
(Dong et al., 2007). Toxicity of Cr basically dependents on 
the oxidation state, mobility in rhizosphere, uptake, 
translocation, and accumulation in the plant tissues. Cr 
(VI) follows the same pathway of active transport for plant 
uptake as other anions like sulphate (Cervantes et al., 
2001). Iron (Fe), Sulfur (S) and phosphorus (P) compete 
with chromium for binding sites of carriers (Wallace et al., 
1976). Micronutrient deficiencies in different crops were 
reported from agricultural fields irrigated with tannery 
effluent (Sujatha and Gupta 1996; Broadwayet al., 2010). 
Present study was undertaken to evaluate tolerance level of 
Cr (VI), visual toxicity symptoms, physiological and 
metabolic changes, nutrient uptake and translocation in the 
plant, cluster bean at different concentration of Cr (VI) 
exposures under sand pot culture growth condition. 

2. Materials and Methods 

2.1. Sand pot culture experimental setup 

The plant Cluster bean (Cyamopsis tetragonoloba L) 
cv. Agaita Guara-112 grown in pre-washed sand as per 
procedure of Hewitt (1966) with slight modification 
(Agarwala and Chatterjee 1996) to maintain ambient 
temperature optimum (250-300C) under glasshouse-
controlled condition for Indian climatic condition. 
Polyethylene made containers with 10 L size having a hole 
at center used to grow plants having roofed with a reversed 
watch glass and glass wool. Nutrient solution was prepared 
(control) with a composition of 4m MKNO3 (Potassium 
nitrate), 4 mM Ca (NO3)2 (Calcium nitrate), 2 mM MgSO4 
(Magnesium sulfate), 1.33 mM NaH2PO4 (Sodium 

dihydrogen phosphate), 100 M Fe EDTA (Ferric 
Ethylene Diamine Tetra Acetic Acid), 10 M MnSO4 
(Manganese sulfate), 30 M H3BO3 (Boric Acid), 1 M 
CuSO4(Copper sulphate), 1M ZnSO4 (Zinc sulphate), 0.2 
MNa2MoO4 (Sodium molybdate), 0.1 M CaSO4 (Calcium 
sulfate), 0.1M NiSO4 (Nickel sulphate) and 0.1 Mm NaCl 
(Sodium chloride). Concentration of iron in the nutrient 
solution is maintained with Fe EDTA (Ferric ethylene 
diamine tetra acetic acid) chelate as per the 
recommendation of Jacobson (1951) and pH maintained to 
6.80.2 in the prepared nutrient solution during the entire 
treatment duration.  

2.2. Plant growth and chromium treatment  

Based on the growth condition, life cycle of test plant 
and assessed phytotoxic parameters under treatment of Cr 
(VI), plants were initially grown for 90 d along with 
complete nutrient solution after sowing of planting seeds 
in the pots to acclimatize and achieve uniform growth 
under sand culture experimental condition. Prepared 
nutrient solution was supplied on regular basis during the 
experiment duration except in case flushing of pots with 
deionized water removing the roots exudates and settled 
salts. After acclimatization under normal growth sand 
culture conditions, on the day 91, pots were kept in a 
group of three pots and three lots along with one lot to 
serve as the control, in which no Cr was added. In the 
remaining lots, Cr (VI) was supplied at 0.05, 0.25, 0.50 
mM concentration superimposed along with base nutrient 
solutions. Nutrient solution was supplied to plant pots 
every day on a regular basis except during the removal of 
salts and other substances from the sand culture medium 
by flushing with deionized water. Visible phytotoxic 
symptoms and other phytotoxic parameters of Cr treatment 
were observed continuously for 30 d after Cr exposures 
with short treatment duration to complete the study before 
the achieving maturity stage of the test plant. Plant pots 
were regularly monitored and maintained under sand 
culture growth condition for 120 days throughout during 
the Cr treatment experiment.  

2.3. Measurement of growth parameters and 
biochemical analysis  

Cr induced effects on growth behavior, metabolic 
changes, imbalances in uptake and translocation of 
sulphur, phosphorus, iron and chromium were studied in 
detail in the present investigation. On 106 d (16 d of 
chromium treatment), the Relative Water Content (RWC) 
was analyzed in the analogous middle leaves as per 
procedure of Barrs and Weatherley (1962) during between 
9.00 and 11.00 AM under waterlogged sand with nutrient 
solution in the pots. Temperature (Ambient) was recorded 
between 25-30oC along with atmospheric humidity at the 
range of 65-75%. As an index of plant growth, leaf area 
(cm2) deliberated by Delta-T leaf area dimension system 
was measured at d 16 after Cr treatment. At d 107 (17 d 
after Cr treatment), mature young leaves were harvested 
from the plants and processed with crude leaf extract for 
determination of chlorophyll (a, b and total) and Hill 
activity, sugars and starch content, nitrogen and phenol 
concentration, and enzyme activities (peroxidase, catalase, 
ribonuclease, and acid phosphatase), lipid peroxidation, 
proline, non-protein thiol and soluble protein by following 
the prescribed standard procedures. Chlorophyll a, b and 
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total content were determined in the leaves extracted from 
harvested fresh leaves by crushing in 80% acetone by 
following the procedure of Arnon (1949). Similarly, Hill 
activity was determined at 620 nm by using calorimeter 
with reaction of 2,4,6-Dichlorophenol Indo Phenol 
(DCPIP) and determined changes in optical density 
(O.D./10 min/100mg fw) by following the method of 
Brewer and Jogendorf 1965.Reducing,non-reducing and 
total sugar concentration in tested plants was determined 
by the method of Nelson (1944).Starch concentration was 
measured as per the method prescribed by Montgomery 
(1957).Nitrogen fraction was analyzed as per the method 
given by Chibnall et al. (1943). Phenols content is 
analyzed by using the method of Swain and Hillis (1959). 
Enzymatic activities of peroxidase, catalase, ribonuclease, 
and acid phosphatase were determined in the harvested 
fresh leaves extract after homogenizing leaf sample in the 
ice-cold glass distilled water (1:10) and grinding with help 
of pestle and mortar at 40C. Peroxidase and catalase 
activity was assayed by the method of Luck (1963) and 
Bisht et al.(1989), respectively. Similarly, ribonuclease 
was assayed by the method of Tuve and Anfinson (1960) 
and acid phosphatase by method of Schmidt (1955). Lipid 
peroxidation is determined in terms of malondialdehyde 
(MDA) content in the leaves by the reaction of  
Thiobarbituric Acid (TBA) as described by Heath and 
Packer, 1968. Proline content was determined by 
following the method of Bates et al.,1973. Glutathione 
reductase was determined in the leaves extract by 
following the procedure of Smith et al., 1988. Non protein 
thiol (NP-SH) and soluble protein were determined in 
leave homogenate precipitated in TCA following the 
method of Boyer (1954) and Bradford (1976) using bovine 
serum albumin (BSA) as standard, respectively. 

2.4. Estimation of iron and chromium 

At 120 d of growth (30 d after Cr treatment), Cluster 
Bean plants are harvested for analysis of tissue. Harvested 
treated plant samples, washed with tap water, were wiped 
with 0.01 N HCl and rinsed with deionized water then 
roots, shoots and leaves were separated, chopped, and kept 
in a forced-draught oven at 700C for complete dryness. For 
analysis of Fe and Cr, harvested dried plant sample was 
digested in a mixture of HClO4: HNO3  (1:4v/v), up to 
dryness (Piper, 1942) to get clear digests samples and 
then diluted with distilled water (milli-Q grade) for 
estimation of iron and chromium using ICP-OES (Optima 
3300 RL). 

2.5. Quality control and assurance 

For quality control and quality assurance, the 
instrumental techniques and standard calibration reference 
materials of Cr (EPA, quality control samples from E-
Merck, Germany) used, and for Iron (BND, 1101.02) from 
National Physical Laboratory (NPL), India used. 
Analytical data quality of the tested element was ensured 
by multiple analysis (n=5) of standard reference samples 
and data established about ±2.01% of certified value. 
Blanks were taken in triplicate for all sets of samples to 
ensure accuracy of the method with the detection limit of 
chromium (0.5 ppb) and iron (0.3 ppb). Mean resurgence 
was observed around 98 and 96 for chromium and iron,  
respectively. 

 

2.6. Analysis of data 

Experiment conducted in a randomized block design 
and all measurements were conducted in triplicate and 
twice. All data was analyzed for two-way analysis of 
variance (ANOVA) to measure significance between 
treatments and to ensure variability and validity of results. 
Standard deviation of the means was calculated and given 
along with the mean according to the method of Panse and 
Sukhatme (1954). 

3. Results 

3.1. Periodic observation of phytotoxic symptoms  

To investigate Cr induced phytotoxicity, the plants of 
cluster bean grown under refined sand pot culture 
condition with Cr (VI) treatment at different concentration 
(0.05, 0.25, 0.50 mM) along with a set of control. The sand 
culture technique was very useful for specific symptoms-
based study, plant nutrition, plant-metal interaction, plant 
physiology and plant biochemistry study of a single or 
mixed metal treatment under controlled conditions as it 
provides better growth conditions as soil without any 
interference of other elements. Phytotoxic effects of 
chromium treatment in the treated plants were observed in 
terms of grain yield production up to the maturity stage. 
After d 8 of Cr treatment, toxicity symptoms were 
observed as chlorosis on the middle leaves followed by 
wilting at 0.25 mM and 0.50mM Cr of treatment. On 10th d 
of Cr treatment, older leaves changed into golden yellow 
color with reduced number and small size followed by 
chlorosis intensification and severe necrosis in subsequent 
days and formed large necrotic areas. Further after a few 
days, chlorotic leaves observed were permanently dried 
and wilted leading to leaf fall. Similarly, the next upper 
young leaf showed the same pattern of toxicity spread over 
a large area. After 15-16 d of Cr treatment, chlorosis 
symptoms are relatively delayed in the leaves of plants 
grown at low concentration of Cr.  

3.2. Growth Responses of cluster bean under Cr 
treatment 

Growth responses of cluster bean plant under 
chromium treatment in terms of biomass production, leaf 
area index and relative water content (RWC), grain yield 
are given in the Table 1. In the present study, dry biomass 
of cluster bean is recorded to decrease with increased 
chromium in the growth medium (Nutrient solution) from 
0.05 mM to 0.50 mM. At 0.5 mM Cr (VI) concentration, 
and after 120 days of maturity, significant reduction 
(76.9%) in biomass was observed as comparison to the 
control plants. In term of grain yield, pods produced only 
in the pots treated with 0.05mM and 0.25 mM Cr (VI), 
pods were not produced at higher level (0.50 mM). 
Similarly, grain weight decreased considerably from 
0.05mM and 0.25 mM of Cr treatment which was more 
pronounced at 0.25 mM Cr (VI) in comparison to control 
plant. Seed size and shape were found abnormal with more 
deformed and shriveled seed in plants treated with higher 
Cr concentration with reduction grain yield (85.94%) at 
0.25 mM of Cr (VI) concentration. At d 118 (28 d after 
metal exposure), leaf area of cluster beans observed 
decrease with increasing Cr (VI) concentration in the 
solution in comparison to control plants and recorded a 
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depression of 55.58% in the plants treated with 0.50 mM 
of Cr (VI). Similarly, relative water content (RWC) was 
observed to decrease gradually in leaves with increasing 
Cr concentration as compared to control plants which 
showed a decrease of 4.26%, 42.9% and 60.3% at 

0.05mM, 0.1 mM and 0.25mM Cr concentration, 
respectively. Biomass reduction in Cr treated cluster beans 
may be due to profound loss of moisture content and tissue 
damage.  

Table 1. Effect of variable chromium exposure on biomass, grain yield, leaf area and relative water content of cluster bean plants.  

Days of 
growth 

Days after metal 
supply 

 mM chromium treatment LSD (P=0.05) 

 Control 0.05 0.25 0.50 

120 30 Biomass: g plant-1 28.52 1.80 21.75 1.03 10.46 0.48 6.58 0.21 0.81 

120 30 Grains: g plant-1 9.75 0.14 5.21 0.11 1.37 0.01 - 0.27 

118 28 Leaf area: cm2 93.15 4.72 77.24 3.84 58.12 2.93 41.37 1.89 2.75 

106 16 RWC: % 96.28 5.63 92.17 4.05 54.96 2.42 38.18 0.94 3.51 

Values are means  SE (n=5).

3.3. Chlorophyll content and biochemical changes 
in cluster bean 

Effects of Cr treatment on the photosynthetic pigment 
and biochemical changes in the cluster bean under 
different concentrations of Cr (VI) are shown in Table 2. 
In the present study, concentration of chlorophyll total, a 
and b decreased variably and manifestly with increase of 
Cr (VI) concentration in the solution supplied to the 
treated plant. However, decrease in content of 
photosynthetic pigment in leaves of the cluster bean 
observed more at 0.25 mM and 0.50 mM of Cr treatment 
with 53.09 % reduction in total chlorophyll in comparison 

to control plant. Decrease in chlorophyll content might be 
due to inhibition of chlorophyll biosynthesis enzymes or 
lipid peroxidation of chloroplast membrane by ROS 
exposed with high concentration of Cr (VI) treatment. 
Carotene content in fresh leaves of cluster bean plant 
recorded decreased with increasing concentration of Cr 
(VI) in the solution. Highest decline was observed at 0.50 
mM treatment by 82.09%. Similarly, reducing sugars 
content was recorded appreciably in higher order. 
Compared to control leaves, Cr treated plants showed 
higher reducing sugars with increasing Cr (VI) 
concentration.  

Table 2. Variable chromium exposure on concentration of chlorophyll, carbohydrate fraction, starch, nitrogen and phenol in leaves of 
cluster bean leaves (at d 107; 17 d after metal exposure).  

Parameters  mM chromium treatment LSD (P=0.05) 

Control 0.05 0.25 0.5 

Chlorophyll: mg g-1 fresh wt           

A 0.985 0.06 0.639 0.04 0.418 0.42 0.356 0.02 0.07 

B 0.518 0.05 0.347 0.03 0.287 0.03 0.175 0.02 0.03 

Total 1.503 0.13 0.986 0.11 0.705 0.09 0.531 0.03 0.09 

Carotene (mg g-1fw)    4.86±0.23     4.12±0.27      2.27±0.15     0.87±0.08       0.03 

Sugars: % fresh weight  

Reducing 0.27 0.02 0.34 0.02 0.41 0.03 0.49 0.04 0.04 

Non reducing 0.08 0.01 0.07 0.01 0.05 0.01 0.03 0.01 0.01 

Total sugars 0.31 0.02 0.45 0.03 0.49 0.05 0.49 0.04 0.03 

Nitrogen: % fresh weight  

protein nitrogen 1.131 0.13 0.927 0.12 0.655 0.10 0.572 0.06 0.08 

non protein nitrogen 0.253 0.01 0.288 0.02 0.396 0.04 0.465 0.03 0.04 

total nitrogen 1.384 0.15 1.215 0.12 1.051 0.11 1.037 0.07 0.07 

Starch: %  fresh weight 1.175 0.13 0.962 0.11 0.537 0.07 0.381 0.02 0.06 

Phenols: % fresh weight 0.002 0.001 0.004 0.001 0.005 0.007 0.001 0.001 

Values are mean SE (n=5). 

In the same trend, total sugars content also increased 
gradually with increasing chromium in the treatment 
solution. In contrast, Cr treated plants showed a declining 
trend of non-reducing sugars with increasing concentration 
of Cr in the medium. Concentration of protein N decreased 
with an increasing Cr (VI) level in the nutrient medium, 
however, the value of non- protein N was recorded with 
increasing order as compared to non- treated plant. In case 
of total nitrogen content, a decreasing trend is observed 

with increasing Cr concentration in comparison to control 
plant. The starch content decreased in the Cr (VI) treated 
plants and a maximum 67.57% reduction was recorded in 
the plant grown at 0.50 mM of chromium treatment. In the 
present study phenols level was found to increase with Cr 
(VI) concentration in the medium in cluster bean plants in 
comparison to non-treated plants and observed increase by 
47% at higher Cr (VI) concentration (0.50 mM). 
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3.4. Protein content and antioxidant enzyme 
activities in cluster bean  

In the present study, data of protein contents and 
antioxidant enzyme activities in the plant cluster bean 
under Cr (VI) treatment in the sand culture condition were 
quite evident (Fig.1). Results indicate that Cr (VI) 
treatment affects protein content which was observed to 
decrease gradually with increasing Cr (VI) concentration 
in the growth medium and maximum 32.2% and 47.9% 
reduction observed in the plants grown at 0.25mM and 
0.50 mM of Cr (VI) treatment. At d 107 (17 d of 
treatment), catalase activity was found to decrease with 

differential Cr (VI) concentration in treated plants. In 
contrast, peroxidase activity at the same treatment duration 
and concentration of Cr (VI) is recorded to increase in 
treated plants as compared to control plants. Excess 
treatment of Cr at 0.25 mM resulted in slight decrease of 
ribonuclease activity; however, the activity further 
increased gradually up to 0.50 mM. The present study 
showed an increasing trend of activity of acid phosphatase 
at 0.05mM to 0.50 mM of Cr treatment. Hill activity in 
fresh leaves of cluster beans was observed to decrease with 
increased Cr (VI) concentrations. 
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Figure 1. Variable chromium treatment and activities of enzymes, catalase, peroxidase, ribonuclease; hill reaction, acid phosphatase and 
protein concentration in leaves of cluster beans at 107 d (after 17 days of metal treatment). Values are means  SE (n=5) 

3.5. Proline, glutathione reductase, non-protein 
thioland lipid peroxidation 

Proline content, activities of glutathione reductase, lipid 
peroxidation and non-protein thiol (NP-SH) in the leaves 
of cluster beans under different chromium treatment are 
depicted in Table 3. The present investigation data showed 
changes in proline content at higher concentration of 
chromium and increasing trend observed with Cr (VI) 

concentration in the nutrient solution. However, activity of 
glutathione reductase in the Cr treated cluster bean is 
observed to decrease with increasing Cr concentration. At 
d 107 (17 days of metal supply), the activity of lipid 
peroxidation increased with increasing level of Cr (VI) 
from 0.05mM to 0.50 mM, as Cr generates induced 
phytotoxic results in the plant of cluster beans. The activity 
of non-protein thiol (NPSH) was found to decrease with 
excess of Cr (VI) supply in the growth medium. 
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Table. 3. Variable chromium exposure on proline, glutathione reductase and lipid peroxidation and Non protein thiol in the Cluster Bean 
plant leaves (at d 107; 17 d after metal exposure).  

Parameters  mM chromium treatment LSD 
(P=0.05) 

Control 0.05 0.25 0.5 

Proline (µg g-1fw) 0.79±0.06 1.32±0.09 2.05±0.11 3.14±0.15 0.05 

Glutathione reductase (GR) (unit/ min/ mg/ protein) 1.29±0.08 1.17±0.06 1.12±0.07 0.92±0.04 0.03 

Lipid Peroxidation (µg g-1fw) 26.74±2.75 33.62±3.18 39.54±2.54 51.21±4.71 0.09 

Non protein thiol (NPSH) (µg g-1 fw) 98.61±4.82 91.53±3.86 72.19±4.19 57.42±3.07 0.07 

Values are mean SE (n=5). 

3.6. Phosphorus, sulfur, iron and chromium 
concentration in cluster bean 

Translocation of phosphorus (P) and sulfur(S) from 
roots to other parts of the cluster beans is affected by 
higher concentration of Cr (VI) treatment. At higher 

concentration of Cr, the plant cluster bean showed higher 
concentration of P and S in different plant parts as 
compared to the control plant; however, analytical results 
showed more accumulation of P and S considerably in the 
roots (Fig 2). 

  

Figure 2. Variable chromium treatment and S (a) and P (b) uptake and accumulation in different parts of the plant of cluster beans at 120 d 
growth (after 30 days of chromium exposer). Values are means  SE (n=5) 

Higher concentration of Cr (VI) treatment resulted in 
less accumulation of iron in the upper portion of the plant 
including stem, leaves, husk and seed and more 
accumulation in the roots (Fig 3). Chromium accumulation 
in different parts of cluster bean plants varied with 
response to Cr (VI) concentration in the medium (Fig 3) 
and roots, shoots, leaves and other parts of the tested 
plants. Maximum Cr accumulation observed in the roots, 

followed by leaves at higher concentration of Cr treatment 
(0.50 mM). Cr induced toxicity as resulted in reduction of 
economic yields in terms of seed quality and quantity 
observed in the present study. High concentration of Cr 
ranged from 44 to 197 µg/g dw recorded in the roots, 
however, least accumulation of Cr in the shoots observed 
with a range from 49 to 69 µg/g dw at different 
concentration of Cr(VI) treatment.

Figure 3: Variable chromium supply and accumulation of chromium (a) and iron (b) in different parts of the plant of cluster beans at 120 d 
growth (after 30 days of chromium exposer). Values are means  SE (n=5)
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4. Discussion 

Various symptoms of phytotoxicity were observed in 
the plant cluster beans grown under different 
concentrations of Cr (VI) initially as chlorosis on middle 
leaves and subsequently, wilting of affected leaves 
appeared and finally leaf fall at higher concentration 
(0.25mM and 0.50 mM). The color of middle leaves of 
tested plants started to change from green to golden yellow 
in the Cr treated plant. Smaller size and lower number of 
leaves were observed in the Cr treated plants with severe 
chlorosis and necrosis in successive days of the treatment. 
Later, necrotic patches were spread with large areas over 
the entire leaves followed by wilted dry permanently and 
premature leaf fall. However, chlorosis observed delayed 
in the plants grown comparatively at low concentration of 
Cr treatment even after 15 d. The symptoms of high 
concentration Cr in cluster bean plants are new insight in 
ecotoxicological studies and more resemble as reported by 
Dube et al. (2003).  Tiwari et al. (2013) reported on radish 
plants and recommend that the Cr may generate induced 
phytotoxic symptoms, reduction in leaf development, 
growth depression and changes in several biochemical 
activities as common characteristics under Cr stress. Cr 
treated plants showed reduced growth with gradual 
decrease of biomass of cluster bean at 0.05 mM to 0.50 
mM concentration. Similar observation reported by many 
investigators with conclusion that Cr (VI) induces toxicity 
in the plants by effecting physiological and biochemical 
processes leading to reduced crop yield (Tiwari et al., 
2009; Tiwari et al., 2013; Eleftheriou et al., 2015). In our 
finding, the crop yields produced only at 0.05 mM and 
0.25 mM Cr (VI) treatment level; however, abnormal and 
deformed size and shape of seed observed with a 
noticeable reduction in grain yield in cluster beans under 
Cr treatment. Plant yield is reliant on leaf growth and leaf 
area; in our present observation the depression in leaf area 
is observed in treated plants at 0.50 mM as compared to 
control plants. Many studies examined the Cr and its 
interaction with plant growth and reported that Cr impedes 
plant growth, leaf development and yield production while 
going beyond the threshold levels (Arun et al., 2005; 
Tiwari et al., 2009). Reduced RWC observed at higher 
concentration of Cr (VI) treatment with respect to control 
plants. Reduction in the fresh biomass of cluster bean 
recorded due to loss of water as apparent from the low 
RWC of the leaves of plants resulted in wilting. Higher 
concentration of Cr (VI) exhibited lower water potential 
and relative water content which in agreement with the 
observation of Rauser and Dumbroff (1981). The 
extensively high levels of Cr (VI) exposures cause 
moribund the stomatal conductance might be owing to the 
higher oxidative ability of Cr (VI) in the nutrient medium, 
which in turn might be active in hurtful of the cells and 
membrane of stomatal protector cells. 

Decreasing trends of concentration of chlorophyll 
content a, b and total in the leaves of cluster bean under Cr 
(VI) treatment observed, which indicates reduction in the 
photosynthetic synthesis under Cr treatment as compared 
to non-treated control plants. Reduction of chlorophyll 
content may be due to interference of chlorophyll 
biosynthesis (Lushchak, 2011; Sharma et al., 2020b; 
Guanet al.,2021), changes in the chloroplastic structure or 

due to Cr (VI) competes with Mg at functional site of the 
porphyrin ring (Mengel and Kirkby, 2001). Similarly, 
carotene content was also found to decrease as compared 
with control plants which support comparable observations 
reported previously (Mondal et al., 2013; Mondal et al., 
2015). Concentration of reducing sugars and total sugars in 
cluster bean plant leaves was appreciably recorded in 
higher order with increasing Cr (VI) supply; however, 
non-reducing sugars concentration recorded declining. 
Similarly, no significant effects of Cr on non-reducing 
sugars were reported (Agarwala et al., 1977); however, 
reducing sugars content was found to increase with Cr(VI) 
concentration in the growth solution. Increase in reducing 
sugars due to reduction in the vein and inhibition of 
photoassimilate export with more sugar accumulation 
(Rauser and Samarkoon, 1980). Reduction in protein 
nitrogen, total N and increase in non-protein N 
concentration in cluster bean leaves recorded in the Cr 
treated plant in comparison to the control plant. Sharma et 
al. (1995) reported that Cr affects nitrogen accumulation 
and absorption which is apparent in decline in protein N 
content in leaves of wheat plant as N is constituent element 
of protein as well as core element in the different 
biomolecules. In cluster bean leaves starch content is also 
found to decrease under different concentrations of Cr (VI) 
treatment. Similar observation of reduction in biosynthesis 
of starch was reported in citrullus plant (Tiwari et al., 
2008). The concentration of phenols increased in cluster 
bean plant at 0.50 mM of Cr treatment as compared to 
control plants which related to previous study reported by 
Tewari et al. (2001) and reported  same trend of increasing 
phenols level could be due to fast diffusion of H2O2 in the 
cytosol or due to accretion of high phenols and lower 
protein formation under Cr stress. The content of protein 
gradually decreased with increasing Cr (VI) concentration 
in the growth medium. Chatterjee and Chatterjee (2000) 
reported the reduced plant biomass in cauliflower might be 
due to low protein synthesis under stress of Cr, Co and Cu. 
Degradation of protein can also result in the inhibition of 
activity of nitrate reductase (Solomonson and Barber, 
1990; Nazet al., 2021). In cluster bean leaves, the catalase 
activity was found to significantly decrease in Cr (VI) 
treated plants, and the observation agreed with the 
conclusion of Adrees et al. (2015). Catalase might be more 
susceptible to excess levels of Cr (VI) since it binds 
willingly to thiol groups and thereby inactivates the thiol-
containing enzyme. The efficiency of catalase as an H2O2 
scavenger is lowered; therefore, it would not play a 
significant role as an antioxidant (Luna et al., 1994). In 
cluster bean plant leaves, the activity of peroxidase is 
observed to increase with an increase in concentration of 
Cr (VI) in the growth medium. Peroxidase is an enzyme 
which catalyzes reduction of H2O2 into H2O; however, 
ascorbate restricts the reduction of H2O2 (Luna et al., 
1994; Tiwari et al., 2008; Shahid et al., 2016). In cluster 
bean plant leaves, treatment of Cr up to 0.25 mM reduced 
ribonuclease activity; however, further increased activity 
expressed at 0.50 mM of Cr treatment. Enhancement of 
ribonuclease activity contradicts with the earlier finding 
(Strakhov and Chazova, 1981) in the plant grapevines. 
However, some other findings by Tiwari et al. (2013) 
reported the enhanced ribonuclease activity and acid 
phosphatase activity seems similar as per our observation. 
This may be owing to reduced protein synthesis or uptake 
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of inorganic phosphorus (Marschner, 1995). In our present 
observation, the hill activity in cluster bean plant was 
found to decrease with increasing Cr concentration in the 
medium. Reduced chlorophyll content owing to chromium 
stress has an impact on the Hill activity in the tested plant. 
Krupa and Baszynski (1995) investigated that the Cr can 
also inhibit the Hill reaction disturbing together light and 
dark reaction. Proline content showed an increasing trend 
with increase of Cr (VI) concentration in the nutrient 
solution. Similarly, high levels of amino acids such as 
cysteine and enhanced synthesis of proline have been 
observed at high concentration of chromium (Vajpayee et 
al., 2001) and support other studies suggesting only proline 
accumulates in the plants grown under metal stress among 
other amino acids (Zdunek-Zastockaet al., 2021). In 
comparison to the non-treated plant, glutathione activity of 
reductase is recorded to decrease in the cluster bean due 
under higher concentration of Cr (VI). Cr (VI) treatment 
also affected antioxidant enzymes and inhibited activities 
of glutathione reductase (GR), catalase and peroxidase 
(Adrees et al., 2015; Ali et al., 2015). In cluster bean 
leaves, the activity of lipid peroxidation increased from 
0.05 mM to 0.50 mM of Cr (VI). Various studies reported 
increased ROS generation in plants under Cr stress 
resulted in damage of DNA, pigments, proteins, lipids and 
initiate the process peroxidation of lipid leads to oxidative 
burst (Choudhury et al., 2005; Ullah et al., 2009). 
Similarly, lipid peroxidation and enhanced proline were 
reported in radish plants under Cr (VI) treatment (Azmat 
and Akhter 2010).  Non-protein thiol (NPSH) activity 
decreased due to excess amount of Cr in nutrient solution. 
Cysteine, proline, nonprotein thiol acts as non-
enzymaticantioxidants and assist in modulating tolerance 
under Cr toxicity to protect biomolecules from the free 
radicals generated during the oxidative stress (Hayatet al., 
2012). 

In plants, Cr (VI) treatment affects nutrient uptake by 
interfering uptake of essential nutrients. In excess Cr 
treatment resulted in increased phosphorus (P) and Sulphur 
(S) content in various plant parts of cluster bean. However, 
nutrients element accumulated more significantly in the 
roots and translocation of P and S from roots to shoot and 
leaves of plants affected by chromium treatment. Findings 
of Dube et al. (2003) indicated that high concentration of 
Cr affects translocation of P, S and other essential nutrients 
in the Citrullus plants. It is observed that high 
concentration of Cr (VI) treatment resulted in a decrease 
accumulation of iron in shoots and increase in the roots. 
Chlorosis due to Cr treatment has been normally 
associated with lower plant Fe mobilization and uptake 
from root to leaves via stems. In iron deficient conditions, 
leguminous plants enhance root Fe (III) reductase activity 
to increase the efficiency to reduce Fe (III) to Fe (II), 
which is more bioavailable and accumulates in the roots 
(Alcantara et al., 1994). It is also suggested that the excess 
levels Cr disturbs the nutrient uptake stability from the 
nutrient sources (Tiwari et al., 2009). This might specify 
poor utilization of vital nutrients due to Cr toxicity.  
Translocation and accumulation of Cr in different parts of 
cluster bean plant from the nutrient solution indicate 
tolerance responses, which somewhat coincides with an 
earlier study (Dube et al., 2003; Aoet al., 2022) and 
showed variable uptake and accumulation of Cr roots, 
shoot and leaves of plant. Our findings are in consonance 

with the other studied conducted by Huffman and Allaway 
(1973) who recommended that the mobilization of 
chromium from roots to shoot and leaves is poor as Cr 
remains restricted in root.  

5. Conclusion 

In the present investigation chromium (VI) induced 
phytotoxicity emphasized in cluster beans with visible 
symptoms, inhibition of plant growth, reduction of 
biomass and yield quality. Cr (VI) stress involves 
particularly with plant metabolism through uptake, 
translocation, interference in enzymatic activities, and 
competing essential nutrients on binding sites. It is also 
concluded that the tolerance limit of Cr (VI) for cluster 
bean plant was monitored by 0.25 mM level of treatment 
along with essential nutrient solutions, above which the 
behind limit plant does not sustain the induced toxicity 
generated by Cr. Consequently, it is vital to understand the 
potential strategies to restrict Cr uptake and accumulation 
in edible parts of crop plants from contaminated sites and 
to minimize related detrimental effects in the other living 
beings due to Cr contamination. Further, physiological and 
biochemical aspects of Cr (VI) toxicity have not been as 
much considered for study on intact plants in detail. This 
might lead us to conclude that uptake of Cr from the 
contaminated agriculture field-grown crop plants may lead 
to serious health hazards and risk to environmental safety. 
Importance of present studies could be a new insight in 
ecotoxicological studies in assessing possible 
environmental concerns of chromium contamination and 
ensuring safe and sustainable agriculture.  
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A B S T R A C T   

Biosolids contain heavy metals (HMs), restricting their beneficial reuse in agricultural land. However, these 
metals can be a valuable resource in many applications if recovered efficiently. Therefore, the removal and 
recovery of HMs and other limiting contaminants in biosolids without degrading the organic nutrients of the 
resulting treated biosolids demands holistic investigations. A closed-loop hydrometallurgical treatment process 
for metal removal and recovery from biosolids was developed in this study. Firstly, mild acid treatment using 3% 
v/v H2SO4 at 25 ◦C, 600 rpm for 30 min was performed in a 1 L continuous stirred tank reactor to extract 
common HMs (such as As, Cd, Co, Cr, Cu, Ni, Pb, and Zn) from biosolids into the aqueous phase. The effects of 
solids concentration and acid types on the HMs extraction efficiency were studied. Then, the primary acid 
leachate stream was continuously recycled for metal extraction from biosolids until the dissolved metals in the 
solution reached saturation concentration. After that, the dissolved metals were recovered in staged NaOH 
precipitation and adsorption. Low solids contents (<5% w/v) using mineral acids having pH <2 and oxidation- 
reduction potential (ORP) ~500 mV (versus SHE) favoured HMs solubilisation from biosolids with an average 
extraction efficiency of 70%. The dissolution of ferric iron (Fe3+) by H2SO4 and subsequent in-situ formation of 
ferric sulfate enhanced the metal extraction strength of the spent leachate stream during recycling. However, the 
solids loading in each leaching process must be kept low to prevent ferric concentration build-up and precipi-
tation as the leachate pH steadily increases above 2 during recycling. Amongst the metal recovery methods 
investigated, H2O2 oxidation prior to 2-stage NaOH precipitation had the highest efficiency with 75–95% HMs 
recovery. The clarified stream was used to neutralise the acidic treated biosolids to close the process loop. The 
complete process flowsheet was developed with mass balances, and the fate of nutrients (mainly C, N, and P) and 
major per- and polyfluoro alkyl substances (PFAS) were overviewed.   

1. Introduction 

Biosolids, also known as stabilised sewage sludge, are the by-product 
of the wastewater treatment process. Biosolids contain valuable organic 
and inorganic components (mainly N, P, and K) that constitute impor-
tant plant nutrients. These nutrients facilitate the application of a sub-
stantial volume of biosolids in agricultural soils in many countries, 
including Australia (Paz-ferreiro et al., 2018). However, heavy metals 

(HMs) and other contaminants such as pesticides, microbial pathogens, 
microplastics, and surfactants are limiting the attractiveness of biosolids 
for direct land application with increasingly stringent regulations (EPA 
Victoria, 2004; LeBlanc et al., 2009). Thermochemical treatment of sub- 
grade biosolids via pyrolysis, gasification, hydrothermal carbonisation/ 
liquefaction or incineration process can effectively degrade the organic 
and microbial contaminants (Kundu et al., 2021; Ross et al., 2016). 
However, HMs remain a persistent pollutant in biosolids and their 
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thermally-derived products due to the low thermal degradation as well 
as the formidable bioaccumulation and high environmental toxicity of 
HMs (Feng et al., 2018). 

The pre-treatment of biosolids is considered an effective process for 
removing the HMs before land application or thermal processing. 
Several pre-treatment methods, including chemical leaching with acids 
(Gaber et al., 2011; Stylianou et al., 2007), chelating agents (Gheju 
et al., 2011; Leštan et al., 2008), ferric salts (Bayat and Sari, 2010; Ito 
et al., 2000), ionic liquids (Abouelela et al., 2022; Yao et al., 2021), 
surfactants (Guan et al., 2017; Tang et al., 2017), and microbial agents 
(Pathak et al., 2009; Xiang et al., 2000) have been investigated for this 
purpose. Amongst all, leaching with acids is the most common, efficient 
with short operation times, and cost-effective with high industrial 
maturity (Babel and del Mundo Dacera, 2006; Gunarathne et al., 2020; 
Hakeem et al., 2022a). The high oxidising potential, as well as the low 
pH of acids, are favourable for metal dissolution (Ma et al., 2020). In 
addition, most metal cations are basic and readily ion-exchangeable 
with protons from acids (Persson et al., 2017). Therefore, acid leach-
ing plays a leading role in hydrometallurgical processes for metals re-
covery from different materials, including biosolids (Gunarathne et al., 
2020; Montenegro et al., 2016). In a typical acid leaching process, a high 
liquid-to-solid ratio is desired to achieve high HMs dissolution by 
overcoming thermodynamic equilibrium, which occurs when the solid 
dissociates to such an extent that the metal species are fully saturated in 
the solution (Lee et al., 2006). Hence, acid leaching is usually accom-
panied by a large volume of aqueous waste stream with dilute metal 
concentrations. Metal recovery from this dilute stream is unattractive 
and improper disposal poses environmental threats. 

One of the potential ways to manage the resulting leachate stream 
from biosolids pre-treatment is to reuse and recycle the stream for 
another leaching process until the leachate stream gets saturated with 
HMs. The heavily concentrated leachate stream can be a precursor for 
recovering valuable metals. Recycling the aqueous acidic leachate 
stream can be attractive for metal extraction due to its low pH, high 
oxidation-reduction potential (ORP), and presence of surrogate leaching 
components such as dissolved ferric sulfates or chlorides (Beauchesne 
et al., 2007; Ito et al., 2000; Strasser et al., 1995). In addition, recycling 
the acidic waste stream can reduce the overall acid solution re-
quirements during the metal extraction process, with the potential to 
favour the techno-economics of the process. The effect of process vari-
ables such as temperature, acid concentration, solids contents, agitation 
speeds, and contact time on HMs removal efficiency has been elucidated 
in previous studies (del Mundo Dacera and Babel, 2006; Gaber et al., 
2011; Hakeem et al., 2022b; Yang et al., 2021). However, there is a 
limited investigation on the recyclability of the acidic leachate stream as 
a solvent for metal extraction from raw biosolids (Shim, 2023). Partic-
ularly, the effects of solids loading on the recycling performance of the 
leachate stream have not been reported in extant literature. 

The overall hydrometallurgical process can be grouped into three 
sequential stages: metal extraction, leachate concentration and purifi-
cation, and metal recovery (Gunarathne et al., 2020). The growing in-
terest in resource recovery has increased the prospect of critical element 
extraction and recovery from biosolids via hydrometallurgical opera-
tions (Tyagi and Lo, 2013). However, metal recovery from biosolids has 
not been fully explored in the literature beyond the acid leaching stage, 
which removes the metals from biosolids to the liquid phase, as 
described earlier. Therefore, developing a comprehensive hydrometal-
lurgical process chain to understand the feasibility of metal recovery 
from biosolids through the production of less contaminated biosolids is 
desired. While the metal extraction stage is the most critical in the 
overall hydrometallurgical process, leachate purification and metal re-
covery are the most challenging because acidic solvents have poor 
selectivity during metal solubilisation. Moreover, biosolids have many 
metal and non-metal components that elute simultaneously into solution 
during acid leaching. For example, the co-solubilisation of iron, 
aluminium, and alkali and alkaline earth metals (AAEMs) alongside HMs 

usually complicates the selective recovery of valuable metals from the 
leachate stream (Lee et al., 2002). In some cases, elements such as car-
bon (C), nitrogen (N), and phosphorous (P) are dissolved in the acidic 
stream, interfering with the purification and recovery of desired metals. 

The main techniques for metal recovery from aqueous streams are 
chemical precipitation (Liang et al., 2019; Marchioretto et al., 2005), 
electrodeposition (Yao et al., 2021), adsorption (Singh et al., 2020), ion 
exchange (Yoshizaki and Tomida, 2000), and solvent extraction 
(Montenegro et al., 2016). Chemical precipitation using caustic soda 
(NaOH) or slaked lime (Ca(OH)2) and adsorption are the most common, 
less laborious, and suitable for multi-components metal streams typical 
of biosolids leachate (Li et al., 2021; Marchioretto et al., 2005). How-
ever, the efficacy of alkali precipitation of HMs is challenged by the 
amphoteric nature of some metal ions having different optimum hy-
droxides solubility as well as interferences from other metal species, 
particularly iron (de Fátima da Silva et al., 2020). Given the number of 
metal in a biosolids leachate stream, identifying suitable metal recovery 
methods will depend on the final composition, metal concentration, and 
pH (Sethurajan et al., 2017). Studies involving the chemical precipita-
tion of multiple metal from real biosolids leach solutions are limited in 
the literature (Marchioretto et al., 2005). Chemical precipitation and 
adsorption have only been extensively applied on metal ores leachate or 
simulated wastewater containing single or dual metal components (Ait 
Ahsaine et al., 2017; Ni et al., 2019; Xu et al., 2009). 

In summary, the full spectrum of chemical treatment of biosolids for 
HMs removal involving metal extraction, separation of solids from the 
leach liquor, leachate concentration and purification, and metal recov-
ery is missing in the literature. Hence, this study explored a compre-
hensive mild acid treatment of biosolids for HMs extraction and the 
subsequent recovery of the metal from the concentrated leachate stream. 
The specific objectives of the work were to (i) study the effect of acid 
solution and solids concentration on the extraction efficiency of metals 
from biosolids, (ii) investigate the reusability and extraction perfor-
mance of the primary leachate stream through partial and complete 
recycling at optimum solids concentrations, (iii) examine the efficacy of 
staged NaOH co-precipitation, H2O2 oxidation followed by NaOH co- 
precipitation, and biochar adsorption for the purification and recovery 
of HMs from the concentrated leachate stream, (iv) understand the fate 
of dissolved nutrients (mainly C, N, K, and P) and per-and poly-fluoro 
alkyl substance (PFAS) compounds in the process streams, and (v) 
develop and propose optimum process flow diagrams with mass bal-
ances for biosolids metal removal and recovery. This detailed investi-
gation will help to understand the feasibility of developing an in-situ or 
ex-situ hydrometallurgical process for biosolids HMs decontamination 
with potential for nutrient and critical metal recovery within the exist-
ing wastewater treatment facilities. 

2. Materials and methods 

2.1. Biosolids preparation and analyses 

Biosolids used in this study were obtained from Mount Martha Water 
Recycling Plant, South East Water Corporation, Victoria, Australia. The 
biosolids production process was described in our previous study 
(Hakeem et al., 2022b). Before use in the pre-treatment experiments, 
biosolids were dried overnight in an oven at 105 ◦C and sieved to 
100–300 μm particle size. The elemental composition was determined 
by X-ray Fluorescence (XRF, S4 AXS Bruker), ultimate analysis was 
performed using a CHNS Series II Perkin Elmer instrument, and the 
metal concentration was measured using Inductive Coupled Plasma- 
Mass Spectrometry (ICP-MS 2200 series, Agilent Technologies). The 
chemicals used in this work were of analytical grades. They include 98% 
H2SO4 (Chem-Supply Pty Ltd), 65% HNO3 (Univar Pty Ltd), 35% HCl 
(Emplura Pty Ltd), 99% glacial acetic acid (Sigma Aldrich), 99.5% citric 
acid (Sigma Aldrich), 21–23% ferric sulfate pentahydrate (Chem-Sup-
ply) and 30% hydrogen peroxide (Rowe Scientific Pty Ltd). Milli-Q 
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water with a resistivity of 18.2 MΩ cm was used throughout this study. 
Table 1 shows the composition of the biosolids. The concentration of 
some of the HMs, such as Cu, Zn, and Cd, is higher than that prescribed 
for the least contaminant grade (C1) for unrestricted beneficial reuse of 
biosolids according to Victoria EPA biosolids guidelines (EPA Victoria, 
2004). 

2.2. Heavy metals fractionation in the biosolids 

The efficacy of acid leaching for metal extraction depends on the 
chemical fractionation of the metal in the biosolids matrix (Geng et al., 
2020). Therefore, according to previous literature, a modified three-step 
Community Bureau of Reference (BCR) sequential extraction technique 
was used to determine the distribution of metal in the biosolids (Liu 
et al., 2021, 2018; Wang et al., 2019). This method allows the chemical 
classification of HMs species in biosolids, soils, and sediments into four 
major fractions: exchangeable (F-1), reducible (F-2), oxidisable (F-3), 
and residual (F-4) based on the ease of extraction with standard reagents 
(Zhao et al., 2018). The F-1 refers to acid-ionisable metals, F-2 are 
metals bound to carbonates and Fe–Mn oxides, F-3 are metals bound to 
organic matter and sulfides, and F-4 are bound to silicates and recalci-
trant organics. Depending on the severity of the acid leaching condi-
tions, such as acid concentration (or pH), temperature, and time, F-1, F- 
2, and F-3 metals can be removed at various rates in decreasing order, 
while F-4 metals are hardly removed via chemical leaching. The result of 
this analysis is presented in Fig. S1. From Fig. S1, the potential mobility 
of the metals in the biosolids can be estimated by adding F-1 and F-2 
metal percentages (Geng et al., 2020), and this can be ranked as Mn >
Zn > Cd ≈ Ni ≈ Co > Cr > As>Pb > Cu ≈ Fe. Copper has the highest F-3 
percentage due to the higher affinity of Cu to organic matter (Beau-
chesne et al., 2007), while Fe and Pb have the highest F-4 percentages. 
Copper is the most challenging HM to remove in biosolids via acid 
leaching; this observation has been widely reported in other works 
(Beauchesne et al., 2007; Blais et al., 2005; Mercier et al., 2002). 
Therefore, the extraction of Cu under mild acid leaching conditions may 
be limited. 

2.3. Biosolids metals extraction 

The batch pre-treatment procedure was as described previously 
(Hakeem et al., 2022b). All leaching experiments were conducted at 
room temperature (25 ± 2 ◦C) using 3% (v/v) acid concentration under 
continuous stirring at 600 rpm for 30 ± 2 min in a 1 L continuous stirred 
tank reactor. These are the optimised conditions from our previous 
investigation (Hakeem et al., 2022b). The effect of acid types was 
studied by using three mineral acids (H2SO4, HCl, HNO3) and two 
organic acids (acetic and citric) to extract HMs (such as As, Cd, Co, Cr, 
Cu, Ni, Pb, and Zn) from biosolids at 5% (w/v) solids loading using 3% 
(v/v) acid solution. Similarly, the effect of solids concentration was 
studied by leaching biosolids at 1, 3, 5, 10, 15 and 20% (w/v) solids 
using 3% (v/v) H2SO4 solution. At the end of each metal extraction 
experiment, the slurry was transferred into Eppendorf tubes and 
centrifuged at 4000 rpm for 30 min. The leachate stream was carefully 
decanted into sample vials, and the residue (treated biosolids) was dried 
and stored for further analysis. The pH and ORP of the leachate stream 

were measured, and 1 mL aliquot of the well-mixed leachate was 
filtered, diluted, and quantified for metals by ICP-MS. All leaching ex-
periments were performed in triplicates, and average results were re-
ported with errors expressed as the standard deviation of the 
measurements. A schematic illustration of the metal extraction process 
including the downstream separation and metal recovery processes is 
shown in Fig. 1. 

2.4. Concentration of the leachate stream 

2.4.1. Total recycling of the leachate 
The recovered aqueous stream from the parent (primary) pre- 

treatment was reused fully for another extraction process at 5% and 
10% (w/v) fresh biosolids loading; all other conditions remain un-
changed. The process was repeated for five leaching cycles (after the 
parent leaching) using 100% spent leachate stream and fresh biosolids in 
each cycle. The volume of the leachate stream and mass of the fresh 
biosolids were adjusted to achieve 5% or 10% solids loading in each 
cycle. It is assumed that the metals dissolved in the leachate will remain 
in the solution all the time unless the pH ≥2.5, where ferric precipitation 
will be initiated. During the recycling, precipitate from poorly soluble 
metals such as Ca and Pb is partitioned in the treated solids. The parent 
(primary) leachate stream and leachate stream after each successive 
recycle are denoted by R0 and Rn, where n = 1, 2, 3 etc., denotes the 
number of cycles. 

2.4.2. Partial recycling of the leachate 
A constant volume pre-treatment experiment was performed with 

biosolids to liquid (g/mL) ratio of 1:10 (10% solids) and 1:20 (5% solids) 
using the recovered leachate. A fixed mass of biosolids (10 g or 5 g) and a 
solution volume of 100 mL were maintained for this experiment. The 
recycled stream was topped with fresh 3% (v/v) H2SO4 to maintain the 
solution volume at 100 mL for each leaching experiment. The added 
fresh lixiviant (FL) volume replaced the lost solution volume during each 
leaching cycle, including aliquots taken for analysis. Thus, the make-up 
ratio (volume of FL to volume of spent leachate) was ~15 vol% and ~ 
20 vol% at 5% and 10% solids, respectively. The number of effective 
leaching cycles (n) was determined by continuously reusing the spent 
stream with make-up solution until the solution became saturated with 
dissolved metals. At the end of each leaching cycle, the recovered 
leachate stream was filtered to reduce suspended solids carryover before 
reusing it in another leaching cycle. All pre-treatment expriment with 
leachate recyling was repeated at least two times, and average data was 
reported. 

2.5. Metals recovery 

Most HMs precipitate out of solution at a pH range of 7–12 (Fu and 
Wang, 2011); however, the concentrated leachate stream obtained from 
the partial leachate recycling experiment was in the acidic pH (2.45). 
Therefore, an alkaline solution is required to adjust the solution pH to 
the metal precipitation region. Since each metal has different optimal 
precipitation pH depending on the metal ion concentration in the so-
lution (Sethurajan et al., 2017), a typical pH of 9 was chosen for the 
precipitation experiment. A concentrated NaOH (6 M, pH 14) solution 

Table 1 
Metals composition of biosolids.  

Metal type Source Metals composition (mg/kg) 

Major and trace metals This study Ca Mg Na K Al Fe Mn Mo Ba  
35,600 3630 2790 3530 5180 13,440 210 6 185 

Heavy metals  Cr Ni Pb Cd As Co Cu Zn  
This study 22 14 17 1.3 2 3 825 815  
C1 grade* 400 60 300 1 20 – 100 200  
C2 grade* 3000 270 500 10 60 – 2000 2500   

* Biosolids contaminant grade as prescribed by Victoria EPA biosolids guidelines (EPA Victoria, 2004). 
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was used for the precipitation of metal ions to reduce the dilution effect 
on the concentration of the metals. The metal ion precipitation experi-
ment was designed in the following ways to maximise the recovery of 
the HMs from other metal and non-metal contaminants. 

1) Two-step NaOH precipitation when Fe/Al precipitation was consid-
ered: 20 mL of well-mixed and filtered leachate stream was measured 
in a conical flask, and 6 M NaOH was added in drops under contin-
uous stirring until the solution pH was 4.5 ± 0.2. The pH of the so-
lution was monitored via a well-calibrated pH meter, and the amount 
of NaOH added was noted. The sample was left to stay still for 2 h and 
centrifuged at 4000 rpm for 30 min to recover the precipitates. Then, 
5 mL of the clarified stream was treated in the second step with 
NaOH in drops until the solution pH was 9.0 ± 0.5; the solution was 
left to settle for 2 h and centrifuged to recover the precipitates. The 
concentration of metal in the treated liquid after each step was 
measured by ICP-MS.  

2) Single-step NaOH precipitation when Fe/Al precipitation was not 
considered: 10 mL of the leachate stream was treated with NaOH 
until the final pH was 9.0 ± 0.5. The presence of Fe and Al in the 
stream may help in the co-precipitation reaction with HMs since Fe3+

and Al3+ salts are common coagulants used in the wastewater 
treatment process.  

3) Fenton reaction by adding H2O2 when oxidation of Fe and dissolved 
organics were considered: Ferric iron is known to precipitate at low 
pH <4, whereas ferrous has a high precipitation pH >8.5, so H2O2 
can oxidise ferrous to ferric for recovery at stage 1 (pH 4.5). More-
over, dissolved organics in the form of COD (chemical oxygen de-
mand) can limit HMs recovery, so the oxidation of dissolved organic 
by H2O2 was considered before NaOH precipitation. Briefly, a few 
drops of 30% v/v H2O2 (<0.5 mL) were added to 10 mL of well- 
filtered leachate stream. Then, the pH of the stream was adjusted 
to 4.5 with the addition of NaOH in drops to recover Fe/Al. The 
clarified stream was treated in a second stage to co-precipitate all 
other metals at pH 9.0 by adding NaOH.  

4) Adsorption: An attempt to use biochar for adsorption when the 
leachate stream was at acidic pH (2.45) caused the leaching of metals 
from the biochar to the liquid, so adjustment of the leachate pH is 
necessary. Ten mL of clarified leachate (pH 4.5) obtained after the 
first step of Fe/Al precipitation was used for the adsorption experi-
ment. Biochar produced from raw biosolids at 500 ◦C for 3 h resi-
dence time in a muffle furnace was used as the adsorbent and 

charged at a dose of 0.05 g per mL leachate (0.048 g/g leachate). The 
adsorption was carried out at room temperature overnight under a 
constant agitation speed of 250 rpm. The mixture was filtered to 
separate the biochar and the aqueous stream, which was analysed for 
metal contents by ICP-MS. It should be noted that the presence of 
HMs in biosolids-biochar is a major concern only for land application 
of biochar. Metal-loaded biochar can have many valuable applica-
tions in catalysis and energy storage (Shen and Chen, 2022; Wang 
et al., 2017). Besides, biochar adsorption could be an effective and 
cheaper alternative than alkali precipitation for recovering dissolved 
metals from the acidic leachate stream. 

2.6. Process configurations and the fate of nutrients and PFAS 

The process flow diagram was developed to capture the entire hy-
drometallurgical treatment chain from metal extraction via acid leach-
ing to metal recovery via alkali precipitation and, finally, the 
neutralisation of treated solids. Material balances were performed 
assuming a steady-state operation. The flow of C, N, and P in the process 
streams from the biosolids feed to the leachate stream and treated bio-
solids was overviewed. Similarly, twenty-eight compounds of PFAS (per- 
and polyfluoroalkyl substances) were measured in the raw biosolids, 
neutralised treated biosolids, the acidic leachate, and the final liquid 
effluent. The change in pH of both solid and liquid streams along the 
treatment chain might influence the leachability and the final fate of 
PFAS compounds (Kabiri et al., 2022). The C and N content in the raw 
and treated biosolids was determined using a CHN Series II Perkin Elmer 
instrument, while P content was measured by XRF analysis. Total 
organic carbon dissolved in the leachate stream was measured using 
TOC-L (Shimadzu Corporation). Total N representing the sum of total 
Kjeldahl nitrogen (TKN) and NOx and total P analysis, as well as PFAS 
analysis, were performed externally at ALS Water Resource Group, 
Melbourne, Australia. 

3. Results and discussions 

3.1. Effect of acid types 

The efficiency of three minerals acids (sulfuric, nitric and hydro-
chloric) and two organic (acetic and citric) acids at the same volume 
concentration of 3% (v/v) and 5% (w/v) solids were studied on HMs 
extraction (Fig. 2). Mineral acids outperformed organic acids, and 

Fig. 1. Schematic of biosolids hydrometallurgical process for metal removal and recovery.  
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except for Pb, all mineral acids perform similarly in the metal extraction 
process. The high ionising power and extremely low pH of the mineral 
acids (~1.7) compared to the organic acids (~2.7) favoured the sol-
ubilisation of HMs (Gaber et al., 2011). Most sulfate, nitrate, and chlo-
ride salts are highly soluble in water and dilute acids, which may explain 
the similar metal extraction efficiencies of the three mineral acids. 
Sulfuric acid performed poorly in removing Pb owing to the low solu-
bility (0.038 g/L) of PbSO4 in water (Ksp@298 K 1.6 × 10− 8). Generally, 
organic acids are considered weak acids (pKa > 1) as the ionised 
hydrogen concentration is typically lower than strong acids (pKa < 0) at 
the same molar concentration. For instance, the ionised hydrogen con-
centration of nitric acid is 100% of the acid concentration, whereas the 
ionised hydrogen concentration of citric acid is equivalent to 1.3–2.1% 
of nitric acid concentration (Lee et al., 2005). Therefore, it is expected 
that both organic acids have weaker ionic strength to desorb HMs ions in 
the biosolids, especially at low acid concentrations. However, of the two 
organic acids, citric acid was competitive with mineral acids despite 
having a similar pH to acetic acid in the metal extraction process. Citric 
acid is a natural chelating agent, and citrate ions form soluble complexes 
with cations of metals (Ma et al., 2020). Moreover, acetic acid is 
dicarboxylic while citric acid is tricarboxylic; the presence of an extra 
carboxylic group in citric acid also favours the number of available 
chelating sites for metal extraction (Gheju et al., 2011). Therefore, the 
chelating mechanism of citric acid was responsible for the high metal 
extraction rather than the acidolysis (reaction with H+) mechanism for 
the mineral acid-based leaching. Studies have demonstrated that the 
oxidation-reduction potential (ORP) of the leaching solvents can affect 
their metal extraction ability since metal solubilisation usually involves 
an ion-exchange reaction with protons from acid (Babel and del Mundo 
Dacera, 2006; Bayat and Sari, 2010; Blais et al., 2005; Pathak et al., 
2009). In this work, 3% nitric acid had the highest ORP of 611 mV, 
followed by sulfuric acid (590 mV) and hydrochloric acid (473 mV). This 
ORP value can be related to the amount of dissolved oxygen each solvent 
can donate to participate in redox reactions involving metal ions and H+. 
However, there is no obvious difference in the removal efficiency of the 
three mineral acids for all metal ions (except Pb), irrespective of the ORP 
of the slurry/solution. Hence, the metal leaching process observed in 
this study can be stated to be largely controlled by the solution pH. This 
observation is contrary to a few studies reporting that both the leaching 
solution pH and ORP influence HMs solubilisation in biosolids (Beau-
chesne et al., 2007; Blais et al., 2005; Mercier et al., 2002). In particular, 
Cu dissolution was found to be driven by the redoxolysis mechanism 
rather than acidolysis due to the higher affinity of Cu to organic matter 
in sludge (Blais et al., 2005; Strasser et al., 1995). Based on this, the 

leaching of biosolids was further tested with strong oxidising solutions 
such as 3% acidified ferric sulfate (670 mV) and ferric sulfate added 
hydrogen peroxide (603 mV). However, no significant improvement in 
metal extraction was observed, particularly for Cu and Cr, compared to 
mineral acids (data not shown). A previous study has reported that there 
was an optimum pH at which ORP of slurry becomes influential on HMs 
extraction efficiency (Beauchesne et al., 2007). Also, different washing 
agents may have various degrees of affinity and selectivity for different 
HMs. The removal efficiencies of multiple HMs in biosolids can be 
greatly improved by composite or sequential treatment (Shi et al., 
2020). From these results, sulfuric acid was selected for subsequent 
experiments due to the relatively low cost of H2SO4, industrial maturity, 
and lesser toxicity of sulfates of HMs than their corresponding nitrates or 
chlorides salts at the same molar concentration (Erichsen Jones, 1934; 
Nie et al., 2015). 

3.2. Effect of solids concentration 

The effect of solids concentration on the metal extraction from bio-
solids using 3% v/v H2SO4 at 25 ◦C, 600 rpm for 30 min was investi-
gated, and the results are presented in Fig. 3. The solids concentration 
significantly influenced the extraction of the metals (p < 0.05). The 
extraction of all metals (except Pb and Cr) at lower solids contents 
(1–3%) achieved ~60–95% removal compared to 30–80% removal at 
higher solids content (5–15%). This behaviour is expected from the 
stoichiometry of the leaching/desorption reaction. Notably, Mn and Zn 
had the least variation in extraction efficiency with the change in solids 
concentration because they have the highest proportion (75–90%) of 
acid-leachable metal fractions (F-1 + F-2) in the biosolids used in this 
study (Fig. S1). The change in solids concentration was largely incon-
sequential on Cr and Pb extraction. The consistent low solubilisation of 
Cr in biosolids can be attributed to the poor mobility of Cr; the trivalent 
metal ions such as Fe and Cr are more difficult to extract than the 
divalent ions such as Zn, Ni, and Cd due to the competitive uptake of 
protons by the more reactive species. Lead has the highest residual 
(inert) fraction (F-4) of all metals in the biosolids (Fig. S1); therefore, its 
extraction is usually limited by common acids (Gheju et al., 2011; Xiao 
et al., 2015). Moreover, H2SO4 is not a suitable lixiviant for Pb extrac-
tion due to the low solubility of PbSO4 in water (see Fig. 2). The removal 
efficiencies of all other metals increased with decreasing solid/liquid 
ratio, and the maximum extraction efficiency for all metals was observed 
at the lowest solids content (1%). The result agrees with previous 
literature on the effect of solids concentration on metal extraction (Bayat 
and Sari, 2010; Kuan et al., 2010; Wu et al., 2009). Low solids content is 

Fig. 2. Effect of mineral and organic acid solutions on the metal extraction efficiency from biosolids (conditions: 5% (w/v) solids, 3% (v/v) acid concentration, 25 ◦C, 
30 min, and 600 rpm). 
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associated with a higher volume of lixiviant and higher proton (H+) 
concentration, benefiting the dissolution of acid-exchangeable HMs 
fraction (F-1) in the biosolids. Since there are more H+ than available 
surface chelating sites on the biosolids, the excess H2SO4 can penetrate 
the biosolids pores and react with more metal ions, particularly the 
reducible (F-2) and oxidisable (F-3) HMs fractions, leading to overall 
higher extraction efficiency (Yang et al., 2021). 

Table S1 shows the dissolved metal ion concentration in the leachate 
at different solids loading. The dissolved metal ion concentration in mg/ 

L liquid increased with increasing solids contents, while the metal ion 
concentration in mg/kg solids decreased with increasing solids contents 
(Table S1). Treatment using 1% (w/v) solids concentration produced 
cleaner biosolids, while the 15% (w/v) solids produced a highly 
concentrated metal-laden leachate stream which can make the recovery 
of metals more attractive. On the other hand, lower solid loading pro-
duced a dilute liquor stream. Moreover, 1% solids concentration appears 
unrealistic in practical scenarios in wastewater treatment plants 
(WWTPs). Besides, lower solids concentration is associated with higher 

Fig. 3. Effect of solids concentration (w/v) on metal extraction efficiency from biosolids (conditions: 3% (v/v) H2SO4, 25 ◦C, 30 min, and 600 rpm).  

Fig. 4. Effect of fresh biosolids concentration on 100% recycling of the leachate stream (A) & (B) 5% solids (C) & (D) 10% solids (conditions: 3% (v/v) H2SO4, 25 ◦C, 
30 min, and 600 rpm). 
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lixiviant consumption, and dewaterability can be challenging (Vesilind 
and Hsu, 1997). Similarly, at 15% solids, the mass transfer limitation 
was significant, negatively impacting mixing and liquid recovery, and 
the overall metal ion removal efficiency was the lowest. In fact, at 20% 
solids, mixing and separation became difficult, and the leaching process 
was not successful (data not reported). Hence, a moderate 5–10% solids 
loading may be a good balance and are the typical value in most bio-
solids leaching operations (Gheju et al., 2011; Wang et al., 2015; Wu 
et al., 2009). 

3.3. Recyclability of the leachate stream 

3.3.1. Metal saturation concentration and the leachate recycling efficiency 
The cumulative metal concentration in the leachate stream after five 

successive leaching cycles at 5% and 10% solids using 3% v/v H2SO4 
solution, 25 ◦C, 30 min, and 600 rpm is presented in Fig. 4(A-D). It is 
obvious that the primary leachate stream (R0) from the parent leaching 
experiment has not reached its maximum extraction capacity as more 
metals were extracted from fresh biosolids using the R0 stream five 
times. At 5% solids, the R0 stream had higher extraction strength than 
that at 10% because of the higher liquid-to-solid ratio and the dilute 
concentration of the dissolved metal. A higher liquid-to-solid ratio 
slowed the attainment of thermodynamic equilibrium between the dis-
solved metal species and the acidic solution (Lee et al., 2006). The 
leachate streams obtained at 10% solids were saturated faster compared 
to 5% solids. The primary leachate at 5% solids was recycled up to five 
times without reaching saturation point (Fig. 4(A&B)), while the 
leachate at 10% solids can only be reused up to three times, beyond 
which a rapid decline in cumulative concentration was observed (Fig. 4 
(C&D)). There was at least a 3-fold increase in the concentration of all 
metals (except Pb) by completely reusing the primary leachate stream 
from R0 to R5 (Fig. 4(A&B)). At 5% solids, the percentage increase in 
metal ion concentration in the leachate from R0 to R3 can be ranked as 
Cu(II) (249) < Cr(III) (273) < Mn(II) (284) < Zn(II) (293) < Cd(II) (317) 
< As(III) (334) < Co(II) (367) < Ni(II) (419). However, at 10% solids 
(Fig. 4(C&D)), there was a lesser increase in the cumulative concen-
tration from R0 to R3, and the percentage increase was Cu(II) (90) < Cr 
(III) (139) < As(III) (157) < Cd(II) (212) < Ni(II) (254) < Co(II) (275) <
Zn(II) (290) < Mn(II) (300). The percentage increase in cumulative 
concentration for Mn and Zn was similar at 5% and 10% solids, whereas 
there was a substantial decrease in the accumulation of other metals at 
10% solids compared to 5% solids. Expectedly, higher solids loading 
limited the efficiency of metal accumulation during leachate recycling at 
the same extraction cycle with 5% solids. In particular, the cumulative 
Cu loading during recycling was severely impacted at 10% solids, 
possibly due to the dominant redox reaction between soluble Cu(II) and 
iron(II) sulfate, the mechanism which has been elucidated in previous 
literature (Matocha et al., 2005). The 100% recycling of the leachate 
stream at 10% solids performed competitively with 5% solids only in 
removing easily leachable metal fractions (F-1 and F-2) such as Zn and 
Mn, while the removal of other metal species dominant in F-3 was 
largely difficult. The removal of metal ions in F-3 fractions will require 
abundant protons from fresh H2SO4 solution as well as harsh oxidising 
conditions to break the organometallic bond (Beauchesne et al., 2007). 
The monotonic decline in the extraction efficiency after the third recy-
cling at 10% solids (Fig. 4(C&D)) was due to Al/Fe-induced co-precip-
itation of metal from the leachate to the solid phase as the solution pH 
approaches 3, which is conducive for ferric precipitation (Marchioretto 
et al., 2005). The pH of the R5 stream at 10% solids was 4.5, while it was 
2.4 at 5% solids. 

Furthermore, it was observed that all metal extraction profiles fol-
lowed closely that of Fe, and the improved extraction of HMs using the 
spent leachate stream can be attributed to the role of ferric sulfate hy-
drates in the metal desorption process. The iron source in the biosolids is 
the ferric salt coagulant used during the wastewater treatment process. 
Sulfuric acid solution can partly dissolve ferric-containing salts (such as 

FeCl3 or FeOOH), and then dissolved ferric ion can form ferric sulfate 
through ion exchange reaction with SO4

2− or HSO4
− from H2SO4 (Demol 

et al., 2022). Ferric sulfate is a well-known leaching agent which acid-
ifies by hydrolysis (Fe3+ + H2O = FeOH2+ + H+) and increases the 
elution efficiency of HMs from soils and biosolids (Bayat and Sari, 2010; 
Ito et al., 2000; Shi et al., 2020; Strasser et al., 1995). X-ray photo-
electron spectra of the metal precipitates confirmed the presence of 
ferric sulfate (Fig. S2). The effective extraction of HMs by dissolved Fe3+

is due to its ability to oxidise metal sulfides to soluble metallic ions and 
the release of more protons through the hydrolysis of ferric hydrates 
(Pathak et al., 2009). The dissolution of inherent ferric-containing 
components in biosolids and the subsequent formation of ferric sul-
fates extended the overall extraction strength of the leachate stream 
during recycling. The presence of native ferric salts was beneficial for 
the reuse of the leachate stream; however, there is a critical Fe3+ con-
centration beyond which it counteracts the HMs extraction as Fe3+

precipitates at a low pH value (<4). It was observed that the higher the 
concentration of Fe in the stream, the better the extraction efficiency of 
other metals up to a certain Fe concentration (~1400 mg/L). This is 
consistent with the study of Ito et al. (2000), who observed that the 
higher the amount of ferric iron added, the lower the pH of the lixiviant 
and the higher the extraction efficiency of HMs (~80%) from digested 
biosolids at low solids concentration (2% w/w). In other studies, 
leaching at pH 2 with acidified ferric iron outperformed H2SO4 in 
extracting common HMs from biosolids (Bayat and Sari, 2010; Ito et al., 
2000). The combination of ferric sulfate and acid solutions at different 
dosage had positive synergistic interactions for the solubilisation of 
multiple HMs from biosolids and soils (Beauchesne et al., 2007; Shi 
et al., 2020). 

3.3.2. Effect of make-up solution on the leachate recyclability 
The cumulative metal ion concentration in the leachate stream after 

ten successive cycles with the addition of make-up lixiviant between 
each cycle is shown in Fig. 5. A constant feed rate of 5 g or 10 g of dry 
biosolids per 100 mL liquid for a 30 min leaching cycle was maintained. 
Contrary to the observation at 100% leachate recycling, without adding 
make up lixiviant (Fig. 4), the continuous addition of 3% H2SO4 as FL 
prolonged the extraction strength of the spent leachate until R8 stage 
(Fig. 5). At 5% solids (Fig. 5), there was a substantial increase (at least 
250%) in the cumulative metal ion concentration (except for Pb) from 
R0 to R10. For instance, Ni(II) was concentrated from 0.5 to 3.5 mg/L, 
Zn(II) from 38.9 to 277 mg/L, Cu(II) from 11.5 to 100 mg/L, As(III) from 
0.14 to 0.51 mg/L, Cd(II) from 0.04 to 0.34 mg/L, Cr(III) from 0.12 to 
1.2 mg/L, Co(II) from 0.04 to 0.22 mg/L, and Mn(II) from 10.3 to 71.5 
mg/L. There was a steady increase in the cumulative metal ion con-
centration from R0 to R4 due to the low make-up ratio of the FL in the 
total leachate stream (<25%). The addition of FL to the leachate stream 
possibly aided the dilution of the metal ion concentration and hence 
enhanced the extraction strength (and capacity) of the stream. Up to R7, 
the increase in the metal ion concentration far outweighed the dilution 
effect of the added fresh solution. Nevertheless, adding FL was not 
beneficial beyond R6 as the leachate had been fully saturated with the 
metal ions. This observation was due to the similar extent of metal ions 
dilution and extraction efficiency in the stream by the added FL beyond 
R6. At R6, increasing the make-up ratio above 15 vol% would likely 
enhance the metal extraction strength of the stream further. The overall 
extraction trend of the HMs was largely governed by Fe, which reached 
saturation at R6. Contrary to the observation for 100% leachate recy-
cling without adding make up lixiviant (Fig. 4), the continuous addition 
of the FL and the acidifying effect of Fe3+ kept the pH of the leachate 
stream at <2 throughout the process, limiting ferric precipitation. 

The addition of make-up acid lixiviant was less beneficial in 
enhancing the recyclability of the leachate stream at 10% solids 
compared to 5% solids (Fig. S3). There was no monotonic increase in the 
concentration of metal ions, and the irregular increase and decrease in 
the cumulative concentration across the ten leaching cycles can be 
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attributed to Fe(III) precipitation. The leachate at 10% solids saturated 
faster than at 5% solids, and pH increased rapidly, thus facilitating Fe 
(III) precipitation much earlier. Iron(III) co-precipitated other metals in 
the stream. Contrary to the observation at 5% solids, adding FL between 
successive leaching could not suppress Fe precipitation (Fig. S3) at 10% 
solids. The dilution and acidifying effect of the FL on the metal ion 
concentration in the leachate stream were minimal at higher solids 
loading. The sharp rise in solution pH rather than the increase in Fe 
concentration stimulated Fe co-precipitation reaction at 10% solids. For 
instance, at 10% solids, Fe precipitation began at a maximum concen-
tration of ~1400 mg/L (pH 2.45), whereas, at 5%, no Fe precipitation 
occurred even at the maximum concentration of 1830 mg/L (pH 1.85). 
At low pulp density (5% solids), the overall extraction efficiency of the 
spent stream was competitive with the FL, and the performance 
improved with increasing Fe concentration in the stream. Acidified 
ferric salt leaching is optimally performed at low solids concentration 
(<5% w/v) to avoid a rapid increase in pH and minimise ferric precip-
itation, which is counterproductive for HMs solubilisation (Bayat and 
Sari, 2010; Ito et al., 2000). 

Leachate recycling could bring significant cost savings for H2SO4 
lixiviant besides environmental benefits. The 100% recycling of the 
spent leachate at 5% solids loading for five leaching cycles (Fig. 4) could 
save 4.5 times the required H2SO4 volume at 90% liquid recovery per 
leaching cycle. Similarly, for the partial recycling of the leachate with 
15% make-up lixiviant at 5% solids for six leaching cycles (Fig. 5), there 

could be ~5 times reduction in the volume of H2SO4. Assuming a linear 
relationship between H2SO4 volume and cost, around 400% cost savings 
can be achieved with leachate recycling with make-up lixiviant, which 
may substantially lower the cost of acid leaching. 

3.4. Metal recovery from the concentrated leachate stream 

A single-step or two-step NaOH co-precipitation and biochar 
adsorption were investigated for recovering HMs from the saturated 
leachate stream. Metals like Cr, Cu, Pb, and Zn do not form hydroxide 
precipitates at pH <6, allowing the separation from ferric iron and 
aluminium, which precipitate at pH <5 (Marchioretto et al., 2005). 
Table S2 shows the metal ion composition of the leachate stream used 
for the metal recovery experiments. It was observed that the concen-
tration of Zn, Mn, and Cu in the leachate was up to 100 mg/L. Con-
centrations of all other HMs were < 5 mg/L, while Fe, Al, and alkali and 
alkaline earth metals (AAEMs: Na, K, Mg, and Ca) were highly concen-
trated in the stream (>500 mg/L). The metal recovery at each precipi-
tation stage is shown in Table 2, while the overall metal recovery from 
the different methods is shown in Fig. 6. 

The single-stage NaOH precipitation at pH 9 recovered about 9–99% 
of the HMs. The recovery efficiency of the metals can be ranked as Zn 
(99%) ≈ Cd (99%) > Cr (97%) > Pb (79%) > Co (33%) > Ni (31%) > As 
(11%) > Cu (9%). The precipitation of these HMs was accompanied by 
the precipitation of >90% for Fe, Al, Ca, Mg, and Mn. The precipitation 

Fig. 5. Effect of make-up lixiviant on the recyclability strength of the leachate stream at 5% fresh biosolids concentration (conditions: 3% (v/v) H2SO4, 25 ◦C, 30 min, 
and 600 rpm). 

Table 2 
Metals recovery from the leachate stream under different methods.  

Description Metals NaOH consumption, pH, and metal removal efficiency in different methods 

Single-stage co-precipitation 2-stage co-precipitation H2O2 pre-2-stage co-precipitation Biochar sorption 

Stages – One stage 1st 2nd 1st 2nd One stage 
NaOH (g/mL)a – 0.11 0.04 0.08 0.05 0.06 0.04 

pH range – 2.5–9.0 2.5–4.5 4.5–9.0 2.5–4.5 4.5–9.0 2.5–4.5 
Heavy metals (%)b As 11.4 20.4 8.4 13.0 60.6 19.0 

Cd 98.9 32.7 94.3 35.5 97.2 46.8 
Co 32.9 3.2 32.3 13.4 51.5 32.1 
Cr 97.4 72.7 85.5 82.6 57.3 47.1 
Cu 9.30 15.1 31.3 24.5 49.0 56.0 
Ni 30.7 3.50 33.2 33.2 73.8 70.5 
Pb 78.7 34.0 78.7 80.9 26.6 3.80 
Zn 99.3 35.5 96.3 50.0 99.0 56.8 

Other metals (%)b Al 97.4 91.4 77.9 95.4 96.6 95.8 
Ca 91.0 2.30 88.9 23.8 76.9 20.9 
Fe 98.5 99.0 59.5 99.1 96.1 46.6 
K 18.7 16.8 22.3 24.7 46.2 22.6 

Mg 98.0 3.40 99.0 13.3 92.2 29.6 
Mn 99.3 11.4 99.2 22.1 94.4 35.6  

a 6 M NaOH consumed (g/mL leachate). 
b The metal removal efficiency in the second stage refers to the percentage removal of the remaining metal in solution after the first stage. 
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of Co, Ni, As, and Cu was low under this condition due to the high sol-
ubility of their respective metal hydroxide at pH 9 (see Fig. S4). It was 
hypothesised that the presence of Fe and Al would facilitate the pre-
cipitation of HMs in the stream. However, the presence of both metal 
salts did not improve HMs recovery at the basic pH 9 relative to the 
observation at acidic pH 4.5. The co-precipitating effect of Fe and Al on 
the other metals cannot be observed under the single-stage recovery, 
and only the solubility of the various metal hydroxides at pH 9 can be 
assessed. The single-stage precipitation resulted in a low recovery effi-
ciency of some HMs and, at the same time, produced a highly contam-
inated HMs sludge stream. This may reduce the attractiveness of the 
recovered metal sludge for downstream separation and subsequent ap-
plications in catalysis or smelting. 

The staged recovery of the metals at pH 4.5 (stage 1) and pH 9.0 
(stage 2) effectively precipitated Fe and Al from the leachate stream in 
the first stage, while most of the HMs were recovered in the second stage 
(Table 2). About 99% Fe and 91% Al were recovered in the first stage 
(pH 4.5); however, 3–73% of some HMs were co-precipitated. For 
example, 73% Cr, 36% Zn, 34% Pb, 33% Cd, 20% As, 15% Cu, 4% Ni and 
3% Co were co-precipitated with Fe/Al at pH 4.5. The removal of these 
HMs at pH 4.5 was due to the sorption capacity and co-precipitating 
ability of Fe and Al hydroxides (Lee et al., 2002). No precipitation of 
these metals was observed at pH 4.5 in the absence of Fe and Al when the 
solution of their pure salts was treated with NaOH (data not shown). 
Only Cd and Zn had the highest removal efficiency of >94% in the 
second stage. In comparison, other HMs' removal efficiency was 8–79%, 
similar to the single-stage precipitation from solutions of same pH value 
of 9 (Table 2). The recovery of As was minimal in the staged NaOH co- 
precipitation; the highest recovery of 20% occurred at pH 4.5, which 
could be attributed to the formation of ferric arsenate (Hao et al., 2018). 
The major benefit of the dual-stage precipitation, aside from the selec-
tive recovery of Al, Fe and Cr, was the improvement in Cu recovery from 
9% in the single-stage to 31% in the two-stage at pH 9. The mechanism 
involving the precipitation of ferric iron and the associated Cu loss from 
solution has been elucidated elsewhere (Javed and Asselin, 2020). The 
chosen pH 9 is a compromise for the recovery of all the HMs; further 
optimisation studies are required to identify the optimum recovery pH 
for each metal species in the solution. From the theoretical solubility 
curve for metal hydroxides (Fig. S4), Cu has the lowest solubility (<0.1 
mg/L) at pH 9 relative to other HMs. However, this theoretical solubility 
behaviour contradicts the low recovery of Cu (<50%) at pH 9 with a 
solubility concentration of 36 mg/L. Probable explanations for this 
include the affinity of Cu(II) to dissolved organic ligands making com-
plexes and the crystal growth vs (super)saturation level of the various 
metals in the solution (Weng et al., 2002). Moreover, the leachate 

stream contains many metal and non-metal species, which may cause 
significant deviation from the theoretical solubility behaviour of pure 
metal in aqueous systems. 

Adding H2O2 prior to NaOH precipitation improved the recovery of 
some HMs from the leachate. For example, without adding H2O2, the 
overall recovery of As was 27%; however, it increased to 66% when 
H2O2 was added. Similarly, Cu recovery increased by 47%, Co recovery 
improved by 53%, and Ni recovery increased by 130%. In fact, 
increasing the amount of H2O2 added by a unit volume before the staged 
NaOH precipitation further increased the recovery of As, Co, Cu, and Ni 
by 48%, 22%, 18%, and 68%, respectively (Fig. S5). The addition of 
H2O2 had no improvement on the recovery of Zn, Pb, Cd, and Cr 
compared to the sole 2-stage NaOH co-precipitation. The oxidation of 
dissolved organics by H2O2 enhanced the desorption of metal species. 
The biosolids used in this study contain organically bonded HMs (F-3 
fraction; Fig. S1), where the bonding strength can be ranked as Cu >
As>Co > Ni. The complexation of HMs with dissolved organic matter in 
aqueous solutions has been reported to influence the solubility and 
mobility of metals (Weng et al., 2002). 

The removal efficiency of the HMs via biochar adsorption was poor 
compared to the alkali precipitation and did not follow any specific 
trend. Only a modest 3–70% uptake was achieved, with the highest for 
Ni and the lowest for Pb. The performance of biochar adsorption for HMs 
uptake from aqueous solutions is influenced by many factors, including 
the adsorbent properties, pH, adsorbate concentration, temperature, 
and solution chemistry of the metal species (Ni et al., 2019). Most of 
these factors have not been optimised in this study and may contribute 
to the relatively poor removal efficiency of the biochar sorption process. 
The FTIR spectra of the biochar before and after the sorption (Fig. S6) 
confirmed the non-depletion of the surface functional group of the 
biochar, suggesting the dominance of physisorption. Chemisorption 
usually involves the chemical reaction between the charged surface 
functional group of the biochar adsorbent and the metal ions via elec-
trostatic precipitation, organo-metallic complexation, and deprotona-
tion phenomena (Yang et al., 2021). 

3.5. Process configurations and mass balances 

The various unit operations were put together in a process flow di-
agram (Fig. 7) to provide an insight into the materials requirement of the 
treatment process demonstrated in this work. Based on our findings, 
leachate recycling is only attractive at 5% solids which can considerably 
lower acid and alkali consumption. However, processing 10% solids 
with no leachate recycling may be favourable commercially. Fig. 7(A) 
shows the mass balance for processing 10% solids with no leachate 

Fig. 6. Overall removal efficiency of HMs under different recovery techniques.  
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recycling, while Fig. 7(B) shows the balance for processing 5% solids 
with leachate recycling with make-up lixiviant. The separation of solids 
from the leachate produced acidic treated biosolids (pH 1.3), which 
cannot be used directly for land application or thermal processing 
without prior neutralisation or conditioning. A considerable volume of 
water is required to wash off residual acid in the treated biosolids and 
raise the pH to near neutral values. It is proposed that the clarified alkali 
stream be used to neutralise the acidic treated biosolids in an attempt to 
close the process loop and reduce the volume of aqueous waste gener-
ated. In Fig. 7, the total mass flow of streams (grams) in and out of each 
unit operation is denoted as F, and carbon, nitrogen and phosphorous 
mass flows (in grams) are denoted as C, N, and P, respectively. For a 
1:10 w/v (biosolids to H2SO4 solution ratio) feed rate (Fig. 7(A)), the 

overall liquid recovery was 77%, while overall solids recovery was 96% 
(dry biosolids basis). When the feed ratio was changed to 1:20 w/v (5% 
solids) with leachate recycling, the mass balance is shown in Fig. 7(B). 
Overall liquid and solids recovery was 84% and 86%, respectively. 
Notably, the leachate recycling yielded about a 92% and 43% decrease 
in H2SO4 and NaOH consumption, respectively. The lixiviant con-
sumption changes remarkably when processing 5% solids with no 
leachate recycling (Fig. S7). The total H2SO4 consumption (g/g bio-
solids) doubled, and total NaOH consumption increased by 25% relative 
to processing 10% solids. The overall results with respect to solids and 
liquid recovery, metal sludge recovery as well as H2SO4 and NaOH 
consumption at different process configurations are summarised in 
Table 3. At 10% solids processing, the major composition (wt%) of 

Fig. 7. Process block flow diagram for HMs removal and recovery from biosolids. (A) for processing 10% solids with no leachate recycling (B) for processing 5% 
solids with leachate recycling (with top-up lixiviant). Red font (F) denotes mass flow in grams; the flowrate in parenthesis corresponds to the dry weight of the metal sludge; 
green font (C, N, and P) denotes carbon, nitrogen, and phosphorous mass flows in grams, while the purple font denotes total PFAS concentration in the major streams. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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recovered metal sludge 1 is 10.7% Fe, 8.8% Na, 8.2% S, 7.9% P, and 
5.5% Al while that of metal sludge 2 is 13.1% Na, 12.5% S%, 12.4% Ca, 
6.0% P, and 3.3% Mg. The detailed composition is provided in Table S3, 
and the thermal stability profile of the recovered metal sludge is shown 
in Fig. S8. The recovered metal can be employed in a number of po-
tential applications in catalysis, smelting, and materials production, 
such as metal-based adsorbents/nanomaterials depending on the 
required purity and properties (Tawalbeh et al., 2021; Yu et al., 2022). 

3.6. Fate of nutrients and PFAS 

Considering the processing of 10% solids with no leachate recycling, 
the balance around organic nutrients (C, N, and P) is presented in Fig. 7 
(A). The overall process modestly preserved the organic matter in the 
biosolids as the reduction in C, N, and P contents from raw biosolids to 
treated biosolids was 11%, 19%, and 65% (w/w), respectively. This 
observation on nutrient dissolution is comparable to other studies. For 
example, Mercier et al. (2002) reported about 19% decrease in dissolved 
organic carbon in treated sludge compared to raw sludge. Similarly, 
Beauchesne et al. (2007) and Shiba and Ntuli (2017) observed about 
77% P and 82% P solubilisation, respectively, from biosolids treatment 
using H2SO4 (pH <2). The excessive dissolution of P in biosolids is a 
typical limitation of mineral acid leaching. The joint use of ferric salts 
and/or H2O2 with H2SO4 has been reported to enhance P retention in 
biosolids as ferric phosphate (Beauchesne et al., 2007). However, unlike 
C and N, which largely remain in the dissolved form in the liquid 
streams, >90% of the total dissolved P was recovered at the metal 
precipitation stages. Phosphorous has a high affinity for metal ions 
(particularly Fe) in aqueous media which can be recovered as metal 
phosphate precipitates (Vardanyan et al., 2018). The dissolution and 
recovery of P is more sensitive to pH compared to C and N. In the 
neutralisation stage, where the acid-leached biosolids are treated with 
NaOH, about 1% C, 4% N and 11% P were further lost from the solids to 
the liquid phase. The final effluent stream contains about 0.23% C, 
0.10% N and 0.009% P (w/w). The guideline for the disposal of this 
effluent stream as trade wastewater was assessed with respect to the 
organic and metal concentration load (Table S4). All the metals and 
organic nutrient concentrations (except for N) are within the acceptable 
criteria set by South East Water Recycling Corporation, Melbourne, 
Australia. The excess nitrogen can be removed from the effluent stream 
by adsorption, and the final liquid can be safely discharged. 

Per- and poly-fluoroalkyl substances (PFAS) are rapidly becoming a 
limiting contaminant for biosolids reuse in agricultural land. Therefore, 
there is interest in understanding the fate of the plethora of PFAS 
compounds during the hydrometallurgical treatment process. Twenty- 
eight common PFAS compounds, the major ones being PFOA 
(C8HF15O2), PFOS (C8HF17O3S), PFDA (C10HF19O2), PFBS (C4HF9O3S), 
and PFHxA (C6HF11O2), were measured in the raw biosolids, treated 
biosolids (with leachate neutralisation), acidic leachate, and the final 
effluent stream. The representative PFAS compounds detected in the 

selected process streams and the total sum of PFAS are shown in Fig. 7 
(A). The overall PFAS result is presented in Table S5. The acid extraction 
(at pH <2) did not leach out the PFAS compounds in the raw biosolids 
(0.0165 mg/kg), as the concentration of the PFAS in the acidic leachate 
stream was <0.05 μg/L. However, there appears to be an increase in the 
leachability of PFAS compounds with a carboxylic head group (partic-
ularly PFHxA and PFOA) at the neutralisation stage at pH > 7. The 
leaching of these PFAS compounds from the acidic treated biosolids (pH 
1.3) slightly increased the concentration of the PFAS compounds in the 
final effluent to 0.96 μg/L. Nevertheless, the PFAS compounds reaching 
the liquid stream are substantially negligible (<1 μg/L), and the PFAS 
are largely retained in the treated biosolids (0.0221 mg/kg). Further 
investigations into the mechanisms controlling the mobility and the final 
fate of the diverse PFAS compounds during biosolids acid pre-treatment 
are needed. 

Lastly, the viability of the developed closed-loop process with respect 
to residual nutrients and HMs concentration in the treated biosolids was 
briefly assessed. The concentration of nutrients and HMs in the treated 
biosolids with leachate neutralisation was compared with treated bio-
solids obtained under two different neutralisation washing scenarios at 
the same pre-treatment conditions. The neutralisation washing sce-
narios were (i) treated biosolids with leachate neutralisation, (ii) treated 
biosolids with no neutralisation, and (iii) treated biosolids with deion-
ised water neutralisation. The concentration of the residual nutrients, 
HMs, and PFAS in the three treated biosolids streams are presented in 
Table 4. The concentrations are further benchmarked with EPA Victoria 
prescribed concentration for contaminant-grade biosolids (C1-grade and 
C2-grade) (EPA Victoria, 2004). The C1-grade refers to the least 
contaminant grade biosolids with respect to HMs concentration which 
can be applied to land unrestrictedly. Except for Cu in all scenarios, all 
other HMs concentrations met the requirements of C1-grade biosolids, 
with the lowest concentration obtained in treated biosolids with water 
neutralisation step. Most metal sulfates are soluble in water; therefore, 
water neutralisation washing helped in the dissolution of metal sulfate 
salts as well as the removal of H2SO4-insoluble metal species. Hence it is 
proposed that the treated biosolids obtained with the leachate neutral-
isation step be neutralised in a second step with deionised water to 
reduce the residual metal concentration load further, particularly for Cu. 
There is largely an inconsequential difference in residual nutrient con-
centration in the treated biosolids with respect to neutralisation washing 
scenarios. 

4. Conclusions 

This work provided a detailed investigation into the hydrometal-
lurgical process for extracting and recovering HMs from biosolids. The 
extraction performance of mineral acids (H2SO4, HNO3 and HCl) was 
similar and only citric acid performed competitively with mineral acids 
in achieving ~70% extraction of HMs at 5% solids loading. Low solids 
content (1–5% w/v) favoured HMs extraction and produced a leachate 

Table 3 
Summary of process performance at different configurations.    

Process configurations 

Indicators Unit 10% solids with no leachate 
recycling 

5% solids with no leachate 
recycling 

5% solids with leachate recycling with make-up 
lixiviant 

Overall solids recovery wt% dry basis 96 87.6 85.8 
Overall liquid recovery wt% 76.7 80.3 82.4 
Total metal sludge 

recovery 
g/g dry 
biosolids 

0.17 0.19 0.21 

H2SO4 consumptiona g/g dry 
biosolids 

0.57 1.14 0.09 

NaOH consumptionb g/g dry 
biosolids 

0.50 0.63 0.36  

a H2SO4 stock solution (98% Assay, SG = 1.84). 
b NaOH (Analytical reagent grade pellets, SG = 2.13). 
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stream with dilute metal concentration suitable for recycling, whereas 
high solids content >5% w/v produced a highly concentrated leachate 
stream attractive for metal recovery. The leachate stream produced at 5 
and 10% solids can be completely recycled at least two times to reach 
saturation levels of metal ion concentration. However, the recycling of 
the leachate stream was only attractive at 5% solids; the rapid build-up 
of ferric iron concentration and increase in solution pH limit the recy-
cling performance of the leachate stream at 10% solids loading. The 
continuous addition of fresh H2SO4 solution as a make-up lixiviant 
during the partial recycling (85%) of the spent leachate stream 
enhanced the dilution of the metal ion concentration and suppressed the 
precipitation of ferric from the solution at 5% solids. The oxidation of 
dissolved organics by H2O2 before the 2-stage NaOH precipitation ach-
ieved the optimum metal recovery of ~75% from the concentrated 
leachate stream. The developed process modestly preserved the organic 
nutrient to a larger extent in the treated biosolids with about 11% loss of 
carbon and 19% loss of nitrogen. The leaching of PFAS from biosolids 
into the aqueous phase was limited under the investigated conditions. 
The findings of this work provide a framework for developing a hy-
drometallurgical process for biosolids treatment which may be imple-
mented within the existing wastewater treatment facilities. 
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Table 4 
Concentration of residual nutrients, metals, and PFAS in biosolids streams obtained under different neutralisation washing scenarios by processing 10% solids.  

Content Elements/ 
abbreviations 

Streams, pH, and concentration 

Raw 
biosolids 

Treated biosolids (no 
washing)a 

Treated biosolids 
(leachate washing)b 

Treated biosolids 
(water washing)c 

C1-grade 
biosolidsd 

C2-grade 
biosolidsd  

pH 6.8 2.0 6.5 7.0 7.0 7.0 

Nutrients (% w/w dry 
feed basis) 

C 35.4 32.9 35.2 36.4 – – 
N 5.6 5.5 6.2 5.6 – – 
K 1.1 0.4 0.3 0.2 – – 
P 1.3 0.5 0.4 0.5 – – 

Major metals (% w/w 
dry feed basis) 

Na 0.1 BDLe 1.5 BDL – – 
Mg 0.5 0.1 0.1 0.1 – – 
Al 0.7 0.6 0.4 0.5 – – 
Ca 10.2 8.5 6.8 5.4 – – 
Fe 4.2 2.3 2.9 4.1 – – 

Trace metals (mg/kg 
dry feed basis) 

As <5 <5 <5 <5 20 60 
Cd 1.3 0.5 0.4 0.3 1 10 
Co <5 <5 <5 <5 – – 
Cu 690 380 420 220 100 2000 
Cr 20 16 14 14 400 3000 
Hg 0.7 0.9 0.9 0.9 1 5 
Mn 210 53 39 17 – – 
Mo 8 8 8 9 – – 
Ni 18 12 14 8 60 270 
Pb 20 17 18 18 300 500 
Se 5 4 4 3 3 50 
Zn 850 160 160 48 200 2500 

Major PFASf (mg/kg dry 
feed basis) 

PFBS 0.0005 – 0.0003 – – – 
PFDA 0.0028 – 0.0040 – – – 
PFHxA 0.0014 – 0.0014 – – – 
PFOS 0.0048 – 0.0060 – – – 
PFOA 0.0019 – 0.0029 – – – 
∑

PFAS 0.0165 – 0.0221 – – –  

a Refers to the as-obtained acidic treated biosolids. 
b Refers to the treated biosolids obtained from the closed-loop process developed in this study (see Fig. 7(A)). 
c Refers to treated biosolids obtained from deionised water washing post the acid treatment step until neutral pH. 
d Refers to contaminant-grade biosolids as prescribed in Victoria EPA biosolids management guidelines (EPA Victoria, 2004). 
e BDL- Below detection limit. 
f Abbreviations and chemical formulae– 

PFBS: Perfluorobutanesulfonic acid, C4HF9O3S. 
PFDA: Perfluorodecanoic acid, C10HF19O2. 
PFHxA: Perfluorohexanoic acid, C6HF11O2. 
PFOS: Perfluorooctanesulfonic acid, C8HF17O3S. 
PFOA: Perfluorooctanoic acid, C8HF15O2. 
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Supplementary data to this article can be found online at https://doi. 
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Abstract
In present study, geophysical and geostatistical variability of ground water and agricultural soil investigated in the Jaipur 
region of Rajasthan (Western India) by applying the geographic information system (GIS), vertical electrical sounding (VES) 
,and statistical analysis. Ground water and soil samples collected from different sites from the selected study area and vari-
ation pattern of quality parameters were assessed. A contour map analysis of distribution of metals and other contaminants 
in the samples was conducted using GIS. Maximum concentration of metals recorded in the soil samples in order of Fe, 
11.25 mg  kg-1 > Mn, 8.6 mg  kg-1 > Zn, 7.2 mg  kg-1 > Cu, 0.455 mg  kg-1; however, maximum concentration of metals in the 
ground water samples was found as Zn, 2.64 mg  L-1 > Cu, 0.86 mg  L-1 > Fe, 0.39 mg  L-1 > Mn, 0.18 mg  L-1 > Pb, 0.065 
mg  L-1 > Ni, 0.016 mg  L-1. Observed data emphasis variability in groundwater and soil quality parameter by PCA technique 
indicated 84.60% and 66.98% of variance, respectively. Soil quality index (SQI) value was observed as 0.482 indicating 
that 46% of soil sampling sites deteriorated and shown poor quality. Similarly, water quality index (WQI) value indicates 
good water quality at the sampling sites TW1, TW8, TW10, and TW12; however, TW3, TW4, TW6, TW19, TW20, and 
TW22 sites showed very poor water quality. The present study concludes that overexploitation of groundwater and unregu-
lated discharge of wastewater leads to depletion of water and soil quality. Further, applying geographical and geostatistical 
techniques in assessing water and soil quality could be more effective tools in environmental monitoring and management 
for environmental and health safety.

Keywords Bioaccumulation · Bioavailability · Biotransformation · Contamination · Groundwater · Metals · Principal 
component analysis (PCA) · Water quality

Introduction

Rapid urbanization leads to several environmental issues, 
including poor living conditions, changes in land use pat-
tern, overexploitation of water and soil, transportation 
congestion, resettlement, disasters, and environmental pol-
lution (Kalayci Onac et al. 2021; Aksoy et al. 2022; Tay 
and Ocansey 2022; Dogan et al. 2023). Fresh water includ-
ing ground water is one of the most important components 
of the environment and essential for human survival and 
wellbeing (Gavrilescu 2021). However, extensive exploi-
tation of water by human being leads to substantial envi-
ronmental cost due to contamination, scarcity, and deple-
tion of water resources affecting water supply and health 
safety (Tzanakakis et al. 2020; Singh et al. 2022). Scarcity 
of safe drinking water is now becoming a problem due to 
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extensive urbanisation, industrialization, agriculture, and 
climate change affecting about 40% of human population 
globally (Calzadilla et al. 2011; Bilge Ozturk et al. 2022). 
Groundwater found underground in cracks and crannies in 
rock, sand, and soil is the main source of drinking water sup-
ply. Exploitation of groundwater may result in dissolution of 
numerous contaminants as it passes through the rocks and 
soil during leaching and percolation (Saleem et al. 2018). 
Trace metals emanating from different industrial, transporta-
tion, construction, and agricultural activities affect soil and 
water quality as recalcitrant and toxic contaminants (Romic 
and Romic 2003; Cetin et al. 2022a; Sahin et al., 2022). 
Link between soil quality and socioeconomic well-being 
of humans, particularly, global food security and human 
health have been reported (Yu et al. 2018; Kopittke et al. 
2019). Soil and water contamination occurs due to various 
anthropogenic activities and geological processes releasing 
metals and other elements; therefore, assessment of soil and 
water quality is becoming more crucial in adapting appro-
priate strategies to prevent and preserve the land and water 
resources for human wellbeing (Ahmet et al. 2006; Cesur 
et al. 2021). More common metal contaminants in soil and 
water are Pb, Cr, As, Zn, V, Cd, Cu, and Sn reported with 
high levels of toxicity for biota (Yang et al. 2016; Hanfi et al. 
2020; Cetin et al. 2022b).

India is one of the emerging nations with more indus-
trial and other developmental activities having wastewater 
generation and discharge on the land and in the aquatic 
ecosystems leads to soil and water contamination (Tiwari 
et al. 2011). Metals persist in the soil and water, accumulates 
in the plants by roots uptake, and biomagnifies in the ani-
mals through food chain, which causes detrimental impact 
to the biota (Luo et al. 2012; Ali et al. 2019; Cetin and Abo 
Aisha 2023). Certain metals easily enter the food chain 
due to their bioavailability in the rhizosphere, uptake, and 
accumulation in the plants and can reach to other animals 
and humans through food (Gu et al. 2016; Rajendran et al. 
2022). It has been reported that excessive accumulation of 
trace elements like cadmium, lead, and nickel in the plants 
causes toxicity and slows down the growth and productiv-
ity (Pandey and Sharma 2002; Zouboulis et al. 2004). A 
substantial threat to aquatic and terrestrial biodiversity as 
well as health hazards for humans posed by contaminated 
water and soil (Olayinka-Olagunju et al. 2021). Types of 
rock, physicochemical characteristics of soil, atmospheric 
precipitation, and surface geochemical processes affect the 
groundwater quality parameters and contamination (Garg 
and Hassan 2007; Cesur et al. 2021). Groundwater is most 
reliable source even in India because it provides a significant 
proportion of the country’s drinking and agricultural water 
requirements (Mahmood and Kundu 2005).

Physico-chemical characteristics of soil also affects the 
water quality of groundwater at a given regions (Griffiths 

et al. 2010; Hermans et al. 2020). Different physio-chemical 
and biological indicators have been used in various studies 
to evaluate the soil quality (Filip 2002; Schloter et al. 2003). 
GIS has evolved into a trustworthy instrument for absorb-
ing, analyzing, and displaying spatial data that can be uti-
lized for environmental monitoring, planning, and resource 
management applications (Cetin 2015; Singha et al. 2015). 
The geographical information system (GIS) has become an 
important tool in research for resource management as it 
allows users to use geographical data in a variety of context 
and way in an integrated approach. Remote sensing (RS) and 
GIS studies in integration make it easier to work in relatively 
broad areas, particularly in environmental impact assess-
ment for sustainable urban planning and resource utiliza-
tion (Cetin 2019; Pekkan et al. 2021; Cetin et al. 2022c). 
Convergence of data concerning environmental assessment-
related issues as well as the manipulation of spatial data into 
various forms in response to geosocial requirements may 
be accomplished using GIS (Cetin et al. 2022d). The prin-
cipal component analysis (PCA) is a prominent statistical 
analysis tool for investigating data patterns thorough factor 
analysis approach. Basic purpose of PCA is to create new 
variables as principal components, from a set of existing 
original variables (Wu et al. 2020). Potential of geophysical 
information system-based geostatistical methodologies in 
assessing the region’s groundwater and soil quality as well 
as its susceptibility to water-borne diseases reported (Ali 
and Ahmad 2020).

The Sanganer, Jaipur region of Rajasthan, Western India, 
having more industrial activities specially printing and dye-
ing operations leads to huge amount of wastewater genera-
tion and discharge in water and agricultural soil through 
unregulated disposal and irrigation practices. Very limited 
data are available related to using geographical information 
system and geostatistical techniques in the ground water and 
soil quality assessment. Therefore, the present study was 
conducted to assess ground water and soil quality at dif-
ferent sites based on a minimal set of interconnected geo-
physical and chemical criteria at Sanganer, Jaipur region of 
Rajasthan, Western India, and apply geophysical and geosta-
tistical including GIS, VES, and PCA techniques to empha-
size the water and soil quality parameters for environmental 
monitoring and assessment.

Materials and methods

Study area

The whole study conducted in the industrial and agricul-
tural tracts in the north of Jaipur–Sanganer regions at dif-
ferent selected sampling sites, situated between 26° 49° and 
26° 51° N and 75° 46° and 75° 51° E in the Jaipur district, 
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Rajasthan, Western India (Fig. 1). One selected study site, 
the Sanganer, is famous for its hand-printed textiles have 
land size of 78.24 square kilometres, situated on NH-12, 10 
kilometres to the southwest of Jaipur City. The Sanganer is 
well-known for its distinctive type of printing “Sanganer 
Printing” basically in the small-scale industries of the 

Chippas community, involving dyeing and printing of tex-
tiles (Dadhich et al. 2016). Dyeing and printing processes 
release wastewater during water-based color fixing proce-
dure and discharged in the surrounding areas which pollutes 
water and soil. The chippas community either transport the 
textiles to a well dug on the bank of the Dravyawati River or 

Fig. 1  Sampling sites of soil and ground water selected in the study area, Sanganer, Jaipur, Rajasthan, India
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wash it at their wells in the city at various places randomly. 
Textile wastewater along with sewage from across the of 
Jaipur city discharged directly into the Dravyawati river in 
the selected study area is being polluted. Historically, San-
ganer was primarily an agricultural region; however, during 
the last decade, the textile and dying industries have dra-
matically risen in the area and encroached the previously 
untapped agricultural land. With more than 250 separate 
printing units connected, it has emerged as one of the major 
centers of the printing and dying industries nowadays today 
in India. Growing demand and low production costs leads to 
the introduction of synthetic and chemical dyes, which have 
several environmental impacts. The regions of Jaipur–San-
ganer with a high number of dyeing and printing industrial 
units releasing tonnes of waste into the aquatic environment, 
agricultural fields, and on open spaces nearby, polluting the 
water and soil (Sharma et al. 2014). Contamination of water 
and soil have negative impact on nutrition and human health 
due to deterioration of drinking water quality and food qual-
ity; however, at severe stage, poor quality may prevent soil 
from performing its natural physio-chemical and biological 
functions and deteriorate region’s overall productivity of the 
terrestrial ecosystem.

Sampling sites and sampling

One-liter capacity plastic bottle rinsed with distilled water 
used to collect the groundwater samples. Grab sampling 
conducted for groundwater water sampling and samples 
preserved in the bottles with adjusted pH 2 and stored in 
refrigerator at 4 °C with slightly acidified with nitric acid 
 (HNO3) for analysis of water quality parameters including 
metals (Mn, Cu, Ni, Zn, Pb, and Cu). In Sanganer industrial 
region, having a new industrial area (RICCO) and an indus-
trial zone (RSMDC), a quantitative soil and water sampling 
conducted to evaluate the water and soil quality parameters 
of the agricultural land as well as the degree of contamina-
tion in water due to industrial activities. Soil samples (250 g) 
taken from 30 randomly selected sites with a depth of 45 to 
60 cm within a 5-kilometer radius of the Sanganer industrial 
zone and packed in fresh plastic zip-lock bag separately to 
determine the soil quality parameters (Fig. 2). All the sam-
pling sites were precisely geotagged and labeled from S1 to 
S30 using a Garmin GPS device (model 68 s), allowing for 
the retrieval of a variety of location-specific data (Luo et al. 
2011). Description of location and sampling sites are shown 
in the Table 1. The geoelectrical resistivity approach used 
to conduct field surveys in the study region which requires 
injecting a man-made current through several electrodes 
(AB) into the subsurface medium and observing the voltage 
changes at the potential electrodes (MN) to assess the vari-
ation in the ground’s resistivity (Binley et al. 2015).

Analysis of soil and water quality parameters

Collected soil samples analyzed for 10 functional indica-
tors parameters (i.e., pH, EC, OC, P, S, K, Zn, Fe, Cu, and 
Mn) for soil quality (YanBing et al. 2009). Similarly, col-
lected water samples from different selected sites analyzed 
for water quality parameters in the laboratory. Average 
of all sets of triplicates calculated and values recorded 
into the data system (Juhos et al. 2019). All the analy-
sis conducted following the procedure established by the 
American Public Health Association (Baird and Bridge-
water 2017). A typical laboratory digital micro-processor 
pH meter used to estimate hydrogen ion concentration 
(pH) in the water samples (Salem et al. 2020). Similarly, 
electrical conductivity (EC) determined using an electrical 
conductivity meter (an EC probe and equipment that had 
been calibrated) by following the procedure of McNeill 
1992. A digital water quality test kit used to evaluate total 
dissolved solids (TDS); however, EDTA titration method 
was used to calculate total hardness in the water samples. 
An argentometric titration used to quantify the amount of 
chloride in a water sample followed by alkalinity deter-
mined using the titrimetric method. UV-visible spectro-
photometer used to determine the amount of fluoride in the 
collected water samples. Titration method used to estimate 
soil organic carbon (SOC) in the soil samples (Walkley 
and Black 1934) which involves oxidizing organic material 
in sulfuric acid with a predetermined quantity of chromate 
(Sato et al. 2014; Gelman et al. 2012). The Johnson–Nish-
ita procedure used to measure sulfur content in the soil 
samples (Dean 1966). Sulfur and other minerals present in 
soil solution specially  SO4 ions adsorbed are the principal 
source of sulfur in soil. The replacement of  SO4 ions is 
of the utmost importance, and phosphate ions substituted 
wherever possible for adsorption and monocalcium phos-
phate, or phosphate ions, are present in the soil. The  SO4 
ions are replaced with  CaCl2 ions in a more effective way 
throughout the extraction process and  SO4 extract turbu-
lence determined by using a spectrophotometer. Potash 
content in soil samples estimated using a flame photometer 
following the procedure of Brondi et al. (2016).

Metal estimation

The concentration of Fe, Cu, Zn, Ni, Mn, and Pb in 
groundwater samples, whereas the metal Fe, Zn, Cu, and 
Mn analyzed in the soil samples estimated after complete 
digestion in  HClO4 and  HNO3 (3 : 1), using hollow cathode 
lamp at a certain wavelength into an atomic absorption 
spectrophotometer (AAS, Shimadzu) in comparison to 
standard metal solutions.
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Fig. 2  Geoelectrical layers and elevation point of different sampling sites at the study area, Sanganer, Jaipur, Rajasthan, India
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Geostatistical analysis

To assess overall quality of water and soil samples collected 
from the different sites in the study area, data of soil and 
water quality parameters analysed thoroughly by applying 
geostatistical tools. Quantitative evaluation's framework 
combines geotechnical and physicochemical analysis of 
water and soil samples with descriptive statistics and statis-
tical modelling. Outcome data is gathered after the labora-
tory chemical analysis of selected soil and water samples, 
followed by review with analysis of data on SPSS software 
(version 22 for Windows). Discriminating analysis (corre-
lation) of data performed using Statistical Package for the 
Social Sciences (SPSS) for Windows, version 23.0. (Ukah 
et al. 2019, 2020). Several statistical methods used in data 

analysis and models including MV, SD, and CV (Li et al. 
2016; Zhu et al. 2019). Further, water quality index (WQI) 
and soil quality index (SQI) evaluated to assess the region’s 
overall variations and patterns of water and soil quality 
parameters using site-specific indicator evaluation outputs. 
Weighted arithmetic mean technique for WQI was used in 
this investigation (Tyagi et al. 2013).

where Wi is the unit weight of each parameter, qi is the 
0–100 subindex rating for each variable, and n is the number 

WQIA =

∑n

i=1
qi X Wi,

∑n

i=1
Wi = 1,

Table 1.  Description of sampling sites of ground water samples, soil samples and VES station selected at Sanganer study area, Jaipur 
(Rajasthan), India

Ground water sample Soil samples

Sampling site Latitudinal and longitudinal 
position

Elevation (m) Sampling site Latitudinal and longitudinal 
position

Elevation (m)

GW1 26.7929 N, 75.8113 E 357 S1 26.8010 N, 75.7960 E 354
GW2 26.8004 N, 75.7994 E 356 S2 26.8010 N, 75.7917 E 350
GW3 26.7933 N, 75.7974 E 353 S3 26.7987 N, 75.7852 E 353
GW4 26.7986 N, 75.7818 E 354 S4 26.7916 N, 75.7982 E 354
GW5 26.8181 N, 75.7904 E 353 S5 26.7912 N, 75.7962 E 378
GW6 26.8061 N, 75.7931 E 355 S6 26.7841 N, 75.8057 E 383
GW7 26.7959 N, 75.8250 E 351 S7 26.7764 N, 75.8248 E 385
GW8 26.7736 N, 75.8382 E 352 S8 26.7697 N, 75.8408 E 356
GW9 26.7837 N, 75.8251 E 354 S9 26.7832 N, 75.8650 E 366
GW10 26.7756 N, 75.8314 E 366 S10 26.7901 N, 75.8531 E 362
GW11 26.7836 N, 75.8439 E 371 S11 26.7923 N, 75.8402 E 358
GW12 26.7897 N, 75.8326 E 375 S12 26.8199 N, 75.8318 E 375
GW13 26.8323 N, 75.8193 E 365 S13 26.8022 N, 75.8324 E 368
GW14 26.8122 N, 75.8204 E 362 S14 26.8036 N, 75.8096 E 358
GW15 26.8214 N, 75.8403 E 368 S15 26.8174 N, 75.8054 E 352
GW16 26.8042 N, 75.8520 E 390 S16 26.8322 N, 75.8073 E 356
GW17 26.7865 N, 75.8632 E 378 S17 26.8129 N, 75.7795 E 355
GW18 26.7861 N, 75.7772 E 361 S18 26.7913 N, 75.7728 E 356
GW19 26.7782 N, 75.8067 E 359 S19 26.7895 N, 75.7865 E 355
GW20 26.7599 N, 75.8016 E 355 S20 26.7805 N, 75.7921 E 389
GW21 26.7669 N, 75.8239 E 356 S21 26.7753 N, 75.7782 E 378
GW22 26.7529 N, 75.8318 E 353 S22 26.7594 N, 75.7916 E 385
GW23 26.7731 N, 75.7863 E 357 S23 26.7708 N, 75.8091 E 376

S24 26.7920 N, 75.8186 E 365
VES S25 26.7538 N, 75.8164 E 353

SP1 (VES) 26.7852 N, 75.8044 E 352 S26 26.7615 N, 75.8342 E 352
SP2 (VES) 26.7629 N, 75.8191 E 353 S27 26.7621 N, 75.8491 E 350
SP3 (VES) 26.7800 N, 75.7862 E 351 S28 26.7954 N, 75.8617 E 353

S29 26.8023 N, 75.8397 E 350
S30 26.8170 N, 75.8520 E 352
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of subindices aggregated. Multivariate statistical technique, 
the principal component analysis (PCA), was used to reduce 
the dataset into new variables, create a minimum data set 
(MDS), and analyze relationships between different metal 
contents in the water and soil samples and other quality 
parameters including pH, TOC, and EC along with factor 
analysis (FA) to identify specific factor weight of a particu-
lar metal (Weissmannová and Pavlovský 2017). The SAS 
Systems for Windows 10 platform and Statistica 12.5® soft-
ware used to perform principal component analysis (PCA), 
followed by a Varimax rotation used to rotate each PCA 
component. The Varimax rotation method of factor analysis 
and the principal component primary result analysis per-
formed by following the procedure of Kaiser 1958 and Maiz 
et al. 2000. For the GIS-based evaluation, SQI and WQI 
maps, spatial distribution maps, area maps, and thematic 
maps for the region produced by using Sentinel 2 Satellite 
data (March 2021) in bands: 3, 4, 8 developed on ArcGIS 
software 10.8 (2020).

Results

Groundwater samples (23) and soil samples (30) collected 
from selected sampling sites of the study area, Jaipur regions 
of Rajasthan, Western India, analyzed for quality param-
eters. Based on the sounding data, the present study inferred 
with three geoelectrical layers comprising topsoil, unsatu-
rated, and saturated zones (Fig. 2). For all the sections top-
most layer assumed to be topsoil, above the water table and 
substantially drier more often reflects greater resistivity. Peat 
investigated in the topsoil layer by resistance correlation 
with soil lithology from neighboring boreholes. Regional 
lithology of Sanganer shown in the Table 2 which indicates 
formation depth range as alluvium, 0.0–95 m; weathered, 
0.69–128 m; and hard rock, 9.2 m. In present study, the 

third layer of all the sections represent highest concentra-
tion of geoelectrical sections with low resistivities (less than 
10 m). Values and their variation pattern of water quality 
parameters in 23 groundwater samples at different sites of 
the study area depicted in Fig. 3. Maximum values of dif-
ferent parameters of groundwater samples recorded as pH, 
8.0; electrical conductivity (EC), 3.01 S/m, TDS, 1501 mg/l; 
fluoride, 1.9 mg/l; total hardness, 273 mg/l; Ca, 88.1 mg/l; 
Mg, 12.67 mg/l; chloride, 227.42 mg/l;  HCO3, 61.87 mg/l; 
and  CO3, 58.29 mg/l. However, maximum metal concentra-
tion in groundwater samples recorded as Zn, 2.64 mg/l; Cu, 
0.862 mg/l; Fe, 0.392 mg/l; Mn, 0.181 mg/l, Pb, 0.065 mg/l; 
and Ni, 0.016 mg\l. pH and TDS level in the ground water 
samples found in the range of 7.0 to 8.0 and 559 to 1501 
mg/l, indicate that values are within the range of 6.5 to 8.5 
and 500 to 1500 mg/l, respectively, as per WHO standard of 
water quality. Similarly, for 30 soil samples, maximum val-
ues of soil quality parameters recorded as pH, 8.4; electrical 
conductivity (EC), 0.27 μS/m; organic carbon, 0.23 %; phos-
phorous, 50.23 mg/kg; potash, 786 mg/kg; sulfur, 29.68 mg/
kg. However, maximum metal concentration in the soil sam-
ples recorded as Fe, 11.25 mg/kg; Mn, 8.65 mg/kg; Zn, 7.26 
mg/kg; and Cu, 0.45 mg/kg as shown in Fig. 4. Result shows 
that none of the parameters including pH have a strong cor-
relation. Samples’ scores and loadings plots together showed 
physio-chemical characteristics of soil that affect each order 
on the score plots. Retained variables divided into groups 
using the factor analysis technique in accordance with sta-
tistical factors and correlation matrix (Table 3). As depicted 
in the Table 4, maximum WQI found in groundwater sample 
collected at sampling site TW22 and minimum in the sample 
collected from TW12. Results of PCA and FA analysis for 
groundwater revealed that the first component (PC1), which 
accounted for 39.12% of the total variance, included Mn, pH, 
and EC; however, S, OC, and P made the second component 
(PC2) with a total variance of 12.54%. Similarly, pH, Mn, 

Table 2.  Regional lithology of the study area, Sanganer, Jaipur (Rajasthan), India

Aquifers depth (m) Aquifers Geological formation Depth (m) Laboratory experiment model

0–95 Alluvium Surface soil, sandy clay 0–4

Clayey sand 4–13

Clayey kankar 13–19

0.6–128 Weathered Sandy clay with kankar 19–29

Kankar and clay 29–38

Kankar and sand 38–47

9.2 Hardrock Weathered schist 47–73

Schist 73–150
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and Cu made PC3 with a total variance of 11.42% followed 
by phosphorous made PC4 a total variance of 9.06%, while 
all four extraction factors accounted for 72.15% of the over-
all variation. However, in case for soil samples Mn, pH, and 

EC produced the first component (PC1) with 24.26% of the 
variance followed by the second component (PC2) produced 
included S, OC, and P with a total variation of 17.48%, while 
PC3 made up of pH, Cu, and Mn with a total variance of 

Fig. 3  Variations in water quality parameters of ground water samples collected from in different sites at the study area, Sanganer, Jaipur, 
Rajasthan, India
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13.65% and PC4 contained phosphorus with a total vari-
ance of 11.58% (Fig. 5A). Result shows that water quality 
of groundwater samples collected at TW1, TW8, TW10, and 
TW12 sampling sites in the Sanganer area are in very good 
quality category; however, groundwater samples from TW3, 
TW4, TW6, TW19, and TW22 sites recorded under very 
poor water quality category with high level of contaminants 
(Fig. 5B). Similarly, total 9 soil quality parameters includ-
ing pH, EC, OC, P, S, K, Zn, Fe, and Mn used to evalu-
ate the soil quality index (SQI), and an average soil quality 
index (SQI) value 0.517 recorded for the selected study area 
based on MDS, with a range of 0.341 to 0.635 (Fig. 5B). 
According to the suggested framework, the SQI values for 
the entire selected region divided into three categories viz; 
category 1 (C1), SQI value less than 0.4 (degraded); cat-
egory 2 (C2), SQI value between 0.41 and 0.5 (moderately 
degraded); and category 3 (C3), SQI value greater than 
0.51(least degraded). SQI revealed that soil samples at S19 
site showed highest SQI score, 0.636, followed by S6, S7, 
S12, S13, S15, S16, S17, S18, S20, S21, S22, S23, S25, 
S27, S29, and S30 more than average as shown in Fig. 5B. 
Data shows that 13.3% of the soil samples from the study 
area have low soil pollution with good soil health; however, 

40% of the soil samples have moderate contamination with 
SQI values in the range of 0.41 to 0.5 and 46.6% of soil 
samples shown as degraded soil under the poor-quality cat-
egory with SQI values more than 0.51. At 5 kilometers away 
from the Sanganer industrial regions, high-intensity farming 
techniques, and conventional farming practices, excessive 
fertilizer use may be responsible for the soil degradation in 
the selected sites. Based on SQI score, the S19 site showed 
highly contaminated soil in the study area; however, it is 
crucial to note that the high score may be due to increased 
chemical build-up and other components like sulfur rather 
than trace metals having low concentration; however, it 
may be useful in environmental health assessment. Results 
of the factor analysis (FA) recorded insufficient if the Kai-
ser–Meyer–Olkin (KMO) test result value found to be less 
than 0.5; however, KMO found less FA findings in the test’s 
outcome than the chemical examination of soil samples. FA 
did not alter KMO testing significantly because there is no 
related cut-off point, and the results for the sample given a 
less clear indication of the applicability of the FA as KMO 
values estimated 0.487 and 0.466 (less than 0.5) for the 
groundwater and soil samples, respectively. Percentage (%) 
of variance evaluated by placing three components out of 

Fig. 4  Variations in soil quality parameters of soil samples collected from different sites at the study area, Sanganer, Jaipur, Rajasthan, India
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the four PC ranges (component based on Jolliffe’s criterion) 
and recorded 84.60% and 66.98% for groundwater and soil 
samples, respectively (supplementary data).

Discussion

Collected samples from the selected study area, Jaipur 
regions of Rajasthan, Western India, evaluated for water 
and soil quality parameters which indicate slightly basic in 
nature as pH varied within the ranged of 7.0 to 8.0 in the 
samples. pH is one of the essentially functional parameters 
for evaluating the quality of soil and water (Filip 2002). 
Depending on the underlying geological units' actual resis-
tivity, the geoelectrical characteristics utilized to create 
earth models which displayed as subsurface stratigraphy 

and from which possible aquifer zones mapped for sam-
pling and assessing the groundwater quality parameters at 
different sites in the selected region (Mogaji and Omobude 
2017). Higher value of EC in groundwater samples indi-
cates impurity as compared to pure water which is not an 
excellent conductor of electricity having a lower EC than 
the groundwater. According to previous studies, groundwa-
ter exhibits low resistivities between 10 and 100 Ωm in the 
context of sedimentary (Adagunodo et al. 2018). Kaiser’s 
criterion replaced with Joliffe’s criterion since it is too high 
and allows for a graphic representation of the factor loading 
through a dipole using the first three components (Jolliffe 
1972). However, soil solutio”s EC indicates total amount of 
salts and ions present in the soil (Bronson et al. 2005; Peralta 
and Costa 2013). A significant indicator of the soil quality is 
electrical conductivity, which reflects the salinity of the soil 

Table 4.  Water quality and soil quality Index

Groundwater quality index
Parameters Quantity of sample WQI (mean) Std. deviation Std. error Maximum Minimum
pH 23 7.5522 .0035 .0020 8.0000 7.0000
EC (μS/m) 23 1.7400 .0027 .0015 3.0100 1.1100
TDS (mg/l) 23 868.7246 .7633 .4407 1501.0000 559.0000
Fluoride (mg/l) 23 1.4928 .0054 .0031 1.9000 1.1000
TH (mg/l) 23 211.1304 .5325 .3074 273.0000 163.0000
Ca (mg/l) 23 66.5043 .0035 .0020 88.1000 46.3000
Mg (mg/l) 23 10.9249 .0009 .0005 12.6700 9.7300
Cl (mg/l) 23 221.7787 .0025 .0014 277.4200 157.4400
HCO3 (mg/l) 23 41.6862 .0041 .0024 61.8700 30.9200
CO3 (mg/l) 23 54.6017 .0082 .0047 58.2900 52.6300
Na (mg/l) 23 184.0000 .6035 .3484 226.0000 161.0000
K (mg/l) 23 3.9565 .6745 .3894 8.0000 1.0000
SO4 (mg/l) 23 188.2609 .8165 .4714 256.0000 148.0000
Zn (mg/l) 23 1.5612 .0083 .0048 2.6400 1.6000
Ni (mg/l) 23 0.0098 .0010 .0006 .0160 .0011
Mn (mg/l) 23 0.1099 .0004 .0002 .1810 .0300
Cu (mg/l) 23 0.2442 .0008 .0005 .8620 .0170
Fe (mg/l) 23 0.2068 .0008 .0005 .3920 .1010
Pb (mg/l) 23 0.0456 .0008 .0004 .0650 .0240
Soil quality index
Parameters Quantity of sample SQI (mean) Std. deviation Std. error Maximum Minimum
pH 30 8.11 .0064 .0037 8.40 7.98
EC (μS/m) 30 .2240 .0008 .0005 .2760 .1580
Organic carbon (%) 30 .1793 .0061 .0035 .2300 .1400
Phosphorous (mg  kg-1) 30 38.1197 .0009 .0005 50.2310 21.0500
Sulfur (mg  kg-1) 30 24.9634 .0006 .0004 29.6810 18.3620
Potash (kg/ha) 30 607.1889 .7385 .4264 786.00 410.00
Zn (mg  kg-1) 30 5.6635 .0010 .0006 7.2630 4.0890
Fe (mg  kg-1) 30 9.0579 .0006 .0003 11.2510 7.2890
Cu (mg  kg-1) 30 .3261 .0005 .0003 .4550 .2130
Mn (mg  kg-1) 30 6.8290 .0007 .0004 8.6560 4.6810
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(Hardie and Doyle 2012). Studies revealed that low resis-
tivity values inside the underlying strata likely caused by 
high ion concentrations and fine-grained sediments like silt 
and clay (Amaya et al. 2018). Another soil quality param-
eter of soil is known as soil organic carbon (SOC) contains 
organic remains of dead animals and plants at various stages 
of decomposition which affects physicochemical character-
istics of the soil (Campbell 1978). Concentration of SOC 
in the soil samples is one of the fundamental criteria for 
soil quality (Unger 1997). Agricultural production, plant 
development, and soil fertility also depend on phosphorus 
content, which is the second-most important macronutrient 

in soil after nitrogen (Malhotra et al. 2018). Similarly, soil 
fertility, pH levels, plant development, and efficient nitro-
gen fixation processes dependent on its existence in the soil 
(Jordan and Ensminger 1959). Potash content is another 
essential macronutrient for preserving soil fertility and pH 
homeostasis. Fertilizer used usually to supplement K into 
the soil in case of its deficiency because plants require K for 
their growth and development during the life cycle (Morgan 
and Connolly 2013). However, high concentration of potash 
in soil also effects soil quality and causes soil degradation 
(Sillanpaa 1982). Water and soil quality assessment stud-
ies have sparked interest on a global scale due to growing 

Fig. 5  Component plot of 
ground water and soil samples 
(A). Soil quality index (SQI) 
and water quality index (WQI) 
of collected samples (B)

Soil samples Ground water samples
[A]

[B]
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attention on the depletion of water and soil quality to assess 
the environmental impact of anthropogenic activities for 
environmental sustainability (Raiesi and Kabiri 2016). 
Various attempts have been made to measure the quality 
of the soil and water using different indicators (Armenise 
et al. 2013; Seybold et al. 2018). Water quality index makes 
it possible to examine water quality in a variety of ways 
that affect a stream’s ability to sustain by its processes and 
to ensure sustainable use of water resources to minimize 
risks and preserve aquatic ecosystems (Akkaraboyina and 
Raju 2012). WQI is an important distinctive grade which 
summarizes overall quality of water and helps in selecting 
the most effective treatment strategy for wastewater before 
its final discharge and disposal to prevent water contamina-
tion (Tyagi et al. 2013). Status and level of contamination 
of water has been evaluated by using water quality param-
eters and quality index (Shah and Joshi 2017). The WQI 
and SQI approach is one of the best and most widely used 
techniques for assessing the quality of soil and water for 
adapting treatment and conservation strategies (Arshad 
and Martin 2002; YanBing et al. 2009). Physio-chemical 
and biological characteristics of soil indicated by the soil 
quality which is crucial to its long-term functionality and 
productivity and sustainability. An encompassing view of 
the region’s overall soil quality evaluated assessing the soil 
quality index (Bhattacharyya 2017). Similarly, minimum 
data set (MDS) for the data reflecting the soil’s functional 
capacity used in evaluating the soil quality index (Klimkow-
icz-Pawlas et al. 2019). By using multivariate geostatistical 
techniques, contemporary data analysis and metal content 
estimation of four metals (Zn, Cu, Mn, and Fe) in the soil 
and six metals (Zn, Cu, Mn, Fe, Pb, and Ni) in groundwater 
emphasis water and soil quality (Lu et al., 2010). Metals Zn, 
Ni, Mn, Cu, Fe, and Pb chosen based on PCA, FA, and CA 
investigations as reference elements for soil and groundwater 
contamination. Several studies evaluated metal contamina-
tion of soil and water in the different urban and industrial 
regions using principal component analysis (Manta et al. 
2002; Skrbic and Djurisic-Mladenovic, 2007, Guo et al., 
2013). PCA technique used to show the relationship among 
metals concentration and other parameters (pH, EC, TOC) 
in the soil and water (Weissmannová and Pavlovský 2017). 
FA produced using a constant value for all the soil and water 
quality parameters with a correlation matrix to minimize 
the effect of varying units on the variables (Lin et al. 2002). 
Kaiser–Meyer–Olkin (KMO) test used to evaluate whether 
the sample is large enough to use factor analysis (Kaiser 
1974). In principal component analysis (PCA), variables 
referred to as principal components (PC) used to illustrate 
the relation between two elements (Esbensen and Geladi 
2010). In similar study, Tripathi and Singal (2019) evaluated 
water quality of the Ganga River using PCA technique. In 
contrast, Praus (2019) used primary component weighted 

index (PCWI) for assessing the quality of both untreated 
and treated wastewater to evaluate WQI. Data indicate that 
unregulated discharge of wastewater including urban sewage 
contaminate water and soil by the process of seepage and 
leaching or irrigation with wastewater leads to depletion of 
groundwater and soil quality. High concentration of metals 
and other contaminants in the soil and groundwater may 
be due to continuous and long-term disposal of wastewa-
ter containing metals from industrial units leading to health 
hazards (Wuana and Okieimen 2011). Therefore, applying 
geographical and geostatistical techniques with an integrated 
approach could be more effective ways in environmental 
monitoring and assessment of soil and water contamination 
to ensure environmental and health safety.

Conclusion

Groundwater and soil quality parameters of water and soil 
samples varied with different sites of the selected study area, 
indicate about 13.3% of the sites found to have good soil 
health with minimum contamination level followed by 40% 
of sites with moderate contamination; however, 46.6% of 
sites shown high level of contamination of soil. Evaluat-
ing WQI and SQI values in the present study offers insight-
ful information about site-wise variation pattern of quality 
parameters including metals identifying the sites with high 
level of contamination to opt appropriate strategies and 
mitigation measures to ensure preserving groundwater and 
soil quality. Further, a study concludes that contamination 
of water and soil with metals and other contaminants leads 
to depletion of quality parameters which affects nutrients 
cycling in the aquatic and terrestrial ecosystem with more 
imbalances in availability of NPK. GIS-based WQI maps 
provide more description of sites in categorizing contami-
nated regions to ensure safe water supply and developing 
wastewater treatment facilities for sustainable urban plan-
ning. Besides, water and soil quality assessment using GIS 
and geostatistical technique provide regional and spatial 
variability of contaminants with their correlation to estab-
lish standards of soil health and drinking for effective natural 
resource management in a particular region. Therefore, the 
present study could be a new insight in in environmental 
monitoring involving quantitative and qualitative assessment 
of water and soil quality for sustainable resource utilization 
and conservation applying geographical and geostatistical 
techniques.
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Abstract The present work utilizes waste black cardamom (BC) as an inexpensive and environmen-

tally friendly adsorbent for sequestering the Congo Red (CR) dye from aqueous media for the first

time. Following a carbonization process at 600 �C, chemical activation with KOH was carried out

for waste BC and subsequent black cardamom activated carbon (BCAC) was employed as an absor-

bent for CR eradication. The effect of experimental factors, including pH, adsorption time, dose and

CR initial concentration, was investigated. 96.21 % of CR dye removal was achieved at pH 6 for

100 mg/L of CR concentration having 0.1 g dose at 30 �C. Maximum Langmuir adsorption capacity

of BCAC was found to be 69.93 mg/g at 30 �C. The kinetic analyses showed that the CR adsorption

overBCACbehaved in accordancewith apseudo-secondorder kineticmodel as highR2 values (0.997–

1) were obtained. Thermodynamic parameters (DH�, DS�, and DG�) demonstrated that the CR

adsorption over BCAC was feasible, spontaneous and exothermic in nature. In addition, the state-

of-the-art machine learning (ML) approaches namely, support vector regression (SVR) and artificial

neural network (ANN) were employed for modeling the BCAC adsorbent for CR removal. The sta-

tistical analysis revealed high prediction performance of SVRmodel with AARE value of 0.0491 and

RMSE value of 0.4635 while the corresponding values for the ANN model were 0.0781 and 0.5395,

Abbreviations: BC, Black Cardamom; BCAC, Black cardamom activated carbon; CR, Congo Red; ML, Machine Learning; ANN, Artificial neural

networks; SVR, Support vector regression; AARE, Average absolute relative error; R2, Coefficient of determination; RMSE, Root mean square

error; SEM, Scanning Electron Microscopy; FTIR, Fourier Transform Infra-Red
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respectively. Furthermore, the plots between experimental CR data andML forecasted data were clo-

sely matched (R2 > 0.99). Thus, it can be concluded that BC, an agro waste could be utilized for CR

removal and that the adoption of ML approaches can benefit users by providing them with a tool to

enhance the design and performance of wastewater treatment operations.

� 2023 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Water contamination is one of the main issues of our time as a
result of the uncontrolled urbanization, population expansion,
and industry that has occurred rapidly [1]. Although strict laws

and regulations have been promulgated but proper wastewater
treatment and its disposal has not been applied [2]. Particu-
larly, a significant volume of polluted water has been released

into the environment directly, harming the water resources. An
important class of pollutants is synthetic dyes, which are uti-
lized in a variety of sectors including the textile, dyeing, paper,

leather tanning, cosmetics, and others [3,4]. >7x 10^5 tons of
dyes are generated yearly of which about 10% are released into
the environment by the textile and associated sectors [5]. Dyes
are categorised according to their chemical structures, which

influence their characteristics and are divided as cationic or
anionic dyes [6]. It is highly challenging to handle wastewater
from the dyeing industry because dyes contain complicated

molecular structures that prevent biodegradation and make
them resilient to light, heat, and oxidising agents [7]. Colored
dyes are aesthetically pleasing, cancer-causing, and block light

from entering aquatic systems. Additionally, the hazardous
and cancer-causing nature of dyeing wastewaters has an
impact on both the aquatic ecology and human health [8].

Therefore, it is crucial to remove dye from wastewater or efflu-
ents before releasing them into the environment. In this study,
the removal of Congo Red (CR) is considered.

Anionic CR dye is very soluble in water which causes dis-

agreeable color changes that endanger water species [9]. CR is
an azo dye that metabolizes to benzidine which poses grave risk
to human health, including skin, ocular, and gastrointestinal

irritation [10]. The removal of CRdye fromwastewater has been
accomplished using a variety ofmethods, including coagulation,
membrane separation, adsorption, reverse osmosis and ion

exchange [11]. Adsorption is rapidly rising to the forefront of
treatment technologies as ameansof handlingdye contaminated
aqueous effluent due to its affordability, procedural simplicity,
efficacy, and practicality [12]. Due to its porous nature and ther-

mal durability, activated carbon ismost frequently utilized as an
adsorbent on a large scale [13]. Because it is more expensive and
difficult to produce, activated carbonmade fromnon-renewable

sources has fewer uses overall [14]. However, various agricul-
tural based materials have been looked at as advantageous
raw materials for the production of activated carbon, due to

their abundance and non-toxic makeup [15]. Several adsorbents
namely, coconut fibre [16], celery residue [7], cabbage waste [12],
Cornulaca monacantha stem [17], Antigonon leptopus leaf [18]
kenaf fibre [19], Casuarina empty fruit [20], Teucrium polium

L.[10], Eucalyptus leaf powder [21] walnut shell [22], Eichhornia
shoots [23], pine bark[24], Arjuna seed [25], mango leaves [26],
jujube shell [27] Phoenix dactylifera seeds [8], apricot stone

[28], powder Bombax Buonopozense bark [29], teak leaf [30],
pineapple stem [31], litchi seed [32] have been utilized for CR
removal. Thus, it is observed that efficient adsorbents have been

Nomenclature

Co Initial dye concentration (mg L-1)

Ce Dye concentration at equilibrium (mg L-1)
qe Adsorption capacity at equilibrium (mg g�1)
m Mass of Adsorbent (g)
V Volume (L)

e Loss function
w Weight vector
k(ci) High dimensional feature function for input vector

c
a and a* Lagrange multipliers
f(c) Regression function

b Bias term
K (ci,cj) Kernel function
L Dual form of the Lagrangian function
ci Input vector

di Output vector
Pi PRedicted value
Ei Experimental value

N Total data points
R2 Coefficient of determination

KL Langmuir constant (L mg�1)

qm Maximum adsorption capacity (mg g�1)
RL Separation factor
KF Freundlich adsorption constant (mg g�1) (L

mg�1)1/n

n Freundlich exponent (g L-1)
A Temkin constant for binding energy (L/g�1)
B Temkin constant for heat of adsorption (J mol�1)

v2 Chi- squaRed error
K1 Pseudo- first-order rate constant (min�1)
K2 Pseudo-second-order rate constant (g mg�1 min�1)

Kid Intra particle diffusion constant (mg g-1min�1).
I Intra particle constant
KC Equilibrium constant
DG� Standard Free energy change (kJ mol�1)

DH� Standard Enthalpy change (kJ mol�1)
DS� Standard Entropy change (kJ mol�1 K�1)
T Absolute temperature (K)

t Time (min)
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obtained from agricultural sources. In view of the encouraging
development, an effort was made to identify some locally avail-
able, cost-effective, and novel bio-waste for scavenging of CR

dye from water. It was discovered that black cardamom waste,
which is usually discarded in the open or dumped in landfills,
aggravates pollution and impinges upon the availability of ara-

ble land. It is estimated that nearly 400 kg of black cardamom
waste is generated annually in the small Indian town of Aligarh
alone. Hence, it was planned to carry out the present study by

converting the BC into BCAC and estimate its performance as
an adsorbent in the removal of CR dye from water by
adsorption.

Modeling of any system or a process is a significant and chal-

lenging task in engineering. The challenge may be due to the
physical complexity of the natural phenomenon or our limited
knowledge of mathematics. Recently, ML has been found to

be a very powerful tool in helping to overcome those challenges,
by building basic models from the observed patterns as well as
assisting decision makers in facing real world problems. Since

ML is able tomap causal factors and consequent outcomes from
the observed patterns (experimental data), without deep knowl-
edge of the complex physical process, thesemodeling techniques

are becoming popular among engineers. Recently, a wide range
of applications have benefited greatly from the extensive use of
ML techniques for the predictive modeling of the many engi-
neering problems in areas such as air pollution monitoring

[33], heat exchanger performance analysis [34], breakthrough
mechanism [35], circulation rate in thermosiphon reboiler [36],
energy resources forecasting [37] and reservoir properties [38],

to name a few. These computational methods accurately fore-
cast complicated processes and quickly give an understanding
of how these systems work [39]. The model eliminates the

requirement for completing a pilot experiment and aids in devel-
oping adsorption apparatus [40].

The main goals of the current study were two-fold. The first

was dedicated to the investigation of the efficacy of waste black
cardamom based activated carbon (BCAC) to remove CR
from aqueous solutions, and generate experimental data. The
second was to use this data to develop ML models namely,

support vector regression (SVR) and artificial neural network
(ANN) for the first time to forecast the uptake capacity of
the BCAC adsorbent. Study was done on the variables that

affected the CR removal, including temperature, starting dye
concentration and pH of the dye water. To verify the perfor-
mance of the developed ML models, statistical parameters

namely, coefficient of determination (R2), average absolute rel-
ative error (AARE), root mean squared error (RMSE), and
chi-square (v2) were employed. It was observed that the BCAC
adsorbent was a promising adsorbent for CR removal from

aqueous media and the novel application of ML techniques
to model the dye removal efficiency of BCAC may be widely
employed as a practical tool to enhance treatment procedures

for the removal dyes from aqueous solutions.

2. Materials and methods

2.1. Black cardamom and reagents

Black cardamom waste was collected from local herbal medi-
cine manufacturing plant in Aligarh. Congo Red dye was pur-
chased from Sigma Aldrich. Salts namely, potassium

hydroxide (KOH), hydrochloric acid (HCl) and sodium
hydroxide (NaOH) used in the experiments were of analytical
grade. Deionized water was utilized in carrying out all he stud-

ies. One gram of CR was dissolved in one litre of deionized
water to create a stock solution (1000 PPM), which was then
diluted with deionized water to the precise concentrations

needed.

2.2. Preparation of BCAC

The waste black cardamom pods were washed with water to
eliminate dust particles and then dried in the sun for two days.
Furthermore, all of these BC pods were oven dried for 24 h at

70 �C. Now the dried BC was pre- carbonised at 300 �C for
1.5 h. The pre-carbonized BC samples were then weighed
and blended with a KOH solution (impregnation ratio of
1.5). The impregnated sample were dried in oven and further

activated in furnace for 2 hrs at 600 �C. The obtained material
was repeatedly refluxed with water. The sample material was
then dried and kept before being used.

2.3. Characterization of BCAC

Scanning electron microscope (SEM) was employed for struc-

tural pattern and surface morphology of BCAC. SEM (JEOL
JSM-7610 FPLUS model) was used to acquire the electron
micrographs of gold-coated BCAC prior and post CR dye
adsorption. The Fourier transform infra-Red (FTIR) analysis

was performed using Bruker ALPHA FTIR Spectrophotome-
ter in KBr pellets (spectroscopic grade) in the wavelength
range of 500–4000 cm�1. This approach could be useful in

describing potential surface functional differences between
feedstock and BCAC. The concentrations of CR dye were
analysed by visible – spectrophotometer (Electronics India).

The solid addition technique was used to determine the pH
values of the adsorbent at the (pHpzc). The pH of solutions
was ascertained by Labman pH meter (India).

2.4. Adsorption experiments

The effect on the CR adsorption mechanism was studied by
adjusting operational conditions such dose, pH (6–10), begin-

ning CR dye concentration (50–200 mg/L), and temperature
(30 �C � 50 �C) and interaction time (0–120 min) of CR dye
and BCAC. The CR batch adsorption investigations were con-

ducted using the temperature-controlled water bath shaker
(REMI CIS 24). In a 250-ml conical flask, an aliquot of
0.2 g of BCAC was assorted with 20 ml of CR required con-

centration solution and flask was put at 150 rpm agitation
speed of water bath until equilibrium was attained. The spec-
trophotometer (Electronics India) was used to determine the

final concentration of the filtered sample. The pollutant
removal percentage (% R) of CR dye and quantity of adsorp-
tion at equilibrium Qe (mg/g), was determined at time (t) using
equation (1) and (2) respectively.

%R ¼ Co � Ce

Co

� �
� 100 ð1Þ

qe ¼
Co � Ce

m

� �
� V ð2Þ
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Where, Co and Ce are the CR concentrations at the start
and end of the experiment, respectively. The number V repre-
sents the volume of CR aqueous solution (in litres), whereas m

symbolizes the BCAC adsorbent mass (in grams).
The effect of solution pH on the removal effectiveness of

CR using BCAC was explored by regulating pH in the range

of 6–10 for CR and utilising 0.01 M HCl and 0.01 M NaOH
solution as adjusting medium. The point-of-zero charges
(pHPZC) is a property that establishes the pH level at which

the adsorbent surface achieves net electrical neutrality and
offers important details on the electrostatic interactions
between the adsorbent and adsorbate. The pHPZC is deter-
mined by solid addition method. At a constant temperature

of 30 �C, adsorption isotherm studies were carried out with
starting CR concentrations ranging from 50 to 200 mg/L.
The kinetic tests were performed, with residual dye concentra-

tions measured at specified time intervals at five different start-
ing CR concentrations of 50, 70, 100, 150 and 200 mg/L,
respectively.

2.5. Desorption studies

To conduct the reusability test, 0.1 g of CR loaded BCAC

adsorbent was placed into 10 ml of 0.05 M NaOH for 24
hrs. The regenerated adsorbent was then removed and prop-
erly cleaned with deionized water before being dried at 55 �C
for the subsequent cycle.

2.6. Machine learning modelling

2.6.1. Artificial neural network

The building of ANN intelligent models is based on a variety
of straightforward simulations of the biological processes in

the human brain that enable learning, remembering, and
problem-solving [41]. The neurons of ANN are core processing
units, capable of acquiring complex relationship between input

and output variables [42]. The mathematical neuron’s output is
often represented as:

Yn ¼ F Ið Þ ¼ F bþ
XN

n¼1
wnXn

� �
ð3Þ

In the multi layered (input, hidden and output layers) net-

work fit the data during training, these algorithms modify
the weights of the neurons based on the discrepancy between
the actual output values and the desired output [43]. The best

ANN architecture and training method for a particular job are
discovered through a process of trial and error [44]. One of the
popular ANN architecture is a first order gradient descent
approach called back-propagation which is used to train an

algorithm to minimise error [38]. The nodes modified their
weights, and the process iterates until error is reduced to a low-
est value.

2.6.2. Support vector regression (SVR)

Many literatures provides a detailed explanation of SVMs [45].
The support vector regression makes use of data sets P

= c1; d1Þ; c2; d2ð Þ; � � � ::; ðcn; dnÞgf , such that each input ci has
its output di. The goal of epsilon SVR model is to adjust the
function, d = f (c), so that when it is evaluated with unknown

input data {ci}, it can predict the output values {di}. The
regression function can be expressed as:

f c;wð Þ ¼ ðw � k cð Þ þ bÞ ð4Þ
Where k (c) is the high dimensional input function and the

dot product (w � k (c)).

The regression function represented in equation (4) can be
minimized as follows:

Minimize : Q fð Þ ¼ C
1

N
Le d; fðc;wÞð Þ þ 1

2
kw2k ð5Þ

The aforementioned equation has two components. The

first is the empirical error, which may be assessed using the fol-
lowing insensitive loss function:

Le d; f c;wð Þð Þ ¼ 0if d� fðc; wÞj j � e

d� fðc; wÞj j � eotherwise

�
ð6Þ

The second term in the equation stands in for the function

flatness. The trade-off between training error and model func-
tion flatness is provided by parameter C. With the addition of
slack variables (ni, ni*), the SVR problem is transformed into a

dual optimization problem as follows:

Minimize :
1

2
kw2k þ C

XN
i¼1

ni þ ni ð7Þ

Subjected to

di � w � k cð Þ � bð Þ � eþ ni

w � k cð Þ þ b� dið Þ � eþ ni�; ni and ni� � 0 ð8Þ
The introduction of Lagrangian multiplier ai and a�i in the

above convex optimization equation transforms it into dual
form expressed as:

f c; ai; ai
�ð Þ ¼

XNSV

i¼1

ai � ai
�ð Þ k cið Þ � k cj

� �� �þ b ð9Þ

The non-zero values of coefficients (ai-ai�) and their input

vectors ci create the support vectors (SVs). The basic expres-
sion for SVR is finally got after applying the kernel function
as follows:

f c; ai; ai
�ð Þ ¼

XNSV

i¼1

ai � ai
�ð Þk ci; cj

� �þ b ð10Þ

The Karush-Kuhn Tucker (KKT) conditions are used to

evaluate the constant b.

2.6.3. ML Models’ formulation

The computational ML models (ANN and SVR) were created

with five inputs, namely starting CR concentration (50–
200 mg/L), dosage (0.04–0.12 g), pH of solution (6–10), Tem-
perature (30 �C �50 �C) and time (2–120 mins), and adsorp-

tion capacity of CR as an output, in order to forecast the
performance of BCAC for CR batch adsorption. Following
the identification of independent – dependent variables, ran-

dom normalised data was separated into train and test sets.
In this study, the ANN toolbox component of the software
package MATLAB (2019b) software was adopted. Three lay-

ers in feed forward sequence make up the ANN design, with
the hidden layer and output layer each having a different trans-
fer function of tansig and purelin respectively. For little to
medium-sized data, one of the most effective back propagation

methods is Levenberg-Marquardt optimization. Twelve neu-
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rons at hidden layer resulted in lowest prediction error of the
formulated ANN model.

The SVR model to predict CR removal over BCAC was

programmed by implementing fitrsvm in MATLAB (2019b).
Since just a few settings needed to be changed and the RBF
kernel has a high general efficiency, it was chosen for this study

out of all the available kernels [46]. To Reduce the five-fold
cross-validation loss, the optimal hyperparameter combination
was determined via Bayesian optimization [47]. It is possible to

compare the performance of these developed models equitably
since all models are trained and evaluated using the same data
sets. Statistical assessment metrics such as R2, AARE, RMSE
and Chi –square value were used to verify the performance

standard of the developed models as follows:

AARE ¼ 1

N

XN
i¼1

pi � Ei

Ei

	 
����
���� ð11Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN
i¼1

ðEi�pi
pi

Þ
N

2
vuuut

ð12Þ

Chi� squared value; v2 ¼
X Ei � pið Þ2

pi
ð13Þ

Where, Ei and pi represent experimental and predicted data
points respectively. Whereas, N denotes total data points. The
R2 values were obtained using its command in M. S. Excel

(2010).

3. Results and discussion

3.1. BCAC characterization

The SEM micrographs of BCAC and CR laden BCAC at 1 mm
are depicted in Fig. 1 (a)-(b). By the pictures from the SEM
examination, the structural characteristic of the BCAC adsor-
bent demonstrates a interconnected porous structure that pro-

vides effective CR dye adsorption. Before adsorption, empty
spherical holes indicated that there was a substantial surface
area available for dye uptake [48]. As from Fig. 1(b) after

CR interacted with BCAC, the surface shape changes to
become smoother and acquire flaky patches. These modifica-
tions show that the CR dye has effectively been loaded onto

the adsorbent surface.
The FTIR spectra of BCAC can be seen in Fig. 2 indicating

the existence of functional groups and bonds on the BCAC
adsorbent. The band at 3438 (cm�1) was shifted after CR accu-

mulation over BCAC to 3425 (cm�1) due to stretching vibra-
tions of –OH group. The peak appear at 2886 (cm�1) may
be attributed to –CH stretching [49]. The alkyne group located

band at 2310 (cm�1) was moved to 2311 (cm�1) on CR adsorp-
tion [50]. The pronounced peak at 1428 (cm�1) changes to 1437
(cm�1) suggest bending CH2 and CH3 deformation vibrations

[51]. The presence of the C-N length of the aliphatic amines
was confirmed by the peak at 1034 cm -1 which shifted to
1032 after CR treatment [26]. Following the application of

Fig. 1 SEM images of BCAC (a) Prior to CR adsorption and (b)

after adsorption of CR at (Magnification: 6000 X; scale: 1 mm).

Fig. 2 FTIR spectra of BCAC.
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CR dye, there were changes in peak positions, indicating that
the CR dye had been successfully adhered onto the BCAC sur-
face. The bands between 400 cm and 800 cm were due to pres-

ence of stretch vibrations of C-O and C–H.

3.2. Influence of pH

The pH exhibits a key characteristic throughout the adsorp-
tion process by regulating the adsorbent charge and ionisation
level of the adsorbate in the solution. It is recognised that pH

has an impact on CR’s structural stability, which in turn
affects the intensity of its hue. When the pH is acidic (pH
3.0–5.0), CR turns blue, whereas between pH 10.0 and 12.0,

it turns to different shade of red color compared to original
of CR dye [52]. It is stable in the pH range of 6 to 10. Fig. 3
illustrates the outcomes of altering the pH from 6 to 10 in
order to investigate the impact of initial pH on CR adsorp-

tion. The 96.21 percent of CR dye removal was achieved at

pH 6 for 100 mg/L of CR concentration at 30 �C. Fig. 3A
demonstrates that when the solution pH rose to 10, the adsorp-
tion effectiveness of BCAC for CR fell to 39.44 percent. This

impact of pH change can be explained based on obtained
PZC value of 7.54 (Fig. 3B). The pHPZC was determined by
salt addition method. The surface of the BCAC is negatively

charged at pH values above pHpzc and has positively charged
below this value [53]. Since CR is an azo anionic dye, removing
it was facilitated by a pH value lower than pHPZC because of

the stronger electrostatic attraction between the anionic dye
molecules and the positive adsorbent surface [40]. Thus, opti-
mum CR uptake on BCAC was obtained at pH 6. In line with
our findings, maximum adsorption of CR by bio magnetic

composite was occurRed at pH 6.95 [52]; nevertheless, another
published study also shows that at pH 6 maximum CR was
adsorbed over coffee husk [54].

A detailed description of possible adsorption mechanisms
between CR onto BCAC is proposed and described schemati-

A                                                                                 B

C

Fig. 3 (A) Outcome of pH change on CR adsorption on BCAC (B) Point of zero charge of BCAC. (C) Possible adsorption mechanism

for the adsorption of CR onto BCAC.
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cally in Fig. 3(C). The effect of pH on the adsorption of CR on
BCAC can be explained based on the surface charges of both
the sorbent and the dye in the aqueous medium and also on the

basis of pKa values of major constituents [55]. At high solution
pH > 7.54, active sites of BCAC are completely deprotonated;
at neutral pH (	7) active sites are primarily protonated; while

at low pH < 4, most of the active sites are protonated [55].
Typically, CR is negatively charged when pH > 5.5
(pKa = 5.5) [55] as can be seen in Fig. 3 (C). When the solu-

tion pH is 6 (above pKa values of CR), dye molecules are neg-
atively charged, while adsorbent sites of BCAC are relatively
highly protonated (because of pH is much lower than 7.54).
This leads to a strong electrostatic attraction between SO3

-

groups of CR and positively charged BCAC (as shown in
Fig. 3(C), thus resulting in a higher adsorption capacity for
CR. However, when pH increases, the OH– ions increase grad-

ually, which compete with anionic dye molecules for penetrat-
ing the positively charged adsorbent. Hence adsorption
capacity decreases for CR at higher pH. Therefore, based on

the above-mentioned results, it is evident that the surface
charge of the adsorbent surface and dye governs the adsorp-
tion behavior towards anionic dye CR.

3.3. Variation of concentration with time

Fig. 4 displays the relationship between the contact time (0–
120 mins) and the CR adsorption capability of BCAC at pH

6 for initial CR concentration range (50–200 mg/L). The CR
adsorption capacity increased quickly for brief time periods
before settling towards equilibrium although the quantity var-

ied for each concentration. This can be explained as at early
stage of experiment many vacant spots were present and due
to passage of time these active pores were get saturated [56].

The shorter equilibrium period (10, 15 and 30 mins) were
attained for lower (50, 70 and 100 mg/L) initial concentration
of CR. Similarly, for raised initial CR concentrations of

150 mg/L and 200 mg/L, the equilibrium times were found
to be 60 and 90 mins. A similar pattern was observed in liter-
ature where equilibrium was attained within 100 mins for CR
dye over pine powder adsorbent [57].

3.4. Variation of dose

Fig. 5 shows how adsorbent dosage affects the amount of CR
that can be adsorbed onto BCAC. Increases in BCAC dosage
of 0.04, 0.06, 0.08, 0.1 and 0.12 g, respectively, resulted in

increases in CR removal percentage of 84.3, 88.65, 91.33,
95.89 and 96.35 % as depicted in Fig. 5. This might be attrib-
uted to the rise in the total aggregate surface area of the BCAC
particles and the number of accessible active adsorption sites

[7]. At 0.1 g and 0.12 g loading of dose, there was no dis-
cernible difference in elimination of CR that may be due aggre-
gation of adsorbent particles [8]. Thus for all experiments,

BCAC of 0.1 g was discoveRed to be the best dosage when tak-
ing CR removal percentage values into account.

3.5. Adsorption isotherms

Adsorption isotherm investigations are crucial because they
describe the distribution of the adsorbed molecules between

the adsorbent and the liquid solutions at equilibrium. As it
serves a useful purpose in the analysis and design of adsorption
systems, it is vital to establish the most suitable correlation for
equilibrium data and empirical equations. The Langmuir, Fre-

undlich, and Temkin models were utilised to evaluate the data
in order to determine which isothermal model is most appro-
priate for delivering the CR adsorption over BCAC. The linear

forms of aforementioned isotherm models are presented in
Table 1 and values of corresponding parameters were analysed
from Fig. 6.

3.5.1. Langmuir isotherm

The Langmuir isotherm model, state that adsorption happens
at specified homogenous sites on the adsorbent through mono-

layer adsorption [58]. It is also hypothesised that once a sor-
bate molecule fills a space, no further sorption may occur
there. The adsorbate draws to all of the active vacant sites of

the adsorbent using the same amount of energy [59]. In Table 1,
qe is the dye amount per unit weight of BCAC (mg/g) and Ce is
remaining CR concentration at equilibrium (mg/L). The con-

Fig. 4 The concentration vs. time graph for CR adsorption on

BCAC. Fig. 5 Impact of changing the BCAC dose on CR adsorption.
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stant qmax is related to the sites filled by a dye monolayer and
reflects the adsorption capacity (mg/g). KL is a constant
related to adsorption energy (L/mg). Plotting the adsorption
curve; 1/qe vs 1/Ce gives the value of qmax and KL. The graph

showed that the Langmuir adsorption capacity was 69.93 mg/
g, and an excellent R2 of 0.997 was observed suggesting mono-
layer coverage of sites by CR dye molecules (Fig. 6). Separa-

tion factor (RL), is another dimensionless measure which
provides information on how favourable is the adsorption pro-
cess. The adsorption is indicated by RL, which can be either

unfavourable (RL > 1), favourable (0 < RL < 1), irreversible
(RL = 0), or linear (RL = 1) [60]. The separation factor values
for the present study lie in order (0.091–0.287), which ranges

from 0 to 1, indicates favourable adsorption [60]. In confor-
mity to our results, several investigations have demonstrated
that the Langmuir model best describes the sorption of CR
onto agro-based adsorbent [17,32].

3.5.2. Freundlich isotherm

The Freundlich model, which is frequently used in heteroge-

neous systems and denotes multilayer adsorption with unstable
distribution of enthalpies and affinities between adsorbent and
adsorbate [61]. Freundlich sorption equilibrium constant KF is
expressed in (mg/g). (L/mg) 1/n, and n stands for distinctive

surface heterogeneity. The linear graph log qe vs log Ce is used
to estimate the model parameters. The result of correlation

Fig. 6 Adsorption isotherm for CR uptake on BCAC (Temp = 30 �C, pH = 6 and contact time 120 min).

Table 1 Isotherm’s equations and constants for CR adsorption on BCAC.

Isotherms Equations Parameters Values

Langmuir 1
qe
¼ 1

qm
� 1

b � 1
Ce

� �
þ 1

qm

qm (mg g�1) 69.93

b (L mg�1) 0.049

RL ¼ 1
ð1þb�C0Þ RL 0.091–0.287

R2 0.997

Freundlich lnqe ¼ lnKF þ 1
n lnCe KF (mg g�1) (L mg�1)1/n 3.424

n 1.152

R2 0.992

Temkin qe ¼ BlnAþ BlnCe A (L g�1) 1.024

B (J mol�1) 8.941

R2 0.946
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coefficient of this model is represented in Table 1. Due to lower
R2 value than Langmuir model indicate that this model does
not adequately account for the variation in the experimental

data.

3.5.3. Temkin isotherm

According to the above isotherm, all molecules’ adsorption

heat decreases in a linear manner, proving that the binding
energy is homogeneous [62,63]. The constants A(g/L) and B
(J/mol) corresponding to the maximal equilibrium binding

energy and heat of adsorption respectively, were calculated

using the linearized Temkin equation. The obtained values of
A and B are given in the following Table 1. The computed
R2 value (0.94) for Temkin isotherm in the case of CR adsorp-

tion is less than those for the Langmuir and Freundlich iso-
therms. This finding suggests that the Temkin model does
not provided an adequate fit for the experimental data.

3.6. Adsorption kinetics

The process by which a solute bind to a sorbent can be

expressed using a variety of models. Studies on adsorption rate

Table 2 Kinetic parameters for CR removal on BCAC at different initial concentration.

Kinetic models & Equations Parameters Concentrations (mg L-1)

50 70 100 150 200

Pseudo-first order qe (exp) 4.849 6.777 9.678 14.428 19.308

log qe � qtð Þ ¼ logqe � K1

2:303

� �� t qe (calc) 0.346 0.401 1.058 2.102 3.908

K1 0.120 0.0778 0.094 0.066 0.041

R2 1 0.952 0.903 0.974 0.953

Pseudo-second order kinetics qe (exp) 4.849 6.777 9.678 14.428 19.308
t
qt
¼ ð 1

K2q2e
Þ þ ð 1qeÞ � t qe (calc) 4.852 6.784 9.708 14.513 19.493

K2 4.045 1.633 0.392 0.108 0.038

R2 1 1 0.999 0.999 0.997

Intra-particle diffusion model Kid 0.019 0.030 0.077 0.188 0.441

qe ¼ kid � t1=2 þ I I 4.699 6.534 9.025 12.753 15.271

R2 0.362 0.484 0.639 0.779 0.806

Fig. 7 Adsorption Kinetics for CR dye onto BCAC (a) pseudo-first order, (b) pseudo- second order and (c) Intra-particle diffusion (at

pH = 6, temp = 30 �C and dose = 0.1 g).
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were conducted in order to quickly and effectively construct a

model. Adsorption kinetics demonstrates how the rate of dye
uptake is time-dependent and aids in calculating the residence
time for the purpose of optimising the size of the adsorption

device [64]. The uptake of CR over BCAC was established
by fitting data into kinetic models namely, pseudo-first order,
pseudo-second order and intra-particle diffusion kinetics. The

linear expressions and coefficients of these kinetic models are
described in Table 2. According to Fig. 7 (a-c) for adsorption
of CR dye by BCAC, pseudo-second order rate kinetics had an
R2 value of 0.998, which was higher than first order rate kinet-

ics. Additionally, the qe, values for the pseudo-first-order
equation varied considerably with the experimental ones. As
opposed to that, qe values estimated by pseudo-second order

rate kinetics were closely matched with experimental data.
According to the intraparticle diffusion model, the value of
constant (I) provides information about the boundary layer

impact [3]. As qt vs t1/2 plot show divergence from the origin
pointed that the CR adsorption over BCAC comprise intra
particle diffusion, in addition to the rate control step and other

ways such film diffusion, surface adsorption, and pore
diffusion [65]. Similar findings for the kinetics of CR uptake
over kenaf activated carbon [19] and litchi seed powder [32]

that follows pseudo-second order kinetics were reported
recently.

3.7. Adsorption thermodynamics

An investigation of the thermodynamics was done at three dif-
ferent temperatures (30 �C, 40 �C and 50 �C) for CR uptake on
BCAC. The following equations (14–16) were used to compute

the thermodynamic characteristics of the process, including the
change in Gibbs free energy (DG�), change in enthalpy (DH�),
and change in entropy (DS�).

Kc ¼ CAC

Ce

ð14Þ

DG ¼ �RT lnKc ð15Þ

Fig. 8 A graph of log Kc plotted against 1/T for CR adsorption

on BCAC.

Table 3 Thermodynamic variables for CR adsorptions on

BCAC.

Temperature

(K)

DG�(kJ
mol�1)

DH� (kJ
mol�1)

DS� (kJ mol�1

K�1)

303 �8.621 –22.697 �0.046

313 �8.202

323 �7.696

Fig. 9 ML- modelling of CR adsorption on BCAC for (a) SVR

model and (b) ANN model.

Table 4 Optimized hyperparameters for the SVR Model.

Model Box

constraint

Kernel

Scale

Epsilon Type of

Kernel

Loss

Function

CR-SVR Model 927.902 2.7123 0.0126 RBF e- insensitive
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logKc ¼ DS



2:303� R
� DH




2:303� R� T
ð16Þ

Here, R stands for the universal gas constant (8.314 J K�1

mol�1), and T stands for the temperature on the Kelvin scale.
Ca and Ce represent the equilibrium concentrations of CR on

the BCAC and in the solution, respectively. Table 3 lists the
computed thermodynamic parameters obtained from Fig. 8.
The process is more impulsive as DG� becomes more negative
[66]. The CR adsorption process is spontaneous, as evidenced

by the negative values of total free energy changes during the
process. In light of the computed DG� values, which ranged
between – 7.696 and �8.621 kJ mol�1, the thermodynamic

investigation came to the conclusion that the adsorption hap-
pened by a physical sorption process as DG� < 20 kJ mol�1

[67]. Since, the negative values DH� and DG� represents

exothermic and spontaneous process [68]. Thus, the findings
demonstrated that the negative values of DH� and DS� estab-
lish the exothermic nature of CR dye adsorption onto BCAC
and Reduction in randomness. Several investigations that have

been conducted for the elimination of CR reported similar
thermodynamic results [23,32].

3.8. Desorption and regeneration

Regeneration of the adsorbent is a crucial consideration when
evaluating the process’s viability in terms of both practical use

and economics. During desorption process dye molecules are
liberated from the carbon surface. Experiments with Congo
Red-loaded BCAC for desorption study have been carried

out by using NaOH solution. The interaction bonds between
the surface sites of BCAC and adsorbed CR become weaker
in an alkaline NaOH solution, making regeneration simple.

According to the regeneration data, the CR percentage
adsorption by BCAC was decreased in the third cycle to
84.77 % from 96.81 %. Moreover, desorption percentage

was seen to diminish with an increase in the number of regen-
eration cycles, remaining at 88.31 % of its initial level after the
first cycle and falling to 72.58% after the third. As a result, the
adsorbent can be successfully employed for up to three cycles.

Similar desorption studies were performed utilizing NaOH to
recover Congo Red dye from jujube shell [27] and methyl
orange from pumpkin seed powder adsorbent [69].

4. Simulation of machine leaning models

In order for the ML-based SVR model to function properly,

the model parameters must be chosen correctly. The optimised
hyperparameters are listed in Table 4. The results showed that
the optimal ANN design was created using the tansig-purelin

transfer functions, trainlm as the back-propagation technique,
and 10 neurons in a single hidden layer. The models’ output
was employed, in order to create parity graphs between the

Fig. 10 Plots of Congo Red ML models during (a) training course and (b) testing course. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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actual adsorption capacity of CR over BCAC and those pre-
dicted by the ML-based models as represented in Fig. 9 (a-

b). It is obvious that the anticipated train and test data both
fall very near the optimum fit line, signifying that the two
ML-based models performed effectively. Fig. 10 (a) - (b)

demonstrates the training process and testing phase for ML-
SVR and ML-ANN models respectively. It is noted that the
forecasted results closely match the experimentally determined

values of adsorption capacity for almost all sample runs. The
two constructed ML-models produce good results, with high
R2 values of 0.9978 for SVR and 0.9931 for the ANN model
obtained during training. These ML models were generalised

since, during testing, they functioned effectively for even
anonymous data, with R2 for the SVR and ANN models being
equivalent to 0.9816 and 0.9884, respectively. Furthermore, as

depicted in Tables 5 and 6, low AARE values in ranges
(0.0053–0.0491) for SVR and (0.0365–0.0781) for ANN,
whereas evaluated RMSE values were found to be in ranges

(0.1686–0.4635) for SVR and (0.3855 – 0.5395) for ANN were
close to ideal error value of zero, confirms ML models’ capac-
ity for prediction CR removal onto BCAC. The results of the
ML approach for present adsorption study were found to be

consistent with previously reported literature where prediction
of Chromium adsorption over Medlar seed by SVR and ANN
models have R2 of 0.981 and 0.958 respectively [70]. Similar

trend was also noted in ANN modelling of Basic Red 46 dye
and Cu (II) with R2 in between 0.98 and 0.99 [71].

5. Comparison with other adsorbents

Table 7 shows that the BCAC has a notable capacity for CR
adsorption when compared to the other adsorbents that are

being used. It has been determined how well various adsor-
bents can remove the CR dye when compared to the maximal
adsorption capacity of BCAC for CR.

6. Conclusion

The herbal waste derived BCAC was discovered through this

investigation to be a potential material for the elimination of
harmful CR dye in water systems. Increases in initial dye con-
centration (50–200 mg/L), contact time (0–120 mins), and dose

(0.04–0.12) were shown to enhance the amount of Congo Red
dye uptake on BCAC, whereas increases in solution pH (6–10)
and temperature (30–50 �C) were found to decrease it. The

reported negative values for DH� (–22.697 kJ mol�1) and DG
� (-8.621 kJ mol�1), respectively, show that adsorption is
exothermic and spontaneous in nature. The provided results
(R2 > 0.9) demonstrate that ML models are potential fore-

casting techniques that can be applied successfully and have
adequate accuracy for the prediction of the CR dye removal.
Thus, ML prediction can help in the planning and develop-

ment of a more efficient treatment for removing dye from
waste effluent.
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Table 5 SVR model performance evaluation.

Parameter Train data Test data

R2 0.9987 0.9816

AARE 0.0053 0.0491

RMSE 0.1686 0.4635

Chi-squared 0.0913 0.4165

Table 6 ANN model performance evaluation.

Parameter Train data Test data

R2 0.9931 0.9884

AARE 0.0365 0.0781

RMSE 0.3855 0.5395

Chi-squared 0.8131 0.5797

Table 7 Comparison of CR adsorption over various adsorbents.

Adsorbent Adsorption

Isotherm

Adsorption

Kinetic

Optimum

pH

Max Adsorption (mg/g) Reference

Mango Leaves Freundlich Pseudo-second order 7 21.28 [26]

Dactylifera seeds Langmuir Pseudo-second order 2 61.72 [8]

Kenaf-based activated carbon Freundlich

Langmuir

Pseudo-second order 4 14.20 [19]

Coconut fiber based activated carbon – Pseudo-second order 3 22.10 [16]

Litchi seed Freundlich

Langmuir

Pseudo-second order 2 20.49 [32]

Acacia auriculiformis biochar Freundlich Pseudo-second order 2 130.0 [72]

Apricote stone Langmuir

Dubinin-Radushkevich

Pseudo-second order 13 32.68 [28]

Black Cardamom activated carbon Langmuir Pseudo-second order 6 69.93 Present study
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A B S T R A C T   

In the present study, g-C3N4/CaTiO3 (GCT) heterostructure with various Ag contents have been synthesized via 
simple hydrothermal method and characterized using various instrumental techniques. Stability of synthesized 
samples was measured by thermogravimetric analysis (TGA) and zeta potential measurement. The photocatalytic 
activity of all the synthesized was evaluated by the degradation of nitrobenzene (NB) in aqueous media. The 
photocatalytic activity of heterostructure AGCT was observed enhanced under the light irradiation. This would 
be attributed to the suitable band structure, resulting in the efficient charge separation and transfer of photo-
generated charge carriers. The final percentage of degradation was observed 70% with AGCT5 and 64% with 
AGCT1 which were highest among other catalysts applied after 2 h. The Ag doping in CT catalyst led to 
antagonist performance, and to better degradation of NB. The multivalency of Ag leads to prevent agglomeration 
and recombination of electrons and holes and transferring them from Ag to Ca. The reaction rate (2.36 × 10− 3 

molL− 1 min− 1 at 20 ◦C) and percentage degradation (~70%) were observed to get increased with the increase in 
the temperature with the apparent activation energy of 40.3 kJ/mol. The enhanced performance at increased 
temperature was attributed to overcome the energy of activation and high mobility of charge carriers.   

1. Introduction 

Exponential increase in water pollution has attracted the attention 
all over the world. For the sack of development, ample quantity of 
wastewater is released from industries without proper pre-treatment. 
Thus, a balance in clean water supply and management is a must 
requirement in current scenario. Various inorganic and organic mate-
rials are released from industries such as dyes, pesticides, antibiotics, 
phenol, nitrobenzene etc. The regular exposure to nitrobenzene can 
reduce the oxygen carrying capacity of blood to body organs and tissues. 
This can cause many serious health problems, from dizziness to respi-
ratory distress, called methemoglobinemia. The change in skin colour to 
blue is a key indicator of this disease [1–5]. Many water treatment 
technologies have been adopted to treat the wastewater and photo-
catalysis is one of the prominent fields to handle this situation [6,7]. 

CaTiO3 (CT) is a member of perovskite material and one of the 
conventional photocatalyst. It offers combinations of high ionic con-
ductivity, good ferroelectric, excellent photoluminescent, and unique 
dielectric polarization [8]. CT belong to metal titanate compounds with 
a perovskite structure that has attracted attention in fundamental and 

applied research fields [9]. The novel structure of these functional ma-
terials makes them a suitable candidate for a wide range of optical and 
electrical applications [10]. Similarly, graphitic carbon nitride (g-C3N4) 
is also utilized not only as photocatalyst but also as supporting material 
[11]. It is a two-dimensional polymeric semiconductor with a bandgap 
of around 2.7 eV, which is considered as a prominent photocatalyst for 
the degradation of organic pollutant. g-C3N4 exhibit good chemical 
stability and unique optical and electronic properties. In addition, it can 
be prepared from the low-cost nitrogen-rich compound by simple heat 
treatment process [12]. It was observed that conventional photo-
catalysts such as TiO2, ZnO, Fe2O3, SnO2 CaTiO3 etc. were modified and 
make heterostructure with another semiconductor to enhance their 
photocatalytic performance [13–16]. Further, it was found that CT and 
g-C3N4 have well-matched overlapping band structures, suitable for the 
construction of heterostructures which favour high photocatalytic per-
formance [17]. Owing to the polymeric nature of g-C3N4, its surface 
chemistry can be modified by surface engineering without obviously 
altering the theoretical composition [18]. The composite of the g-C3N4 
with a semiconductor such as CaTiO3 could reduce the bandgap of the 
semiconductor which may shift the activity of the photocatalyst in 
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visible region [11]. Different studies conducted with the combination of 
g-C3N4/CT (GCT) revealed that nanocomposite exhibit superior activity 
as compared to its counterpart [19,20]. To increase further performance 
of these nanocomposites, metal and non-metal doping were reported in 
literature [8,21,22]. Several authors have reported that introduction of 
Ag+ ions in semiconductor can generate the intrinsic defects in the host 
that usefully modify the photocatalytic properties of semiconductor 
[13,23,24]. Ag leads to a red-shift and increases its photocatalytic effi-
ciency in the visible-light region. Since Ag metal is a good conductor, it 
can act as a sink for free electrons and increases the separation rates of 
photo-induced electron-hole pairs. 

In this work, we have synthesized ternary Ag/gC3N4/CaTiO3 

nanocomposites and their photocatalytic activity was studied for the 
degradation of model organic pollutant nitrobenzene (NB). A kinetic 
study was applied to all the reaction performed and results were ana-
lysed in terms of final degradation, initial rate of reaction and rate 
constant. The results demonstrated that the photocatalytic activity of 
ternary composite was superior to the other combination tried. Further, 
thermodynamic study was also conducted with the best performing 
ternary nanocomposite. As per our best knowledge, Ag incorporated Ag/ 
gC3N4/CaTiO3 nanocomposites has not been reported so far for the 
photocatalytic degradation to remove organic pollutants in water. 

Fig. 1. (a) P-XRD and (b) FTIR spectra of the synthesized photocatalysts.  

Fig. 2. TGA and DTA spectra of the synthesized photocatalysts.  
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2. Experimental 

2.1. Materials and synthesis of the catalysts 

CaTiO3 (CT), g-C3N4/CaTiO3 (GCT) heterostructure and Ag/g-C3N4/ 
CaTiO3 (AGCT) nanocomposite were synthesized and applied as pho-
tocatalysts. The detailed synthesis method and materials used are re-
ported in the supporting information S.1–S.4. 

2.2. Catalyst characterization 

The prepared catalysts were characterized using different analysis 
techniques such as XRD, FESEM, DRS, FT-IR, TGA, and UV–Visible 
analysis was done to measure the progress of degradation reaction. The 
details are provided in supporting information (Section S.5). 

2.3. Photocatalytic activity set-up 

The photocatalytic reactor equipped with 500 mL reaction vessel and 
a 450-Watt power mercury lamp manufactured and supplied by the 
‘Lelesil Innovation Systems, India’ was used to investigate photo-
catalytic properties of all synthesized samples. The reactor was con-
sisting of two parts. The inner part was made of double-wall jacket 
quartz with the facility to place the lamp at the centre of it and a water 
inlet–outlet facility to maintain the temperature throughout the reaction 
progress [25]. The outer part was made of 500 mL capacity borosilicate 
glass. The 50 mg photocatalyst was spread in 500 mL of 25 ppm NB 
solution. Afterwards, the samples were magnetically stirred for 30 min 
in the dark condition to determine the adsorption–desorption equilib-
rium. After that 5 mL of sample was taken at every 10 min for first hour, 

and finally one sample at 90 min. All the reactions were performed with 
similar conditions. 

3. Results and discussion 

3.1. X- ray diffraction analysis 

Fig. 1 depicts powder X-ray diffraction (PXRD) patterns for all pre-
pared samples. The PXRD pattern showed a single-phase orthorhombic 
structure of CT. The corresponding planes were (101), (200), (212) 
and (310), confirmed with JCPDS card No. 78-2480 with having unit 
cell parameters as a = 5.377, b = 5.358 and c = 7.586 A and that were 
calculated using the formula d = a/(h2 + k2 + l2) [26]. 

Addition of g-C3N4 caused in the shift in the composite peaks. 
Diffraction peak was not seen due to the low amount of g-C3N4. After 
silver doping no additional plane could be seen that might be due to its 
low concentration. The crystallite size of nanoparticles was calculated 
using Debye Scherrer Equation (1). 

D = kλ/βCosθ (1)  

where D = crystalline size (nm), K = 0.9 (Scherrer constant), λ =
0.15406 nm (wavelength of the X-ray source), β = FWHM (radians), θ =
Peak position (radian). 

The crystalline size of CT, GCT, AGCT5 and AGCT1 was calculated as 
26.31, 47.03, 23.63, 24.87 nm, respectively. It was observed that the 
particle size decreased with increase in the dopant concentration [27]. 

Fig. 3. SEM Images of (a) CT, (b) GCT, (c) AGCT5, (d) AGCT1 samples.  
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3.2. Fourier transform infrared spectra (FTIR) analysis 

Fig. 1 (b) displays the FTIR spectra of CT, GCT, and AGCT hetero-
structures. The characteristic bands of g-C3N4 and CT were found in the 

FTIR spectra of GCT [28]. The strong peak at 1446 cm− 1 is assigned to 
the bending vibration of the O–H bond (OH), due to the formation of the 
Ca–Ti–O–H layer. The peak at 3725 cm− 1 is ascribed in GCT and AGCT 
whereas it is not observed in CT due to N–H or NH2 stretching. The peak 

Fig. 4. Tauc plot and bandgap energy of (a) CT, (b) GCT, (c) AGCT5 (d) AGCT1.  

Fig. 5. Zeta potential of (a) CT, (b) GCT, (c) AGCT5 and (d) AGCT1 photocatalysts.  
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at 1224 cm− 1 is ascribed in CT, GCT and AGCT due to C–OH stretching. 
The peak at 1645 cm− 1 is not observed in CT while GCT shows a bit 
broader peak as compared to silver doped sample due to C=N stretching 
[29]. The prominent peak at 500 cm− 1 is present in all samples due to 
Ti–O stretching vibration. 

3.3. Thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA) 

The spectra of all samples CT, GCT, AGCT5 and AGCT1 are displayed 
in Fig. 2. Three steps of weight loss in TGA were observed in all samples 
except CT. First weight loss from 50 to 350 ◦C was due to the moisture 
loss and removal of water content, second weight loss from 350 to 
600 ◦C was due to the degradation of functional groups such as hy-
droxyl, nitride etc and then finally in third stage weight loss represent 
degradation of carbon chain in smaller fragments from 600 to 850 ◦C 
[26]. Two steps degradation was observed with CT. First step is removal 
of moisture, and second stage is removal of functional groups. However, 
total weight loss % in CT was 6%, GCT 18% while AGCT 5 and AGCT1 
13%. This data favour that thermal stability increases by addition of 
silver doping in GCT. Different concentration of silver doping show 
nearly same thermal stability. 

3.4. Scanning electron microscopy (SEM) analysis 

The particle size and surface morphology of all the synthesized 
samples were studied using SEM as shown in Fig. 3 (a–d). The 
agglomeration was seen due to the smaller particle size of CT in Fig. 3 
(a). With addition of g-C3N4, rod like morphology was seen, which is 
clearly visible in 4 (b) and in this case CT is scattered over surface. In 
Fig. 3 (c) and 3 (d), there is no visible difference in the images. Silver 
nanoparticles have spherical morphology and distribute over the com-
plete surface. AGCT1 and AGCT5 nanoparticles were agglomerated and 

there was high interconnectivity among grains [30]. 

3.5. UV – Vis spectroscopy (DRS) analysis 

The Optical properties of the samples were analysed using UV–Vis 
diffuse reflectance spectroscopy, and the bandgap of the samples were 
determined from the Tauc plots (Fig. 4) [31]. The DRS of CT showed an 
absorption edge at around 300–330 nm and second absorption edge at 
around 330–350 nm respectively and the band gap (Eg) calculated of CT 
was 3.6 eV. The absorption edge of GCT heterostructures was observed 
to be in between 330–350 nm and the bandgap calculated was 3.53 eV, 
g-C3N4 might be act as a sensitizer, thus the CT heterostructures showed 
absorption ability towards red end of spectrum. Similarly, bandgaps of 
AGCT5, AGCT1 calculated were 3.38, 3.49 eV respectively (see Fig. 4). 

3.6. Zeta potential study 

Zeta potential was measured to check stability of nanomaterials in 
dispersion (see Fig. 5). In this work, water was used as dispersing sol-
vent. The values of zeta potential measured were − 18.4, − 18, − 19.2, 
− 25.8 mV for CT, GCT, AGCT5 and AGCT1 respectively. The zeta po-
tential from +30 to − 30 mV showed stability in the dispersed systems 
[32]. It can be clearly seen that silver doped samples AGCT5 and AGCT1 
showed higher dispersion stability in water and that can be seen in their 
effective photocatalytic performance as well. 

4. Photocatalytic activity and kinetics of nitrobenzene 
degradation 

The photocatalytic degradation study of the synthesized catalysts 
was conducted for the degradation of NB solution and results are pro-
vided in Table 1. A 500 mL 25 ppm solution of NB was taken in the 
photochemical reactor and a catalyst dose of 50 mg was used in all the 
performed experiments. The initial rate of degradation was calculated at 
a time 10 min of the reaction and the final degradation was reported at 

Table 1 
Electronic and kinetic properties of all the photocatalytic materials for NB 
degradation.  

Catalyst Bandgap 
(eV) 

% 
degradation 

Initial rate ×
10− 3 [mol/L 
min− 1] 

Rate constant 
× 10− 3 

[min− 1] 

R2 

Blank  –  38.8  1.10  2.6  0.97 
CT  3.6  60.9  2.62  5.0  0.95 
GCT  3.53  55.7  2.56  4.4  0.95 
AGCT5  3.38  70.0  2.36  5.6  0.99 
AGCT1  3.49  64.3  2.36  5.3  0.98  

Fig. 6. (a) Increase in % degradation of nitrobenzene as a function of irradiation time, and (b) kinetics of nitrobenzene degradation [NB = 500 mL, 25 ppm; Catalyst: 
50 mg; Reaction time: 90 min]. 

Table 2 
Electronic and kinetic properties of Ag/g-C3N4/CaTiO3 for NB degradation at 
different temperature.  

Temperature % 
Degradation 

Initial rate × 10− 3 

[molL− 1 min− 1] 
Rate constant ×
10− 3 [min− 1] 

R2 

5 ◦C  39.4  0.85  2.3  0.99 
10 ◦C  51.1  1.25  3.6  0.99 
15 ◦C  63.9  2.21  5.2  0.97 
20 ◦C  70.4  2.36  5.6  0.98  
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90 min. The final percentage of degradation was observed 70% with 
AGCT5 and 64.2% with AGCT1 which were highest among other cata-
lyst applied after 90 min. Pristine CT showed 60.9% and GCT 55.7% 
degradation in the similar time. For a comparison, a blank study was also 
conducted without any catalyst and 34.7% degradation was observed 

after 90 min. This clearly shows the role of catalyst in the photocatalytic 
degradation process. The final percentage degradation was observed in 
the range of 34 to 70% for all the reaction performed. The initial rate of 
reactions was almost in similar range of 2.36 × 10− 3 to 2.62 × 10− 3 

molL− 1min− 1. These values were very high compared to blank reaction 
without any catalyst (1.10 × 10− 3 molL− 1min− 1). Comparison of pho-
tocatalytic performance of CT, GCT, AGCT5, AGCT1 validates that the 
AGCT5 expressed the higher extent of photocatalytic performance 
compared to other applied photocatalysts. Further, it could be seen that 
the addition of Ag content increased the photocatalytic performance. 
The Ag dopant possesses the multivalency which leads to prevent 
agglomeration and recombination of electrons and holes and trans-
ferring them from Ag to Ca. Thus, we may conclude that the Ag doping 
in CT catalyst leads to antagonist performance, and to better degrada-
tion of NB (Table 1). Kinetics in Fig. 6 (a) shows that the degradation 
pattern of NB follow pseudo-first order kinetics, where the rate of 
degradation reaction “r” is proportional to the concentration Ct at time 
“t” (Eq. (2)) [33]. 

r = kKCt ÷ 1+KCt (2)  

where k is the reaction rate constant, and K is the reactant adsorption 
constant. The apparent first order linear expression is expressed in Fig. 6. 
The calculated apparent R2 values of linearity are specified in Table 1. 
Further, the best performing catalyst AGCT5 was tested at four different 
reaction temperatures viz. 5, 10, 15 and 20 ◦C. The results are shown in 
Table 2. The reaction rate and percentage degradation were observed to 
get increased with the increase in the temperature. The minimum 
degradation was just 39.4% at 5 ◦C and highest 70.4% at 20 ◦C. The 
initial rate of reaction and rate constant values also followed the similar 

Fig. 7. Kinetics of nitrobenzene degradation with AGCT5 (a) Increase in % degradation of as a function of irradiation time at different temperature, (b) kinetics of 
Nitrobenzene degradation at different temperature (c) the plot of natural logarithm of rate constant, ln (k) as a function of reciprocal temperature (1/T). 

Table 3 
Comparison of synthesized Ag/g-C3N4/CaTiO3 nanocomposite catalyst with 
other similar kind of photocatalysts.  

S. 
No 

Photocatalyst Application Efficiency Ref. 

1. Silver decorated ZnO 
nanocomposite with 
sulfurized graphitic 
carbon nitride 

Photodegradation of MB 98% [35] 

2 C3N4@porphyrin 
nanorods hybrid 
material 

Photodegradation of MB 100% [36] 

3 g-C3N4.SrTiO3 Photocatalytic 
degradation of reactive 
blue 198 (RB 198), 
reactive black 5 (RB 5) 
and reactive yellow 145 
(RY 145) 

50% [12] 

4 CaTiO3/g-C3N4/AgBr Degradation of RhB 99.6% [20] 
5 TiO2/ZrO2/g-C3N4 Degradation of berberine 

hydrochloride 
86% [37] 

6 Ag/g-C3N4/NaTaO3 Degradation of 
tetracycline 

95.47% [38] 

7 Ag/g-C3N4/CaTiO3 

nanocomposite 
Photodegradation of 
nitrobenzene 

70% This 
Work  
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trend. The minimum initial rate of reaction was observed 0.85 × 10− 3 

molL− 1 min− 1 at 5 ◦C and highest 2.36 × 10− 3 at 20 ◦C molL− 1 min− 1. 
The temperature influences primarily to the energy of activation and 

helps to overcome that. Thus, the oxidation of organic pollutants occurs 
at higher rate at high reaction temperature conditions [34]. Further, at 
increased temperature, charge carrier species become more active and 
shows higher mobility. Photogenerated charged species e− and h+ react 
with adsorbed oxygen and OH− at greater speed and improve the 
degradation capacity of the catalyst. However, previous studies reported 
that photocatalytic activity may get reduced if the temperature is 
increased after an optimum level. That happens due to more recombi-
nation of charge carriers. In this study, we observed an increasing 
pattern of performance with increase in temperature as reaction tem-
perature applied was 20 ◦C and below. Fig. 7 (C) demonstrates the plot 
of natural logarithm of rate constant ln (k) as a function of reciprocal 
temperature (1/T). The slope of the plot relates to the apparent activa-
tion energy (Ea) of the overall reaction, expressed in kilojoules per mole 
(kJ mol− 1). The calculated value for the overall apparent activation 
energy of the NB degradation process from the data of Table 2 was found 
to be 41.3 kJ/mol. This value is much higher than the previously re-
ported studies where the activation energy of photocatalytic degrada-
tion of NB with P25 was to be around 22 kJ/mol [34]. The Comparative 
literature of synthesized Ag/g-C3N4/CaTiO3 nanocomposite photo-
catalyst with other similar kind of catalysts is given in Table 3. 

5. Mechanism approach nitrobenzene degradation 

Photocatalytic degradation of organic materials in water can be 
explained by bandgap model of semiconductors. Semiconductors are 
composed by band framework, where valence band (VB) and conduction 
band (CB) are separated with an energy gap (Eg). Based on experimental 
data received, the photocatalytic process and its mechanistic approaches 
are proposed. The proposed mechanism of NB degradation using metal 
doped CT is given from Eqs. (3)–(9). 

GCT+ hv →GCT (e−cb + h+
vb (3)  

GCT (e− ) +Ag→GCT − Ag(e− ) (4) 

GCT − Ag(e− ) +O2→GCT − Ag+O−
2 (5)  

O− •
2 +H+→HO•

2 (6)  

2HO•
2 + H2O→H2O2 + OH• (7)  

H2O2 + e−cb→OH• + OH− (8)  

OH•/ H−
cb +Nitrobenzene →mineralized products (9)  

Firstly, synthesized GCT photocatalyst take a photon with energy higher 
or equal to its band gap and generate e− /h+ charge carrier in CB and VB 
respectively as Eq. (3). These e− transfer from GCT to Ag. Further, these 
e− and h+ react with the reactive oxygen species O2 and H2O to generate 
superoxide anion (O2

− ), hydroxyl radical (OH•) and H2O2 as shown in 
Equation 5–7. These strong oxidative species that is reactive oxygen 
species (ROS) further oxidize NB and other organic fragments adsorbed 
on the photocatalyst, finally convert to the mineralized product CO2, 
H2O and NH4

+ as in Eq. (9) [39,40]. The involvement of these major 
reactive species can be confirmed by application of suitable scavengers 
during the process [41]. As shown by Fig. 8, bandgap of all CT, g-C3N4 
and Ag are suitable for electron and hole transport, and this leads to 
minimise electron hole recombination which is more suitable for pho-
tocatalysis of pollutants. 

6. Conclusion 

In summary, Ag/g-C3N4/CaTiO3 (AGCT) heterostructure photo-
catalysts were synthesized. Compared with bare CT nanoparticles, the 
photocatalytic activity of AGCT heterostructures was improved for the 
degradation of nitrobenzene under sunlight irradiation. The enhanced 
photocatalytic activity of AGCT heterostructure photocatalysts could be 
ascribed to the formation of heterojunction between CT and g-C3N4. The 
Final percentage of degradation was observed 70 % with AGCT5 and 64 
% with AGCT1 which were highest among other catalyst applied after 2 
h. The final percentage degradation was observed in the range of 34–70 
% for all the reaction performed because silver nanoparticle has proven 
to exhibit excellent electrical conductivity, chemical stability, and cat-
alytic properties. The presence of silver nanoparticles on the surface of 
GCT can facilitate catalytic reaction by providing active sites for 
adsorption and reaction. This enhanced catalytic activity makes silver – 
doped GCT potentially useful for the application such as catalytic 

Fig. 8. Proposed process of charge separation in Ag/g-C3N4/CaTiO3 photocatalyst.  
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convertor for water purification. From the result it was concluded that 
the doped material increased the efficiency of the catalyst as compared 
to the without doped material. 
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Administration. 
We would like to appreciate Rotaract Club, Directorate of Students’ 

Welfare, Manipal University Jaipur for the efforts and express our 
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ABSTRACT: Upconverting nanoparticles has a significant potential
to enhance solar cell efficiency as a “spectral converter”. Here, we
report a phase pure, cubic, upconverting BaGdF5:Er/Yb-doped
nanocrystal accessible via ionic liquids that are combined with TiO2
to apply as the absorption layer in a dye-sensitized solar cell (DSSC)
as a potential technology to harvest solar energy. Bright-green (520
and 540 nm) and red (665 nm) emissions were observed due to
transitions of 2H11/2 + 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2, respectively.
The experimental data for 540 and 665 nm emission bands of
BaGdF5:Er3+/Yb3+ nanoparticles have been fitted with a straight line
with a slope of ∼2, which confirms the two-photon absorption
process. It is also found that not only the overall upconversion
intensity but also the IG/IR ratio has a significant effect on device
efficiency. Under 1 sun illumination, cells fabricated with the BaGdF5:Er3+(1%)/Yb3+(10%)/TiO2 absorption layer showed the
highest photon conversion efficiency (PCE) of 7.75% with current density Jsc = 15.9 mA/cm2. However, when only TiO2 is used as
the absorption layer, a much lesser PCE of 4.60% along with Jsc = 9.6 mA/cm2 is obtained. Almost a 68.47% enhancement in photon
conversion efficiency and a significant increase in current density (Jsc) (65.62%) for the BaGdF5:Er3+(1%)/Yb3+(10%)/TiO2-based
device compared to the bare TiO2 cells promise the potential use of upconverting materials as a spectral converter in the DSSC and
other solar cell devices.
KEYWORDS: rare-earth ions, ionic liquid, upconversion, dye-sensitized solar cell, spectral converter

■ INTRODUCTION
The creation of sufficient “clean” energy is very important,
both for an energy perspective and for the environment. As the
population explosion is continuing through the last decade,
consumption of conventional energy resources gradually
increases, resulting in the release of greenhouse gases like
CO2 and others, which cause a hazardous effect on the flora
and fauna.1−5 To overcome these issues, several renewable
sources are explored, among which solar energy is most
prominent as abundant solar radiation reaches the earth’s
surface. Approximately 120,000 TW solar powers are available
due to the irradiation of sunlight on the earth’s surface.6

However, one pertinent issue is how can we use maximum
solar energy required for daily life? Previously, it was reported
that not all the photons of the solar spectrum have the
sufficient energy to match the band gap in a silicon solar cell,
which absorb a maximum of 45% of all photons of the solar
spectrum.7 Therefore, it is utmost important to transform the
sub-band gap photons into higher energy photons in a
conventional solar cell to get the better efficiency.8,9 In this
regard, upconverting nanomaterials can play a major role as a
“spectral converter”. In the upconversion process, photons

with lower energy near-infrared (NIR, higher wavelength) light
are converted into higher energy (lower wavelength) ultra-
violet (UV) or visible light photons.10−14 As the photons of
lower or lesser band gap energy are not absorbed by a solar
cell, spectral mismatch occurs that results in the energy loss in
the conversion of solar energy to electricity. By process
upconversion, two sub-band gap photons can be converted
into one photon of the optimum energy and may help to
increase the solar cell efficiency. Such upconverting phosphor
absorbs the transmitted sub-band gap photons by sequential
ground state absorption/excited state absorption. By this, an
excited state is generated in the upconverting phosphor from
which photons are emitted, which can then be absorbed in the
solar cell to generate electron−hole pairs.

Received: February 15, 2023
Accepted: April 3, 2023

Articlewww.acsaem.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsaem.3c00424
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

Pu
sh

pa
l G

ho
sh

 o
n 

A
pr

il 
17

, 2
02

3 
at

 1
8:

15
:4

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yogendra+Nath+Chouryal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rahul+Kumar+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neeraj+Tomar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neelam+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heera+Lal+Kewat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ishfaq+Abdullah+Wani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ishfaq+Abdullah+Wani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandeep+Nigam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Praveen+Kumar+Surolia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sri+Sivakumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pushpal+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.3c00424&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00424?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00424?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00424?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00424?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00424?fig=abs1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.3c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
Anushri Gaur
SDG 06



Upconversion can work by doping of lanthanide ions (Ln3+)
such as Yb, Er, Tm, and Ho in different host materials where
Yb3+ ions can act as the sensitizer due to its high absorption
cross section (10−20 cm−2 at around 980 nm), and Er3+,
Tm3+, and Ho3+ ions can work as an emitter or activator.15

Upconversion efficiency may depend on some important
factors like the host lattice, rare-earth ion doping concen-
tration, and donor to acceptor ratio. One of the most
promising upconverting materials is sodium ternary tetra-
fluoride.16,17 Upconverted materials (UCM) are nowadays
extensively used in various photonic and biophotonic
applications like drug delivery.16,18−20 However, their use in
solar cell applications is still in its infancy. Ramasamy et al.
reported various upconverting nanoparticles for solar cell
applications.6 Shang et al. reviewed enhancement in solar cell
efficiency by using photon upconversion materials.21 Shalav et
al. explored the application of erbium-doped NaYF4 micro-
crystals as an upconverter in bifacial c-Si solar cells.22 Fischer
et al. also observed the potential use of erbium-doped NaYF4
microcrystals as an upconverter to improve the conversion
performance of c-Si solar cells.7 Liang and their co-workers
reported core−shell−shell NaYF4:Yb/Er@SiO2@TiO2 micro-
plates sandwiched between a counter electrode and a
transparent TiO2 layer to take full advantage of the scattering
and upconverting functions of the microplates, and approx-
imately 30% efficiency enhancement in application for the dye-
sensitized solar cell (DSSC) was observed.23 Currently, DSSC
technology plays a crucial role in the harvesting of solar energy
to generate the electricity.24

Ionic liquid, which is considered as a “green and designer”
solvent, can play a major role in nanomaterial synthesis due to
its negligible vapor pressure, high viscosity, non-flammability,
large electrochemical window, catalytic nature, etc.25−31 In this
article, we report the synthesis of upconverted rare-earth
ion(s)-doped (i.e., RE3+ = Yb3+/Er3+) BaGdF5 nanocrystals via
the ionic liquid-assisted hydrothermal method where IL
[C4mim]BF4 can be used as a solvent, reaction partner
(fluorinating agent), and templating agent/capping agent, i.e.,
“all three in one” (Figure 1) and details are given in the

Supporting Information. Analysis reveals that upconversion
intensity is influenced by dopant concentrations, and finally,
upconverted nanophosphors are used in device application for
the DSSC. It is observed that when upconverted BaGdF5:Er3+/
Yb3+ materials are combined with TiO2 to apply as the
absorption layer in a dye-sensitized solar cell (DSSC), both the
photon conversion efficiency (PCE) and current density (Jsc)
significantly increased compared to bare TiO2-based cells. For
example, a significant enhancement in PCE (68.47%) and
current density (65.25%) for the BaGdF5:Er3+(1%)/
Yb3+(10%)/TiO2-based device compared to the bare TiO2
cells is noticed. Of particular interest to our research program

is how the upconverted nanoparticle can be efficiently
employed as a spectral converter to reduce the sub-band gap
losses and enhance the efficiency in solar cells, especially in
DSSCs in the present case.

■ EXPERIMENTAL SECTION
Chemical details and synthesis of ionic liquids are mentioned in the
Supporting Information file.

Synthesis of BaGdF5:Er3+ Nanocrystals. A stoichiometric
amount of barium acetate (0.327 g) and gadolinium nitrate
hexahydrate (0.579 g) was taken in deionized (DI) water. In another
beaker, erbium nitrate pentahydrate (0.0091 g) was taken in
deionized (DI) water and mixed properly. After mixing them, a
sufficient amount of [C4mim]BF4 IL was added. The resultant
solution was transferred into a Teflon-lined autoclave (Parr
Instruments, Moline, Illinois, USA coated with a stainless-steel
jacket) and heated at 150 °C for 6 h. Thereafter, the autoclave was
cooled at room temperature in ambient conditions and the white
product was separated by centrifugation (2000 rpm for 10 min).
Then, the as-obtained product was washed with ethanol, methanol,
and acetone to remove other impurities. Finally, the obtained white
powder product was dried in a hot air oven for 12 h at 80 °C (Figure
1). Similar synthesis techniques with adequate dopant concentrations
were used for the preparation of BaGdF5:Er3+(1%)/Yb3+(1%),
BaGdF5:Er3+(1%)/Yb3+(5%), and BaGdF5:Er3+(1%)/Yb3+(10%). In
all these syntheses, [C4mim]BF4 (IL) was used as a solvent,
fluorinating agent (F− source in all reactions), and templating
agent/capping agent, i.e., as a three in one (Figure 1). Similar
methodology was adopted for the synthesis of pure BaGdF5 without
addition of dopant ions and is mentioned in the Supporting
Information.

DSSC Fabrication and Assembly: Overview of Dye-
Sensitized Solar Cell (DSSC) Application. DSSC devices were
fabricated and tested to check the utility of novel upconverting
material (UCM), BaGdF5:Er3+/Yb3+ nanocrystals in solar cell
application. The complete device architecture is given in Figure 2.
In this experiment, we mixed TiO2 nanoparticles with 5% (w/w)
UCM materials, further mentioned as BG1/TiO2 to BG7/TiO2 and
applied as transparent absorption layers (for the abbreviation of BG,
please see the Supporting Information). The BG/TiO2 powders were
first converted into a viscous paste, which is suitable for screen
printing.32 DSSC working electrodes were prepared on a fluorine-
doped tin oxide (FTO) conducting transparent glass substrate with a
compact blocking layer of TiO2, six layers of a transparent bare TiO2
or BG/TiO2 paste, and finally two layers of a TiO2 scattering paste.

The screen-printing method as reported was used for layer-by-layer
deposition of BG/TiO2.

33 The nonporous dense blocking layer of
TiO2 was deposited on the conducting FTO glass substrate via TiCl4
treatment to reduce the charge recombination.34 Prepared BG/TiO2
pastes were then printed on the (pre) TiCl4 treated glass using a DR-
FSD-1215 (DR Optical Disc India Pvt., Ltd.) automatic screen-printer
and repeated in six cycles. Further, two layers were deposited of a
commercially available TiO2 scattering paste. For the sake of even
layers after each layer deposition, the FTO substrate was kept in an
ethanol chamber for 6 min followed by drying at 120 °C for 6 min.
Further, the final sintering involved gradually heating in an oven at
325 °C (5 min), 375 °C (5 min), 450 °C (15 min), and 500 °C (30
min). Furthermore, the electrodes were again treated with (post)
TiCl4 followed by sintering at 500 °C for 30 min. The finally printed
active area of TiO2 was 0.28 cm2. The sintered electrodes were placed
in a dye bath of N719 dissolved in acetonitrile and tert-butyl alcohol
(1:1) for 16−20 h. Dyes were procured from commercial suppliers
and used without any purification. The platinum (Pt) counter
electrode was prepared using a drop of H2PtCl6 solution (2 mg of Pt
in 1 mL of ethanol) deposition on the FTO substrate further heated
at 400 °C for 15 min to remove the solvent. The dye-coated TiO2
electrode and Pt-coated counter electrode were sandwiched together
using a 50 μm Bynel polymer (gasket/spacer). The electrolyte was
vacuum-filled between both the electrodes through a small hole that

Figure 1. Synthesis of BaGdF5:Yb3+/Er3+ nanophosphors using the
ionic liquid (IL)-assisted hydrothermal method.
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was sealed afterward using hot melting of Bynel and cover glass using
soldering iron. The compositions of the electrolyte used were 0.03 M
iodine, 0.1 M guanidinium thiocyanate, 0.5 M 4-tert-butylpyridine,
and 0.06 M 1-butyl-3-methyl imidazolium iodide.

The transparent absorption layer pests were prepared using TiO2
powder with particles of an average size of 20 nm procured from
Merck using the standard fabrication procedure reported in ref 35. A
“scattering” paste of a particle size of 150−250 nm (WER 2−0), N719
dye, and Bynel spacer were purchased from Dye Sol Ltd. and used as
received. Transparent absorption layers and scattering layers were
screen-printed with 90T and 43T mesh screens, respectively.

■ RESULTS AND DISCUSSION
Structural Characterizations by Powder X-Ray Dif-

fraction (PXRD) and Scanning and Transmission
Electron Microscopy (SEM and TEM). As-prepared doped
and undoped BaGdF5 nanoparticles are synthesized at 150 °C
for 6 h reaction time using the IL-assisted hydrothermal
method. The crystal phase purities of as-prepared BaGdF5 NPs
(undoped) and BaGdF5:Er3+/Yb3+NPs are checked by using
powder X-ray diffraction (P-XRD), and all of them match
nicely with standard cubic BaGdF5 (Figure 3a; JCPDS card no.
C24-98). Crystallite sizes are measured using the Debye−
Scherer equation, and it is observed that the concentrations of
dopant ions have a significant effect on crystallite size (Table
S1). In addition, the lattice strain of as-synthesized rare-earth
ion-doped nanophosphors is also calculated using the
Williamson−Hall equation.26−30 Tensile strain is obtained in
all cases for the as-prepared undoped and (Er3+/Yb3+)-doped
BaGdF5 nanophosphors (Figures S1 and S2 and Table S1).

The morphologies of undoped BaGdF5 (BG1) and doped
upconverting BaGdF5 nanophosphors (BG2 to BG5) are
understood by TEM and SEM images (Figure 3b,d and
Figures S3 and S5). Well-dispersed cubic/cuboid morphology
is obtained for pure BaGdF5 nanoparticles (BG1); however, an
agglomerated image is obtained for upconverting BaGdF5
nanophosphors (BG2 to BG5). HRTEM images reveal that
(111) planes are dominant in all these cases (Figure 3d and
Figure S5c,d). The selected area electron diffraction (SAED)
pattern confirms the polycrystalline nature of materials (inset
of Figure 3d and Figure S5e,f). To confirm the incorporation
of dopant ions (Er3+/Yb3+) in the BaGdF5 host lattice, energy-
dispersive X-ray analysis (EDAX) and elemental mapping of

undoped BaGdF5 (BG1) and BaGdF5:Er3+(1%)/Yb3+(1%)
nanophosphors (BG3) are also studied. EDAX results clearly
show that Yb3+ and Er3+ ion(s) are nicely incorporated in the
BaGdF5 host lattice (Figure S4a,b). It is also clear that Er3+ and
Yb3+ ions are doped in this case and are very close to the
calculated amount of erbium and ytterbium ions taken during
the preparation of nanoparticles. Elemental mapping also
confirms homogeneous distribution of dopant ions throughout
the lattice.

Upconversion Measurement. Figure 4a and Figure S6
depict the upconversion (UC) luminescence of Er3+/Yb3+ ion-
doped BaGdF5 nanophosphors. At present, the most common
combinations of dopant ions such as Yb3+/Er3+ and Yb3+/Tm3+

are used for designing upconverting nanomaterials.35−45

Herein, Yb3+ is employed as a sensitizer for Tm3+ or Er3+

Figure 2. Schematic representations of the DSSC devices: (a) device with the scatter layer, (b) device using the TiO2 + UCM (BaGdF5:Er3+/Yb3+),
and (c) schematic representation of assembly of the dye-sensitized solar cell [BG5 = BaGdF5:Er3+(1%)/Yb3+(10%)].

Figure 3. PXRD patterns: (a) (i) standard BaGdF5 JCPDS card C24-
98, (ii) BaGdF5 undoped (BG1), (iii) BaGdF5:Er3+(1%) [BG2], (iv)
BaGdF5:Er3+(1%)/Yb3+(1%) [BG3], (v) BaGdF5:Er3+(1%)/
Yb3+(5%) [BG4], and (vi) BaGdF5:Er3+(1%)/Yb3+(10%) [BG5];
(b) low magnification undoped BaGdF5 [BG1]; (c, d) low
magnification, HRTEM, and inset of BaGdF5:Er3+(1%)/Yb3+(10%)
[BG5]. All these nanocrystals are synthesized using the [C4mim]BF4
IL-assisted hydrothermal method.
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ions due to its large absorption cross section of Yb3+ ions and
Er3+ or Tm3+ ions can act as an activator.38,42,43 In this process,
NIR photons (i.e., 980 nm) are first absorbed by the Yb3+ ion
and then it is transferred to a near activator center (e.g., Er3+

and Tm3+) via the energy transfer upconversion (ETU)
process.38−40 Finally, the excited activator ions emit photons in
the visible region via the radiative relaxation process.36,37

Figure 4a shows that the highest luminescence intensity is
observed for the BaGdF5:Er3+(1%)/Yb3+(1%) [BG3] sample
compared to the BaGdF5:Er3+(1%)/Yb3+(20%) [BG7] sample
and others, though all are prepared under the same reaction
conditions and measured under identical conditions. It is
known that, in the host lattice at a low concentration, the ions
are distributed randomly and the distances are too far apart,
whereas at a higher concentration, the distances between two
ions are shortened, causing formation of ion pairs.42 This
clearly indicates that the dopant concentration has a strong
effect on luminescence efficiency of Yb3+-doped BaGdF5
nanophosphors.46

In addition, a very weak emission intensity is observed in the
case of BG2 nanophosphors in which only a 1% Er3+ ion is
doped in BaGdF5 (Figure 4a). When Yb3+ ions are
incorporated as a sensitizer along with Er3+ ions in the
BaGdF5 host matrix, good emission is obtained in the case of
BG3 to BG7. Among them, the strongest emission is obtained
in the case of BG3 [BaGdF5:Er3+(1%)/Yb3+(1%)] compared
to other nanophosphors. The red emission peak in the range of
625−700 nm is more intense compared to the green emission
peak for samples BG3 to BG7. The intensity of the red
emission band was nearly 3.39 times stronger than green
emission bands for the BG3 sample. From Figures S6 and S7, it
is depicted that the IG/IR ratios for BG2 to BG7 samples are
obtained in the range of 0.29−0.82 (i.e., the maximum is 0.82
for BG2 and BG5 and the minimum is 0.29 for the BG3

sample) (Table S2). The IG/IR ratio first decreases (0.82−
0.29), and then, it increases on increasing dopant ion (Yb3+)
concentration (0.39−0.82).

This upconversion process is found to be the two-photon
process and their detailed schematic energy level diagram of
the Er3+ and Yb3+ ions, as shown in Figure 4b. The number of
pump photons involved in the upconversion process is
determined by plotting the ln−ln graph between intensity vs
pump power (mW), as shown in Figure 4c,d and Figure S8.
The slope of the graphs shows the number of pump photons
(n). The experimental data for 540 and 665 nm emission
bands of BaGdF5:Er3+/Yb3+ nanoparticles have been fitted with
a straight line with a slope of ∼2, which confirms the two-
photon absorption process. Various processes like energy
transfer (ET), excited state adsorption (ESA), and non-
radiative relaxation (NR) are involved in the upconversion
process.38−40,42 Generally, the 4I15/2 → 4I11/2 and 2F7/2 → 2F5/2
absorption transitions are obtained for Er3+ and Yb3+ ions,
respectively, by using a 980 nm pump photon.38−40 First, on
exciting the Yb3+ ion using the 980 nm pump photon, the 2F7/2
→ 2F5/2 transition occurs.38 Subsequently, the ground state
absorption (GSA) process has taken place including energy
transfer from the excited (2F5/2) level of Yb3+ ions to Er3+ ions
and simultaneously excitation of Er3+ ions through the 4I15/2 to
4I11/2 transition is also taking place.38−40 The intermediate
energy level 4I13/2 is populated via the non-radiative relaxation
process from intermediate energy level 4I11/2.

38−40 Second,
excited state absorption (ESA) processes (4I11/2 to 4F7/2 and
4I13/2 to 4F9/2) are taking place via another ET process,
resulting in the population of 4F7/2 and 4F9/2 levels.38−40 When
radiative relaxation processes have taken place due to 2H11/2 →
4I15/2 and 4S3/2 → 4I15/2 transitions, emissions at 520 and 540
nm are found, respectively.40,42 Furthermore, red emission at
650 nm wavelength has occurred as the radiative relaxation

Figure 4. (a) Photoluminescence emission spectra of BaGdF5:Er3+(1%) [BG2], BaGdF5:Er3+(1%)/Yb3+(1%) [BG3], BaGdF5:Er3+(1%)/Yb3+(5%)
[BG4], BaGdF5:Er3+(1%)/Yb3+(10%) [BG5], BaGdF5:Er3+(1%)/Yb3+(15%) [BG6] and BaGdF5:Er3+(1%)/Yb3+(20%) [BG7]. (b) Schematic
energy level diagram of the Er3+/Yb3+ ions for UC emissions from the Er3+/Yb3+ co-doped BaGdF5 nanophosphors. (c, d) Number of pump
photons of BG3 and BG5 samples.
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process takes place from intermediated energy level 4F9/2 to
ground state level 4I15/2 of the Er3+ ions. Alternatively, if the
excited 4F7/2 level is relaxed via the non-radiative process to the
4F9/2 level and further relaxed to the 4I15/2 level of the Er3+ ions
by the radiative relaxation process, then again, red emission is
observed.38

Measuring Photon Conversion Efficiency. Figure 5
highlights the J−V characteristics of cells featuring different

photoanodes. Under 1 sun illumination, cells fabricated with
the BG5/TiO2 absorption layer [BG5 = BaGdF5:Er3+(1%)/
Yb3+(10%)] showed to be the highest with an overall efficiency
of 7.75% with Jsc = 15.9 mA/cm2. The current density and
performance both were observed to be the highest among all
other BG/TiO2 and bare TiO2 samples. For comparison, the
cells fabricated with bare TiO2 absorption layers showed a
PCE of 4.60% along with a Jsc value of 9.6 mA/cm2. The
photovoltaic parameters of DSSC devices made with different
photoanodes are shown in Table 1. The results reveal that PCE
and Jsc of BG1 to BG7 samples follow a trend wherein PCE
and Jsc first increase from BG1 to BG5 and then gradually
decrease to BG7. As a result, maximum values of PCE (7.75%)
and Jsc (15.9 mA/cm2) are found for BG5 sample [BG5 =
BaGdF5:Er3+(1%)/Yb3+(10%)] whereas minimum (PCE =

5.51% and Jsc = 11.2 mA/cm2) is found for BG1 sample that is
undoped BaGdF5 nanoparticles (as shown in Table 1 and
Figure 6). However, the lowest values of PCE and Jsc are
observed for the bare TiO2 layer (Table 1). Thus, PCE and Jsc
of the DSSC have substantially been enhanced in the presence
of UCM compared to TiO2.

Figure 6a depicts the effect of the dopant ion concentration
on both the PCE and Jsc values. As stated earlier, the
BaGdF5:Er3+(1%)/Yb3+(10%)-based [BG5/TiO2-based
DSSC] DSSC device exhibited the highest level of photon-
to-current conversion efficiency (Figure 6a). It is observed that
with increasing the concentration of the Yb3+ ion as dopant
ions up to 10% for BG5 [BaGdF5:Er(1%)/Yb(10%)],
maximum PCE (7.75%) and current density (Jsc =15.9 mA/
cm2) are observed and then it decreases with BG6 and BG7.
This might be attributed on increasing the concentration of
Yb3+ dopant ions up to 10%, and effective energy transfer from
the Yb3+ ion to the Er3+ ion takes place. Thereafter, on further
increasing the concentration of Yb3+ ions above 15%, there
might be concentration-based quenching of the energy transfer
process from the Yb3+ to Er3+ ion. Therefore, less PCE (6.17%)
is observed for the DSSC prepared using 20% Yb3+ and 1%
Er3+-based upconverting nanophosphors (BG7). In addition,
the IG/IR ratio also eventually shows a similar trend like the
dopant ion Er3+/Yb3+ ratio. For example, as the concentration
of the Yb3+ ion increases, the emission intensity in the green
region (IG) increases as compared to the emission intensity in
the red region (IR). Although, IG/IR of BG2 is also similar to
the BG5 sample; however, emission intensity (IG) of the green
region of the BG2 sample is very less as compared to IG of the
BG5 sample. As a result, IG of the Er3+ ion does not only
significantly match with the absorption range of the Ru dye
leading (N719) but also efficiently sensitized the dye present in
DSSCs. The absorbance spectra of the N719 dye are given in
Figure S9 in the Supporting Information. Consequently, PCE
of the BG5 sample is substantially enhanced as compared to
the other samples. Yang et al. have explained that the increase
in emission intensity in the green region (IG) enhances the
PCE of the DSSC due to the matching of IG with the
absorption range of the Ru dye.47 Figure 6b depicts the overall
enhancement or relative enhancement of BG/TiO2-based solar
cells with respect to the cell where only TiO2 is used as an
absorbing layer. Photon conversion efficiency of DSSCs made
up of the BG5 sample was found to be 68.47% higher as
compared to the bare TiO2 made up of the DSSC device,
devoid of UPC nanomaterials (Figure 6b and Table 1). This is
also maximum among the other UCM-based DSSCs too. For
example, for the BG2-based device [BG2 = BaGdF5:Er(1%)],
the enhancement in PCE compared to the bare TiO2 made
device is 25.2% (Table 1 and Figure 6b). It is also observed
that by adding upconverting material, PCE and current density
increase for the device significantly, indicating reduction of
sub-band gap loss of the solar cell device, which is a major
issue now. It is worth noting to mention that the Yb3+ ion
contains a higher absorption coefficient than the other rare-
earth ions. This maximum efficiency for BG5 may be due to
the combination of the optimum concentration of the Yb3+ ion
and upconversion efficiency. In this way, the BaGdF5:Er(1%)/
Yb(10%) [BG5] sample might be a potential nanophosphor
for DSSC application.

Furthermore, we have also compared the PCE of
BaGdF5:Er(1%)/Yb(10%) [BG5] with the previously reported
NaYF4:Yb/Er materials that have been extensively employed

Figure 5. J−V curves for a dye-sensitized solar cell using different
photoanode materials measured under standard AM 1.5 conditions.

Table 1. PCE (%) of Er3+/Yb3+-Doped BaGdF5
Nanophosphors

sample
PCE
(%)

Jsc (
mA/cm2)

Voc
(V) FF (%)

overall
increase (%)a

BG1/TiO2 +
scattering layer

5.51 11.2 0.72 68.34 19.78

BG2/TiO2 +
scattering layer

5.76 11.3 0.71 71.69 25.20

BG3/TiO2 +
scattering layer

6.15 12.1 0.73 69.22 33.69

BG4/TiO2 +
scattering layer

6.33 12.5 0.74 68.35 37.60

BG5/TiO2 +
scattering layer

7.75 15.9 0.74 65.99 68.47

BG6/TiO2 +
scattering layer

6.42 12.8 0.72 70.21 39.56

BG7/TiO2 +
scattering layer

6.17 12.2 0.72 69.85 34.13

bare TiO2 +
scattering layer

4.60 9.6 0.70 68.30

aOverall increased PCE of DSSCs with UCM nanoparticles (BG1 to
BG7) compared to the bare DSSC without UCM.
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for DSSC applications (Table S3). Our device prepared with
the BaGdF5:Er(1%)/Yb(10%) nanophosphors shows a sig-
nificant PCE efficiency of 7.75%, which is higher than bare
NaYF4:Yb/Er nanophosphors mentioned in Table S3.
Performance stability of the prepared DSSC was tested with
the best performing device “BG5/TiO2 + scattering layer” over
a period of 4 weeks at an interval of a 1 week period. The
results are presented in the Supporting Information as Table
S4 and Figure S10. It was observed that the device has
reasonable durability for the performance. The major cause of
the drop in DSSC performance over time is sealing failure.
Thus, the durability of the DSSC can be further extended by
applying new sealing materials and technologies available in
the market.

■ CONCLUSIONS
In summary, we have successfully synthesized upconverting
nanomaterials using [C4mim]BF4 IL, which is employed as a
solvent, capping/templating agent, and fluoride source, i.e., all
three in one. It is observed that the average crystallite size,
lattice strain, morphology, and optical properties of nano-
particles are influenced with the doping of upconverting rare-
earth ions. The highest upconversion efficiency is obtained for
the sample BaGdF5:Er(1%)/Yb(1%) [BG3]. Analysis reveals
that the pump power dependence of green and red UCM
emission is quadratic, indicating that two-photon excitation
processes are involved in the upconversion process. A
significant increase in photon conversion efficiency (PCE
=7.75%) and current density (Jsc) is observed for the 10%
dopant concentration of the Yb3+ ion [BaGdF5:Er(1%)/
Yb(10%)]. A significant enhancement in PCE (68.47%) and
current density (65.25%) is noticed for the BG5 [BaGdF5:Er-
(1%)/Yb(10%)]-based device compared to the DSSC device
where only TiO2 is used as the absorbing layer. This
enhancement is due to the overall upconversion intensity as
well as overlapping of green emission of the Er3+ ion with the
absorption region of the N719 dye. Other devices [BG2 to
BG7] where also UCM materials with different dopant
concentrations (Er3+/Yb3+) are combined with TiO2 as the
absorbing layer showed better performances than the device
where only TiO2 is used. These results reveal that the role of
UCM material with the combination of TiO2 has exhibited its
potential utility as light-to-current conversion material. More
work in this direction is undergoing to optimize the ratio of
UCM to TiO2 and understand the functioning of this
combination.
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A B S T R A C T   

Biosolids contain heavy metals (HMs), restricting their beneficial reuse in agricultural land. However, these 
metals can be a valuable resource in many applications if recovered efficiently. Therefore, the removal and 
recovery of HMs and other limiting contaminants in biosolids without degrading the organic nutrients of the 
resulting treated biosolids demands holistic investigations. A closed-loop hydrometallurgical treatment process 
for metal removal and recovery from biosolids was developed in this study. Firstly, mild acid treatment using 3% 
v/v H2SO4 at 25 ◦C, 600 rpm for 30 min was performed in a 1 L continuous stirred tank reactor to extract 
common HMs (such as As, Cd, Co, Cr, Cu, Ni, Pb, and Zn) from biosolids into the aqueous phase. The effects of 
solids concentration and acid types on the HMs extraction efficiency were studied. Then, the primary acid 
leachate stream was continuously recycled for metal extraction from biosolids until the dissolved metals in the 
solution reached saturation concentration. After that, the dissolved metals were recovered in staged NaOH 
precipitation and adsorption. Low solids contents (<5% w/v) using mineral acids having pH <2 and oxidation- 
reduction potential (ORP) ~500 mV (versus SHE) favoured HMs solubilisation from biosolids with an average 
extraction efficiency of 70%. The dissolution of ferric iron (Fe3+) by H2SO4 and subsequent in-situ formation of 
ferric sulfate enhanced the metal extraction strength of the spent leachate stream during recycling. However, the 
solids loading in each leaching process must be kept low to prevent ferric concentration build-up and precipi-
tation as the leachate pH steadily increases above 2 during recycling. Amongst the metal recovery methods 
investigated, H2O2 oxidation prior to 2-stage NaOH precipitation had the highest efficiency with 75–95% HMs 
recovery. The clarified stream was used to neutralise the acidic treated biosolids to close the process loop. The 
complete process flowsheet was developed with mass balances, and the fate of nutrients (mainly C, N, and P) and 
major per- and polyfluoro alkyl substances (PFAS) were overviewed.   

1. Introduction 

Biosolids, also known as stabilised sewage sludge, are the by-product 
of the wastewater treatment process. Biosolids contain valuable organic 
and inorganic components (mainly N, P, and K) that constitute impor-
tant plant nutrients. These nutrients facilitate the application of a sub-
stantial volume of biosolids in agricultural soils in many countries, 
including Australia (Paz-ferreiro et al., 2018). However, heavy metals 

(HMs) and other contaminants such as pesticides, microbial pathogens, 
microplastics, and surfactants are limiting the attractiveness of biosolids 
for direct land application with increasingly stringent regulations (EPA 
Victoria, 2004; LeBlanc et al., 2009). Thermochemical treatment of sub- 
grade biosolids via pyrolysis, gasification, hydrothermal carbonisation/ 
liquefaction or incineration process can effectively degrade the organic 
and microbial contaminants (Kundu et al., 2021; Ross et al., 2016). 
However, HMs remain a persistent pollutant in biosolids and their 
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thermally-derived products due to the low thermal degradation as well 
as the formidable bioaccumulation and high environmental toxicity of 
HMs (Feng et al., 2018). 

The pre-treatment of biosolids is considered an effective process for 
removing the HMs before land application or thermal processing. 
Several pre-treatment methods, including chemical leaching with acids 
(Gaber et al., 2011; Stylianou et al., 2007), chelating agents (Gheju 
et al., 2011; Leštan et al., 2008), ferric salts (Bayat and Sari, 2010; Ito 
et al., 2000), ionic liquids (Abouelela et al., 2022; Yao et al., 2021), 
surfactants (Guan et al., 2017; Tang et al., 2017), and microbial agents 
(Pathak et al., 2009; Xiang et al., 2000) have been investigated for this 
purpose. Amongst all, leaching with acids is the most common, efficient 
with short operation times, and cost-effective with high industrial 
maturity (Babel and del Mundo Dacera, 2006; Gunarathne et al., 2020; 
Hakeem et al., 2022a). The high oxidising potential, as well as the low 
pH of acids, are favourable for metal dissolution (Ma et al., 2020). In 
addition, most metal cations are basic and readily ion-exchangeable 
with protons from acids (Persson et al., 2017). Therefore, acid leach-
ing plays a leading role in hydrometallurgical processes for metals re-
covery from different materials, including biosolids (Gunarathne et al., 
2020; Montenegro et al., 2016). In a typical acid leaching process, a high 
liquid-to-solid ratio is desired to achieve high HMs dissolution by 
overcoming thermodynamic equilibrium, which occurs when the solid 
dissociates to such an extent that the metal species are fully saturated in 
the solution (Lee et al., 2006). Hence, acid leaching is usually accom-
panied by a large volume of aqueous waste stream with dilute metal 
concentrations. Metal recovery from this dilute stream is unattractive 
and improper disposal poses environmental threats. 

One of the potential ways to manage the resulting leachate stream 
from biosolids pre-treatment is to reuse and recycle the stream for 
another leaching process until the leachate stream gets saturated with 
HMs. The heavily concentrated leachate stream can be a precursor for 
recovering valuable metals. Recycling the aqueous acidic leachate 
stream can be attractive for metal extraction due to its low pH, high 
oxidation-reduction potential (ORP), and presence of surrogate leaching 
components such as dissolved ferric sulfates or chlorides (Beauchesne 
et al., 2007; Ito et al., 2000; Strasser et al., 1995). In addition, recycling 
the acidic waste stream can reduce the overall acid solution re-
quirements during the metal extraction process, with the potential to 
favour the techno-economics of the process. The effect of process vari-
ables such as temperature, acid concentration, solids contents, agitation 
speeds, and contact time on HMs removal efficiency has been elucidated 
in previous studies (del Mundo Dacera and Babel, 2006; Gaber et al., 
2011; Hakeem et al., 2022b; Yang et al., 2021). However, there is a 
limited investigation on the recyclability of the acidic leachate stream as 
a solvent for metal extraction from raw biosolids (Shim, 2023). Partic-
ularly, the effects of solids loading on the recycling performance of the 
leachate stream have not been reported in extant literature. 

The overall hydrometallurgical process can be grouped into three 
sequential stages: metal extraction, leachate concentration and purifi-
cation, and metal recovery (Gunarathne et al., 2020). The growing in-
terest in resource recovery has increased the prospect of critical element 
extraction and recovery from biosolids via hydrometallurgical opera-
tions (Tyagi and Lo, 2013). However, metal recovery from biosolids has 
not been fully explored in the literature beyond the acid leaching stage, 
which removes the metals from biosolids to the liquid phase, as 
described earlier. Therefore, developing a comprehensive hydrometal-
lurgical process chain to understand the feasibility of metal recovery 
from biosolids through the production of less contaminated biosolids is 
desired. While the metal extraction stage is the most critical in the 
overall hydrometallurgical process, leachate purification and metal re-
covery are the most challenging because acidic solvents have poor 
selectivity during metal solubilisation. Moreover, biosolids have many 
metal and non-metal components that elute simultaneously into solution 
during acid leaching. For example, the co-solubilisation of iron, 
aluminium, and alkali and alkaline earth metals (AAEMs) alongside HMs 

usually complicates the selective recovery of valuable metals from the 
leachate stream (Lee et al., 2002). In some cases, elements such as car-
bon (C), nitrogen (N), and phosphorous (P) are dissolved in the acidic 
stream, interfering with the purification and recovery of desired metals. 

The main techniques for metal recovery from aqueous streams are 
chemical precipitation (Liang et al., 2019; Marchioretto et al., 2005), 
electrodeposition (Yao et al., 2021), adsorption (Singh et al., 2020), ion 
exchange (Yoshizaki and Tomida, 2000), and solvent extraction 
(Montenegro et al., 2016). Chemical precipitation using caustic soda 
(NaOH) or slaked lime (Ca(OH)2) and adsorption are the most common, 
less laborious, and suitable for multi-components metal streams typical 
of biosolids leachate (Li et al., 2021; Marchioretto et al., 2005). How-
ever, the efficacy of alkali precipitation of HMs is challenged by the 
amphoteric nature of some metal ions having different optimum hy-
droxides solubility as well as interferences from other metal species, 
particularly iron (de Fátima da Silva et al., 2020). Given the number of 
metal in a biosolids leachate stream, identifying suitable metal recovery 
methods will depend on the final composition, metal concentration, and 
pH (Sethurajan et al., 2017). Studies involving the chemical precipita-
tion of multiple metal from real biosolids leach solutions are limited in 
the literature (Marchioretto et al., 2005). Chemical precipitation and 
adsorption have only been extensively applied on metal ores leachate or 
simulated wastewater containing single or dual metal components (Ait 
Ahsaine et al., 2017; Ni et al., 2019; Xu et al., 2009). 

In summary, the full spectrum of chemical treatment of biosolids for 
HMs removal involving metal extraction, separation of solids from the 
leach liquor, leachate concentration and purification, and metal recov-
ery is missing in the literature. Hence, this study explored a compre-
hensive mild acid treatment of biosolids for HMs extraction and the 
subsequent recovery of the metal from the concentrated leachate stream. 
The specific objectives of the work were to (i) study the effect of acid 
solution and solids concentration on the extraction efficiency of metals 
from biosolids, (ii) investigate the reusability and extraction perfor-
mance of the primary leachate stream through partial and complete 
recycling at optimum solids concentrations, (iii) examine the efficacy of 
staged NaOH co-precipitation, H2O2 oxidation followed by NaOH co- 
precipitation, and biochar adsorption for the purification and recovery 
of HMs from the concentrated leachate stream, (iv) understand the fate 
of dissolved nutrients (mainly C, N, K, and P) and per-and poly-fluoro 
alkyl substance (PFAS) compounds in the process streams, and (v) 
develop and propose optimum process flow diagrams with mass bal-
ances for biosolids metal removal and recovery. This detailed investi-
gation will help to understand the feasibility of developing an in-situ or 
ex-situ hydrometallurgical process for biosolids HMs decontamination 
with potential for nutrient and critical metal recovery within the exist-
ing wastewater treatment facilities. 

2. Materials and methods 

2.1. Biosolids preparation and analyses 

Biosolids used in this study were obtained from Mount Martha Water 
Recycling Plant, South East Water Corporation, Victoria, Australia. The 
biosolids production process was described in our previous study 
(Hakeem et al., 2022b). Before use in the pre-treatment experiments, 
biosolids were dried overnight in an oven at 105 ◦C and sieved to 
100–300 μm particle size. The elemental composition was determined 
by X-ray Fluorescence (XRF, S4 AXS Bruker), ultimate analysis was 
performed using a CHNS Series II Perkin Elmer instrument, and the 
metal concentration was measured using Inductive Coupled Plasma- 
Mass Spectrometry (ICP-MS 2200 series, Agilent Technologies). The 
chemicals used in this work were of analytical grades. They include 98% 
H2SO4 (Chem-Supply Pty Ltd), 65% HNO3 (Univar Pty Ltd), 35% HCl 
(Emplura Pty Ltd), 99% glacial acetic acid (Sigma Aldrich), 99.5% citric 
acid (Sigma Aldrich), 21–23% ferric sulfate pentahydrate (Chem-Sup-
ply) and 30% hydrogen peroxide (Rowe Scientific Pty Ltd). Milli-Q 
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water with a resistivity of 18.2 MΩ cm was used throughout this study. 
Table 1 shows the composition of the biosolids. The concentration of 
some of the HMs, such as Cu, Zn, and Cd, is higher than that prescribed 
for the least contaminant grade (C1) for unrestricted beneficial reuse of 
biosolids according to Victoria EPA biosolids guidelines (EPA Victoria, 
2004). 

2.2. Heavy metals fractionation in the biosolids 

The efficacy of acid leaching for metal extraction depends on the 
chemical fractionation of the metal in the biosolids matrix (Geng et al., 
2020). Therefore, according to previous literature, a modified three-step 
Community Bureau of Reference (BCR) sequential extraction technique 
was used to determine the distribution of metal in the biosolids (Liu 
et al., 2021, 2018; Wang et al., 2019). This method allows the chemical 
classification of HMs species in biosolids, soils, and sediments into four 
major fractions: exchangeable (F-1), reducible (F-2), oxidisable (F-3), 
and residual (F-4) based on the ease of extraction with standard reagents 
(Zhao et al., 2018). The F-1 refers to acid-ionisable metals, F-2 are 
metals bound to carbonates and Fe–Mn oxides, F-3 are metals bound to 
organic matter and sulfides, and F-4 are bound to silicates and recalci-
trant organics. Depending on the severity of the acid leaching condi-
tions, such as acid concentration (or pH), temperature, and time, F-1, F- 
2, and F-3 metals can be removed at various rates in decreasing order, 
while F-4 metals are hardly removed via chemical leaching. The result of 
this analysis is presented in Fig. S1. From Fig. S1, the potential mobility 
of the metals in the biosolids can be estimated by adding F-1 and F-2 
metal percentages (Geng et al., 2020), and this can be ranked as Mn >
Zn > Cd ≈ Ni ≈ Co > Cr > As>Pb > Cu ≈ Fe. Copper has the highest F-3 
percentage due to the higher affinity of Cu to organic matter (Beau-
chesne et al., 2007), while Fe and Pb have the highest F-4 percentages. 
Copper is the most challenging HM to remove in biosolids via acid 
leaching; this observation has been widely reported in other works 
(Beauchesne et al., 2007; Blais et al., 2005; Mercier et al., 2002). 
Therefore, the extraction of Cu under mild acid leaching conditions may 
be limited. 

2.3. Biosolids metals extraction 

The batch pre-treatment procedure was as described previously 
(Hakeem et al., 2022b). All leaching experiments were conducted at 
room temperature (25 ± 2 ◦C) using 3% (v/v) acid concentration under 
continuous stirring at 600 rpm for 30 ± 2 min in a 1 L continuous stirred 
tank reactor. These are the optimised conditions from our previous 
investigation (Hakeem et al., 2022b). The effect of acid types was 
studied by using three mineral acids (H2SO4, HCl, HNO3) and two 
organic acids (acetic and citric) to extract HMs (such as As, Cd, Co, Cr, 
Cu, Ni, Pb, and Zn) from biosolids at 5% (w/v) solids loading using 3% 
(v/v) acid solution. Similarly, the effect of solids concentration was 
studied by leaching biosolids at 1, 3, 5, 10, 15 and 20% (w/v) solids 
using 3% (v/v) H2SO4 solution. At the end of each metal extraction 
experiment, the slurry was transferred into Eppendorf tubes and 
centrifuged at 4000 rpm for 30 min. The leachate stream was carefully 
decanted into sample vials, and the residue (treated biosolids) was dried 
and stored for further analysis. The pH and ORP of the leachate stream 

were measured, and 1 mL aliquot of the well-mixed leachate was 
filtered, diluted, and quantified for metals by ICP-MS. All leaching ex-
periments were performed in triplicates, and average results were re-
ported with errors expressed as the standard deviation of the 
measurements. A schematic illustration of the metal extraction process 
including the downstream separation and metal recovery processes is 
shown in Fig. 1. 

2.4. Concentration of the leachate stream 

2.4.1. Total recycling of the leachate 
The recovered aqueous stream from the parent (primary) pre- 

treatment was reused fully for another extraction process at 5% and 
10% (w/v) fresh biosolids loading; all other conditions remain un-
changed. The process was repeated for five leaching cycles (after the 
parent leaching) using 100% spent leachate stream and fresh biosolids in 
each cycle. The volume of the leachate stream and mass of the fresh 
biosolids were adjusted to achieve 5% or 10% solids loading in each 
cycle. It is assumed that the metals dissolved in the leachate will remain 
in the solution all the time unless the pH ≥2.5, where ferric precipitation 
will be initiated. During the recycling, precipitate from poorly soluble 
metals such as Ca and Pb is partitioned in the treated solids. The parent 
(primary) leachate stream and leachate stream after each successive 
recycle are denoted by R0 and Rn, where n = 1, 2, 3 etc., denotes the 
number of cycles. 

2.4.2. Partial recycling of the leachate 
A constant volume pre-treatment experiment was performed with 

biosolids to liquid (g/mL) ratio of 1:10 (10% solids) and 1:20 (5% solids) 
using the recovered leachate. A fixed mass of biosolids (10 g or 5 g) and a 
solution volume of 100 mL were maintained for this experiment. The 
recycled stream was topped with fresh 3% (v/v) H2SO4 to maintain the 
solution volume at 100 mL for each leaching experiment. The added 
fresh lixiviant (FL) volume replaced the lost solution volume during each 
leaching cycle, including aliquots taken for analysis. Thus, the make-up 
ratio (volume of FL to volume of spent leachate) was ~15 vol% and ~ 
20 vol% at 5% and 10% solids, respectively. The number of effective 
leaching cycles (n) was determined by continuously reusing the spent 
stream with make-up solution until the solution became saturated with 
dissolved metals. At the end of each leaching cycle, the recovered 
leachate stream was filtered to reduce suspended solids carryover before 
reusing it in another leaching cycle. All pre-treatment expriment with 
leachate recyling was repeated at least two times, and average data was 
reported. 

2.5. Metals recovery 

Most HMs precipitate out of solution at a pH range of 7–12 (Fu and 
Wang, 2011); however, the concentrated leachate stream obtained from 
the partial leachate recycling experiment was in the acidic pH (2.45). 
Therefore, an alkaline solution is required to adjust the solution pH to 
the metal precipitation region. Since each metal has different optimal 
precipitation pH depending on the metal ion concentration in the so-
lution (Sethurajan et al., 2017), a typical pH of 9 was chosen for the 
precipitation experiment. A concentrated NaOH (6 M, pH 14) solution 

Table 1 
Metals composition of biosolids.  

Metal type Source Metals composition (mg/kg) 

Major and trace metals This study Ca Mg Na K Al Fe Mn Mo Ba  
35,600 3630 2790 3530 5180 13,440 210 6 185 

Heavy metals  Cr Ni Pb Cd As Co Cu Zn  
This study 22 14 17 1.3 2 3 825 815  
C1 grade* 400 60 300 1 20 – 100 200  
C2 grade* 3000 270 500 10 60 – 2000 2500   

* Biosolids contaminant grade as prescribed by Victoria EPA biosolids guidelines (EPA Victoria, 2004). 
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was used for the precipitation of metal ions to reduce the dilution effect 
on the concentration of the metals. The metal ion precipitation experi-
ment was designed in the following ways to maximise the recovery of 
the HMs from other metal and non-metal contaminants. 

1) Two-step NaOH precipitation when Fe/Al precipitation was consid-
ered: 20 mL of well-mixed and filtered leachate stream was measured 
in a conical flask, and 6 M NaOH was added in drops under contin-
uous stirring until the solution pH was 4.5 ± 0.2. The pH of the so-
lution was monitored via a well-calibrated pH meter, and the amount 
of NaOH added was noted. The sample was left to stay still for 2 h and 
centrifuged at 4000 rpm for 30 min to recover the precipitates. Then, 
5 mL of the clarified stream was treated in the second step with 
NaOH in drops until the solution pH was 9.0 ± 0.5; the solution was 
left to settle for 2 h and centrifuged to recover the precipitates. The 
concentration of metal in the treated liquid after each step was 
measured by ICP-MS.  

2) Single-step NaOH precipitation when Fe/Al precipitation was not 
considered: 10 mL of the leachate stream was treated with NaOH 
until the final pH was 9.0 ± 0.5. The presence of Fe and Al in the 
stream may help in the co-precipitation reaction with HMs since Fe3+

and Al3+ salts are common coagulants used in the wastewater 
treatment process.  

3) Fenton reaction by adding H2O2 when oxidation of Fe and dissolved 
organics were considered: Ferric iron is known to precipitate at low 
pH <4, whereas ferrous has a high precipitation pH >8.5, so H2O2 
can oxidise ferrous to ferric for recovery at stage 1 (pH 4.5). More-
over, dissolved organics in the form of COD (chemical oxygen de-
mand) can limit HMs recovery, so the oxidation of dissolved organic 
by H2O2 was considered before NaOH precipitation. Briefly, a few 
drops of 30% v/v H2O2 (<0.5 mL) were added to 10 mL of well- 
filtered leachate stream. Then, the pH of the stream was adjusted 
to 4.5 with the addition of NaOH in drops to recover Fe/Al. The 
clarified stream was treated in a second stage to co-precipitate all 
other metals at pH 9.0 by adding NaOH.  

4) Adsorption: An attempt to use biochar for adsorption when the 
leachate stream was at acidic pH (2.45) caused the leaching of metals 
from the biochar to the liquid, so adjustment of the leachate pH is 
necessary. Ten mL of clarified leachate (pH 4.5) obtained after the 
first step of Fe/Al precipitation was used for the adsorption experi-
ment. Biochar produced from raw biosolids at 500 ◦C for 3 h resi-
dence time in a muffle furnace was used as the adsorbent and 

charged at a dose of 0.05 g per mL leachate (0.048 g/g leachate). The 
adsorption was carried out at room temperature overnight under a 
constant agitation speed of 250 rpm. The mixture was filtered to 
separate the biochar and the aqueous stream, which was analysed for 
metal contents by ICP-MS. It should be noted that the presence of 
HMs in biosolids-biochar is a major concern only for land application 
of biochar. Metal-loaded biochar can have many valuable applica-
tions in catalysis and energy storage (Shen and Chen, 2022; Wang 
et al., 2017). Besides, biochar adsorption could be an effective and 
cheaper alternative than alkali precipitation for recovering dissolved 
metals from the acidic leachate stream. 

2.6. Process configurations and the fate of nutrients and PFAS 

The process flow diagram was developed to capture the entire hy-
drometallurgical treatment chain from metal extraction via acid leach-
ing to metal recovery via alkali precipitation and, finally, the 
neutralisation of treated solids. Material balances were performed 
assuming a steady-state operation. The flow of C, N, and P in the process 
streams from the biosolids feed to the leachate stream and treated bio-
solids was overviewed. Similarly, twenty-eight compounds of PFAS (per- 
and polyfluoroalkyl substances) were measured in the raw biosolids, 
neutralised treated biosolids, the acidic leachate, and the final liquid 
effluent. The change in pH of both solid and liquid streams along the 
treatment chain might influence the leachability and the final fate of 
PFAS compounds (Kabiri et al., 2022). The C and N content in the raw 
and treated biosolids was determined using a CHN Series II Perkin Elmer 
instrument, while P content was measured by XRF analysis. Total 
organic carbon dissolved in the leachate stream was measured using 
TOC-L (Shimadzu Corporation). Total N representing the sum of total 
Kjeldahl nitrogen (TKN) and NOx and total P analysis, as well as PFAS 
analysis, were performed externally at ALS Water Resource Group, 
Melbourne, Australia. 

3. Results and discussions 

3.1. Effect of acid types 

The efficiency of three minerals acids (sulfuric, nitric and hydro-
chloric) and two organic (acetic and citric) acids at the same volume 
concentration of 3% (v/v) and 5% (w/v) solids were studied on HMs 
extraction (Fig. 2). Mineral acids outperformed organic acids, and 

Fig. 1. Schematic of biosolids hydrometallurgical process for metal removal and recovery.  
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except for Pb, all mineral acids perform similarly in the metal extraction 
process. The high ionising power and extremely low pH of the mineral 
acids (~1.7) compared to the organic acids (~2.7) favoured the sol-
ubilisation of HMs (Gaber et al., 2011). Most sulfate, nitrate, and chlo-
ride salts are highly soluble in water and dilute acids, which may explain 
the similar metal extraction efficiencies of the three mineral acids. 
Sulfuric acid performed poorly in removing Pb owing to the low solu-
bility (0.038 g/L) of PbSO4 in water (Ksp@298 K 1.6 × 10− 8). Generally, 
organic acids are considered weak acids (pKa > 1) as the ionised 
hydrogen concentration is typically lower than strong acids (pKa < 0) at 
the same molar concentration. For instance, the ionised hydrogen con-
centration of nitric acid is 100% of the acid concentration, whereas the 
ionised hydrogen concentration of citric acid is equivalent to 1.3–2.1% 
of nitric acid concentration (Lee et al., 2005). Therefore, it is expected 
that both organic acids have weaker ionic strength to desorb HMs ions in 
the biosolids, especially at low acid concentrations. However, of the two 
organic acids, citric acid was competitive with mineral acids despite 
having a similar pH to acetic acid in the metal extraction process. Citric 
acid is a natural chelating agent, and citrate ions form soluble complexes 
with cations of metals (Ma et al., 2020). Moreover, acetic acid is 
dicarboxylic while citric acid is tricarboxylic; the presence of an extra 
carboxylic group in citric acid also favours the number of available 
chelating sites for metal extraction (Gheju et al., 2011). Therefore, the 
chelating mechanism of citric acid was responsible for the high metal 
extraction rather than the acidolysis (reaction with H+) mechanism for 
the mineral acid-based leaching. Studies have demonstrated that the 
oxidation-reduction potential (ORP) of the leaching solvents can affect 
their metal extraction ability since metal solubilisation usually involves 
an ion-exchange reaction with protons from acid (Babel and del Mundo 
Dacera, 2006; Bayat and Sari, 2010; Blais et al., 2005; Pathak et al., 
2009). In this work, 3% nitric acid had the highest ORP of 611 mV, 
followed by sulfuric acid (590 mV) and hydrochloric acid (473 mV). This 
ORP value can be related to the amount of dissolved oxygen each solvent 
can donate to participate in redox reactions involving metal ions and H+. 
However, there is no obvious difference in the removal efficiency of the 
three mineral acids for all metal ions (except Pb), irrespective of the ORP 
of the slurry/solution. Hence, the metal leaching process observed in 
this study can be stated to be largely controlled by the solution pH. This 
observation is contrary to a few studies reporting that both the leaching 
solution pH and ORP influence HMs solubilisation in biosolids (Beau-
chesne et al., 2007; Blais et al., 2005; Mercier et al., 2002). In particular, 
Cu dissolution was found to be driven by the redoxolysis mechanism 
rather than acidolysis due to the higher affinity of Cu to organic matter 
in sludge (Blais et al., 2005; Strasser et al., 1995). Based on this, the 

leaching of biosolids was further tested with strong oxidising solutions 
such as 3% acidified ferric sulfate (670 mV) and ferric sulfate added 
hydrogen peroxide (603 mV). However, no significant improvement in 
metal extraction was observed, particularly for Cu and Cr, compared to 
mineral acids (data not shown). A previous study has reported that there 
was an optimum pH at which ORP of slurry becomes influential on HMs 
extraction efficiency (Beauchesne et al., 2007). Also, different washing 
agents may have various degrees of affinity and selectivity for different 
HMs. The removal efficiencies of multiple HMs in biosolids can be 
greatly improved by composite or sequential treatment (Shi et al., 
2020). From these results, sulfuric acid was selected for subsequent 
experiments due to the relatively low cost of H2SO4, industrial maturity, 
and lesser toxicity of sulfates of HMs than their corresponding nitrates or 
chlorides salts at the same molar concentration (Erichsen Jones, 1934; 
Nie et al., 2015). 

3.2. Effect of solids concentration 

The effect of solids concentration on the metal extraction from bio-
solids using 3% v/v H2SO4 at 25 ◦C, 600 rpm for 30 min was investi-
gated, and the results are presented in Fig. 3. The solids concentration 
significantly influenced the extraction of the metals (p < 0.05). The 
extraction of all metals (except Pb and Cr) at lower solids contents 
(1–3%) achieved ~60–95% removal compared to 30–80% removal at 
higher solids content (5–15%). This behaviour is expected from the 
stoichiometry of the leaching/desorption reaction. Notably, Mn and Zn 
had the least variation in extraction efficiency with the change in solids 
concentration because they have the highest proportion (75–90%) of 
acid-leachable metal fractions (F-1 + F-2) in the biosolids used in this 
study (Fig. S1). The change in solids concentration was largely incon-
sequential on Cr and Pb extraction. The consistent low solubilisation of 
Cr in biosolids can be attributed to the poor mobility of Cr; the trivalent 
metal ions such as Fe and Cr are more difficult to extract than the 
divalent ions such as Zn, Ni, and Cd due to the competitive uptake of 
protons by the more reactive species. Lead has the highest residual 
(inert) fraction (F-4) of all metals in the biosolids (Fig. S1); therefore, its 
extraction is usually limited by common acids (Gheju et al., 2011; Xiao 
et al., 2015). Moreover, H2SO4 is not a suitable lixiviant for Pb extrac-
tion due to the low solubility of PbSO4 in water (see Fig. 2). The removal 
efficiencies of all other metals increased with decreasing solid/liquid 
ratio, and the maximum extraction efficiency for all metals was observed 
at the lowest solids content (1%). The result agrees with previous 
literature on the effect of solids concentration on metal extraction (Bayat 
and Sari, 2010; Kuan et al., 2010; Wu et al., 2009). Low solids content is 

Fig. 2. Effect of mineral and organic acid solutions on the metal extraction efficiency from biosolids (conditions: 5% (w/v) solids, 3% (v/v) acid concentration, 25 ◦C, 
30 min, and 600 rpm). 
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associated with a higher volume of lixiviant and higher proton (H+) 
concentration, benefiting the dissolution of acid-exchangeable HMs 
fraction (F-1) in the biosolids. Since there are more H+ than available 
surface chelating sites on the biosolids, the excess H2SO4 can penetrate 
the biosolids pores and react with more metal ions, particularly the 
reducible (F-2) and oxidisable (F-3) HMs fractions, leading to overall 
higher extraction efficiency (Yang et al., 2021). 

Table S1 shows the dissolved metal ion concentration in the leachate 
at different solids loading. The dissolved metal ion concentration in mg/ 

L liquid increased with increasing solids contents, while the metal ion 
concentration in mg/kg solids decreased with increasing solids contents 
(Table S1). Treatment using 1% (w/v) solids concentration produced 
cleaner biosolids, while the 15% (w/v) solids produced a highly 
concentrated metal-laden leachate stream which can make the recovery 
of metals more attractive. On the other hand, lower solid loading pro-
duced a dilute liquor stream. Moreover, 1% solids concentration appears 
unrealistic in practical scenarios in wastewater treatment plants 
(WWTPs). Besides, lower solids concentration is associated with higher 

Fig. 3. Effect of solids concentration (w/v) on metal extraction efficiency from biosolids (conditions: 3% (v/v) H2SO4, 25 ◦C, 30 min, and 600 rpm).  

Fig. 4. Effect of fresh biosolids concentration on 100% recycling of the leachate stream (A) & (B) 5% solids (C) & (D) 10% solids (conditions: 3% (v/v) H2SO4, 25 ◦C, 
30 min, and 600 rpm). 
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lixiviant consumption, and dewaterability can be challenging (Vesilind 
and Hsu, 1997). Similarly, at 15% solids, the mass transfer limitation 
was significant, negatively impacting mixing and liquid recovery, and 
the overall metal ion removal efficiency was the lowest. In fact, at 20% 
solids, mixing and separation became difficult, and the leaching process 
was not successful (data not reported). Hence, a moderate 5–10% solids 
loading may be a good balance and are the typical value in most bio-
solids leaching operations (Gheju et al., 2011; Wang et al., 2015; Wu 
et al., 2009). 

3.3. Recyclability of the leachate stream 

3.3.1. Metal saturation concentration and the leachate recycling efficiency 
The cumulative metal concentration in the leachate stream after five 

successive leaching cycles at 5% and 10% solids using 3% v/v H2SO4 
solution, 25 ◦C, 30 min, and 600 rpm is presented in Fig. 4(A-D). It is 
obvious that the primary leachate stream (R0) from the parent leaching 
experiment has not reached its maximum extraction capacity as more 
metals were extracted from fresh biosolids using the R0 stream five 
times. At 5% solids, the R0 stream had higher extraction strength than 
that at 10% because of the higher liquid-to-solid ratio and the dilute 
concentration of the dissolved metal. A higher liquid-to-solid ratio 
slowed the attainment of thermodynamic equilibrium between the dis-
solved metal species and the acidic solution (Lee et al., 2006). The 
leachate streams obtained at 10% solids were saturated faster compared 
to 5% solids. The primary leachate at 5% solids was recycled up to five 
times without reaching saturation point (Fig. 4(A&B)), while the 
leachate at 10% solids can only be reused up to three times, beyond 
which a rapid decline in cumulative concentration was observed (Fig. 4 
(C&D)). There was at least a 3-fold increase in the concentration of all 
metals (except Pb) by completely reusing the primary leachate stream 
from R0 to R5 (Fig. 4(A&B)). At 5% solids, the percentage increase in 
metal ion concentration in the leachate from R0 to R3 can be ranked as 
Cu(II) (249) < Cr(III) (273) < Mn(II) (284) < Zn(II) (293) < Cd(II) (317) 
< As(III) (334) < Co(II) (367) < Ni(II) (419). However, at 10% solids 
(Fig. 4(C&D)), there was a lesser increase in the cumulative concen-
tration from R0 to R3, and the percentage increase was Cu(II) (90) < Cr 
(III) (139) < As(III) (157) < Cd(II) (212) < Ni(II) (254) < Co(II) (275) <
Zn(II) (290) < Mn(II) (300). The percentage increase in cumulative 
concentration for Mn and Zn was similar at 5% and 10% solids, whereas 
there was a substantial decrease in the accumulation of other metals at 
10% solids compared to 5% solids. Expectedly, higher solids loading 
limited the efficiency of metal accumulation during leachate recycling at 
the same extraction cycle with 5% solids. In particular, the cumulative 
Cu loading during recycling was severely impacted at 10% solids, 
possibly due to the dominant redox reaction between soluble Cu(II) and 
iron(II) sulfate, the mechanism which has been elucidated in previous 
literature (Matocha et al., 2005). The 100% recycling of the leachate 
stream at 10% solids performed competitively with 5% solids only in 
removing easily leachable metal fractions (F-1 and F-2) such as Zn and 
Mn, while the removal of other metal species dominant in F-3 was 
largely difficult. The removal of metal ions in F-3 fractions will require 
abundant protons from fresh H2SO4 solution as well as harsh oxidising 
conditions to break the organometallic bond (Beauchesne et al., 2007). 
The monotonic decline in the extraction efficiency after the third recy-
cling at 10% solids (Fig. 4(C&D)) was due to Al/Fe-induced co-precip-
itation of metal from the leachate to the solid phase as the solution pH 
approaches 3, which is conducive for ferric precipitation (Marchioretto 
et al., 2005). The pH of the R5 stream at 10% solids was 4.5, while it was 
2.4 at 5% solids. 

Furthermore, it was observed that all metal extraction profiles fol-
lowed closely that of Fe, and the improved extraction of HMs using the 
spent leachate stream can be attributed to the role of ferric sulfate hy-
drates in the metal desorption process. The iron source in the biosolids is 
the ferric salt coagulant used during the wastewater treatment process. 
Sulfuric acid solution can partly dissolve ferric-containing salts (such as 

FeCl3 or FeOOH), and then dissolved ferric ion can form ferric sulfate 
through ion exchange reaction with SO4

2− or HSO4
− from H2SO4 (Demol 

et al., 2022). Ferric sulfate is a well-known leaching agent which acid-
ifies by hydrolysis (Fe3+ + H2O = FeOH2+ + H+) and increases the 
elution efficiency of HMs from soils and biosolids (Bayat and Sari, 2010; 
Ito et al., 2000; Shi et al., 2020; Strasser et al., 1995). X-ray photo-
electron spectra of the metal precipitates confirmed the presence of 
ferric sulfate (Fig. S2). The effective extraction of HMs by dissolved Fe3+

is due to its ability to oxidise metal sulfides to soluble metallic ions and 
the release of more protons through the hydrolysis of ferric hydrates 
(Pathak et al., 2009). The dissolution of inherent ferric-containing 
components in biosolids and the subsequent formation of ferric sul-
fates extended the overall extraction strength of the leachate stream 
during recycling. The presence of native ferric salts was beneficial for 
the reuse of the leachate stream; however, there is a critical Fe3+ con-
centration beyond which it counteracts the HMs extraction as Fe3+

precipitates at a low pH value (<4). It was observed that the higher the 
concentration of Fe in the stream, the better the extraction efficiency of 
other metals up to a certain Fe concentration (~1400 mg/L). This is 
consistent with the study of Ito et al. (2000), who observed that the 
higher the amount of ferric iron added, the lower the pH of the lixiviant 
and the higher the extraction efficiency of HMs (~80%) from digested 
biosolids at low solids concentration (2% w/w). In other studies, 
leaching at pH 2 with acidified ferric iron outperformed H2SO4 in 
extracting common HMs from biosolids (Bayat and Sari, 2010; Ito et al., 
2000). The combination of ferric sulfate and acid solutions at different 
dosage had positive synergistic interactions for the solubilisation of 
multiple HMs from biosolids and soils (Beauchesne et al., 2007; Shi 
et al., 2020). 

3.3.2. Effect of make-up solution on the leachate recyclability 
The cumulative metal ion concentration in the leachate stream after 

ten successive cycles with the addition of make-up lixiviant between 
each cycle is shown in Fig. 5. A constant feed rate of 5 g or 10 g of dry 
biosolids per 100 mL liquid for a 30 min leaching cycle was maintained. 
Contrary to the observation at 100% leachate recycling, without adding 
make up lixiviant (Fig. 4), the continuous addition of 3% H2SO4 as FL 
prolonged the extraction strength of the spent leachate until R8 stage 
(Fig. 5). At 5% solids (Fig. 5), there was a substantial increase (at least 
250%) in the cumulative metal ion concentration (except for Pb) from 
R0 to R10. For instance, Ni(II) was concentrated from 0.5 to 3.5 mg/L, 
Zn(II) from 38.9 to 277 mg/L, Cu(II) from 11.5 to 100 mg/L, As(III) from 
0.14 to 0.51 mg/L, Cd(II) from 0.04 to 0.34 mg/L, Cr(III) from 0.12 to 
1.2 mg/L, Co(II) from 0.04 to 0.22 mg/L, and Mn(II) from 10.3 to 71.5 
mg/L. There was a steady increase in the cumulative metal ion con-
centration from R0 to R4 due to the low make-up ratio of the FL in the 
total leachate stream (<25%). The addition of FL to the leachate stream 
possibly aided the dilution of the metal ion concentration and hence 
enhanced the extraction strength (and capacity) of the stream. Up to R7, 
the increase in the metal ion concentration far outweighed the dilution 
effect of the added fresh solution. Nevertheless, adding FL was not 
beneficial beyond R6 as the leachate had been fully saturated with the 
metal ions. This observation was due to the similar extent of metal ions 
dilution and extraction efficiency in the stream by the added FL beyond 
R6. At R6, increasing the make-up ratio above 15 vol% would likely 
enhance the metal extraction strength of the stream further. The overall 
extraction trend of the HMs was largely governed by Fe, which reached 
saturation at R6. Contrary to the observation for 100% leachate recy-
cling without adding make up lixiviant (Fig. 4), the continuous addition 
of the FL and the acidifying effect of Fe3+ kept the pH of the leachate 
stream at <2 throughout the process, limiting ferric precipitation. 

The addition of make-up acid lixiviant was less beneficial in 
enhancing the recyclability of the leachate stream at 10% solids 
compared to 5% solids (Fig. S3). There was no monotonic increase in the 
concentration of metal ions, and the irregular increase and decrease in 
the cumulative concentration across the ten leaching cycles can be 
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attributed to Fe(III) precipitation. The leachate at 10% solids saturated 
faster than at 5% solids, and pH increased rapidly, thus facilitating Fe 
(III) precipitation much earlier. Iron(III) co-precipitated other metals in 
the stream. Contrary to the observation at 5% solids, adding FL between 
successive leaching could not suppress Fe precipitation (Fig. S3) at 10% 
solids. The dilution and acidifying effect of the FL on the metal ion 
concentration in the leachate stream were minimal at higher solids 
loading. The sharp rise in solution pH rather than the increase in Fe 
concentration stimulated Fe co-precipitation reaction at 10% solids. For 
instance, at 10% solids, Fe precipitation began at a maximum concen-
tration of ~1400 mg/L (pH 2.45), whereas, at 5%, no Fe precipitation 
occurred even at the maximum concentration of 1830 mg/L (pH 1.85). 
At low pulp density (5% solids), the overall extraction efficiency of the 
spent stream was competitive with the FL, and the performance 
improved with increasing Fe concentration in the stream. Acidified 
ferric salt leaching is optimally performed at low solids concentration 
(<5% w/v) to avoid a rapid increase in pH and minimise ferric precip-
itation, which is counterproductive for HMs solubilisation (Bayat and 
Sari, 2010; Ito et al., 2000). 

Leachate recycling could bring significant cost savings for H2SO4 
lixiviant besides environmental benefits. The 100% recycling of the 
spent leachate at 5% solids loading for five leaching cycles (Fig. 4) could 
save 4.5 times the required H2SO4 volume at 90% liquid recovery per 
leaching cycle. Similarly, for the partial recycling of the leachate with 
15% make-up lixiviant at 5% solids for six leaching cycles (Fig. 5), there 

could be ~5 times reduction in the volume of H2SO4. Assuming a linear 
relationship between H2SO4 volume and cost, around 400% cost savings 
can be achieved with leachate recycling with make-up lixiviant, which 
may substantially lower the cost of acid leaching. 

3.4. Metal recovery from the concentrated leachate stream 

A single-step or two-step NaOH co-precipitation and biochar 
adsorption were investigated for recovering HMs from the saturated 
leachate stream. Metals like Cr, Cu, Pb, and Zn do not form hydroxide 
precipitates at pH <6, allowing the separation from ferric iron and 
aluminium, which precipitate at pH <5 (Marchioretto et al., 2005). 
Table S2 shows the metal ion composition of the leachate stream used 
for the metal recovery experiments. It was observed that the concen-
tration of Zn, Mn, and Cu in the leachate was up to 100 mg/L. Con-
centrations of all other HMs were < 5 mg/L, while Fe, Al, and alkali and 
alkaline earth metals (AAEMs: Na, K, Mg, and Ca) were highly concen-
trated in the stream (>500 mg/L). The metal recovery at each precipi-
tation stage is shown in Table 2, while the overall metal recovery from 
the different methods is shown in Fig. 6. 

The single-stage NaOH precipitation at pH 9 recovered about 9–99% 
of the HMs. The recovery efficiency of the metals can be ranked as Zn 
(99%) ≈ Cd (99%) > Cr (97%) > Pb (79%) > Co (33%) > Ni (31%) > As 
(11%) > Cu (9%). The precipitation of these HMs was accompanied by 
the precipitation of >90% for Fe, Al, Ca, Mg, and Mn. The precipitation 

Fig. 5. Effect of make-up lixiviant on the recyclability strength of the leachate stream at 5% fresh biosolids concentration (conditions: 3% (v/v) H2SO4, 25 ◦C, 30 min, 
and 600 rpm). 

Table 2 
Metals recovery from the leachate stream under different methods.  

Description Metals NaOH consumption, pH, and metal removal efficiency in different methods 

Single-stage co-precipitation 2-stage co-precipitation H2O2 pre-2-stage co-precipitation Biochar sorption 

Stages – One stage 1st 2nd 1st 2nd One stage 
NaOH (g/mL)a – 0.11 0.04 0.08 0.05 0.06 0.04 

pH range – 2.5–9.0 2.5–4.5 4.5–9.0 2.5–4.5 4.5–9.0 2.5–4.5 
Heavy metals (%)b As 11.4 20.4 8.4 13.0 60.6 19.0 

Cd 98.9 32.7 94.3 35.5 97.2 46.8 
Co 32.9 3.2 32.3 13.4 51.5 32.1 
Cr 97.4 72.7 85.5 82.6 57.3 47.1 
Cu 9.30 15.1 31.3 24.5 49.0 56.0 
Ni 30.7 3.50 33.2 33.2 73.8 70.5 
Pb 78.7 34.0 78.7 80.9 26.6 3.80 
Zn 99.3 35.5 96.3 50.0 99.0 56.8 

Other metals (%)b Al 97.4 91.4 77.9 95.4 96.6 95.8 
Ca 91.0 2.30 88.9 23.8 76.9 20.9 
Fe 98.5 99.0 59.5 99.1 96.1 46.6 
K 18.7 16.8 22.3 24.7 46.2 22.6 

Mg 98.0 3.40 99.0 13.3 92.2 29.6 
Mn 99.3 11.4 99.2 22.1 94.4 35.6  

a 6 M NaOH consumed (g/mL leachate). 
b The metal removal efficiency in the second stage refers to the percentage removal of the remaining metal in solution after the first stage. 
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of Co, Ni, As, and Cu was low under this condition due to the high sol-
ubility of their respective metal hydroxide at pH 9 (see Fig. S4). It was 
hypothesised that the presence of Fe and Al would facilitate the pre-
cipitation of HMs in the stream. However, the presence of both metal 
salts did not improve HMs recovery at the basic pH 9 relative to the 
observation at acidic pH 4.5. The co-precipitating effect of Fe and Al on 
the other metals cannot be observed under the single-stage recovery, 
and only the solubility of the various metal hydroxides at pH 9 can be 
assessed. The single-stage precipitation resulted in a low recovery effi-
ciency of some HMs and, at the same time, produced a highly contam-
inated HMs sludge stream. This may reduce the attractiveness of the 
recovered metal sludge for downstream separation and subsequent ap-
plications in catalysis or smelting. 

The staged recovery of the metals at pH 4.5 (stage 1) and pH 9.0 
(stage 2) effectively precipitated Fe and Al from the leachate stream in 
the first stage, while most of the HMs were recovered in the second stage 
(Table 2). About 99% Fe and 91% Al were recovered in the first stage 
(pH 4.5); however, 3–73% of some HMs were co-precipitated. For 
example, 73% Cr, 36% Zn, 34% Pb, 33% Cd, 20% As, 15% Cu, 4% Ni and 
3% Co were co-precipitated with Fe/Al at pH 4.5. The removal of these 
HMs at pH 4.5 was due to the sorption capacity and co-precipitating 
ability of Fe and Al hydroxides (Lee et al., 2002). No precipitation of 
these metals was observed at pH 4.5 in the absence of Fe and Al when the 
solution of their pure salts was treated with NaOH (data not shown). 
Only Cd and Zn had the highest removal efficiency of >94% in the 
second stage. In comparison, other HMs' removal efficiency was 8–79%, 
similar to the single-stage precipitation from solutions of same pH value 
of 9 (Table 2). The recovery of As was minimal in the staged NaOH co- 
precipitation; the highest recovery of 20% occurred at pH 4.5, which 
could be attributed to the formation of ferric arsenate (Hao et al., 2018). 
The major benefit of the dual-stage precipitation, aside from the selec-
tive recovery of Al, Fe and Cr, was the improvement in Cu recovery from 
9% in the single-stage to 31% in the two-stage at pH 9. The mechanism 
involving the precipitation of ferric iron and the associated Cu loss from 
solution has been elucidated elsewhere (Javed and Asselin, 2020). The 
chosen pH 9 is a compromise for the recovery of all the HMs; further 
optimisation studies are required to identify the optimum recovery pH 
for each metal species in the solution. From the theoretical solubility 
curve for metal hydroxides (Fig. S4), Cu has the lowest solubility (<0.1 
mg/L) at pH 9 relative to other HMs. However, this theoretical solubility 
behaviour contradicts the low recovery of Cu (<50%) at pH 9 with a 
solubility concentration of 36 mg/L. Probable explanations for this 
include the affinity of Cu(II) to dissolved organic ligands making com-
plexes and the crystal growth vs (super)saturation level of the various 
metals in the solution (Weng et al., 2002). Moreover, the leachate 

stream contains many metal and non-metal species, which may cause 
significant deviation from the theoretical solubility behaviour of pure 
metal in aqueous systems. 

Adding H2O2 prior to NaOH precipitation improved the recovery of 
some HMs from the leachate. For example, without adding H2O2, the 
overall recovery of As was 27%; however, it increased to 66% when 
H2O2 was added. Similarly, Cu recovery increased by 47%, Co recovery 
improved by 53%, and Ni recovery increased by 130%. In fact, 
increasing the amount of H2O2 added by a unit volume before the staged 
NaOH precipitation further increased the recovery of As, Co, Cu, and Ni 
by 48%, 22%, 18%, and 68%, respectively (Fig. S5). The addition of 
H2O2 had no improvement on the recovery of Zn, Pb, Cd, and Cr 
compared to the sole 2-stage NaOH co-precipitation. The oxidation of 
dissolved organics by H2O2 enhanced the desorption of metal species. 
The biosolids used in this study contain organically bonded HMs (F-3 
fraction; Fig. S1), where the bonding strength can be ranked as Cu >
As>Co > Ni. The complexation of HMs with dissolved organic matter in 
aqueous solutions has been reported to influence the solubility and 
mobility of metals (Weng et al., 2002). 

The removal efficiency of the HMs via biochar adsorption was poor 
compared to the alkali precipitation and did not follow any specific 
trend. Only a modest 3–70% uptake was achieved, with the highest for 
Ni and the lowest for Pb. The performance of biochar adsorption for HMs 
uptake from aqueous solutions is influenced by many factors, including 
the adsorbent properties, pH, adsorbate concentration, temperature, 
and solution chemistry of the metal species (Ni et al., 2019). Most of 
these factors have not been optimised in this study and may contribute 
to the relatively poor removal efficiency of the biochar sorption process. 
The FTIR spectra of the biochar before and after the sorption (Fig. S6) 
confirmed the non-depletion of the surface functional group of the 
biochar, suggesting the dominance of physisorption. Chemisorption 
usually involves the chemical reaction between the charged surface 
functional group of the biochar adsorbent and the metal ions via elec-
trostatic precipitation, organo-metallic complexation, and deprotona-
tion phenomena (Yang et al., 2021). 

3.5. Process configurations and mass balances 

The various unit operations were put together in a process flow di-
agram (Fig. 7) to provide an insight into the materials requirement of the 
treatment process demonstrated in this work. Based on our findings, 
leachate recycling is only attractive at 5% solids which can considerably 
lower acid and alkali consumption. However, processing 10% solids 
with no leachate recycling may be favourable commercially. Fig. 7(A) 
shows the mass balance for processing 10% solids with no leachate 

Fig. 6. Overall removal efficiency of HMs under different recovery techniques.  
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recycling, while Fig. 7(B) shows the balance for processing 5% solids 
with leachate recycling with make-up lixiviant. The separation of solids 
from the leachate produced acidic treated biosolids (pH 1.3), which 
cannot be used directly for land application or thermal processing 
without prior neutralisation or conditioning. A considerable volume of 
water is required to wash off residual acid in the treated biosolids and 
raise the pH to near neutral values. It is proposed that the clarified alkali 
stream be used to neutralise the acidic treated biosolids in an attempt to 
close the process loop and reduce the volume of aqueous waste gener-
ated. In Fig. 7, the total mass flow of streams (grams) in and out of each 
unit operation is denoted as F, and carbon, nitrogen and phosphorous 
mass flows (in grams) are denoted as C, N, and P, respectively. For a 
1:10 w/v (biosolids to H2SO4 solution ratio) feed rate (Fig. 7(A)), the 

overall liquid recovery was 77%, while overall solids recovery was 96% 
(dry biosolids basis). When the feed ratio was changed to 1:20 w/v (5% 
solids) with leachate recycling, the mass balance is shown in Fig. 7(B). 
Overall liquid and solids recovery was 84% and 86%, respectively. 
Notably, the leachate recycling yielded about a 92% and 43% decrease 
in H2SO4 and NaOH consumption, respectively. The lixiviant con-
sumption changes remarkably when processing 5% solids with no 
leachate recycling (Fig. S7). The total H2SO4 consumption (g/g bio-
solids) doubled, and total NaOH consumption increased by 25% relative 
to processing 10% solids. The overall results with respect to solids and 
liquid recovery, metal sludge recovery as well as H2SO4 and NaOH 
consumption at different process configurations are summarised in 
Table 3. At 10% solids processing, the major composition (wt%) of 

Fig. 7. Process block flow diagram for HMs removal and recovery from biosolids. (A) for processing 10% solids with no leachate recycling (B) for processing 5% 
solids with leachate recycling (with top-up lixiviant). Red font (F) denotes mass flow in grams; the flowrate in parenthesis corresponds to the dry weight of the metal sludge; 
green font (C, N, and P) denotes carbon, nitrogen, and phosphorous mass flows in grams, while the purple font denotes total PFAS concentration in the major streams. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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recovered metal sludge 1 is 10.7% Fe, 8.8% Na, 8.2% S, 7.9% P, and 
5.5% Al while that of metal sludge 2 is 13.1% Na, 12.5% S%, 12.4% Ca, 
6.0% P, and 3.3% Mg. The detailed composition is provided in Table S3, 
and the thermal stability profile of the recovered metal sludge is shown 
in Fig. S8. The recovered metal can be employed in a number of po-
tential applications in catalysis, smelting, and materials production, 
such as metal-based adsorbents/nanomaterials depending on the 
required purity and properties (Tawalbeh et al., 2021; Yu et al., 2022). 

3.6. Fate of nutrients and PFAS 

Considering the processing of 10% solids with no leachate recycling, 
the balance around organic nutrients (C, N, and P) is presented in Fig. 7 
(A). The overall process modestly preserved the organic matter in the 
biosolids as the reduction in C, N, and P contents from raw biosolids to 
treated biosolids was 11%, 19%, and 65% (w/w), respectively. This 
observation on nutrient dissolution is comparable to other studies. For 
example, Mercier et al. (2002) reported about 19% decrease in dissolved 
organic carbon in treated sludge compared to raw sludge. Similarly, 
Beauchesne et al. (2007) and Shiba and Ntuli (2017) observed about 
77% P and 82% P solubilisation, respectively, from biosolids treatment 
using H2SO4 (pH <2). The excessive dissolution of P in biosolids is a 
typical limitation of mineral acid leaching. The joint use of ferric salts 
and/or H2O2 with H2SO4 has been reported to enhance P retention in 
biosolids as ferric phosphate (Beauchesne et al., 2007). However, unlike 
C and N, which largely remain in the dissolved form in the liquid 
streams, >90% of the total dissolved P was recovered at the metal 
precipitation stages. Phosphorous has a high affinity for metal ions 
(particularly Fe) in aqueous media which can be recovered as metal 
phosphate precipitates (Vardanyan et al., 2018). The dissolution and 
recovery of P is more sensitive to pH compared to C and N. In the 
neutralisation stage, where the acid-leached biosolids are treated with 
NaOH, about 1% C, 4% N and 11% P were further lost from the solids to 
the liquid phase. The final effluent stream contains about 0.23% C, 
0.10% N and 0.009% P (w/w). The guideline for the disposal of this 
effluent stream as trade wastewater was assessed with respect to the 
organic and metal concentration load (Table S4). All the metals and 
organic nutrient concentrations (except for N) are within the acceptable 
criteria set by South East Water Recycling Corporation, Melbourne, 
Australia. The excess nitrogen can be removed from the effluent stream 
by adsorption, and the final liquid can be safely discharged. 

Per- and poly-fluoroalkyl substances (PFAS) are rapidly becoming a 
limiting contaminant for biosolids reuse in agricultural land. Therefore, 
there is interest in understanding the fate of the plethora of PFAS 
compounds during the hydrometallurgical treatment process. Twenty- 
eight common PFAS compounds, the major ones being PFOA 
(C8HF15O2), PFOS (C8HF17O3S), PFDA (C10HF19O2), PFBS (C4HF9O3S), 
and PFHxA (C6HF11O2), were measured in the raw biosolids, treated 
biosolids (with leachate neutralisation), acidic leachate, and the final 
effluent stream. The representative PFAS compounds detected in the 

selected process streams and the total sum of PFAS are shown in Fig. 7 
(A). The overall PFAS result is presented in Table S5. The acid extraction 
(at pH <2) did not leach out the PFAS compounds in the raw biosolids 
(0.0165 mg/kg), as the concentration of the PFAS in the acidic leachate 
stream was <0.05 μg/L. However, there appears to be an increase in the 
leachability of PFAS compounds with a carboxylic head group (partic-
ularly PFHxA and PFOA) at the neutralisation stage at pH > 7. The 
leaching of these PFAS compounds from the acidic treated biosolids (pH 
1.3) slightly increased the concentration of the PFAS compounds in the 
final effluent to 0.96 μg/L. Nevertheless, the PFAS compounds reaching 
the liquid stream are substantially negligible (<1 μg/L), and the PFAS 
are largely retained in the treated biosolids (0.0221 mg/kg). Further 
investigations into the mechanisms controlling the mobility and the final 
fate of the diverse PFAS compounds during biosolids acid pre-treatment 
are needed. 

Lastly, the viability of the developed closed-loop process with respect 
to residual nutrients and HMs concentration in the treated biosolids was 
briefly assessed. The concentration of nutrients and HMs in the treated 
biosolids with leachate neutralisation was compared with treated bio-
solids obtained under two different neutralisation washing scenarios at 
the same pre-treatment conditions. The neutralisation washing sce-
narios were (i) treated biosolids with leachate neutralisation, (ii) treated 
biosolids with no neutralisation, and (iii) treated biosolids with deion-
ised water neutralisation. The concentration of the residual nutrients, 
HMs, and PFAS in the three treated biosolids streams are presented in 
Table 4. The concentrations are further benchmarked with EPA Victoria 
prescribed concentration for contaminant-grade biosolids (C1-grade and 
C2-grade) (EPA Victoria, 2004). The C1-grade refers to the least 
contaminant grade biosolids with respect to HMs concentration which 
can be applied to land unrestrictedly. Except for Cu in all scenarios, all 
other HMs concentrations met the requirements of C1-grade biosolids, 
with the lowest concentration obtained in treated biosolids with water 
neutralisation step. Most metal sulfates are soluble in water; therefore, 
water neutralisation washing helped in the dissolution of metal sulfate 
salts as well as the removal of H2SO4-insoluble metal species. Hence it is 
proposed that the treated biosolids obtained with the leachate neutral-
isation step be neutralised in a second step with deionised water to 
reduce the residual metal concentration load further, particularly for Cu. 
There is largely an inconsequential difference in residual nutrient con-
centration in the treated biosolids with respect to neutralisation washing 
scenarios. 

4. Conclusions 

This work provided a detailed investigation into the hydrometal-
lurgical process for extracting and recovering HMs from biosolids. The 
extraction performance of mineral acids (H2SO4, HNO3 and HCl) was 
similar and only citric acid performed competitively with mineral acids 
in achieving ~70% extraction of HMs at 5% solids loading. Low solids 
content (1–5% w/v) favoured HMs extraction and produced a leachate 

Table 3 
Summary of process performance at different configurations.    

Process configurations 

Indicators Unit 10% solids with no leachate 
recycling 

5% solids with no leachate 
recycling 

5% solids with leachate recycling with make-up 
lixiviant 

Overall solids recovery wt% dry basis 96 87.6 85.8 
Overall liquid recovery wt% 76.7 80.3 82.4 
Total metal sludge 

recovery 
g/g dry 
biosolids 

0.17 0.19 0.21 

H2SO4 consumptiona g/g dry 
biosolids 

0.57 1.14 0.09 

NaOH consumptionb g/g dry 
biosolids 

0.50 0.63 0.36  

a H2SO4 stock solution (98% Assay, SG = 1.84). 
b NaOH (Analytical reagent grade pellets, SG = 2.13). 
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stream with dilute metal concentration suitable for recycling, whereas 
high solids content >5% w/v produced a highly concentrated leachate 
stream attractive for metal recovery. The leachate stream produced at 5 
and 10% solids can be completely recycled at least two times to reach 
saturation levels of metal ion concentration. However, the recycling of 
the leachate stream was only attractive at 5% solids; the rapid build-up 
of ferric iron concentration and increase in solution pH limit the recy-
cling performance of the leachate stream at 10% solids loading. The 
continuous addition of fresh H2SO4 solution as a make-up lixiviant 
during the partial recycling (85%) of the spent leachate stream 
enhanced the dilution of the metal ion concentration and suppressed the 
precipitation of ferric from the solution at 5% solids. The oxidation of 
dissolved organics by H2O2 before the 2-stage NaOH precipitation ach-
ieved the optimum metal recovery of ~75% from the concentrated 
leachate stream. The developed process modestly preserved the organic 
nutrient to a larger extent in the treated biosolids with about 11% loss of 
carbon and 19% loss of nitrogen. The leaching of PFAS from biosolids 
into the aqueous phase was limited under the investigated conditions. 
The findings of this work provide a framework for developing a hy-
drometallurgical process for biosolids treatment which may be imple-
mented within the existing wastewater treatment facilities. 
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Table 4 
Concentration of residual nutrients, metals, and PFAS in biosolids streams obtained under different neutralisation washing scenarios by processing 10% solids.  

Content Elements/ 
abbreviations 

Streams, pH, and concentration 

Raw 
biosolids 

Treated biosolids (no 
washing)a 

Treated biosolids 
(leachate washing)b 

Treated biosolids 
(water washing)c 

C1-grade 
biosolidsd 

C2-grade 
biosolidsd  

pH 6.8 2.0 6.5 7.0 7.0 7.0 

Nutrients (% w/w dry 
feed basis) 

C 35.4 32.9 35.2 36.4 – – 
N 5.6 5.5 6.2 5.6 – – 
K 1.1 0.4 0.3 0.2 – – 
P 1.3 0.5 0.4 0.5 – – 

Major metals (% w/w 
dry feed basis) 

Na 0.1 BDLe 1.5 BDL – – 
Mg 0.5 0.1 0.1 0.1 – – 
Al 0.7 0.6 0.4 0.5 – – 
Ca 10.2 8.5 6.8 5.4 – – 
Fe 4.2 2.3 2.9 4.1 – – 

Trace metals (mg/kg 
dry feed basis) 

As <5 <5 <5 <5 20 60 
Cd 1.3 0.5 0.4 0.3 1 10 
Co <5 <5 <5 <5 – – 
Cu 690 380 420 220 100 2000 
Cr 20 16 14 14 400 3000 
Hg 0.7 0.9 0.9 0.9 1 5 
Mn 210 53 39 17 – – 
Mo 8 8 8 9 – – 
Ni 18 12 14 8 60 270 
Pb 20 17 18 18 300 500 
Se 5 4 4 3 3 50 
Zn 850 160 160 48 200 2500 

Major PFASf (mg/kg dry 
feed basis) 

PFBS 0.0005 – 0.0003 – – – 
PFDA 0.0028 – 0.0040 – – – 
PFHxA 0.0014 – 0.0014 – – – 
PFOS 0.0048 – 0.0060 – – – 
PFOA 0.0019 – 0.0029 – – – 
∑

PFAS 0.0165 – 0.0221 – – –  

a Refers to the as-obtained acidic treated biosolids. 
b Refers to the treated biosolids obtained from the closed-loop process developed in this study (see Fig. 7(A)). 
c Refers to treated biosolids obtained from deionised water washing post the acid treatment step until neutral pH. 
d Refers to contaminant-grade biosolids as prescribed in Victoria EPA biosolids management guidelines (EPA Victoria, 2004). 
e BDL- Below detection limit. 
f Abbreviations and chemical formulae– 

PFBS: Perfluorobutanesulfonic acid, C4HF9O3S. 
PFDA: Perfluorodecanoic acid, C10HF19O2. 
PFHxA: Perfluorohexanoic acid, C6HF11O2. 
PFOS: Perfluorooctanesulfonic acid, C8HF17O3S. 
PFOA: Perfluorooctanoic acid, C8HF15O2. 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.hydromet.2023.106044. 

References 

Abouelela, A.R., Mussa, A.A., Talhami, M., Das, P., Hawari, A.H., 2022. Industrial sludge 
valorization and decontamination via lipid extraction and heavy metals removal 
using low-cost protic ionic liquid. Sci. Total Environ. 835, 155451 https://doi.org/ 
10.1016/J.SCITOTENV.2022.155451. 

Ait Ahsaine, H., Zbair, M., El Haouti, R., 2017. Mesoporous treated sewage sludge as 
outstanding low-cost adsorbent for cadmium removal. Desalin. Water Treat. 85, 
330–338. https://doi.org/10.5004/dwt.2017.21310. 

Babel, S., del Mundo Dacera, D., 2006. Heavy metal removal from contaminated sludge 
for land application: a review. Waste Manag. 26, 988–1004. https://doi.org/ 
10.1016/j.wasman.2005.09.017. 

Bayat, B., Sari, B., 2010. Comparative evaluation of microbial and chemical leaching 
processes for heavy metal removal from dewatered metal plating sludge. J. Hazard. 
Mater. 174, 763–769. https://doi.org/10.1016/j.jhazmat.2009.09.117. 

Beauchesne, I., Cheikh, R. Ben, Mercier, G., Blais, J.F., Ouarda, T., 2007. Chemical 
treatment of sludge: in-depth study on toxic metal removal efficiency, dewatering 
ability and fertilizing property preservation. Water Res. 41, 2028–2038. https://doi. 
org/10.1016/J.WATRES.2007.01.051. 

Blais, J.-F., Meunier, N., Sasseville, J.-L., Tyagi, R.D., Mercier, G., Hammy, F., 2005. 
Hybrid chemical and biological process for decontaminating sludge from municipal 
sewage. US 6,855,256 B2.  

de Fátima da Silva, M., de Sousa Oliveira, M.R., dos Santos, I.D., Radino-Rouse, P., 
Mansur, M.B., 2020. Iron precipitation strategies from nickel laterite ore sulfuric 
acid leach liquor. Miner. Process. Extr. Metall. Rev. 1–12 https://doi.org/10.1080/ 
08827508.2020.1809392. 

del Mundo Dacera, D., Babel, S., 2006. Use of citric acid for heavy metals extraction from 
contaminated sewage sludge for land application. Water Sci. Technol. 54, 129–135. 
https://doi.org/10.2166/wst.2006.764. 

Demol, J., Ho, E., Soldenhoff, K., Karatchevtseva, I., Senanayake, G., 2022. Beneficial 
effect of iron oxide/hydroxide minerals on sulfuric acid baking and leaching of 
monazite. Hydrometallurgy 211, 105864. https://doi.org/10.1016/J. 
HYDROMET.2022.105864. 

EPA Victoria, 2004. Guidelines for Environmental Mangement: Biosolids Land 
Application. Southbank, Victoria 3006, Australia.  

Erichsen Jones, J., 1934. The Toxic Action of Heavy Metal Salts on the Three-Spined 
Stickleback (Gastrosteus Aculeatus). Aberystwyth, Wales.  

Feng, J.J., Jia, L., Liu, Q.Z., Chen, X.L., Cheng, J.P., 2018. Source identification of heavy 
metals in sewage sludge and the effect of influent characteristics: a case study from 
China. Urban Water J. 15, 381–387. https://doi.org/10.1080/ 
1573062X.2018.1483525/SUPPL_FILE/NURW_A_1483525_SM7700.PDF. 

Fu, F., Wang, Q., 2011. Removal of heavy metal ions from wastewaters: a review. 
J. Environ. Manag. 92, 407–418. https://doi.org/10.1016/J. 
JENVMAN.2010.11.011. 

Gaber, S., Rizk, M., Yehia, M., 2011. Extraction of certain heavy metals from sewage 
sludge using different types of acids. Biokemistri 23, 41–48. https://doi.org/ 
10.4314/biokem.v23i1. 

Geng, H., Xu, Y., Zheng, L., Gong, H., Dai, L., Dai, X., 2020. An overview of removing 
heavy metals from sewage sludge: achievements and perspectives. Environ. Pollut. 
266, 115375 https://doi.org/10.1016/J.ENVPOL.2020.115375. 

Gheju, M., Pode, R., Manea, F., 2011. Comparative heavy metal chemical extraction from 
anaerobically digested biosolids. Hydrometallurgy 108, 115–121. https://doi.org/ 
10.1016/J.HYDROMET.2011.03.006. 

Guan, R., Yuan, X., Wu, Z., Wang, H., Jiang, L., Li, Y., Zeng, G., 2017. Functionality of 
surfactants in waste-activated sludge treatment: a review. Sci. Total Environ. 609, 
1433–1442. https://doi.org/10.1016/J.SCITOTENV.2017.07.189. 

Gunarathne, V., Rajapaksha, A.U., Vithanage, M., Alessi, D.S., Selvasembian, R., 
Naushad, M., You, S., Oleszczuk, P., Ok, Y.S., 2020. Hydrometallurgical processes for 
heavy metals recovery from industrial sludges. Crit. Rev. Environ. Sci. Technol. 1–42 
https://doi.org/10.1080/10643389.2020.1847949. 

Hakeem, I.G., Halder, P., Dike, C.C., Chiang, K., Sharma, A., Paz-Ferreiro, J., Shah, K., 
2022a. Advances in biosolids pyrolysis: roles of pre-treatments, catalysts, and co- 
feeding on products distribution and high-value chemical production. J. Anal. Appl. 
Pyrolysis 166, 105608. https://doi.org/10.1016/J.JAAP.2022.105608. 

Hakeem, I.G., Halder, P., Marzbali, M.H., Patel, S., Rathnayake, N., Surapaneni, A., 
Short, G., Paz-Ferreiro, J., Shah, K., 2022b. Mild sulphuric acid pre-treatment for 
metals removal from biosolids and the fate of metals in the treated biosolids derived 
biochar. J. Environ. Chem. Eng. 10, 107378 https://doi.org/10.1016/J. 
JECE.2022.107378. 

Hao, L., Liu, M., Wang, N., Li, G., 2018. A critical review on arsenic removal from water 
using iron-based adsorbents. RSC Adv. 8, 39545–39560. https://doi.org/10.1039/ 
C8RA08512A. 

Ito, A., Umita, T., Aizawa, J., Takachi, T., Morinaga, K., 2000. Removal of heavy metals 
from anaerobically digested sewage sludge by a new chemical method using ferric 
sulfate. Water Res. 34, 751–758. https://doi.org/10.1016/S0043-1354(99)00215-8. 

Javed, T., Asselin, E., 2020. Fe(III) precipitation and copper loss from sulphate-chloride 
solutions at 150 ◦C: a statistical approach. Metals (Basel) 10, 669. https://doi.org/ 
10.3390/MET10050669. 
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Abstract. Antimicrobial activity of silver nanoparticles biosynthesized from leaf and stem extracts of Cissus 

quadrangularis and C. rotundifolia was assessed against two pathogenic microbes (Micrococcus, Proteus vulgaris). 

Methanolic extracts of both stem and leaves of C. quadrangularis and C. rotundifolia were prepared using soxhlet 

method. Qualitative profiling of secondary metabolites confirmed the presence of saponins in C. quadrangularis extracts, 

while tannins and flavonoids were present in extracts of both the plants. AgNPs biosynthesized from both leaf and stem 

extracts were characterized using SEM and FTIR. Antimicrobial assays of all the four crude extracts and NPs derived 

from leaf and stem extract revealed that none of the crude extracts of C. quadrangularis showed antimicrobial against 

either P. vulgaris or Micrococcus, while nanoparticles derived from stem extracts exhibited higher (~2.5 times) activity 

against P. vulgaris than that against Micrococcus. In contrast, both the extracts of C. rotundifolia and AgNPs derived 

from stem extract showed similar inhibitory effect on growth of both tested microorganisms. Nanoparticles 

biosynthesized from leaf extract of C. rotundifolia showed higher activity (~1.6 times) against P. vulgaris than that 

against Micrococcus. AgNPs derived from C. quadrangularis stem extract exhibited ~1.5 times higher activity than that 

of C. rotundifolia derived AgNPs against P. vulgaris. This study therefore indicates that the rich phytochemical profile 

and antimicrobial potential of Cissus sp. can further be used to develop non-toxic herbal formulations with multiple 

medicinal properties. 

INTRODUCTION 

Fast evolving nature of microbial pathogens and increasing toll of nosocomial infections has been one of the 

frontline challenges in development of efficient antimicrobial drugs [1]. Moreover, emergence of multidrug resistant 

variants due to excessive use of antibiotics has further made the need for identification of novel antimicrobial agents 

of paramount importance [2, 3]. 

Nanotechnology has emerged as a powerful tool in past few decades due to their vast applications in clinical 

imaging & detection, targeted drug delivery, biomedicines and cancer treatment therapies [4]. Various metal 

nanoparticles have effectively been used against various microbial pathogens due to their small size, higher surface 

area to volume ratio, which enables their close interaction with the microbial membranes [5]. Further, the pathogens 

are unlikely to develop resistance against these metals, as metal nanoparticles attack the microbes by targeting 

multiple regions, thus for developing resistance, the pathogens would have to mutate all the targeted sites [6]. 

Silver and its salts have been used as antimicrobial agents for ages, infact it has been one of the popular 

treatment/remedy for microbial infections since ancient times. Applications of silver-containing or silver-coated 

materials as antimicrobial agents has been well established over decades and has been used as an excellent anti-

bacterial growth control agent in prostheses, catheters, burn wounds, dental materials and vascular grafts [7]. In 

recent decade, silver nanoparticles (AgNPs) have emerged as efficient nanomedicine against infectious agents due to 
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their unique chemical, optical, electromagnetic, and mechanical properties [8]. Among all known antibacterial metal 

nanoparticles, AgNPs have been reported to have highest bactericidal activity & biocompatibility and has been 

reported to be highly effective not only against bacteria, but also against fungal and viral pathogens [6, 9]. AgNPs 

also exhibit other therapeutic activities including anti-cancer, anti-inflammatory, anti-angiogenesis and many more 

[9]. 

Synthesis of AgNPs using conventional physico-chemical methods such as electrochemical reduction, thermal 

evaporation, beam electron irradiation and vapor condensation has declined in recent past due to use of toxic 

chemicals, time consuming & difficult to scale up process, complicated downstream processing, which also makes 

the process cost expensive [9, 10]. Biological synthesis of nanoparticles using microorganisms, enzymes and plants 

enables fast, high yields and cost-effective downstream processing, and thus have been widely used for synthesis of 

AgNPs based nanomedicines. Synthesis of silver nanoparticles using plant extracts have gained lot of impetus in 

past few decades due to faster synthesis rate, higher stability, more diversity in size and shape, lower synthesis cost, 

and environment friendly approach [11]. Some of the common plants that have been used for green synthesis of 

silver nanoparticles include Moringa oleifera, Azadirachta indica, Xanthium strumerium, Tinospora cordifolia, 

Brassica rapa and Red onion [12-18]. 

Cissus, member of grape family Vitaceae is known as natural reservoir of an important medicinal compound, 

resveratrol. This compound has been well reported to exhibit wide range of pharmaceutical properties including 

cardioprotection, chemoprotection, and many more (Bertelli and Das 2009; Das et al. 2011). 

C. qudrangularis L. and C. rotundifolia (Forsk.) Vahl are two important medicinal plants of the grape family 

known for their diverse medicinal applications in Indian medicinal system. These are known as natural bone healing 

plants and have been used for the purpose since ancient times [19]. Different plant parts of both the plants have been 

reported to exhibit therapeutic properties against various disorders including asthma, syphilis, tumors, haemorrhoids, 

menorrhagia, leucorrhoea, scurvy, obesity and gout [20-24]. Apart from being used as nutritional supplement, Cissus 

sp. also exhibit pharmaceutical properties including antioxidant, anti-inflammatory, analgesic, anti-diabetic, anti-

neurodegenerative, analgesic, gastroprotective and antimicrobial [25-27]. Till date, there are no significant reports 

on antimicrobial activity of C. rotundifolia and even that for C. quadrangularis are scarce. 

Proteus vulgaris and Micrococcus luteus are amongst the most opportunistic bacterial pathogens and are major 

among causative agents of hospital borne infections. Despite of various antibacterial agents available, the fast-

evolving nature and increasing fatality of nosocomial infections it has become imperative to develop more efficient 

drugs against these pathogens. 

Therefore, in the present study, antimicrobial potential of AgNPs biosynthesized from methanolic leaf and stem 

extracts of C. quadrangularis and C. rotundifolia against P. vulgaris and Micrococcus has been reported for the first 

time. This study provides new insights into some important medicinal properties and phytochemical composition of 

these two invaluable medicinal plants. 

MATERIALS & METHODS 

Plant sample collection & preparation 

Plant samples (leaf & stem) of C. quadrangularis (CQ) and C. rotundifolia (CR) were collected from Smriti 

Kulish Van Biodiversity Park, Jaipur, Rajasthan, India, thoroughly washed under running tap water, air dried, 

pulverised into fine powder and stored at 4oC till further use. 

Metabolite extraction & qualitative profiling 

Leaf & stem powder were subjected to Soxhlet extraction method [22]. Briefly, dried powder (20 g) was 

extracted with 500 ml methanol (Himedia, India) using Soxhlet apparatus (Borosil, India) for 24h. The resulting 

extracts were filtered using Whatmann filter paper No. 1, concentrated upto 1 ml volume in rotary evaporator 

(Sigma, India) and stored at 4oC till further use. All the four extracts (CRS, CRL, CQS, CQL) were analysed for the 

presence of alkaloids, flavonoids, saponins, tannins and phenols using Hager’s test, lead acetate solution test, foam 

test and ferric chloride test, respectively. 
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AgNPs synthesis and characterization 

5 ml of extract was mixed with equal volume of 0.1 M AgNO3 solution (HiMedia, India) and the mixture was 

incubated at RT for 20 min or until the color of the mixture changed from green to dark brown. The nanoparticles 

were extracted from the mix by centrifugation at 8000 rm for 30 min. The pellet was resuspended in double distilled 

water and stored at 4oC till further use. The chemical composition and shape of the synthesized AgNPs was 

determined using FTIR (Bruker, USA) and SEM (Jeol, USA), respectively as per method reported by [28]. 

Antimicrobial activity 

Standard strains of Micrococcus luteus (MTCC 106) and Proteus vulgaris (MTCC 426) were procurred from 

MTCC, Institute of Microbial Technology, Chandigarh, India. Antimicrobial activity of all the crude extracts and 

biosynthesized AgNPs was performed using disc diffusion method. Briefly, sterilized filter paper discs of 6 mm 

diameter were dipped in different extracts and AgNP solution and were transferred onto sterilised nutrient agar petri 

plates pre-inoculated with 24 h old broth culture of M. luteus and P. vulgaris. Methanol was used as control, and the 

strains were incoluated using spread plate technique. The plates were then incubated at 37oC for 24 h and the zone of 

inhibition was recorded.  

RESULTS & DISCUSSION 

Extract yield & composition 

Yield of C. rotundifolia stem (CRS) and C. qudrangularis leaf (CQL) extracts was maximum, producing ~1.53 g 

and 1.08 g extract per 20 g sample, respectively. CRL and CQS extracts yielded about  0.67 g and 0.87 g extract per 

20 g sample, respectively. The difference in the extract yields could be attributed to the different phytochemical 

composition and their differential solubility in methanol. The higher yield indicates presence of more methanol 

soluble compounds, or in other words more polar compounds. It can be assumed that CQL and CRS are richer in 

polar metablites as compared to their stem and leaf counterparts, respectively. Murthy [22] reported higher CQ stem 

extract yield in polar solvents with maximum in water followed by methanol. Higher solubility of CQ extracts in 

polar solvents has also been confirmed by [29] 

Phytochemical composition of both plants was similar, such that presence of flavonoids & tannins was 

confirmed in leaf extracts of both plants, while that of flavonoids, tannins and saponins was confirmed in both stem 

extracts (CQS & CRS). Alkaloids were not detected in either of the four extracts. Further, in a similar study 

presence of polyphenols and ascorbic acid has been reported in methanolic stem extract of CQ [22].  

Characterization of AgNPs 

Change in color of solution from green to brow after addition of AgNO3 solution was observed. Change in color 

of the exract has been reported as visible indicator of reduction of silver ions, excitation of surface plasmon 

resonance and formation of small nano-sized particles [30, 31]. AgNPs synthesised from all the four ectracts were 

spherical and ~100 - 200 nm in size (Figure 1). The nanoparticles formed aggregates and were present in the form of 

large agglomerates. However, these aggregates when mixed in in appropriate solvent, formed a uniform suspension. 

The AgNPs biosynthesised with plant extracts often round in shape and form aggregates [30]. 

The FTIR spectrum of the biosynthesized AgNPs from different extracts were almost similar. The peaks at 1624 

cm-1 and 1521 cm-1 represents C=O (carbonyl group) and C–N groups, respectively. Presence of peak at 1748 cm-1 

confirms presence of medium stretch from C=O bond due to dimer formation. Wavenumber 2851 cm-1 corresponds 

to weak carbonyl (C=O) vibrations, wherein 1458 cm-1 & 2851 cm-1 corresponds to C=C vibrations. Further, 

presence of peak at 1248 cm-1 and 791 cm-1 confirmed presence of N–H bond. The C–N bond stretching represented 

by peak at 1035 cm−1 is probably due to aliphatic amines. A downward shift in the FTIR spectra of AgNPs indicates 

binding functional groups at their surface. Such downward shift was recorded in C=O and C-N peaks and an upward 

shift was recorded in O-H peak. 
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FIGURE 1. Scanning electron microscopic image of AgNPs synthesized using Cissus extracts 

Antibacterial activity of AgNPs 

Crude extracts of CQ did not showed any inhibitory effect against either of the tested pathogens, while the 

nanoparticles synthesised from these extracts showed significant activity. Absence of activity from CQ stem and leaf 

crude extracts indicates that the antimicrobial activity exhibited by its nanoparticles is most likely due to the silver, 

which is a well known bactericidal agent. In contrast, both exracts of CR showed good inhibitory activity against 

both pathogens. Moreover, the nanoparticles derived from CR extracts showed enhanced inhibitory effect, and igher 

inhibition was recorded for CRL extracts. All the nanoparticles showed greater inhibitory activity against P. 

vulgaris, which could be attributed to the greater biocompatibility for P. vulgaris. Though AgNPs synthesised from 

both CQ & CR extracts showed enhanced antibacterial activity, yet higher activity was shown by CQS AgNPs, 

which however was not considered as a good candidate for formulation of antibacterial nanomediicne, as its crude 

extracts did nt showed any inhibition, thus the inhibition was most likely only due to the silver. CQ stem stem 

extracts have been reported to be effective against gram positive bacteria (Bacillus subtilis, B. cereus, 

Staphylococcus aureus) than gram negative bacteria (Pseudomonas aeruginosa, E. coli), and thus have been 

rendered relatively resistant to the CQ stem extracts [22]. Inactivity or lower activity of crude CQ extracts has also 

been reported against K. penumoniae, E. faecalis, V. cholerae and S. typhi [31]. Ethnol & aqueous extracts of CQ 

have been reported to show significant inhibitory effect against P. mirabilis [32]. 

CONCLUSION 

The present study was aimed to explore the potential of C. quadrangularis and C. rotundifolia as bioactive 

ingredient in antibacterial nanomedicinal formulations.  Phytochemical profiling of the extracts confirmed the 

presence of flavonoids and tannins in all the extracts. Antimicrobial assays of all the crude extracts of CQ and NPs 

derived from leaf and stem extract revealed that none of the crude extracts showed antimicrobial activity, whereas 

nanoparticles derived from stem extracts showed significant antimicrobial potential, with higher (~2.5 times) 

activity against P. vulgaris than that against M. luteus. On the contrary, all extracts of C. rotundifolia exhibited 

antimicrobial activity against both pathogens. Nanoparticles biosynthesized from leaf and stem extracts of C. 

rotundifolia exhibited higher activity than the crude extracts against P. vulgaris, while it was similar to the crude 

extracts against Micrococcus. This study therefore indicates that the rich phytochemical profile and antimicrobial 

potential of C. rotundifolia extracts can further be used to develop efficient and non-toxic herbal drugs formulations 

against various pathogenic microbes. 
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Abstract The present work utilizes waste black cardamom (BC) as an inexpensive and environmen-

tally friendly adsorbent for sequestering the Congo Red (CR) dye from aqueous media for the first

time. Following a carbonization process at 600 �C, chemical activation with KOH was carried out

for waste BC and subsequent black cardamom activated carbon (BCAC) was employed as an absor-

bent for CR eradication. The effect of experimental factors, including pH, adsorption time, dose and

CR initial concentration, was investigated. 96.21 % of CR dye removal was achieved at pH 6 for

100 mg/L of CR concentration having 0.1 g dose at 30 �C. Maximum Langmuir adsorption capacity

of BCAC was found to be 69.93 mg/g at 30 �C. The kinetic analyses showed that the CR adsorption

overBCACbehaved in accordancewith apseudo-secondorder kineticmodel as highR2 values (0.997–

1) were obtained. Thermodynamic parameters (DH�, DS�, and DG�) demonstrated that the CR

adsorption over BCAC was feasible, spontaneous and exothermic in nature. In addition, the state-

of-the-art machine learning (ML) approaches namely, support vector regression (SVR) and artificial

neural network (ANN) were employed for modeling the BCAC adsorbent for CR removal. The sta-

tistical analysis revealed high prediction performance of SVRmodel with AARE value of 0.0491 and

RMSE value of 0.4635 while the corresponding values for the ANN model were 0.0781 and 0.5395,

Abbreviations: BC, Black Cardamom; BCAC, Black cardamom activated carbon; CR, Congo Red; ML, Machine Learning; ANN, Artificial neural

networks; SVR, Support vector regression; AARE, Average absolute relative error; R2, Coefficient of determination; RMSE, Root mean square

error; SEM, Scanning Electron Microscopy; FTIR, Fourier Transform Infra-Red
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respectively. Furthermore, the plots between experimental CR data andML forecasted data were clo-

sely matched (R2 > 0.99). Thus, it can be concluded that BC, an agro waste could be utilized for CR

removal and that the adoption of ML approaches can benefit users by providing them with a tool to

enhance the design and performance of wastewater treatment operations.

� 2023 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Water contamination is one of the main issues of our time as a
result of the uncontrolled urbanization, population expansion,
and industry that has occurred rapidly [1]. Although strict laws

and regulations have been promulgated but proper wastewater
treatment and its disposal has not been applied [2]. Particu-
larly, a significant volume of polluted water has been released

into the environment directly, harming the water resources. An
important class of pollutants is synthetic dyes, which are uti-
lized in a variety of sectors including the textile, dyeing, paper,

leather tanning, cosmetics, and others [3,4]. >7x 10^5 tons of
dyes are generated yearly of which about 10% are released into
the environment by the textile and associated sectors [5]. Dyes
are categorised according to their chemical structures, which

influence their characteristics and are divided as cationic or
anionic dyes [6]. It is highly challenging to handle wastewater
from the dyeing industry because dyes contain complicated

molecular structures that prevent biodegradation and make
them resilient to light, heat, and oxidising agents [7]. Colored
dyes are aesthetically pleasing, cancer-causing, and block light

from entering aquatic systems. Additionally, the hazardous
and cancer-causing nature of dyeing wastewaters has an
impact on both the aquatic ecology and human health [8].

Therefore, it is crucial to remove dye from wastewater or efflu-
ents before releasing them into the environment. In this study,
the removal of Congo Red (CR) is considered.

Anionic CR dye is very soluble in water which causes dis-

agreeable color changes that endanger water species [9]. CR is
an azo dye that metabolizes to benzidine which poses grave risk
to human health, including skin, ocular, and gastrointestinal

irritation [10]. The removal of CRdye fromwastewater has been
accomplished using a variety ofmethods, including coagulation,
membrane separation, adsorption, reverse osmosis and ion

exchange [11]. Adsorption is rapidly rising to the forefront of
treatment technologies as ameansof handlingdye contaminated
aqueous effluent due to its affordability, procedural simplicity,
efficacy, and practicality [12]. Due to its porous nature and ther-

mal durability, activated carbon ismost frequently utilized as an
adsorbent on a large scale [13]. Because it is more expensive and
difficult to produce, activated carbonmade fromnon-renewable

sources has fewer uses overall [14]. However, various agricul-
tural based materials have been looked at as advantageous
raw materials for the production of activated carbon, due to

their abundance and non-toxic makeup [15]. Several adsorbents
namely, coconut fibre [16], celery residue [7], cabbage waste [12],
Cornulaca monacantha stem [17], Antigonon leptopus leaf [18]
kenaf fibre [19], Casuarina empty fruit [20], Teucrium polium

L.[10], Eucalyptus leaf powder [21] walnut shell [22], Eichhornia
shoots [23], pine bark[24], Arjuna seed [25], mango leaves [26],
jujube shell [27] Phoenix dactylifera seeds [8], apricot stone

[28], powder Bombax Buonopozense bark [29], teak leaf [30],
pineapple stem [31], litchi seed [32] have been utilized for CR
removal. Thus, it is observed that efficient adsorbents have been

Nomenclature

Co Initial dye concentration (mg L-1)

Ce Dye concentration at equilibrium (mg L-1)
qe Adsorption capacity at equilibrium (mg g�1)
m Mass of Adsorbent (g)
V Volume (L)

e Loss function
w Weight vector
k(ci) High dimensional feature function for input vector

c
a and a* Lagrange multipliers
f(c) Regression function

b Bias term
K (ci,cj) Kernel function
L Dual form of the Lagrangian function
ci Input vector

di Output vector
Pi PRedicted value
Ei Experimental value

N Total data points
R2 Coefficient of determination

KL Langmuir constant (L mg�1)

qm Maximum adsorption capacity (mg g�1)
RL Separation factor
KF Freundlich adsorption constant (mg g�1) (L

mg�1)1/n

n Freundlich exponent (g L-1)
A Temkin constant for binding energy (L/g�1)
B Temkin constant for heat of adsorption (J mol�1)

v2 Chi- squaRed error
K1 Pseudo- first-order rate constant (min�1)
K2 Pseudo-second-order rate constant (g mg�1 min�1)

Kid Intra particle diffusion constant (mg g-1min�1).
I Intra particle constant
KC Equilibrium constant
DG� Standard Free energy change (kJ mol�1)

DH� Standard Enthalpy change (kJ mol�1)
DS� Standard Entropy change (kJ mol�1 K�1)
T Absolute temperature (K)

t Time (min)
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obtained from agricultural sources. In view of the encouraging
development, an effort was made to identify some locally avail-
able, cost-effective, and novel bio-waste for scavenging of CR

dye from water. It was discovered that black cardamom waste,
which is usually discarded in the open or dumped in landfills,
aggravates pollution and impinges upon the availability of ara-

ble land. It is estimated that nearly 400 kg of black cardamom
waste is generated annually in the small Indian town of Aligarh
alone. Hence, it was planned to carry out the present study by

converting the BC into BCAC and estimate its performance as
an adsorbent in the removal of CR dye from water by
adsorption.

Modeling of any system or a process is a significant and chal-

lenging task in engineering. The challenge may be due to the
physical complexity of the natural phenomenon or our limited
knowledge of mathematics. Recently, ML has been found to

be a very powerful tool in helping to overcome those challenges,
by building basic models from the observed patterns as well as
assisting decision makers in facing real world problems. Since

ML is able tomap causal factors and consequent outcomes from
the observed patterns (experimental data), without deep knowl-
edge of the complex physical process, thesemodeling techniques

are becoming popular among engineers. Recently, a wide range
of applications have benefited greatly from the extensive use of
ML techniques for the predictive modeling of the many engi-
neering problems in areas such as air pollution monitoring

[33], heat exchanger performance analysis [34], breakthrough
mechanism [35], circulation rate in thermosiphon reboiler [36],
energy resources forecasting [37] and reservoir properties [38],

to name a few. These computational methods accurately fore-
cast complicated processes and quickly give an understanding
of how these systems work [39]. The model eliminates the

requirement for completing a pilot experiment and aids in devel-
oping adsorption apparatus [40].

The main goals of the current study were two-fold. The first

was dedicated to the investigation of the efficacy of waste black
cardamom based activated carbon (BCAC) to remove CR
from aqueous solutions, and generate experimental data. The
second was to use this data to develop ML models namely,

support vector regression (SVR) and artificial neural network
(ANN) for the first time to forecast the uptake capacity of
the BCAC adsorbent. Study was done on the variables that

affected the CR removal, including temperature, starting dye
concentration and pH of the dye water. To verify the perfor-
mance of the developed ML models, statistical parameters

namely, coefficient of determination (R2), average absolute rel-
ative error (AARE), root mean squared error (RMSE), and
chi-square (v2) were employed. It was observed that the BCAC
adsorbent was a promising adsorbent for CR removal from

aqueous media and the novel application of ML techniques
to model the dye removal efficiency of BCAC may be widely
employed as a practical tool to enhance treatment procedures

for the removal dyes from aqueous solutions.

2. Materials and methods

2.1. Black cardamom and reagents

Black cardamom waste was collected from local herbal medi-
cine manufacturing plant in Aligarh. Congo Red dye was pur-
chased from Sigma Aldrich. Salts namely, potassium

hydroxide (KOH), hydrochloric acid (HCl) and sodium
hydroxide (NaOH) used in the experiments were of analytical
grade. Deionized water was utilized in carrying out all he stud-

ies. One gram of CR was dissolved in one litre of deionized
water to create a stock solution (1000 PPM), which was then
diluted with deionized water to the precise concentrations

needed.

2.2. Preparation of BCAC

The waste black cardamom pods were washed with water to
eliminate dust particles and then dried in the sun for two days.
Furthermore, all of these BC pods were oven dried for 24 h at

70 �C. Now the dried BC was pre- carbonised at 300 �C for
1.5 h. The pre-carbonized BC samples were then weighed
and blended with a KOH solution (impregnation ratio of
1.5). The impregnated sample were dried in oven and further

activated in furnace for 2 hrs at 600 �C. The obtained material
was repeatedly refluxed with water. The sample material was
then dried and kept before being used.

2.3. Characterization of BCAC

Scanning electron microscope (SEM) was employed for struc-

tural pattern and surface morphology of BCAC. SEM (JEOL
JSM-7610 FPLUS model) was used to acquire the electron
micrographs of gold-coated BCAC prior and post CR dye
adsorption. The Fourier transform infra-Red (FTIR) analysis

was performed using Bruker ALPHA FTIR Spectrophotome-
ter in KBr pellets (spectroscopic grade) in the wavelength
range of 500–4000 cm�1. This approach could be useful in

describing potential surface functional differences between
feedstock and BCAC. The concentrations of CR dye were
analysed by visible – spectrophotometer (Electronics India).

The solid addition technique was used to determine the pH
values of the adsorbent at the (pHpzc). The pH of solutions
was ascertained by Labman pH meter (India).

2.4. Adsorption experiments

The effect on the CR adsorption mechanism was studied by
adjusting operational conditions such dose, pH (6–10), begin-

ning CR dye concentration (50–200 mg/L), and temperature
(30 �C � 50 �C) and interaction time (0–120 min) of CR dye
and BCAC. The CR batch adsorption investigations were con-

ducted using the temperature-controlled water bath shaker
(REMI CIS 24). In a 250-ml conical flask, an aliquot of
0.2 g of BCAC was assorted with 20 ml of CR required con-

centration solution and flask was put at 150 rpm agitation
speed of water bath until equilibrium was attained. The spec-
trophotometer (Electronics India) was used to determine the

final concentration of the filtered sample. The pollutant
removal percentage (% R) of CR dye and quantity of adsorp-
tion at equilibrium Qe (mg/g), was determined at time (t) using
equation (1) and (2) respectively.

%R ¼ Co � Ce

Co

� �
� 100 ð1Þ

qe ¼
Co � Ce

m

� �
� V ð2Þ
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Where, Co and Ce are the CR concentrations at the start
and end of the experiment, respectively. The number V repre-
sents the volume of CR aqueous solution (in litres), whereas m

symbolizes the BCAC adsorbent mass (in grams).
The effect of solution pH on the removal effectiveness of

CR using BCAC was explored by regulating pH in the range

of 6–10 for CR and utilising 0.01 M HCl and 0.01 M NaOH
solution as adjusting medium. The point-of-zero charges
(pHPZC) is a property that establishes the pH level at which

the adsorbent surface achieves net electrical neutrality and
offers important details on the electrostatic interactions
between the adsorbent and adsorbate. The pHPZC is deter-
mined by solid addition method. At a constant temperature

of 30 �C, adsorption isotherm studies were carried out with
starting CR concentrations ranging from 50 to 200 mg/L.
The kinetic tests were performed, with residual dye concentra-

tions measured at specified time intervals at five different start-
ing CR concentrations of 50, 70, 100, 150 and 200 mg/L,
respectively.

2.5. Desorption studies

To conduct the reusability test, 0.1 g of CR loaded BCAC

adsorbent was placed into 10 ml of 0.05 M NaOH for 24
hrs. The regenerated adsorbent was then removed and prop-
erly cleaned with deionized water before being dried at 55 �C
for the subsequent cycle.

2.6. Machine learning modelling

2.6.1. Artificial neural network

The building of ANN intelligent models is based on a variety
of straightforward simulations of the biological processes in

the human brain that enable learning, remembering, and
problem-solving [41]. The neurons of ANN are core processing
units, capable of acquiring complex relationship between input

and output variables [42]. The mathematical neuron’s output is
often represented as:

Yn ¼ F Ið Þ ¼ F bþ
XN

n¼1
wnXn

� �
ð3Þ

In the multi layered (input, hidden and output layers) net-

work fit the data during training, these algorithms modify
the weights of the neurons based on the discrepancy between
the actual output values and the desired output [43]. The best

ANN architecture and training method for a particular job are
discovered through a process of trial and error [44]. One of the
popular ANN architecture is a first order gradient descent
approach called back-propagation which is used to train an

algorithm to minimise error [38]. The nodes modified their
weights, and the process iterates until error is reduced to a low-
est value.

2.6.2. Support vector regression (SVR)

Many literatures provides a detailed explanation of SVMs [45].
The support vector regression makes use of data sets P

= c1; d1Þ; c2; d2ð Þ; � � � ::; ðcn; dnÞgf , such that each input ci has
its output di. The goal of epsilon SVR model is to adjust the
function, d = f (c), so that when it is evaluated with unknown

input data {ci}, it can predict the output values {di}. The
regression function can be expressed as:

f c;wð Þ ¼ ðw � k cð Þ þ bÞ ð4Þ
Where k (c) is the high dimensional input function and the

dot product (w � k (c)).

The regression function represented in equation (4) can be
minimized as follows:

Minimize : Q fð Þ ¼ C
1

N
Le d; fðc;wÞð Þ þ 1

2
kw2k ð5Þ

The aforementioned equation has two components. The

first is the empirical error, which may be assessed using the fol-
lowing insensitive loss function:

Le d; f c;wð Þð Þ ¼ 0if d� fðc; wÞj j � e

d� fðc; wÞj j � eotherwise

�
ð6Þ

The second term in the equation stands in for the function

flatness. The trade-off between training error and model func-
tion flatness is provided by parameter C. With the addition of
slack variables (ni, ni*), the SVR problem is transformed into a

dual optimization problem as follows:

Minimize :
1

2
kw2k þ C

XN
i¼1

ni þ ni ð7Þ

Subjected to

di � w � k cð Þ � bð Þ � eþ ni

w � k cð Þ þ b� dið Þ � eþ ni�; ni and ni� � 0 ð8Þ
The introduction of Lagrangian multiplier ai and a�i in the

above convex optimization equation transforms it into dual
form expressed as:

f c; ai; ai
�ð Þ ¼

XNSV

i¼1

ai � ai
�ð Þ k cið Þ � k cj

� �� �þ b ð9Þ

The non-zero values of coefficients (ai-ai�) and their input

vectors ci create the support vectors (SVs). The basic expres-
sion for SVR is finally got after applying the kernel function
as follows:

f c; ai; ai
�ð Þ ¼

XNSV

i¼1

ai � ai
�ð Þk ci; cj

� �þ b ð10Þ

The Karush-Kuhn Tucker (KKT) conditions are used to

evaluate the constant b.

2.6.3. ML Models’ formulation

The computational ML models (ANN and SVR) were created

with five inputs, namely starting CR concentration (50–
200 mg/L), dosage (0.04–0.12 g), pH of solution (6–10), Tem-
perature (30 �C �50 �C) and time (2–120 mins), and adsorp-

tion capacity of CR as an output, in order to forecast the
performance of BCAC for CR batch adsorption. Following
the identification of independent – dependent variables, ran-

dom normalised data was separated into train and test sets.
In this study, the ANN toolbox component of the software
package MATLAB (2019b) software was adopted. Three lay-

ers in feed forward sequence make up the ANN design, with
the hidden layer and output layer each having a different trans-
fer function of tansig and purelin respectively. For little to
medium-sized data, one of the most effective back propagation

methods is Levenberg-Marquardt optimization. Twelve neu-
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rons at hidden layer resulted in lowest prediction error of the
formulated ANN model.

The SVR model to predict CR removal over BCAC was

programmed by implementing fitrsvm in MATLAB (2019b).
Since just a few settings needed to be changed and the RBF
kernel has a high general efficiency, it was chosen for this study

out of all the available kernels [46]. To Reduce the five-fold
cross-validation loss, the optimal hyperparameter combination
was determined via Bayesian optimization [47]. It is possible to

compare the performance of these developed models equitably
since all models are trained and evaluated using the same data
sets. Statistical assessment metrics such as R2, AARE, RMSE
and Chi –square value were used to verify the performance

standard of the developed models as follows:

AARE ¼ 1

N

XN
i¼1

pi � Ei

Ei

	 
����
���� ð11Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN
i¼1

ðEi�pi
pi

Þ
N

2
vuuut

ð12Þ

Chi� squared value; v2 ¼
X Ei � pið Þ2

pi
ð13Þ

Where, Ei and pi represent experimental and predicted data
points respectively. Whereas, N denotes total data points. The
R2 values were obtained using its command in M. S. Excel

(2010).

3. Results and discussion

3.1. BCAC characterization

The SEM micrographs of BCAC and CR laden BCAC at 1 mm
are depicted in Fig. 1 (a)-(b). By the pictures from the SEM
examination, the structural characteristic of the BCAC adsor-
bent demonstrates a interconnected porous structure that pro-

vides effective CR dye adsorption. Before adsorption, empty
spherical holes indicated that there was a substantial surface
area available for dye uptake [48]. As from Fig. 1(b) after

CR interacted with BCAC, the surface shape changes to
become smoother and acquire flaky patches. These modifica-
tions show that the CR dye has effectively been loaded onto

the adsorbent surface.
The FTIR spectra of BCAC can be seen in Fig. 2 indicating

the existence of functional groups and bonds on the BCAC
adsorbent. The band at 3438 (cm�1) was shifted after CR accu-

mulation over BCAC to 3425 (cm�1) due to stretching vibra-
tions of –OH group. The peak appear at 2886 (cm�1) may
be attributed to –CH stretching [49]. The alkyne group located

band at 2310 (cm�1) was moved to 2311 (cm�1) on CR adsorp-
tion [50]. The pronounced peak at 1428 (cm�1) changes to 1437
(cm�1) suggest bending CH2 and CH3 deformation vibrations

[51]. The presence of the C-N length of the aliphatic amines
was confirmed by the peak at 1034 cm -1 which shifted to
1032 after CR treatment [26]. Following the application of

Fig. 1 SEM images of BCAC (a) Prior to CR adsorption and (b)

after adsorption of CR at (Magnification: 6000 X; scale: 1 mm).

Fig. 2 FTIR spectra of BCAC.
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CR dye, there were changes in peak positions, indicating that
the CR dye had been successfully adhered onto the BCAC sur-
face. The bands between 400 cm and 800 cm were due to pres-

ence of stretch vibrations of C-O and C–H.

3.2. Influence of pH

The pH exhibits a key characteristic throughout the adsorp-
tion process by regulating the adsorbent charge and ionisation
level of the adsorbate in the solution. It is recognised that pH

has an impact on CR’s structural stability, which in turn
affects the intensity of its hue. When the pH is acidic (pH
3.0–5.0), CR turns blue, whereas between pH 10.0 and 12.0,

it turns to different shade of red color compared to original
of CR dye [52]. It is stable in the pH range of 6 to 10. Fig. 3
illustrates the outcomes of altering the pH from 6 to 10 in
order to investigate the impact of initial pH on CR adsorp-

tion. The 96.21 percent of CR dye removal was achieved at

pH 6 for 100 mg/L of CR concentration at 30 �C. Fig. 3A
demonstrates that when the solution pH rose to 10, the adsorp-
tion effectiveness of BCAC for CR fell to 39.44 percent. This

impact of pH change can be explained based on obtained
PZC value of 7.54 (Fig. 3B). The pHPZC was determined by
salt addition method. The surface of the BCAC is negatively

charged at pH values above pHpzc and has positively charged
below this value [53]. Since CR is an azo anionic dye, removing
it was facilitated by a pH value lower than pHPZC because of

the stronger electrostatic attraction between the anionic dye
molecules and the positive adsorbent surface [40]. Thus, opti-
mum CR uptake on BCAC was obtained at pH 6. In line with
our findings, maximum adsorption of CR by bio magnetic

composite was occurRed at pH 6.95 [52]; nevertheless, another
published study also shows that at pH 6 maximum CR was
adsorbed over coffee husk [54].

A detailed description of possible adsorption mechanisms
between CR onto BCAC is proposed and described schemati-

A                                                                                 B

C

Fig. 3 (A) Outcome of pH change on CR adsorption on BCAC (B) Point of zero charge of BCAC. (C) Possible adsorption mechanism

for the adsorption of CR onto BCAC.
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cally in Fig. 3(C). The effect of pH on the adsorption of CR on
BCAC can be explained based on the surface charges of both
the sorbent and the dye in the aqueous medium and also on the

basis of pKa values of major constituents [55]. At high solution
pH > 7.54, active sites of BCAC are completely deprotonated;
at neutral pH (	7) active sites are primarily protonated; while

at low pH < 4, most of the active sites are protonated [55].
Typically, CR is negatively charged when pH > 5.5
(pKa = 5.5) [55] as can be seen in Fig. 3 (C). When the solu-

tion pH is 6 (above pKa values of CR), dye molecules are neg-
atively charged, while adsorbent sites of BCAC are relatively
highly protonated (because of pH is much lower than 7.54).
This leads to a strong electrostatic attraction between SO3

-

groups of CR and positively charged BCAC (as shown in
Fig. 3(C), thus resulting in a higher adsorption capacity for
CR. However, when pH increases, the OH– ions increase grad-

ually, which compete with anionic dye molecules for penetrat-
ing the positively charged adsorbent. Hence adsorption
capacity decreases for CR at higher pH. Therefore, based on

the above-mentioned results, it is evident that the surface
charge of the adsorbent surface and dye governs the adsorp-
tion behavior towards anionic dye CR.

3.3. Variation of concentration with time

Fig. 4 displays the relationship between the contact time (0–
120 mins) and the CR adsorption capability of BCAC at pH

6 for initial CR concentration range (50–200 mg/L). The CR
adsorption capacity increased quickly for brief time periods
before settling towards equilibrium although the quantity var-

ied for each concentration. This can be explained as at early
stage of experiment many vacant spots were present and due
to passage of time these active pores were get saturated [56].

The shorter equilibrium period (10, 15 and 30 mins) were
attained for lower (50, 70 and 100 mg/L) initial concentration
of CR. Similarly, for raised initial CR concentrations of

150 mg/L and 200 mg/L, the equilibrium times were found
to be 60 and 90 mins. A similar pattern was observed in liter-
ature where equilibrium was attained within 100 mins for CR
dye over pine powder adsorbent [57].

3.4. Variation of dose

Fig. 5 shows how adsorbent dosage affects the amount of CR
that can be adsorbed onto BCAC. Increases in BCAC dosage
of 0.04, 0.06, 0.08, 0.1 and 0.12 g, respectively, resulted in

increases in CR removal percentage of 84.3, 88.65, 91.33,
95.89 and 96.35 % as depicted in Fig. 5. This might be attrib-
uted to the rise in the total aggregate surface area of the BCAC
particles and the number of accessible active adsorption sites

[7]. At 0.1 g and 0.12 g loading of dose, there was no dis-
cernible difference in elimination of CR that may be due aggre-
gation of adsorbent particles [8]. Thus for all experiments,

BCAC of 0.1 g was discoveRed to be the best dosage when tak-
ing CR removal percentage values into account.

3.5. Adsorption isotherms

Adsorption isotherm investigations are crucial because they
describe the distribution of the adsorbed molecules between

the adsorbent and the liquid solutions at equilibrium. As it
serves a useful purpose in the analysis and design of adsorption
systems, it is vital to establish the most suitable correlation for
equilibrium data and empirical equations. The Langmuir, Fre-

undlich, and Temkin models were utilised to evaluate the data
in order to determine which isothermal model is most appro-
priate for delivering the CR adsorption over BCAC. The linear

forms of aforementioned isotherm models are presented in
Table 1 and values of corresponding parameters were analysed
from Fig. 6.

3.5.1. Langmuir isotherm

The Langmuir isotherm model, state that adsorption happens
at specified homogenous sites on the adsorbent through mono-

layer adsorption [58]. It is also hypothesised that once a sor-
bate molecule fills a space, no further sorption may occur
there. The adsorbate draws to all of the active vacant sites of

the adsorbent using the same amount of energy [59]. In Table 1,
qe is the dye amount per unit weight of BCAC (mg/g) and Ce is
remaining CR concentration at equilibrium (mg/L). The con-

Fig. 4 The concentration vs. time graph for CR adsorption on

BCAC. Fig. 5 Impact of changing the BCAC dose on CR adsorption.
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stant qmax is related to the sites filled by a dye monolayer and
reflects the adsorption capacity (mg/g). KL is a constant
related to adsorption energy (L/mg). Plotting the adsorption
curve; 1/qe vs 1/Ce gives the value of qmax and KL. The graph

showed that the Langmuir adsorption capacity was 69.93 mg/
g, and an excellent R2 of 0.997 was observed suggesting mono-
layer coverage of sites by CR dye molecules (Fig. 6). Separa-

tion factor (RL), is another dimensionless measure which
provides information on how favourable is the adsorption pro-
cess. The adsorption is indicated by RL, which can be either

unfavourable (RL > 1), favourable (0 < RL < 1), irreversible
(RL = 0), or linear (RL = 1) [60]. The separation factor values
for the present study lie in order (0.091–0.287), which ranges

from 0 to 1, indicates favourable adsorption [60]. In confor-
mity to our results, several investigations have demonstrated
that the Langmuir model best describes the sorption of CR
onto agro-based adsorbent [17,32].

3.5.2. Freundlich isotherm

The Freundlich model, which is frequently used in heteroge-

neous systems and denotes multilayer adsorption with unstable
distribution of enthalpies and affinities between adsorbent and
adsorbate [61]. Freundlich sorption equilibrium constant KF is
expressed in (mg/g). (L/mg) 1/n, and n stands for distinctive

surface heterogeneity. The linear graph log qe vs log Ce is used
to estimate the model parameters. The result of correlation

Fig. 6 Adsorption isotherm for CR uptake on BCAC (Temp = 30 �C, pH = 6 and contact time 120 min).

Table 1 Isotherm’s equations and constants for CR adsorption on BCAC.

Isotherms Equations Parameters Values

Langmuir 1
qe
¼ 1

qm
� 1

b � 1
Ce

� �
þ 1

qm

qm (mg g�1) 69.93

b (L mg�1) 0.049

RL ¼ 1
ð1þb�C0Þ RL 0.091–0.287

R2 0.997

Freundlich lnqe ¼ lnKF þ 1
n lnCe KF (mg g�1) (L mg�1)1/n 3.424

n 1.152

R2 0.992

Temkin qe ¼ BlnAþ BlnCe A (L g�1) 1.024

B (J mol�1) 8.941

R2 0.946

362 R. Ahmad Aftab et al.

Anushri Gaur
SDG 06



coefficient of this model is represented in Table 1. Due to lower
R2 value than Langmuir model indicate that this model does
not adequately account for the variation in the experimental

data.

3.5.3. Temkin isotherm

According to the above isotherm, all molecules’ adsorption

heat decreases in a linear manner, proving that the binding
energy is homogeneous [62,63]. The constants A(g/L) and B
(J/mol) corresponding to the maximal equilibrium binding

energy and heat of adsorption respectively, were calculated

using the linearized Temkin equation. The obtained values of
A and B are given in the following Table 1. The computed
R2 value (0.94) for Temkin isotherm in the case of CR adsorp-

tion is less than those for the Langmuir and Freundlich iso-
therms. This finding suggests that the Temkin model does
not provided an adequate fit for the experimental data.

3.6. Adsorption kinetics

The process by which a solute bind to a sorbent can be

expressed using a variety of models. Studies on adsorption rate

Table 2 Kinetic parameters for CR removal on BCAC at different initial concentration.

Kinetic models & Equations Parameters Concentrations (mg L-1)

50 70 100 150 200

Pseudo-first order qe (exp) 4.849 6.777 9.678 14.428 19.308

log qe � qtð Þ ¼ logqe � K1

2:303

� �� t qe (calc) 0.346 0.401 1.058 2.102 3.908

K1 0.120 0.0778 0.094 0.066 0.041

R2 1 0.952 0.903 0.974 0.953

Pseudo-second order kinetics qe (exp) 4.849 6.777 9.678 14.428 19.308
t
qt
¼ ð 1

K2q2e
Þ þ ð 1qeÞ � t qe (calc) 4.852 6.784 9.708 14.513 19.493

K2 4.045 1.633 0.392 0.108 0.038

R2 1 1 0.999 0.999 0.997

Intra-particle diffusion model Kid 0.019 0.030 0.077 0.188 0.441

qe ¼ kid � t1=2 þ I I 4.699 6.534 9.025 12.753 15.271

R2 0.362 0.484 0.639 0.779 0.806

Fig. 7 Adsorption Kinetics for CR dye onto BCAC (a) pseudo-first order, (b) pseudo- second order and (c) Intra-particle diffusion (at

pH = 6, temp = 30 �C and dose = 0.1 g).
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were conducted in order to quickly and effectively construct a

model. Adsorption kinetics demonstrates how the rate of dye
uptake is time-dependent and aids in calculating the residence
time for the purpose of optimising the size of the adsorption

device [64]. The uptake of CR over BCAC was established
by fitting data into kinetic models namely, pseudo-first order,
pseudo-second order and intra-particle diffusion kinetics. The

linear expressions and coefficients of these kinetic models are
described in Table 2. According to Fig. 7 (a-c) for adsorption
of CR dye by BCAC, pseudo-second order rate kinetics had an
R2 value of 0.998, which was higher than first order rate kinet-

ics. Additionally, the qe, values for the pseudo-first-order
equation varied considerably with the experimental ones. As
opposed to that, qe values estimated by pseudo-second order

rate kinetics were closely matched with experimental data.
According to the intraparticle diffusion model, the value of
constant (I) provides information about the boundary layer

impact [3]. As qt vs t1/2 plot show divergence from the origin
pointed that the CR adsorption over BCAC comprise intra
particle diffusion, in addition to the rate control step and other

ways such film diffusion, surface adsorption, and pore
diffusion [65]. Similar findings for the kinetics of CR uptake
over kenaf activated carbon [19] and litchi seed powder [32]

that follows pseudo-second order kinetics were reported
recently.

3.7. Adsorption thermodynamics

An investigation of the thermodynamics was done at three dif-
ferent temperatures (30 �C, 40 �C and 50 �C) for CR uptake on
BCAC. The following equations (14–16) were used to compute

the thermodynamic characteristics of the process, including the
change in Gibbs free energy (DG�), change in enthalpy (DH�),
and change in entropy (DS�).

Kc ¼ CAC

Ce

ð14Þ

DG ¼ �RT lnKc ð15Þ

Fig. 8 A graph of log Kc plotted against 1/T for CR adsorption

on BCAC.

Table 3 Thermodynamic variables for CR adsorptions on

BCAC.

Temperature

(K)

DG�(kJ
mol�1)

DH� (kJ
mol�1)

DS� (kJ mol�1

K�1)

303 �8.621 –22.697 �0.046

313 �8.202

323 �7.696

Fig. 9 ML- modelling of CR adsorption on BCAC for (a) SVR

model and (b) ANN model.

Table 4 Optimized hyperparameters for the SVR Model.

Model Box

constraint

Kernel

Scale

Epsilon Type of

Kernel

Loss

Function

CR-SVR Model 927.902 2.7123 0.0126 RBF e- insensitive
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logKc ¼ DS



2:303� R
� DH




2:303� R� T
ð16Þ

Here, R stands for the universal gas constant (8.314 J K�1

mol�1), and T stands for the temperature on the Kelvin scale.
Ca and Ce represent the equilibrium concentrations of CR on

the BCAC and in the solution, respectively. Table 3 lists the
computed thermodynamic parameters obtained from Fig. 8.
The process is more impulsive as DG� becomes more negative
[66]. The CR adsorption process is spontaneous, as evidenced

by the negative values of total free energy changes during the
process. In light of the computed DG� values, which ranged
between – 7.696 and �8.621 kJ mol�1, the thermodynamic

investigation came to the conclusion that the adsorption hap-
pened by a physical sorption process as DG� < 20 kJ mol�1

[67]. Since, the negative values DH� and DG� represents

exothermic and spontaneous process [68]. Thus, the findings
demonstrated that the negative values of DH� and DS� estab-
lish the exothermic nature of CR dye adsorption onto BCAC
and Reduction in randomness. Several investigations that have

been conducted for the elimination of CR reported similar
thermodynamic results [23,32].

3.8. Desorption and regeneration

Regeneration of the adsorbent is a crucial consideration when
evaluating the process’s viability in terms of both practical use

and economics. During desorption process dye molecules are
liberated from the carbon surface. Experiments with Congo
Red-loaded BCAC for desorption study have been carried

out by using NaOH solution. The interaction bonds between
the surface sites of BCAC and adsorbed CR become weaker
in an alkaline NaOH solution, making regeneration simple.

According to the regeneration data, the CR percentage
adsorption by BCAC was decreased in the third cycle to
84.77 % from 96.81 %. Moreover, desorption percentage

was seen to diminish with an increase in the number of regen-
eration cycles, remaining at 88.31 % of its initial level after the
first cycle and falling to 72.58% after the third. As a result, the
adsorbent can be successfully employed for up to three cycles.

Similar desorption studies were performed utilizing NaOH to
recover Congo Red dye from jujube shell [27] and methyl
orange from pumpkin seed powder adsorbent [69].

4. Simulation of machine leaning models

In order for the ML-based SVR model to function properly,

the model parameters must be chosen correctly. The optimised
hyperparameters are listed in Table 4. The results showed that
the optimal ANN design was created using the tansig-purelin

transfer functions, trainlm as the back-propagation technique,
and 10 neurons in a single hidden layer. The models’ output
was employed, in order to create parity graphs between the

Fig. 10 Plots of Congo Red ML models during (a) training course and (b) testing course. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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actual adsorption capacity of CR over BCAC and those pre-
dicted by the ML-based models as represented in Fig. 9 (a-

b). It is obvious that the anticipated train and test data both
fall very near the optimum fit line, signifying that the two
ML-based models performed effectively. Fig. 10 (a) - (b)

demonstrates the training process and testing phase for ML-
SVR and ML-ANN models respectively. It is noted that the
forecasted results closely match the experimentally determined

values of adsorption capacity for almost all sample runs. The
two constructed ML-models produce good results, with high
R2 values of 0.9978 for SVR and 0.9931 for the ANN model
obtained during training. These ML models were generalised

since, during testing, they functioned effectively for even
anonymous data, with R2 for the SVR and ANN models being
equivalent to 0.9816 and 0.9884, respectively. Furthermore, as

depicted in Tables 5 and 6, low AARE values in ranges
(0.0053–0.0491) for SVR and (0.0365–0.0781) for ANN,
whereas evaluated RMSE values were found to be in ranges

(0.1686–0.4635) for SVR and (0.3855 – 0.5395) for ANN were
close to ideal error value of zero, confirms ML models’ capac-
ity for prediction CR removal onto BCAC. The results of the
ML approach for present adsorption study were found to be

consistent with previously reported literature where prediction
of Chromium adsorption over Medlar seed by SVR and ANN
models have R2 of 0.981 and 0.958 respectively [70]. Similar

trend was also noted in ANN modelling of Basic Red 46 dye
and Cu (II) with R2 in between 0.98 and 0.99 [71].

5. Comparison with other adsorbents

Table 7 shows that the BCAC has a notable capacity for CR
adsorption when compared to the other adsorbents that are

being used. It has been determined how well various adsor-
bents can remove the CR dye when compared to the maximal
adsorption capacity of BCAC for CR.

6. Conclusion

The herbal waste derived BCAC was discovered through this

investigation to be a potential material for the elimination of
harmful CR dye in water systems. Increases in initial dye con-
centration (50–200 mg/L), contact time (0–120 mins), and dose

(0.04–0.12) were shown to enhance the amount of Congo Red
dye uptake on BCAC, whereas increases in solution pH (6–10)
and temperature (30–50 �C) were found to decrease it. The

reported negative values for DH� (–22.697 kJ mol�1) and DG
� (-8.621 kJ mol�1), respectively, show that adsorption is
exothermic and spontaneous in nature. The provided results
(R2 > 0.9) demonstrate that ML models are potential fore-

casting techniques that can be applied successfully and have
adequate accuracy for the prediction of the CR dye removal.
Thus, ML prediction can help in the planning and develop-

ment of a more efficient treatment for removing dye from
waste effluent.
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Table 5 SVR model performance evaluation.

Parameter Train data Test data

R2 0.9987 0.9816

AARE 0.0053 0.0491

RMSE 0.1686 0.4635

Chi-squared 0.0913 0.4165

Table 6 ANN model performance evaluation.

Parameter Train data Test data

R2 0.9931 0.9884

AARE 0.0365 0.0781

RMSE 0.3855 0.5395

Chi-squared 0.8131 0.5797

Table 7 Comparison of CR adsorption over various adsorbents.

Adsorbent Adsorption

Isotherm

Adsorption

Kinetic

Optimum

pH

Max Adsorption (mg/g) Reference

Mango Leaves Freundlich Pseudo-second order 7 21.28 [26]

Dactylifera seeds Langmuir Pseudo-second order 2 61.72 [8]

Kenaf-based activated carbon Freundlich

Langmuir

Pseudo-second order 4 14.20 [19]

Coconut fiber based activated carbon – Pseudo-second order 3 22.10 [16]

Litchi seed Freundlich

Langmuir

Pseudo-second order 2 20.49 [32]

Acacia auriculiformis biochar Freundlich Pseudo-second order 2 130.0 [72]

Apricote stone Langmuir

Dubinin-Radushkevich

Pseudo-second order 13 32.68 [28]

Black Cardamom activated carbon Langmuir Pseudo-second order 6 69.93 Present study
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