
 

 

STUDIES ON SURFACE MODIFICATIONS OF ACTIVATED 

CARBON FOR REMOVAL OF ORGANIC AND BIOLOGICAL 

POLLUTANTS FROM WATER 

 

by 

AOLA SUPONG 

 

 

 

 

 

 

 

Submitted to 

NAGALAND UNIVERSITY 

 In Partial Fulfillment of the Requirements for Award of the Degree  

of 

DOCTOR OF PHILOSOPHY IN CHEMISTRY 

 

 

DEPARTMENT OF CHEMISTRY 

NAGALAND UNIVERSITY 

LUMAMI-798627 

NAGALAND, INDIA 

 

2021 



 

 

 

 

 

 

 

 

 

DEDICATED  

To 

My Parents 

(Oja & Oba) 

 

 

 

 

 

  



i 

 

 

 



ii 

 

 

 

 

 

 



iii 

 

 

   

                              

            

 

 

 

                                                      

 



iv 

 

 

ACKNOWLEDGEMENTS 

I express my deep sense of gratitude to Prof. Dipak Sinha, my supervisor, for giving me the 

opportunity to conduct my research work under his supervision in the first place. He has always 

been supportive and approachable. He helped me discover my potentials and encouraged me to 

develop my research skills. His profound knowledge, constant encouragement, guidance and 

valuable inputs helped me succeed in all stages of my research and achieved greater heights in 

my life. 

I express my profound gratitude to Prof. Upasana Bora Sinha, my co-supervisor, for her 

immense love, guidance, availability and support throughout the research investigation and 

preparation of the thesis.  

I extend my sincere gratitude to all the teaching faculties of Chemistry Department, Nagaland 

University; Prof. M. Indira Devi (Head of Department), Dr. I. Tovishe Phucho, Dr. M. 

Prabhakar, Dr. Nurul Alam Choudhury, and Dr. Seram Dushila Devi, for their extended 

help and encouragement throughout my research period. 

My sincere gratitude to Nagaland University, for providing the basic facilities to conduct my 

research. I am also grateful to the University grant commission (NFHE 2015-2017) and 

Department of science and Technology (DST-INSPIRE 2019-till date) for providing financial 

assistance. 

I owe my sincere thanks to Prof. Talijungla, Department of Botany, Nagaland University for 

extending facilities for performing microbiological works.  

I extend my appreciation to Dr. Pranjal Bharali, Department of Environmental Sciences and 

Miss. Temsurenla, Research Scholar, Department of Botany, Nagaland University for 

extending their help in biological related works. 

My sincere appreciation to Dr. R.L Goswamee, CSIR-NEIST for allowing me to use their 

instruments during preparation of my samples. 

I extend my sincere gratitude to Prof. Nikhil Guchhait, Department of Chemistry, Calcutta 

University for extending computational facility. 

My gratitude and thanks to the non-teaching staff of the Department of Chemistry, Nagaland 

University for the help extended in different occasions. 



v 

 

 

I owe my deepest gratitude to my Lab mates, Dr. Parimal Chandra Bhomick, Dr. 

Chubaakum Pongener, Ms. Mridushmita Baruah, Mrs. Champa Gogoi, Mr. Supongtoshi 

Jamir, Mr. Suraj Kumar, Mr. Soremo L Ezung and Mr. Shishak for their love and support.  

Special thanks to my research scholars from other laboratories and department for their 

wonderful friendship and encouragement. 

On my personal note, I would like to acknowledge my family members for their unconditional 

love, support and continuous prayers throughout my research work.  

Last but not the least; I humbly give all praises and honour to my Saviour for showering me 

with His unfailing love, blessings and abundant grace. 

 

  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aola Supong 



vi 

 

CONTENTS 

List of Figures x 

List of Tables xiv 

CHAPTER 1: Introduction 1-36 

1.1 Introduction 1 

1.2 Crystalline structure of activated carbon 2 

1.3 Porous structure of activated carbon 2 

1.4 Chemical structure of activated carbon 3 

1.5 Raw material for the synthesis of activated carbon 5 

1.6 Preparation of activated carbon 6 

1.7 Surface modification of activated carbon 7 

1.7.1 Chemical modification of activated carbon 8 

1.7.2 Physical modification 10 

1.7.3 Biological modification 12 

1.8Applications of activated carbon 13 

1.9 Adsorption process 15 

1.10 Present study 16 

1.11 Aims and objectives of the work 17 

References  19 

CHAPTER 2: Materials and methods 
37-57 

2.1 Raw precursor for the preparation of activated carbon 37 

2.1.1 Tithonia diversifolia 37 

        2.1.2 Saccharum ravennae 38 

2.2 Preparation and modification of activated carbon 38 

2.3 Characterisation of activated carbon  39 

2.4 Analytical instruments used for characterisation 41 

2.5 Application of the prepared activated carbon 42 

2.6 Description of pollutants considered for the present study 44 

2.7 Adsorption models 47 

2.7.1 Adsorption isotherms 47 

        2.7.2 Adsorption kinetics 49 

        2.7.3 Validation of the adsorption models 51 

2.8 Thermodynamic studies 51 

2.9 Density Functional theory (DFT) studies 52 

References 54 

CHAPTER 3: Removal of phenols using activated carbon synthesized from               

Tithonia diversifolia 

58-118 

3.1 Introduction 58 

3.2 Materials and methods 

3.2.1 Taguchi design of experiment 

3.2.2 Preparation of activated carbon 

60 

61 

62 



vii 

 

3.2.3 Characterization of carbon sample 

3.2.4 Theoretical study 

3.3 Results and discussions 

3.3.1 Taguchi design of experiments 

3.3.2 Characterization of activated samples 

3.3.3 Cost analysis 

SECTION A: Removal of Bisphenol A using Tithonia diversifolia activated carbon 

      3.3.4 Adsorption studies of Bisphenol A 

      3.3.5 Adsorption Isotherm studies 

      3.3.6 Adsorption kinetics studies 

      3.3.7 Thermodynamic study 

      3.3.8 Computational studies 

      3.3.9 Comparison of Tithonia diversifolia activated carbon with other adsorbent           

                material 

62 

63 

63 

63 

65 

70 

72 

72 

75 

77 

80 

80 

84 

SECTION B: Removal of phenol and 2,4-dinitrophenol using Tithonia diversifolia 

activated carbon 

3.4 Adsorption studies of phenol and 2,4-dinitrophenol 

      3.4.1  Adsorption Isotherm studies 

      3.4.2  Adsorption kinetics studies 

      3.4.3 Thermodynamic study 

3.5 Effect of co-existing ions 

3.6 Regeneration studies 

3.7 Adsorption mechanism 

3.8 Theoretical calculations 

3.9 Comparative study of adsorption capacity of various adsorbents 

3.10 Application to real water samples 

3.11 Conclusion 

References 

86 

 

86 

90 

91 

94 

94 

95 

96 

97 

106 

107 

108 

110 

CHAPTER 4 : Removal of Coliform and Escherichia coli using activated 

carbon synthesized from Tithonia diversifolia 

119-142 

4.1 Introduction 119 

4.2 Materials and method 

4.2.1 Collection and preparation of supporting media for biofilter column 

4.2.2 Construction of biofilter column 

4.2.3 Preparation of bacteria column 

4.2.4 Removal experiment of E.coli by biofilter columns 

      4.2.5 Real water sample analysis 

             4.2.5.1 Determination of total heterotrophic bacteria 

             4.2.5.2 Determination of total coliform and E.coli bacteria 

             4.2.5.3 Biochemical identification of coliform and E.coli bacteria 

             4.2.5.4 Removal of total coliform and E.coli from real water sample 

 

121 

121 

121 

122 

123 

123 

124 

125 

126 

129 



viii 

 

4.3 Results and discussions 130 

4.3.1 Removal of synthetic E.coli solution by biofilter column with different 

supporting media 

130 

      4.3.2 Real water analysis 133 

      4.3.3 Biochemical identification E.coli bacteria 135 

4.4 Conclusions 138 

 References 140 

CHAPTER 5: Removal of 4-nitrophenol using activated carbon synthesized 

from Ravenna grass  

143-167 

5.1 Introduction 

5.2 Materials and method 

    5.2.1 Ravenna grass activated biocarbon preparation 

    5.2.2 Characterization of Ravenna grass activated biocarbon 

    5.2.3 Batch adsorption study of 4-Nitrophenol 

    5.2.4 Theoretical study of 4-Nitrophenol adsorption onto activated carbon 

5.3 Results and discussion 

    5.3.1 Characterisation of activated carbon 

    5.3.2 Batch adsorption studies 

             5.3.2.1 Effect of adsorbent dose 

             5.3.2.2 Effect of contact time  

             5.3.2.3 Effect of initial concentration 

             5.3.2.4 Effect of pH 

             5.3.2.5 Effect of temperature 

   5.3.3 Adsorption isotherm studies 

   5.3.4 Adsorption kinetic studies 

   5.3.5 Thermodynamic study 

   5.3.6 Theoretical calculations 

   5.3.7 Comparative study of Ravenna grass activated carbon with other adsorbents 

   5.3.8 Cost analysis 

5.4 Conclusion  

References 

143 

144 

144 

144 

145 

145 

147 

147 

151 

151 

151 

152 

152 

153 

153 

155 

155 

156 

160 

162 

163 

164 

CHAPTER 6: Removal of Escherichia coli using Ravenna grass activated 

carbon Ravenna grass activated carbon modified by CTMATB 

168-196 

6.1 Introduction 168 

6.2 Materials and Method 

6.2.1 Preparation of activated carbon 

6.2.2 Preparation of brominated activated carbon 

6.2.3 Characterization of Br-AC 

6.2.4 Density functional theory calculations 

6.2.5 Determination of antibacterial activity 

6.2.6 Molecular docking studies 

169 

169 

170 

170 

170 

170 

171 

174 



ix 

 

6.3 Results and discussions 175 

      6.3.1   Characterization of Br-AC 

6.3.2 Possible bromination mechanism 

175 

180 

6.3.3 Antibacterial activity of Br-AC 185 

            6.3.3.1 Well-diffusion assay 185 

            6.3.3.2 Concentration and pH-dependent antibacterial activity 186 

      6.3.3.3 Removal of Escherichia coli 187 

      6.3.3.4 SEM image of ruptured bacterial cell 187 

 References 191 

 

CHAPTER 7: Summary and Conclusions 
 

 

197-200 

 

 

 

 

 

 



x 

 

List of Figures 

Figure 1.1 Comparison of the three-dimensional crystal lattice of (a) graphite and 

(b) turbostratic structure 

2 

Figure 1.2 Schematic of activated carbon with different types of pores 3 

Figure 1.3 Carbon-oxygen surface groups on activated carbon surface 4 

Figure 1.4 Hydrophilic character of activated carbon in presence of oxygen surface 

groups 

4 

Figure 1.5 Schematic representation of the acidic and basic behaviour of the oxygen-

containing surface groups and delocalized π-electrons of the activated 

carbon surface 

5 

Figure 1.6 Categories of activated carbon modification techniques 8 

Figure 1.7 Schematic diagram of the chemical modification of activated carbon    8 

Figure 1.8 Cation exchange mechanism with the carboxylic acid functional group of 

activated carbon 

9 

Figure 1.9 Scheme of the present study 17 

Figure 1.10 Outline of the thesis 18 

Figure 2.1 Picture showing Tithonia diversifolia plant 37 

Figure 2.2 Picture showing Saccharum Ravenna plant 38 

Figure 2.3 Chemical structure of phenol 44 

Figure 2.4 Chemical structure of 4-nitrophenol 45 

Figure 2.5 Chemical structure of 2,4-dinitrophenol 45 

Figure 2.6 Chemical structure of Bisphenol A 46 

Figure 3.1 Graphical representation of the effect of control factors on the S/N ratio 

of BET surface area 

64 

Figure 3.2 SEM micrograph of: (a)TUC (b) 2TAK600 (c) 2TAK700 (d) 2TAK800 

(e) 1TAK700 (f) 3TAK700 

67 

Figure 3.3 XRD patterns of Tithonia diversifolia carbons obtained at activation 

temperature of 500ºC, 600 ºC, and 700 ºC at an impregnation ratio of 2:1 

68 

Figure 3.4 TGA/DTG profile of activated carbon samples (a) 2TAK500 (b) 

0.5TAK600 (c) 0.5TAK700 (d) 0.5TAK500 (e) 3TAK500 (f) 1TAK500 

69 

Figure 3.5 FTIR spectra of a) 2TAK500 b) 2TAK600 c) 2TAK800 (impregnation 

ratio 2:1) 

70 

Figure 3.6 Effect of (a) adsorbent dose (b) contact time (c) initial BPA concentration 

and (d) pH on BPA adsorption 

75 

Figure 3.7 Linear fitting of (a) Langmuir (b) Freundlich (c) Temkin and (d) 

Dubinin–Radushkevich model 

77 

Figure 3.8 The plots of (a) Pseudo-first-order kinetics model (b) Pseudo-second-

order kinetics model (c) Intraparticle diffusion model and (d) Elovich 

model. 

79 



xi 

 

Figure 3.9 Optimized structures of (a) AC-P (b) AC-OH (c) AC-COOH (d) AC-

CHO 

81 

Figure 3.10 Optimized adsorption structure of BPA onto activated carbon(a) 

(C15H15O)-OH⸳⸳⸳⸳⸳C(AC) (b) (C15H15O)-OH⸳⸳⸳⸳⸳OH-(AC) (c) (C15H15O)-

HO⸳⸳⸳⸳⸳HO-(AC) (d) (C15H15O)-OH⸳⸳⸳⸳⸳OCH-(AC) (e) (C15H15O)-

HO⸳⸳⸳⸳⸳HOOC -(AC) (f) (C15H15O)-OH⸳⸳⸳⸳⸳OHOC-(AC) 

83 

Figure 3.11 Relative energy diagram of adsorption of Bisphenol A onto activated 

carbon 

84 

Figure 3.12 Effect of activated carbon dose on removal efficiency (Temperature- 

298K; Contact time- 60 mins phenol, 80 mins DNP; pH 8 phenol, pH 6 

DNP; Initial concentration- 300 mg L-1phenol, 200 mg L-1 DNP) 

85 

Figure 3.13 Effect of contact time on removal efficiency (Temperature- 298K; pH 8 

phenol, pH 6 DNP; Activated carbon dose- 0.3g; Initial concentration- 

300 mg L-1phenol, 200 mg L-1 DNP) 

88 

Figure 3.14 Effect of initial concentration on removal efficiency (Temperature- 298K; 

Activated carbon dose- 0.3g; Contact time- 60 mins phenol, 80 mins 

DNP; pH 8 phenol, pH 6 DNP) 

88 

Figure 3.15 Figure 3.15 Effect of temperature on removal efficiency (Activated 

carbon dose- 0.3g; pH 8 phenol, pH 6 DNP; Initial concentration- 300 mg 

L-1phenol, 200 mg L-1 DNP; Contact time- 60 mins phenol, 80 mins DNP) 

89 

Figure 3.16 Effect of pH on removal efficiency (Contact time- 60 mins phenol, 80 

mins DNP; Temperature- 298K; Activated carbon dose- 0.3g; Initial 

concentration- 300 mg L-1phenol, 200 mg L-1 DNP) 

90 

Figure 3.17 (a) pseudo-first-order and (b) pseudo-second-order (c) Elovich and (d) 

Intraparticle diffusion adsorption kinetics plot for phenol and DNP. 

93 

Figure 3.18 Effect of co-existing ions on phenol and DNP adsorption onto activated 

carbon (Conditions: ionic concentration - 0.1 mol/L; activated carbon 

dose- 0.3g; Initial concentration- 300 mg L-1¬phenol, 200 mg L-1¬ DNP; 

pH 8 phenol, pH 6 DNP; Contact time- 60 mins phenol, 80 mins DNP; 

Temperature-298K) 

95 

Figure 3.19 Regeneration of activated carbon over five cycles (regenerated carbon 

dose-0.3g; contact time- 60 minutes (Phenol), 80 minutes (DNP). 

adsorbate concentration- 300 mg L-1(Phenol), 200 mg L-1 (DNP); 298K 

temperature. 

96 

Figure 3.20 Schematic representation of the different mechanism for phenol and DNP 

adsorption on activated carbon 

98 

Figure 3.21 Optimised molecular structure of (a) Phenol and (b) 2,4-dinitrophenol (c) 

AC (d) OH-AC (e) CHO-AC (f) COOH-AC (g) COOH+OH+CHO-AC 

99 

Figure 3.22 Optimised structure representing (a) P-HO-----C-AC (b) DNP-HO-----C-

AC (c) P-HO-----HO-AC (d) DNP-HO-----HO-AC (e) P-OH-----OHC-

AC (f) DNP-OH-----OHC-AC (g) P-HO-----HOOC-AC and (h) DNP-

HO-----HOOC-AC interactions 

103 

Figure 3.23 Energy profile diagram of (a) Phenol and (b) 2,4-dinitrophenol 105 



xii 

 

Figure 3.24 (a) Optimised structure of COOH+OH+CHO-AC (b) Interaction between 

COOH+OH+CHO-AC and phenol (c) Interaction between 

COOH+OH+CHO-AC and DNP 

106 

Figure 3.25 Removal efficiency of phenol and DNP in the real water environment 108 

Figure 3.26 Wastewater collection site 108 

Figure 4.1 Experimental set up of (a) PS (b) PB (c) PP (d) PAP (e) BAB and (f) SAS 

column for removal of bacterial pathogens 

122 

Figure 4.2 Wastewater collection site 124 

Figure 4.3 Log reduction of E.coli (CFU/mL) by different biofilter column (PS-

pristine sand, SAS-sand/activated carbon/sand, PB-pristine brick, BAB- 

brick/activated carbon/brick, PP-pristine pebbles, PAP- pebbles/activated 

carbon/ pebbles).  Error bars represent the standard deviation of average 

results of triplicate experiments 

130 

Figure 4.4 SEM image of (a) Brick (b) Sand and (c) Pebbles 131 

Figure 4.5 EDX of (a) Brick (b) Sand and (c) Pebbles 132 

Figure 4.6 Breakthrough curve of E.coli using different biofilter column 133 

Figure 4.7 Multiple tube fermentation test for (a) total coliform bacteria in lactose 

broth (b) E.coli in brilliant green bile lactose broth 

134 

Figure 4.8 (a) Mixed culture of bacteria in the water sample and Pure culture of (b) 

Isolate 1 (c) Isolate 6 (d) Isolate 9 

135 

Figure 4.9 Result interpretation of biochemical tests (a) Gram character (b) catalase 

test (c) Motility (d) Triple sugar iron (e) Indole (f) Methyl red (g) Voges 

Proskauer and (h) Citrate utilization test 

138 

Figure 5.1 The optimized model of (a) AC (b) (AC)OH (c) (AC)COOH (d) 

(AC)CHO 

146 

Figure 5.2 SEM micrograph of (a) 1M RAC (b) 2M RAC and (b) 3M RAC 148 

Figure 5.3 FTIR spectra of (a) 1M RAC (b) 2M RAC and (c) 3M RAC 149 

Figure 5.4 XRD patterns of 1M RAC, 2M RAC and 3M RAC 150 

Figure 5.5 TGA profile of 1M RAC, 2M RAC and 3M RAC 151 

Figure 5.6 (a) Effect of adsorbent dose (b) Effect of contact time (c) Effect of initial 

4-Nitrophenol concentration and (d) Effect of pH and (e) Effect of 

temperature on 4-Nitrophenol adsorption 

154 

Figure 5.7 Linear plot of (a) Pseudo-first-order and (b) Pseudo-second-order model 

for the adsorption of 4-Nitrophenol. 

156 

Figure 5.8 Optimized structures of 4-Nitrophenol adsorption onto activated 

biocarbon (a) (AC)C---OH(NP) (b) (AC)HO---HO(NP) (c) (AC)OH---

OH(NP) (d) (AC)CHO---HO(NP) (e) (AC)COOH---OH(NP) 

159 

Figure 5.9 Relative energy diagram of 4-Nitrophenol adsorption onto functionalized 

activated biocarbon 

160 



xiii 

 

Figure 5.10 Comparative cost of Ravenna grass activated biocarbon with some 

commercially available activated carbon. 

162 

Figure 6.1 Optimized structures of (a) AC-U (b) AC-OH (c) AC-COOH (d) AC-

CHO 

172 

Figure 6.2 (a) MurA enzyme (b) Brominated AC-OH (c) Brominated AC-COOH 

and (d) Brominated AC-CHO 

175 

Figure 6.3 SEM and EDX images of (a) AC and (b) CTMATB-AC. 176 

Figure 6.4 FTIR spectra of AC and Br-AC 177 

Figure 6.5 XRD image of AC and Br-AC 178 

Figure 6.6 (a) XPS wide scan spectrum of Br-AC (b) High-resolution C 1s spectrum 

and (c) High-resolution Br 3d spectrum 

180 

Figure 6.7 Optimized structure of (a) CTMATB (b) CTMATB---AC-U (c) 

CTMATB---AC-OH (d) CTMATB---AC-COOH (e) CTMATB---AC-

CHO (f) dissociated Br2 (g) Br2---AC-U (h) Br2---AC-OH (i) Br2---AC-

COOH and (j) Br2---AC-CHO 

    184 

Figure 6.8 (a) Hydrophobic interaction between CTMATB and AC-OH (b) 

Hydrophobic interaction between CTMATB and AC-OH and (C) 

Physical interaction between CTMATB and AC-U via ammonium moiety 

185 

Figure 6.9 Inhibitory effect of (a)AC and (b) Br-AC against E.coli 186 

Figure 6.10 Antibacterial activity against E.coli at (a) pH 5 (b) pH 6 (c) pH 7 (d) pH 

8 (e) pH 9 

186 

Figure 6.11 Time kill curve for E.coli with Br-AC at MIC concentration. 187 

Figure 6.12 SEM image of (a) Untreated E.coli cells and (b) Cells exposed to Br-AC 188 

Figure 6.13 (a) Br2---AC-OH (b) Br2---AC-OH and (c) Br2---AC-OH at the active site 

of MurA showing the mode of interactions 

189 

 

 



xiv 

 

List of Tables 

Table 3.1  Control variables and their respective levels 61 

Table 3.2 L16 orthogonal array of Taguchi method and the results of the 

conducted experiments 

63 

Table 3.3 Results of ANOVA 65 

Table 3.4 Cost estimates for production of 250g Tithonia diversifolia 

activated carbon 

71 

Table 3.5 Adsorption isotherm parameters and correlation coefficients 76 

Table 3.6 Kinetics parameters for the adsorption of BPA 79 

Table 3.7 Thermodynamic parameters for the adsorption of BPA onto 

activated carbon 

80 

Table 3.8 Comparison of prepared activated carbon in this study with some 

other adsorbents reported in the literature for BPA removal 

85 

Table 3.9 Langmuir, Freundlich and Temkin isotherm parameters 91 

Table 3.10 Kinetic parameters for the adsorption of phenol and DNP 93 

Table 3.11 Thermodynamic parameters for phenol and DNP adsorption onto 

activated carbon 

94 

Table 3.12 Adsorption energy and bond distance of phenol-AC and DNP-AC 

system 

102 

Table 3.13 Comparative study of adsorption capacity of various adsorbents 107 

Table 4.1 Biochemical tests and their uses 126 

Table 4.2 AER value of biofilter columns 133 

Table 4.3 Heterotrophic plate count for treated and untreated water 135 

Table 4.4 Total coliform and E.coli bacteria count for treated and untreated 

water 

135 

Table 4.5 Test result of biochemical tests  136 

Table 5.1 Adsorption isotherm parameters for 4-Nitrophenol adsorption onto 

activated carbon 

155 

Table 5.2 Plot parameters of pseudo-first-order and second-order-model 156 

Table 5.3 Thermodynamic parameters for 4-Nitrophenol adsorption onto 

activated carbon 

156 

Table 5.4 Adsorption energies and bond distance between 4-Nitrophenol and 

activated biocarbon systems. 

159 

Table 5.5 Comparison of RAC with some other adsorbent materials for 4-

Nitrophenol removal 

 

161 



xv 

 

Table 5.6 Cost estimates for production of 250g activated carbon 162 

Table 6.1 Bond distance and Interaction energy obtained for various type of 

bromination interactions. 

184 

Table 6.2 The molecular interaction analysis of brominated carbons at the 

active site of MurA 

189 

   

   

   

   

   

   

   

 

 



 

 

 

 

 

 

 

CHAPTER 1 

 

 

                                                 INTRODUCTION 

This chapter presents a brief introduction of activated carbon, its structure and properties. The 

chapter also discusses the raw precursors used for activated carbon preparation, different types 

of activation procedures and modification techniques. The applications of the activated carbon 

and the phenomenon of adsorption are also discussed. 
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1.1 Introduction 

Activated carbon in its broadest sense is a term that includes a wide range of carbonized 

materials with high surface area, well-developed pore structure, abundant functional groups, 

strong mechanical strength, high physicochemical stability, high adsorption capacity, and 

highly reactive surface[1,2]. By virtue of these attractive characteristics, activated carbon is 

considered a unique and versatile carbon material with a wide array of practical applications 

in supercapacitors, batteries, gas separation, wastewater treatment, energy storage, air 

purification, medicine and catalytic process etc.  

The earliest documented use of activated carbon in the form of wood charcoal dates back to 

3750 B.C. when it was first used by the Egyptians and Sumerians for smelting ores to create 

bronze[3]. By 1550 B.C., the Egyptians use of charcoal progressed to medicinal applications; 

it was used for adsorbing unpleasant odour from putrefying wounds and intestinal tracts[4]. 

Around 450 B.C., the ancient Hindus and Phoenicians discovered the antiseptic properties of 

charcoal and began using it to purify water. By 50 A.D., charcoals were used for the treatment 

of a wide range of ailments such as epilepsy, chlorosis, anthrax and vertigo[5]. In the 15th 

century, sailors blackened the inside of wooden water containers with fire to preserve the 

freshness of water for a longer period. Later, in the 18th century, wood charcoal found its way 

into sugar refinery and was used in large-scale for decolourising raw sugar syrup[6]. The first 

industrial-scale production of activated carbon took place in the 19th century mainly for use in 

sugar refineries[3]. These activated carbons were produced by various chemical and thermal 

activation processes, such as using metal chlorides or steam and CO2 as the activating agent 

[1]. During the First World War, the release of poisonous gas accelerated the developments in 

the production of activated carbon and gas masks with better quality activated carbon were 

used for the adsorption of the hazardous gases.  Later, considerable developments were made 

in the production of activated carbon using new raw precursors and activating agents and 

were used for water treatment, air purification and solvent recovery[4]. 

Today, activated carbon is used in a wide variety of applications. They are efficiently used to 

mitigate diverse environmental problems such as removal of organic, inorganic and biological 

pollutants from water, removal of toxic gases from air, carbon sequestration and remediation 

of contaminated soil[7,8,17,18,9–16]. Another broad area of application for activated carbon 

is the treatment, purification and decolourization of liquids in the food, pharmaceuticals, 

beverage and other industries[19–22]. Activated carbon is also well known for its application 

in metal recovery, medicine, catalytic process, cosmetics, solvent recovery, decaffeination of 
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coffee, soil improvement, among others[23–29]. The ever-continuous development and 

optimisation of the activated carbon production process and the use of new raw materials have 

led to the development of better-quality carbon in use today.  

1.2 Crystalline structure of activated carbon 

Activated carbons have a microcrystalline structure that consists of fused hexagonal rings of 

carbon atoms[30]. The microcrystalline structure of activated carbon is different from that of 

graphite with regard to the interlayer spacing. The interlayer spacing for graphite is 0.335 nm 

while for activated carbon, it ranges between 0.34 and 0.35 nm. The microcrystallite layers 

are also less ordered in activated carbons. This disorder in microcrystallite layers is caused by 

the presence of heteroatoms, and vacant lattice sites in activated carbons [31]. Biscoe and 

Warren proposed the term turbostratic for such a disordered form of the graphitic structure of 

activated structure activated carbon[32]. The comparison of the three-dimensional structure of 

graphite and the turbostratic structure of activated carbon is given in Figure 1.1. 

 (a) (b) 
 

Figure 1.1 Comparison of the three-dimensional crystal lattice of (a) graphite and (b) turbostratic 

structure 

1.3 Porous structure of activated carbon 

Activated carbon has a highly developed internal surface which is characterized by a 

polydisperse porous structure consisting of pores of different shapes and sizes[1]. The most 

widely used activated carbon has a surface area typically ranging from 500 to 1500 m2g-1 and 

pore volume on the order of 0.7 to 1.8 cm3 g -1. However, both the pore volume and surface 

area can also be as high as 3000 m2g-1 and 1 cm3 g -1 respectively [1,15,33]. Based on the pore 

sizes, the International Union for Pure and Applied Chemistry (IUPAC) classified the pores 

into three types; micropores with an average diameter less than 2 nm, mesopores with a 

diameter between 2-50 nm and macropores having an average diameter more than 50 nm [34]. 
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As illustrated in Figure 1.2, the pattern of the porous structure constitutes macropores opening 

up directly to the external surface, the mesopores branching off from the macropores and the 

micropores then branch off from the mesopores. The total surface area of activated carbon 

mainly corresponds to surface area within the micropores and therefore most of the adsorption 

takes place in the micropores. On the other hand, the mesopores and macropores serve as 

transport channels for the adsorbate to reach the micropores[35].  All pores have walls and 

therefore, they will comprise two types of surfaces, internal or microporous surface and 

external surface. The internal or microporous surface represent the walls of the micropores, 

while the external surface constitutes the walls of the mesopores and macropores as well as 

the edges and the outer facing aromatic sheets[36]. 

 

Figure 1.2 Schematic of activated carbon with different types of pores 

1.4 Chemical structure of activated carbon 

In addition to the microcrystalline and porous structure, the activated carbon has a chemical 

structure as well. The chemical characteristics of activated carbons are largely determined by 

the presence of heteroatoms such as oxygen, nitrogen, hydrogen, sulphur and phosphorus[37]. 

These heteroatoms are either derived from the raw material during carbonization or 

introduced during the activation process. The heteroatoms become associated with the edge 

carbon atoms or defect carbon rings and give rise to surface groups such as carbon-hydrogen, 

carbon-oxygen, carbon-sulphur, carbon-halogen and carbon-nitrogen, surface groups. Among 

these groups, carbon-oxygen surface groups are by far the most common and abundant along 

with hydrogen [36,38–40]. These carbon-oxygen surface groups are formed either by reaction 

of the carbon material with oxygen or oxidation of the carbon surface by gases and aqueous 

oxidants[41,42]. The amount and nature of carbon-oxygen surface groups depend on the 

nature of the carbon surface, its surface area and the oxidation conditions[41]. According to 
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the chemical properties, the carbon-oxygen surface groups are classified into three types: 

acidic, basic and neutral [43–46]. Acidic groups include carboxylic acids and anhydrides, 

lactones or lactols, and phenols, while carbonyl and ether oxygen is neutral or may form basic 

structures, such as quinone, chromene, ketone and pyrone groups[43,47–51]. Figure 1.3 

represents the different types of oxygen functional groups on the activated carbon surface.  

 

Figure 1.3 Carbon-oxygen surface groups on activated carbon surface[52] 
 

The carbon-oxygen groups play a major role in activated carbon properties such as surface 

behaviour and reaction, surface charge, hydrophobicity, the electron density of graphene 

layers as well as catalytic properties and may be used for further surface 

modification[1,49,53]. The two principal effects of carbon-oxygen surface groups are; first, 

the influence on the hydrophobic/hydrophilic character of activated carbon. Activated carbons 

are hydrophobic in nature. However, the presence of carbon-oxygen surface groups renders 

hydrophilicity to the activated carbon surface by forming hydrogen bonds between the surface 

oxygen atoms and water molecules. The bonded water molecules may in turn form new 

hydrogen bonds with new water molecules. The schematic representation of the hydrophilic 

character of activated carbon is given in Figure 1.4. 

 

Figure 1.4 Hydrophilic character of activated carbon in presence of oxygen surface groups[54]. 

The second important effect is the influence of the oxygen-containing surface groups on the 

acidic or basic character of the activated carbon. Activated carbon surfaces are amphoteric by 
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nature i.e., both acidic and basic sites co-exist on the surface. The acidic behaviour is 

associated with carboxyls, hydroxyls, lactones and phenols. On the other hand, pyrones, 

chromenes, ethers and carbonyls are responsible for the basic properties of the activated 

carbon surfaces. Depending on the aqueous medium, the activated carbon surface can have 

either a positive or negative charge. For example, the carboxyl, hydroxyl and lactone groups 

will behave as acidic groups if the pH of the medium is higher than the pKa of these groups 

(basic medium)[54]. Another factor to be considered is the pH of the medium in relation to 

the pH of the zero-point charge (pHzpc) of the activated carbon.  If the pH of the aqueous 

medium is higher than the pHzpc of the activated carbon, the acidic group dissociates and 

release protons into the medium, and the activated carbon acquires a positive charge. 

Whereas, at pH of the medium lower than the pHzpc, the basic sites combine with protons 

present in the medium, leaving a positively charged surface[42]. The behaviour of the oxygen 

surface groups in an acidic-basic medium is schematically represented in Figure 1.5. 

 

Figure 1.5 Schematic representation of the acidic and basic behaviour of the oxygen-containing 

surface groups and delocalized π-electrons of the activated carbon surface [55]. 

1.5 Raw material for the synthesis of activated carbon  

Activated carbon can be synthesized from a variety of raw materials with high carbon content 

and low organic matter [56]. The raw materials chosen for the preparation of activated carbon 

should be abundant, inexpensive, renewable and safe [57,58]. Most of the commercial 

activated carbon are prepared from fossil-based precursors such as coal, peat, lignite and 
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wood, which are non-renewable as well as expensive and thereby, limiting their usage. 

Therefore, in recent years, extensive studies have been made on the preparation of activated 

carbon from agricultural waste and lignocelluloses biomass materials which are renewable 

and cost-effective [59–67]. Examples of biomass materials include African palm shell [68],  

pistachio-nut shells [69],  fox nut[63], grape stalk[62], coffee husk [64], pecan shells [70], 

rice straws [71], Arundo donax cane [72], Manihot esculenta [73], Citrullus lanatus rind [74], 

Mucuna pruriens [75], waste tea leaves [76] neem husk [77], banana peel [64], almond shells 

[78], sugarcane bagasse[79], tamarind wood [80], jackfruit peel[81], Jatropha husk[82] [101], 

coconut husk [83], groundnut shell[84], rice husk[85], bamboo[86], kenaf fiber[87], 

sawdust[88], hazelnut shell[89], olive stone[15], palm shells[90],waste tea [91], sour cherry 

stones [92], plant waste [93], snail shell [94], wood chips [95], mushroom roots [96], woods 

[97,98], rice husk [85], bagasse [99],coconut shell [100] and many others. 

In addition to the availability, cost-effectiveness and renewability of these biomass materials, 

another significant advantage is the presence of a high content of volatile matter, which is 

ideal to produce a highly porous structure of activated carbon[58]. From a commercial point 

of view, most of the biomass materials are just discarded as waste without proper utilization. 

Therefore, the conversion of agro-waste or biomass materials into value-added products such 

as activated carbon can eventually decrease the costs of waste disposal and the negative 

impact on the environment [14]. 

1.6 Preparation of activated carbon 

Activated carbon can be prepared either through direct activation of dried raw precursor or 

through a two-step activation process which includes carbonization of the raw precursor 

followed by activation[2]. Depending on the nature of the activation process, activated carbon 

can be prepared in two ways: physical activation and chemical activation. 

Physical activation  

Physical activation typically follows a two-step activation process which involves 

carbonisation of the raw materials in an inert atmosphere to remove non-carbon species, 

followed by activation of the carbonized sample using oxidising gases such as steam, 

nitrogen, carbon dioxide or their mixtures at temperatures ranging from 600–1200°C [101–

106]. This method can produce activated carbon with good porous structure as well as 

physical strength and is considered an inexpensive green approach since it is chemical free 

[58,107,108]. However, the limitations of physical activation lie in its long activation time 

high energy consumption and low adsorption capacity of the produced activated carbon[109]. 
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Chemical activation 

Chemical activation can be a single-step or two-step process. In the single-step process, the 

dried raw material is directly impregnated with oxidising and highly dehydrated chemicals 

and activated at high temperatures for a given time[37]. On the other hand, in the two-step 

process, the dried raw material is first carbonized at temperatures ranging from 400–600℃ to 

obtain the char and secondly, the obtained char is impregnated with chemical agents and 

heated at high temperatures[109]. Eventually, activated carbon is obtained by repeated 

washing of the activated sample. In this step, the activated carbon is washed with acid or 

alkali, depending on the chemical reagents used in the preparation, and followed by washing 

with water. This washing of the sample creates pores by removing the chemical components 

from the carbon matrix[110]. 

The main chemicals used as potential activating agents are alkaline groups such as KOH, 

NaOH, K2CO3 and Na2CO3 [111–117], acidic groups such as H3PO4, HCl, H2SO4, 

HNO3[118–122] and metal salts such as MgCl2, FeCl3 and ZnCl2[123–127]. These chemical 

agents react with the carbon-matrices of the precursor and liberate gas products to form a 

porous structure[128]. Besides, they act as dehydrating or oxidizing agents that promote 

pyrolytic decomposition and increase the activated carbon yield by inhibiting tar and ash 

formation [58,128,129]. The activating agents play decisive roles in the formation of pores or 

surface chemical groups during the activation. Among the numerous chemical activating 

agents, potassium hydroxide is one of the most effective activating agents for preparing AC 

with an extremely high specific surface area[130]. 

As compared to physical activation, chemical activation is a more preferable choice since it 

produces activated carbon with higher surface area and pore volume[131]. Moreover, another 

advantage lies in its lower activation temperature and shorter activation time, making the 

process economically viable[132].  

1.7 Surface modification of activated carbon 

The most interesting and important property of activated carbon is that its surface can be 

suitably modified to improve the adsorption characteristics and enhance the affinity of the 

activated carbon towards a specific pollutant. To this end efforts to substantially improve the 

potential of carbon surface by using different chemicals or suitable treatment methods [133–

137]. Based on the nature of the modification, the modification technique can be classified 

into three broad groups: (i) chemical modification, (ii) physical modification and (iii) 

biological modification (Figure 1.6)  



Chapter 1                                                                                                                                 Introduction 

8 

 

 

Figure 1.6 Categories of activated carbon modification techniques 

1.7.1 Chemical modification of activated carbon 

Chemical modification of activated carbon is achieved by modifying the inherent surface 

functional groups of activated carbon. In this method, the nature and concentration of the 

acidic and basic surface groups of the activated carbon are tailored to enhance its affinities 

towards a specific pollutant particularly inorganics and metals. The chemical modification of 

activated carbon is achieved by acidic treatment, basic treatment and impregnation of the 

activated carbon. The schematic representation of the chemical modification of activated 

carbon is given in Figure 1.7. 

 

Figure 1.7 Schematic diagram of the chemical modification of activated carbon[138] 



Chapter 1                                                                                                                                 Introduction 

9 

 

Acidic treatment 

Acidic treatment of activated carbon is directed towards modifying carbon surfaces to 

increase the acidic surface functional groups such as carboxyl, hydroxyl, lactone and acid 

anhydride groups[139]. The most commonly used chemicals for acidic treatment of activated 

carbon are strong acid oxidizers such as nitric acid and sulphuric acid, however, other 

oxidizing agents such as hydrogen peroxide, oxygen and acetic acid are also used to increase 

the acidic group[140,141]. The acidic treatment of activated is found to be more favourable 

for enhancing the uptakes of metal ions and this enhanced removal of metal ions has been 

attributed to the formation of metal complexes due to cation exchange mechanism where the 

metal cation exchanges site with the hydrogen ion of the acidic functional group as illustrated 

in Figure 1.8. Although acidic treatment displays beneficial effects on the uptake of metal 

ions, it is found to have a detrimental effect on the textural properties of activated carbon such 

as BET surface area and pore volume [142–144].  

 
 

Figure 1.8 Cation exchange mechanism with the carboxylic acid functional group of activated 

carbon[142] 

Basic treatment 

Basic or alkaline treatment of activated carbon is aimed towards modifying the activated 

carbon surface through the introduction of positive charges which makes it favourable for 

enhancing the adsorption of negatively charged species[145]. The basic treatment of activated 

carbon is generally done using chemicals such as ammonia, urea and NaOH [43,146–150]. 

The treatment of activated carbon with such chemicals leads to the increase of increases the 

basic groups such as amides, aromatic amines, protonated amides and pyridine-type structures 

etc. Besides, under a basic environment, it is expected that OH- ions react with the surface 

functional groups of AC. Studies on the basic treatment of activated carbon have indicated 

that the activated carbon with increased basicity is more effective in enhancing the removal of 

organic-based substances. For instance, the adsorption capacity of phenol was enhanced by as 

much as 29% using activated carbon modified with gaseous ammonia at 700℃. A four-fold 



Chapter 1                                                                                                                                 Introduction 

10 

 

increase in perchlorate removal was observed using ammonia modified activated carbon. 

Also, urea treated activated carbon with increased basic properties were found to enhance the 

uptake capacity of phenol. 

Impregnation  

The term impregnation can be defined as the fine distribution of chemicals and/or metal 

particles in the pores of AC [145]. The impregnation of activated carbon with suitable 

chemicals helps in increasing the existing adsorptive capacity of activated carbon and in 

optimizing the catalytic properties of activated carbon by promoting its built-in catalytic 

oxidation capability and promoting synergism between activated carbon and the impregnating 

agent[151]. Several impregnation studies have proved to be useful for providing strategies for 

significantly increasing the adsorption potential and/or reactivity of the activated carbon 

towards various molecules. For instance, the adsorption of copper (II), zinc (II), chromium 

(VI) and cyanide (CN−) ions onto the surface of activated carbon impregnated with 

tetrabutylammonium and sodium diethyldithiocarbamate (SDDC) showed an effective 

removal capacity of approximately two to five times greater than that of pristine activated 

carbon [152–154]. It was reported that the overall enhanced removal of the ions was a 

combination of the adsorption capacity of the pristine AC and the extent of ion exchange 

between the impregnated molecules and the ions. The impregnation of activated carbon with 

metals such as silver, copper, aluminium, nickel and iron also showed a significant increase in 

the adsorption capacity for molecules the host activated carbon cannot otherwise attract 

without the impregnant[153,155–158]. Another important utility of impregnation is rendering 

antibacterial properties to the pristine activated carbon. Several studies are being carried out 

to introduce antibacterial agents such as silver, copper, quaternary ammonium moieties, and 

zinc oxide etc on the activated carbon[159–163]. The impregnation of these antibacterial 

agents on the activated carbon offers a synergism effect of both antibacterial properties and 

adsorption and also prevents leaching of the chemicals. These antibacterial impregnated 

carbons have proven to be effective in the removal of various waterborne pathogens from 

water [164,165]. 

1.7.2 Physical modification 

Physical modification of activated carbon involves the enhancement of the physical 

characteristics of the activated carbon such as pore volume and BET surface area. The 

enhancement of physical characteristics of activated carbon is carried out to significantly 

increase the contaminant removal efficiency, especially in the case of organic adsorptions. 
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The physical structure of activated carbon can be enhanced by various methods such as 

thermal treatment and by varying activating conditions i.e., activating agent, impregnation 

ratio and activating temperature[166]. The most common method for physical modification of 

activated carbon is the thermal treatment, where activated carbon is treated thermally in an 

inert atmosphere. However, a significant limitation of thermal treatment is that the surface 

oxygen functional groups (which are thermally unstable) can be decomposed at high 

temperatures, which may sometimes result in lesser adsorption capacity. It is in this context 

that promising modification techniques such as variation of activating conditions are being 

done to enhance the physical characteristics of the activated carbon. Activating conditions 

such as activating agent, impregnation ratio and activation temperature play a significant role 

in obtaining activated carbon with enhanced textural properties such as pore volume and 

surface area[112,167–169]. Several studies are reported in the literature about the effects of 

activation parameters on the textural properties of activated carbon.  

Effect of activating agents  

The enhancement of the pore volume surface area and activated carbon can be done by using 

different chemical activating agents. Among the various chemical activating agents, H3PO4, 

ZnCl2, and KOH are the most widely used agents for increasing the textural properties of 

activated carbon [58,101].  The use of H3PO4 leads to the production of higher pore volumes 

containing both micropores and mesopores and also increases the carbon yield [58,170–173]. 

Zinc Chloride causes an increase in the inter-and intra-voids, resulting in the formation of 

activated carbon with high surface area and large porosity[63,174,175]. KOH on the other 

hand, produces well-developed micropores in activated carbon, leading to the development of 

high surface area [101,167,176–178]. 

Effect of chemical impregnation 

The chemical impregnation ratio is defined as the ratio of the weight of the chemical 

activating agent to the weight of the carbon precursor, and it is one of the most important 

parameters that have a considerable impact on the surface area and pores development. 

Studies conducted by Giraldo and Moreno-Pirajan, 2012 [179]reported that the variation of 

impregnation ratio from 2:1 to 3:1 using ZnCl2 and KOH as activating agents resulted in an 

increase in surface area and total pore volumes. Singh et al., 2017 studied the chemical 

impregnation using potassium hydroxide [167] and reported that activation using an 

impregnation ratio of 1:2 at 600°C produced activated carbon with the highest degree of 

porosity and surface area [167]. Another study conducted by Sagili et al., 2015 [180] on grape 
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industrial processing waste using zinc chloride as an activating agent, reported that a higher 

impregnation ratio results in mesopore formation while a lower impregnation ratio results in 

micropore formation. This is because a higher impregnation ratio results in greater swelling 

and stronger release of volatile matter contents leading to widening of pores[181]. 

Meanwhile, a lower impregnation ratio promotes the release of volatile matter contents but 

inhibits the deposition of tars resulting in more micropores formation[180]. Likewise, various 

studies have reported the strong impact of impregnation ratio on the surface area and pore 

volume of activated carbon [63,182,183]. 

Effect of activation temperature 

Activation temperature is a crucial parameter that affects the textural properties of the 

activated carbon. The optimal temperature range depends on the type of precursor, activating 

agent, heating source, mixing method and so on. An excessively high activation temperature 

may decrease the specific surface area and carbon yield. This may be due to the excessive 

transformation of cross-linked substances in the solid phase to volatile matters in the gas 

phase [184,185]. Besides, a low activation temperature may result in a poor porous structure, 

because the activation energy is too low to initiate pyrolysis, resulting in an incomplete 

reaction[168]. Therefore, an optimal temperature range needs to be determined for each 

activation process to produce activated carbon with a relatively high surface area and pore 

volume. Generally, the favourable activation temperature using acidic activating agents is in 

the range of 400–500°C, whereas the favourable activation temperature when using alkaline 

and self-activating agents, is generally in the range of 750–850 °C [186,187]. 

1.7.3 Biological modification 

The biological modification of activated carbon involves those processes in which 

microorganisms get adsorbed on the activated carbon, and the adsorbed microorganisms are 

further used for the enhanced removal of contaminants from water. The adsorption of 

microorganisms, intentionally or unintentionally, onto activated carbon has been the subject 

of interest for researchers for the past several decades. Most studies on biological 

modification of activated carbon are aimed at the removal of readily biodegradable 

compounds, having low molecular weight such as phenol from aqueous solutions. The 

beneficial effect of the biological modification is that the carbon-bed life can be prolonged by 

converting a portion of recalcitrant organics to biodegradable organics by preozonation[145]. 

The attached microorganisms then convert the biodegradable portion to biomass, carbon 

dioxide and waste products before this material can occupy adsorption sites on the activated 
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carbon[188]. Biological modified activated carbon has been used for the removal of a wide 

variety of pollutants such as phenols, 2,4-dichlorophenol, pesticides, natural organic matter 

and organic micropollutants, bromate etc.[189–191]. However, one distinct disadvantage of 

biological modification is the continuous formation of biofilm that may have an encapsulating 

effect on activated carbon. The continuous thickening of biofilm prevents the adsorbate 

species from diffusing through the biofilm and thus eventually reduces the adsorption 

rate[192]. 

1.8 Applications of activated carbon 

Activated carbon is an excellent and versatile adsorbent with innumerable applications in 

various fields such as removal of odour, colour, undesirable organic and inorganic chemicals 

from water, solvent recovery, biomedical applications, separation and purification 

technologies, catalytic processes, pollution control, energy storage, spill clean-up, gas-phase 

adsorptions, supercapacitors, batteries, solar cells etc. [61,94,193–195]. The outstanding 

adsorbent properties of activated carbon are essentially attributed to their high surface area, 

well-developed porosity and high surface reactivity. Besides, the flexibility of activated 

carbon in the modification of its physical and chemical characteristics has paved the way for 

its application in a wide variety of fields[61].  Among the wide-ranging applications, the most 

extensive usage of activated carbon is in wastewater treatment for the removal of various 

organic, inorganic and biological pollutants. Many studies have reported the use of biomass-

derived activated carbon for the removal of such pollutants from water, some of which are 

discussed below. 

Removal of organic pollutants   

Activated carbon has been used for the removal of various organic pollutants such as dyes, 

phenolic compounds, pharmaceuticals, pesticides etc. from water. Wang et al., 2018 reported 

the removal of methylene blue from aqueous solution using distillers’ grains derived activated 

carbon with an adsorption capacity of 934.579 mg/g[196]. Activated carbon from Acacia 

mangium and Acacia nilotica have proven their capability in the removal of 90.5% toxic 

textile Methyl orange dye [197] and 250mg/g Methylene Blue respectively[198]. Zbair et al., 

2018 [199] studied the removal of bisphenol A using argan nutshell-derived activated carbon 

and they reported a maximum adsorption capacity of 1250 mg/g at 293 K. Basic-treated 

activated carbon was efficient in the removal of phenolic compounds up to 322.5 mg/g 

whereas acidic-treated activated carbon was found to remove only 142.9 mg/ g phenolic 

compounds from aqueous[200]. Various biomass-derived activated carbons have also been 
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successfully used for the removal of pesticides such as 2,4-dichloro-phenoxy acetic acid 

(175.4 mg/g,  bentazon (86.26 mg/g) and carbofuran (137.04 mg/g)[201,202].  Date stones 

activated carbon was also found to remove drin pesticides such as aldrin, dieldrin and endrin 

with a high adsorption capacity of 373.228 mg/g, 295.305 mg/g and 228.047 mg/g 

respectively[203]. 

Removal of inorganic pollutants  

Various studies have reported the use of activated carbon for the low-cost and easy removal 

of inorganic pollutants including heavy metals and anionic pollutants from water[204,205]. 

For instance, bamboo-based activated carbon was used for the effective removal of Cd (II) 

with a maximum adsorption capacity of 12.08 mg g-1 [206]. Acacia nilotica bark activated 

carbon showed a high removal efficiency of 93.1% for chromium[207].  Zhang et al., 2010 

studied the removal of Pb (II) using Polygonum orientale derived activated carbon and 

reported that interaction of lead with the activated carbon active site could be attributed to 

electrostatic attraction, hydrogen bonding, or hydrophobic attraction [208]. Alagumuthu and 

Rajan, 2010 [209] studied the efficiency of zirconium impregnated cashew nutshell activated 

carbon and cashew nut shell activated carbon for fluoride removal. They reported that 

Zirconium impregnated Cashew nutshell activated carbon showed a higher removal efficiency 

of 80.33% than the cashew nutshell activated carbon (72.67%), proving the potential of a 

modified activated carbon for removal of fluoride ions. The anionic pollutants in water like 

thiocyanate, phosphate, and molybdate have also been removed using agriculture waste coir 

pith activated carbon[210–212].  

Removal of gaseous pollutants  

The removal of gaseous compounds such as SO2, NO2, CO2 etc. has also been achieved using 

various biomass-derived activated carbon. Activated carbon prepared using wood and almond 

shell was efficiently used for the removal of SO2[213]. The adsorption of carbon monoxide 

and hydrocarbon were also studied using MgO modified durian peel activated carbon. The 

maximum carbon monoxide adsorption was found to be 99.14% and hydrocarbon adsorption 

was 87.73%[214]. Activated carbon prepared from the olive stone was used for remediating 

the emission of NO2 gas [215] and the adsorption capacity was found to be around 131 mg/g. 

Various biomass-derived activated carbons were also found to be effective in the adsorption 

of volatile organic compounds (VOCs), trimethylamine and hydrogen sulphide [216–218]. 
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Removal of biological pollutants 

Activated carbon has shown great potential in the removal of biological pollutants, 

particularly waterborne pathogens from water. The efficient removal of two waterborne 

pathogenic bacteria, Raoultellaterrigena (ATCC 33257) and Escherichia coli(ATCC 25922) 

was achieved using negatively and positively charged types of activated carbon 

particles[219]. Li et al., 2014 reported the use of Cu2+ and Cu(OH)2  modified activated 

carbon for the effective removal of Escherichia coli from urban stormwater. Their study 

yielded an estimated 2-log reduction of E. coli within 40 minutes[220]. The removal of 

104 CFU/ml of Escherichia coli cells was achieved using a column containing silver 

nanoparticle impregnated activated carbon[221]. Pongener et al., also reported the 99 and 

98.7% coliform bacteria removal percentage using Mucuna pruriens and Manihot esculenta 

activated carbon columns respectively[75]. 

1.9 Adsorption process 

Adsorption is a surface phenomenon that leads to the transfer of molecules from a gas or 

liquid phase to a solid surface. The molecules or atoms on the solid surface have residual 

surface energy due to unbalanced forces and when some substances collide with the solid 

surface, they are attracted by these unbalanced forces and stay on the solid surface. 

Depending on the nature of adsorption forces, the adsorption process may be categorised as 

physisorption or chemisorption. In the case of physisorption, the adsorbate molecules are 

bound to the adsorbent surface by weak van der Waals forces. Physical adsorption is 

generally carried out at a low temperature, and fast adsorption rate, low adsorption heat, and 

is nonselective. On the other hand, chemisorption refers to the sharing or exchange of 

electrons between the adsorbent surface and the adsorbed molecule. As a result of the 

reaction, a chemical bond is formed between the adsorbate and the adsorbent surface. Physical 

adsorption and chemical adsorption are not isolated and often occur together.  

The adsorption process is generally described at the equilibrium by using adsorption 

isotherms models. These models describe the interaction between adsorbent and adsorbate 

and quantify the amount of substance attached to the surface. The most commonly used 

adsorption isotherms are the Langmuir, Freundlich and Temkin isotherms. These details of 

these models are discussed in Chapter 2. Another important aspect of the adsorption process 

is the study of adsorption kinetics, which describes the uptake rate of adsorbate, the nature of 

the adsorption mechanism and determines the rate-controlling step[222–224]. Several kinetic 

models, namely pseudo-first-order, pseudo-second-order, Weber and Morris intraparticle 
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diffusion model, and Elovich model are used to describe the kinetics of adsorption. 

Furthermore, thermodynamic studies help in understanding the effect of temperature on 

various thermodynamic parameters such as the Gibbs free energy, enthalpy and entropy, etc. 

Details regarding thermodynamic studies are discussed in Chapter 2.  

1.10 Present study 

Activated carbon is regarded as an excellent and versatile adsorbent for a diverse field of 

applications. Another interesting property of activated carbon is that its surface can be tailored 

to a specific chemical and physical attribute to enhance its affinities toward metal, inorganic 

and/or organic species present in aqueous solutions. However, its practical applicability is 

often limited by the high-cost and non-renewable nature of the precursor. In this context, the 

use of biomass precursor for activated carbon preparation yields an added advantage owing to 

their cost-effectiveness, wide availability, and eco-friendly nature.  

Thus, keeping this in mind, the present study focussed on the usage of biomass materials as 

raw materials for the preparation of activated carbon. The activated carbon was prepared by 

chemical activation method using KOH as the activating agent. Further, the modification of 

the textural properties of activated carbon such as pore volume and BET surface area were 

studied by varying chemical impregnation ratios and activation temperatures. Surface area 

and pore volume play an important role in the removal of organic pollutants, particularly 

phenolic compounds. Therefore, the modification of the textural properties was done with the 

objective of increasing the activated carbons’ affinity towards the removal of phenolic 

compounds. The modification of the activated carbon surface was also done using 

cetyltrimethylammonium tribromide (CTMATB) with an aim to render antibacterial 

properties to the activated carbon surface. The preparation of such antibacterial activated 

carbon would aid in the removal/killing of biological pollutants such as bacterial pathogens 

from water. The physicochemical characterisation of the produced activated carbon was done 

using different analytical techniques. The prepared activated carbons were then applied for the 

removal of phenol, 4-nitrophenol, 2,4-dinitrophenol, bisphenol A, coliform bacteria and 

Escherichia coli from water. Besides, theoretical studies were also conducted to understand 

the mechanism involved in the adsorption process. The outline of the work undertaken in this 

thesis is shown in Figure 1.9. 
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Figure 1.9 Scheme of the present study 

1.11 Aims and objectives of the work 

The objectives of the present work are as follows: 

a) To synthesise activated carbon from biomass-based material by chemical activation. 

b) To modify the physical and chemical characteristics of activated carbon 

c) Application of the activated carbon for removal of phenolic compounds such as 

phenol, 4-nitrophenol, 2,4-dinitrophenol and bisphenol A from aqueous medium.  

d) Removal of biological pollutants such as coliform bacteria and E.colifrom aqueous 

medium by the produced activated carbon.  

e) To evaluate the adsorption process and mechanism using adsorption isotherms, 

adsorption kinetic models, and thermodynamic studies respectively. 

f) Theoretical studies to understand the interaction mechanism between the adsorbent 

and adsorbate.  

The outline of the thesis is presented in Figure 1.10. 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

This chapter describes the materials and methods used in the current research work. The 

chapter also presents a brief discussion on the various analytical techniques used for this study. 

The adsorption isotherm models, adsorption kinetic models, and thermodynamic parameters 

used for understanding the adsorption process is also discussed in detail. 
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2.1 Raw precursor for the preparation of activated carbon  

For the present study, the raw precursors were selected based on their availability, abundance 

and eco-friendly nature. Two locally available biomass materials, Tithonia diversifolia and 

Saccharum Ravenna were selected as the raw precursors for the preparation of the activated 

carbon. The raw precursors were collected locally at 26º 13' 29.60" N | 94º 28' 35.0" E for 

Tithonia diversifolia and at 26º 16' 23" N| 94º 27' 55" E for Ravenna grass. The plants were 

cut into small pieces, washed and dried in an oven at 110°C for 48 hours.  The dried 

biomasses were then subjected to chemical activation for the synthesis of activated carbon.  A 

brief description of the biomasses used in the present study is given below. 

2.1.1 Tithonia diversifolia 

Tithonia diversifolia is a flowering plant that belongs to the family Asteraceae. It is 

commonly known as the tree marigold, Japanese sunflower, Mexican sunflower or Nitobe 

chrysanthemum. It is a woody herb, annual or perennial and can grow up to 2-3 meters in 

height. Tithonia diversifolia has been regarded as an invasive alien species (Global Invasive 

Species Database, GISD) which threatens agricultural habitat and is considered as a severe 

weed of arable land, plantations and waste areas [1]. The plant grows widely in dense 

populations throughout the humid and sub-humid tropics in Central and South America, Asia 

and Africa [2] and is usually discarded without proper utilization.  The plant’s invasive 

nature, dense and widely distributed population, fast growth and recultivation using the stem 

cutting method and lightweight seeds [1], makes the plant a renewable, cheaper, reliable and 

consistent optional precursor for the production of value-added products such as activated 

carbon. The present study thus explored the use of Tithonia diversifolia (Figure 2.1) as a 

potential precursor for the production of activated carbon[3].  

  

Figure 2.1 Picture showing Tithonia diversifolia plant 

 

 



Chapter 2                                                                                                                Materials and methods 

38 

 

2.1.2 Saccharum ravennae 

Saccharum ravennae is a perennial grass and belong to the family Poaceae. It is commonly 

known as Ravenna grass, elephant grass, hardy pampas grass or plume grass.  The plant 

grows as a large aggressive grass with bamboo-like stems and can attain a height of 4 

meters[4]. Saccharum ravennae is native to Northern India, Northern Africa and parts of 

Europe and Asia[5]. The plant grows and spreads rapidly, is highly competitive, and can out-

compete and displace native plant species. The plant is generally treated as a noxious weed 

and has all the characteristics of an invasive species. The plant can grow on a variety of soils 

and climatic conditions with considerable resistance to drought and frost. Therefore, 

considering the vast availability, low-cost cultivation, renewability and non-competitive use 

of Saccharum ravennae, the present study explored the use of Saccharum ravennae (Figure 

2.2) as a raw precursor for the production of activated carbon. 

 

Figure 2.2 Picture showing Saccharum Ravenna plant  

2.2 Preparation and modification of activated carbon 

For the present study, the activated carbon was prepared by following two-step activation 

processes. First, the raw material was carbonized and second, the carbonized material was 

activated using KOH at desired temperatures. Further, the textural and chemical properties of 

the activated carbon were enhanced by following different techniques such as variation of 

impregnation ratio, variation of activation temperature, or chemical impregnation using nitric 

acid and cetyltrimethylammonium tribromide (CTMATB). Thus, depending on the 

requirement, different precursors and different activating/modifying agents were used for 

synthesizing the activated carbon with desired surface properties. The detailed preparation 

and modification procedures are described in Chapter 3, 5 and 6.   



Chapter 2                                                                                                                Materials and methods 

39 

 

2.3 Characterisation of activated carbon  

The characterization of the activated carbon is an important step to be taken before its 

application for any purpose. In the current work, the physical and chemical properties of 

prepared activated carbon were determined using a variety of techniques and analytical 

instruments.  The proximate analysis for the determination of moisture content, ash content, 

volatile matter and fixed carbon was done according to the guidelines of the American 

Society for Testing and Materials[6]. Ultimate analysis was also done for the determination of 

elemental composition. The zero-point charge of the carbon sample was determined by the 

batch equilibrium method. Further, different analytical instruments were used to fully 

characterize the prepared activated carbon. 

Proximate analysis 

The proximate analysis involves heating the activated carbon at variable temperatures to 

determine the moisture content, volatile matter, fixed carbon and ash content. The detailed 

experimental procedures of the tests are discussed below. 

Moisture Content 

A silica crucible was pre-heated at 110℃ for 1 h and cooled to room temperature in a 

desiccator. Then, 1g of the activated carbon sample was placed in the pre-weighed silica 

crucible and dried at a drier temperature continuously. The drying sample was constantly 

reweighed at 10 min intervals until a constant weight was obtained. The ratio of change in 

original weight expressed in percentage gives the moisture content and is calculated using the 

equation given below[6]. 

 

where B= Crucible mass(g), C= Crucible mass with original sample(g) and D = Crucible mass 

after sample heating(g).  

Ash Content 

A silica crucible was pre-heated in a muffle furnace at 650℃ for 1 hour and cooled to room 

temperature in a desiccator. Thereafter, 1g of activated carbon was placed in the pre-weighed 

crucible and heated at 650℃ in the furnace. The sample was weighed every 3 hours until a 

constant weight was achieved [7].  

 

where B = Crucible mass (g), C= Crucible mass with original sample (g), and D= Crucible 

mass after sample heating(g). 
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Volatile Matter 

A silica crucible was pre-heated at 900℃ in a muffle furnace for 10 minutes and cooled to 

room temperature in a desiccator. Then, 1g of the activated carbon was placed in the pre-

heated silica crucible and was further heated at 900℃ for 10 minutes with the lid partially 

closed. The crucible with the sample was collected and cooled in a desiccator for 1 h[6]. The 

volatile matter was calculated by the equation below. 

 

where B= Crucible mass(g), C= Crucible mass with original sample(g) and D = Crucible mass 

after sample heating(g).  

Fixed Carbon 

The fixed carbon in percentage was obtained by subtracting the sum of percentage 

composition of volatile matter, moisture content, and ash content from 100 per cent. Fixed 

carbon of the activated carbon was obtained using the following equation. 

 

Ultimate analysis  

The ultimate analysis involves the determination of carbon, hydrogen, nitrogen and oxygen in 

the activated carbon sample. In the present study, CHN elemental analyser was used for the 

ultimate analysis of all the prepared samples (Model: PE 2400 Series II, Made: Perkin Elmer). 

Zero-point charge (pHzpc) 

Zero-point charge (pHzpc) is the pH at which the net electrical charge of the activated carbon 

is zero. If the pH of a solution is lower than the zero-point charge of the activated carbon, then 

the surface of activated carbon would acquire a positive charge (pH<pHzpc) while if the pH is 

higher than the zero-point charge, the surface would be occupied by negative charges 

(pH>pHzpc)[8]. 

The batch equilibrium method was used to measure the zero-point charge of the prepared 

activated carbon samples[9]. For the experiment, 0.1 g of activated carbon was added to 

different sets of Erlenmeyer flask containing 50 ml of 0.1 M KNO3 solution. The initial pH 

values of the mixtures were adjusted between 2 and 12 with 0.1N HNO3 or 0.1N KOH. The 

mixture was then sealed and agitated on a shaker for 24 hours after which the final pH values 

were measured. The difference between the initial pH and final pH values (∆pH= pHinitial - 

pHfinal) were plotted against the pHinitial. The pHzpc occurred when there was no change in the 
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pH after adsorption. The pHzpc is the point where the plot of ΔpH vs pHinitial crosses the 

baseline in the graph. 

2.4 Analytical instruments used for characterisation  

Different analytical instruments such as Scanning Electron Microscopy with Energy 

Dispersive X-ray analysis (SEM/EDX), Fourier Transform Infra-Red Spectroscopy (FTIR), 

X-Ray Diffractometer (XRD), BET surface area Analyser, Thermogravimetric Analyser 

(TGA) and X-ray photoelectron spectroscopy (XPS) were used for the characterization of the 

prepared activated carbon samples. Brief descriptions of the different instruments used in the 

present study are given below.  

Scanning Electron Microscopy and Energy Dispersive X-ray analysis (SEM-EDX) 

Scanning Electron Microscopy provides useful information on the surface morphological 

characteristics of any material. Since surface morphology of the activated carbon plays an 

important role in the adsorbent-adsorbate interaction, Scanning Electron Microscopy (SEM- 

JEOL/ JSM-6360) was used in the present study to study the morphological structure of the 

activated carbon. Further, Energy Dispersive X-ray analysis (EDX) was carried out in 

conjunction with SEM to determine the elemental composition of the activated carbon. EDX 

systems are generally attached to electron microscopy such as SEM and can identify and 

quantify each element present in the sample. 

Fourier Transform Infra-Red Spectroscopy (FT-IR) 

Fourier Transform Infra-Red Spectroscopy (FT-IR) is an important technique to identify the 

surface chemical functional groups. Thus, the FT-IR spectra of the carbon samples were taken 

to identify the different functional groups. To record the FT-IR spectra of the samples, pellets 

were prepared by mixing the activated carbon with KBr in a 1:100 ratio, followed by pressing 

using a hydraulic pellet press.  The FR-IR spectra of the sample pellets were then obtained 

using the FR-IR spectrometer (Spectrum Two, Perkin Elmer) at a spectral range of 4000 to 

400 cm-1 and 4 cm-1spectral resolution.  

X-Ray Diffractometer (XRD) 

X-ray diffraction (XRD) analysis is an important technique to determine the degree of 

crystallinity of a material based on its diffraction pattern. The method is performed by 

directing an X-ray beam at the sample and then measuring the intensities and scattering angles 

of the X-rays leaving the sample. The present work used Powder X-ray diffractometry in 

which the diffraction pattern is obtained from a powder of the sample. The diffraction patterns 
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were used to determine the crystalline or amorphous nature of the activated carbon-based on a 

database of diffraction patterns. The Powder X-ray Diffraction analysis was done using an 

XRD diffractometer (Model Rigaky-Ultima iv Japan) using CuKα radiation at the scan rate of 

0.2 degrees per minute. 

BET Surface Area and Total Pore Volume 

Brunauer, Emmett and Teller (BET) analyser is an instrument that measures the specific 

surface area of a sample, including the pore size distribution. BET measures surface area 

based on multilayer gas adsorption. In the current study, BET surface area Analyser namely 

Smart instrument, model no. SS93/02 was used to determine the surface area and pore volume 

of the activated carbon by measuring N2 adsorption-desorption isotherm at liquid nitrogen 

temperature (−195.79 °C) by degassing at 300°C for 60 minutes.  

Thermogravimetric Analyser (TGA) 

Thermogravimetric analysis was employed to understand the thermal stability and examine 

the decomposition pattern of the carbon samples. The thermogravimetric analysis was done 

using Thermogravimetric Analyser (Model STA 6000, Make: Perkin Elmer) at a heating rate 

of 20℃/min under a nitrogen atmosphere at 20.0 ml/min.  

X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for Chemical 

Analysis (ESCA) is a quantitative technique for measuring the surface elemental composition 

of a material and also determining the chemical bonding state of the elements. XPS is 

typically accomplished by irradiating the sample surface with X-rays causing photoelectrons 

to be emitted from the sample surface. The kinetic energy of the emitted photoelectrons is 

then measured by an electron energy analyzer. The binding energy and the intensity of the 

photoelectron peak determine the elemental identity, binding state and quantity of a detected 

element. In the current work, X-ray photoelectron spectroscopy (XPS) (Model: ESCALAB 

Xi+ Make: Thermo Fisher Scientific Pvt. Ltd., UK) was used to determine the chemical 

bonding nature of the elements. 

2.5 Application of the prepared activated carbon  

The activated carbons prepared in the current work were used for the removal of organic 

pollutants such as phenolic compounds and biological pollutants from water. The phenolic 

compounds considered for the current work included phenol, 4-nitrophenol, 2,4-dinitrophenol 

and Bisphenol A. Batch mode adsorption experiments were conducted for the removal of 
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these phenolic compounds from water. In each batch experiment, a required dose of adsorbent 

was placed in a conical flask containing a certain volume of the desired concentration of the 

phenolic solution. The solution pH was adjusted using NaOH and HCl. The mixtures were 

then shaken using a rotary shaker at 180 rpm under controlled temperature for the required 

amount of time. The solution was then filtered and the residual phenolic concentration was 

determined using UV-Visible Spectrophotometer (Model: lambda 35, Make: Perkin Elmer). 

The removal percentage of the phenolic compounds and activated carbon adsorption capacity 

was calculated using equations 1 and 2 respectively,  

                                                      (1) 

                                   (2) 

where C0 is the initial phenol concentration (mg L-1), Ce is the phenol concentration at 

equilibrium (mg L-1), qe is the amount of adsorbate adsorbed at equilibrium (mg g-1), M is the 

mass of activated carbon (g) and V is the volume of the solution (L).  

The detailed batch mode experiments for the removal of phenolic compounds are discussed in 

Chapters 3 and 5. 

The water-borne pathogens considered for the current study were coliform bacteria and 

Escherichia coli bacteria. Fixed bed method was used for the removal of these pathogens 

from water. The activated carbon was tightly packed in glass columns of 2cm in diameter and 

30 cm in length. Bacterial solutions were then allowed to run through the column at a flow 

rate of 1mL /min. The bacterial concentrations were determined at various time intervals at 

the outlet of the activated carbon column and the standard plate count method was used for 

the determination of bacterial concentration. The log reduction of the bacteria by the filter 

column was determined using equation 3, 

                                                                                                  (3) 

where N and No are the final and initial bacterial concentration in CFU/ml respectively.  

The detailed experimental set up for the removal of coliform and Escherichia coli bacteria are 

described in Chapter 4. 
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2.6 Description of pollutants considered for the present study 

A brief description of the different pollutants considered for the current work is presented in 

the following section.   

Phenolic compounds 

Phenolic compounds are a group of organic compounds with one or more hydroxyl groups 

directly bonded to the carbon atom of aromatic rings. These compounds enter into water 

bodies through natural, agricultural, industrial and domestic activities. Phenolic compounds 

are highly toxic and inflict both severe and long‐lasting effects on both humans and animals. 

Because of their toxicity, poor biodegradability and persistence in the environment, phenolic 

compounds have been enlisted by the United States Environmental Protection Agency 

(USEPA) and the European Union (EU) as pollutants of priority concern[10]. The current 

work thus focused on the removal of four phenolic compounds from water, Viz., Phenol, 4-

Nitrophenol, 2,4-Dinitrophenol and Bisphenol-A. 

Phenol 

Phenol is an aromatic organic compound with the molecular formula C6H5OH and 94.11 

g/mol molecular weight. The molecule consists of a phenyl group (−C6H5) bonded to a 

hydroxy group (−OH) (Figure 2.3).  Phenol occurs either as a white crystalline solid or 

colourless liquid at room temperature. Phenol is used in the manufacturing of plastics, 

fertilizers, rubber, adhesives and paper etc. It is also used in the production of other 

commercially important materials such as slimicides, general disinfectants, mouthwashes, 

antiseptic solutions, etc[11]. The most common sources of phenol in natural water include 

wastewaters from the manufacturing industries and effluents from synthetic fuel 

manufacturing units. 

Human exposure to phenol may irritate the throat, eyes, skin, nose, and nervous system. It can 

also cause detrimental health effects including nausea, vomiting, headache, pancreas damage, 

liver and kidney injury, cancer, skin burns, diarrhoea, tissue erosion, protein degeneration and 

nervous system paralysis [4–6]. 

 

Figure 2.3 Chemical structure of phenol 
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4-Nitrophenol 

4-Nitrophenol is a phenolic compound that has a nitro group (NO2) at the para position of the 

hydroxyl group on the benzene ring (Figure 2.4). The chemical formula for 4-nitrophenol is 

C6H5NO3 and the molecular weight is 139.11 g/mol. It appears as a white to light yellow solid 

with no odour. 4-Nitrophenol is used in manufacturing drugs, insecticides, fungicides, and 

dyes and to darken leather. The main cause of pollution by 4-nitrophenol in waterbodies is the 

untreated effluent discharged from these manufacturing industries. Acute ingestion or 

inhalation of 4-nitrophenol in humans causes headaches, drowsiness, nausea, and cyanosis. 

Contact with eyes and skin causes may cause severe irritation[12].  Long term exposure to 4-

nitrophenol may leave chronic impacts such as damage to kidney, liver, and gastrointestinal 

tract, cardiovascular diseases, protein degeneration, central nervous system disorder, tissue 

erosion, muscle weakening and vertigo etc [13–16]. 

 
Figure 2.4 Chemical structure of 4-nitrophenol 

2,4-dinitrophenol 

2,4-dinitrophenol is an organic aromatic compound containing a benzene ring that carries a 

single hydroxyl group and two nitro groups (Figure 2.5). It appears as solid white crystals 

with the chemical formula C6H4N2O5 and 184.11 g/mol molecular weight. 2,4-Dinitrophenol 

is mainly used as pesticides, fungicides, herbicides, and insecticides and in the manufacture of 

dyes, wood preservatives[17]. The acute effects of 2,4-dinitrophenol in humans through oral 

exposure are vomiting, fatigue, nausea, sweating, headaches and dizziness. Contact with skin 

and eyes can cause severe irritation and burns. Long-term exposure to 2,4-dinitrophenol may 

damage the eyes causing cataracts, liver, kidney, blood cells and central nervous system[18]. 

 
Figure 2.5 Chemical structure of 2,4-dinitrophenol 
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Bisphenol A 

Bisphenol A (BPA) is an organic synthetic compound with two hydroxyphenyl groups and 

has the chemical formula (CH3)2C(C6H4OH)2 (Figure 2.6). Its molecular weight is 228.29 

g/mol and is a colourless solid that is soluble in organic solvents, but poorly soluble in water. 

Bisphenol A is primarily used in the production of polycarbonate plastics and epoxy resins. It 

is also used as a preservative, in medicine and the manufacture of pesticides [19]. Most BPA 

pollutants are introduced into the aquatic environment primarily through discharges from 

domestic and industrial wastewater treatment plants [20]. Bisphenol A is an estrogen-like 

endocrine-disrupting chemical that is highly toxic, mutagenic and carcinogenic to humans 

[21]. Humans' exposure to BPA can cause prolonged adverse effects such as reproductive 

system malfunction, disruption of thyroid function, hypertension, diabetes mellitus, insulin 

resistance, cardiovascular diseases, blood disorders and hormone-dependent cancer [22,23]. 

 

Figure 2.6 Chemical structure of Bisphenol A 

Biological pollutants 

Biological pollutants include bacteria, viruses, and parasites that are responsible for 

waterborne diseases, such as cholera, typhoid fever, polio, hepatitis, dysentery and 

schistosomiasis[24]. The major sources of these pollutants in water are discharge of untreated 

or partially treated municipal wastewater, poor sanitation and hygiene, open defecation, 

industrial and agricultural waste, and solid or semisolid refuse[25]. The biological pollutants 

considered for the current work include coliform bacteria and Escherichia coli. 

Coliform bacteria include a large group of many types of bacteria, belonging to the genera 

Enterobacter, Klebsiella, Escherichia, Hafnia and certain strains of Citrobacter. They are 

Gram-negative, non-spore-forming, rod-shaped bacteria capable of growing at 35-37°C and 

ferment lactose with the production of acid and gas[26]. Coliform bacteria are present in the 

faeces of warm-blooded animals/humans and also in the environment (soil and vegetation). 

The presence of coliforms in water may not necessarily indicate faecal contamination, as it 

can also be caused by the entry of soil or organic matter into the water or by conditions 

suitable for the growth of other types of coliform. However, their detection in water indicates 

the likelihood of the presence of other harmful pathogens.  
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Among the coliform bacteria, the detection of Escherichia coli in water is significant as it 

serves as definitive proof of faecal contamination[27]. Escherichia coli is a gram-negative 

rod-shaped bacterium that can grow at 44-45°C and ferments lactose with the production of 

acid and gas.  Escherichia coli is found in abundance in the faeces of animals and humans, 

therefore, the presence of Escherichia coli in water is a clear indication of recent faecal 

contamination. The consumption of Escherichia coli contaminated water can cause severe 

illnesses such as diarrhoea, respiratory illness, urinary tract infections, pneumonia, especially 

among children and the elderly population[28]. 

2.7 Adsorption models 

Adsorption models provide valuable information on the efficiency of an adsorbent, the rate at 

which the adsorbent removes a target pollutant and the thermodynamic nature of the 

adsorption system[29]. Furthermore, these models help in determining the mechanism of the 

adsorption process. Therefore, in the current work, the experimental adsorption data were 

fitted to different established mathematical equations and models to understand the adsorption 

process. The different isotherm models, kinetic models and thermodynamic equations that 

were used are discussed below. 

2.7.1 Adsorption isotherms 

Adsorption isotherms are essential to describe the interaction of pollutants with adsorbent 

surfaces and are useful to optimize the design of the adsorption system for the removal of 

pollutants from aqueous solutions[30]. Adsorption isotherms are invaluable tools that provide 

information on the surface properties of the adsorbent, adsorption mechanisms and adsorption 

affinities. 

Adsorption isotherms represent the equilibrium concentration of the adsorbate on the surface 

of an adsorbent (qe), as a function of the concentration of the adsorbate in solution (Ce), at a 

constant temperature. The relationship between these ‘qe’ and ‘Ce’ are normally fitted to one 

or more equilibrium isotherm models. Several isotherm models are available for analysing the 

experimental adsorption parameters and the most common isotherm models used for the 

application of activated carbon in water include Langmuir, Freundlich, Temkin and Elovich 

models. 

(a) Langmuir isotherm model 

Langmuir isotherm model, proposed by Irving Langmuir assumes that adsorption takes place 

on a homogeneous active site and no interactions occur between two adsorbate molecules on 
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adjacent sites[31]. It corresponds to monolayer coverage of the adsorbate at the surface of the 

adsorbent and indicates chemisorption. The linear form of the Langmuir isotherm model is 

given by equation 4.   

                                                                              (4) 

where Ce = adsorbate concentration at equilibrium (mg L-1), qe = amount of adsorbate per 

gram of adsorbent at equilibrium (mg g-1), KL= Langmuir isotherm constant (L mg-1), qm= 

maximum adsorption capacity of the adsorbent (mg g-1).  

Another important parameter of Langmuir isotherm is the dimensionless separation factor 

(RL), which determines the favourability of the adsorption process [32]. The RL is given by 

equation 5,  

                                              (5) 

The value of RL indicates the adsorption process to be either unfavourable (RL > 1), 

favourable (0 < RL< 1), linear (RL = 1) or irreversible (RL = 0) [33]. 

(b) Freundlich isotherm model 

Freundlich model describes a heterogeneous system with non-uniform distribution of 

adsorption heat on the surface of the adsorbent and applies to multilayer adsorption processes 

[34]. The linear form of the Freundlich adsorption isotherm model is given by equation 6. 

                                                                                                        (6) 

where Ce = adsorbate concentration at equilibrium (mg L-1), qe = amount of adsorbate per 

gram of adsorbent at equilibrium (mg g-1), KF=Freundlich adsorption capacity constant (mg g-

1) (L mg-1)1/n and n = Freundlich adsorption intensity. 

The Freundlich adsorption intensity ‘n’ describes the adsorption intensity. The higher the ‘n’ 

value, the stronger will be the adsorption intensity. Also, if the value of ‘1/n’ is less than 

unity, the adsorption process is said to follow a normal Langmuir isotherm and if 1/n is 

greater than unity, it specifies the cooperative nature of the adsorption process[34].  

(c) Temkin isotherm model 

Temkin isotherm assumes that the adsorption heat decreases linearly with surface coverage 

because of adsorbate-adsorbent interaction and the adsorption is characterized by a uniform 
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distribution of binding energies [35]. The linear form of the Temkin isotherm model is given 

by equation 7. 

                                                                                                             (7) 

                                                                                                                                     (8) 

where BT is the Temkin constant related to the heat of sorption (J mol-1), AT = Temkin 

isotherm equilibrium binding constant (L mg-1),bT= Temkin isotherm constant (kJ mol-1), R = 

universal gas constant (8.314 J mol-1 K-1) and T= Temperature at 298 K  

(d) Dubinin–Radushkevich (D-R) isotherm model 

The Dubinin–Radushkevich (D-R) isotherm model helps in determining the porosity apparent 

free energy and the characteristic of adsorption [36].The Dubinin–Radushkevich (D-R) helps 

in determining whether the adsorption proceeds through a physical or chemical process. The 

mean free energy (E) obtained from the D-R model gives information about the adsorption 

mechanism, its value in the range of 1–8 kJ mol-1 is indicative of physical adsorption, while 

the value between 8-16 kJ mol-1 indicates chemical adsorption [37]. 

The linear form of the D-R isotherm model is given by equation 9. 

                                                                                                                  (9)                                                                                                                                  

                                                                                                                    (10) 

Further, the mean free energy is calculated by using equation 11.  

                                                                                                                                  (11)              

where qe = amount of adsorbate per gram of adsorbent at equilibrium (mg g-1), qDR = 

theoretical monolayer adsorption capacity (mg g-1), β = D-R constant, ϵ= Polanyi potential, 

E= mean free energy (kJ mol-1), R = universal gas constant (8.314 J mol-1 K-1) and T= 

Temperature at 298 K. 

2.7.2 Adsorption kinetics 

The adsorption kinetics studies aid in assessing the adsorption mechanisms in terms of order 

and rate constants and provides useful information on possible rate-controlling steps[38]. Four 

kinetic models namely pseudo-first-order, pseudo-second-order, intraparticle diffusion and 

Elovich model were employed to examine the kinetics of the adsorption processes in the 

current study.  
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(a) Pseudo-first-order model 

The pseudo-first-order kinetic model proposed by Lagergren gives a simple kinetic evaluation 

of the adsorption of adsorbate from a liquid phase to a solid phase[39]. The pseudo-first-order 

model assumes that physical interactions such as van der Waals forces, π–π type of 

interactions and hydrogen bonding are the rate-limiting step [40]. The linear form of the 

pseudo-first-order model is given by equation 12. 

                               (12) 

where qe = equilibrium adsorption capacity (mg g−1), qt =adsorption capacity at time t (mg g-

1), k1 = rate constant of pseudo-first-order (min-1). 

(b) Pseudo-second-order model 

The pseudo-second-order model is based on adsorption equilibrium capacity and describes the 

chemisorptive behaviour of the adsorption process (Ho and McKay, 2000). The pseudo-

second-order assumes that the rate constant is proportional to the occupied active adsorption 

sites[41]. The linear form of the pseudo-second-order rate model is expressed by equation 13.  

                                 (13) 

where qe = equilibrium adsorption capacity (mg g−1), qt =adsorption capacity at time t (mg g-

1), k2 = rate constant of pseudo-second-order (min-1). 

(c) Elovich model 

The Elovich model developed by Zeldowitsch is used to further understand the kinetics of 

chemisorption of the adsorbate on the solid surface of the adsorbent. The Elovich model helps 

in the prediction of mass and surface diffusion as well as activation and deactivation energy 

of a system. The model assumes that the rate of adsorption of solute decreases exponentially 

as the amount of adsorbed solute increase[42]. The linear form of the Elovich model is given 

by equation 14. 

                                                                                                                (14) 

where qt is the amount of adsorption at any time, t is the time, a =initial adsorption coefficient 

(mg g−1min−1), b = desorption coefficient (g mg-1) 

(d) Intraparticle diffusion model  

The Intra-particle diffusion model proposed by Weber and Morris (1963)[43] was used to 

identify the diffusion mechanism and the rate-limiting step. The intraparticle diffusion model 
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divides the adsorption into two main stages including the migration of adsorbate from 

aqueous solution to the surface of the adsorbent and the diffusion of adsorbate molecules into 

the inner pores of the adsorbent [44]. The expression for the intraparticle diffusion model [43] 

is given by equation 15. 

                                 (15) 

where qt is the amount of adsorption at any time, t is the time, kp = intra-particle diffusion rate 

constant (mg g−1min1/2) and C =thickness of the boundary layer. 

In the intraparticle diffusion model, qt is plotted against the square root of time t1/2. If the plot 

gives a linear curve then the intraparticle diffusion is involved in the adsorption process and if 

the lines pass through the origin then intraparticle diffusion is the rate-limiting step. 

2.7.3 Validation of the adsorption models 

Chi-squared test(χ2) and Residual root mean square (RMSE) analysis were employed to 

determine the most favourable fit of adsorption isotherm and kinetic models to the 

experimental data. The Chi-square test is given by the equation 16[45]. 

                                                                                                         (16) 

The similarity of data obtained from various isotherm and kinetic models to the experimental 

data would result in a smaller χ2 value wherein, the χ2 will be a large number if there is a 

variation between the data obtained from the model and the experimental data. 

RMSE can be defined as [46]. 

                                                                         (17)                                                                                                   

The smaller value of RMSE would give rise to better-fitting of the curve. The subscripts 

“exp” and “cal” correspond to the experimental and calculated values respectively while n 

represents the number of observations. 

2.8 Thermodynamic studies 

Thermodynamic studies were done to determine the effect of temperature on the adsorption 

process. The adsorption thermodynamics study provides more knowledge about the internal 

energy changes during the adsorption process. The important parameters such as Gibbs free 

energy change (∆G), enthalpy change (∆H) and entropy change(∆S) were determined to 
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understand the thermodynamics of the adsorption process. The standard enthalpy change 

(ΔH) and the standard entropy change (ΔS) were calculated by the Van’t Hoff equation,  

                                                                                                                     (18) 

while the distribution adsorption coefficient (Kd) and Gibbs free energy change (ΔG) was 

deduced by equation 19 and 20 respectively.  

                                                                                                                                   (19)                              

                                                                                                                       (20) 

where Kd = distribution adsorption coefficient, T is the absolute temperature (K), qe is the 

adsorbed concentration of BPA on the adsorbent (mg/g), Ce is the adsorbate concentration at 

equilibrium(mg/L), ΔS corresponds to entropy change (J/mol/K), ΔH represents the enthalpy 

change (J/mol), ΔG(J/mol) is Gibbs free energy change and R corresponds to the universal 

gas constant (8.314J/mol K) 

2.9 Density Functional theory (DFT) studies 

Theoretical study using the density functional theory calculation was used to further 

understand the possible interaction of adsorbate and activated carbon at the molecular level. 

Density Functional Theory was implemented because of its simplicity and computational 

efficiency. All the geometry optimizations, as well as frequency and energy calculations, were 

performed on the Gaussian 09W[47] program package using DFT employing the B3LYP 

hybrid functional at basis set 6-31g level of theory in a dielectric medium of ε = 80 

(corresponding to water).  Different activated carbon models were considered and Gauss 

View 05 was used to produce all the structures which were optimized in their electronic 

ground state. The adsorption energy (Eadsorp) of an adsorbate on the carbon surface was 

calculated using equation 21. 

                                                                                                  (21) 

where is the total energy of the adsorbate and activated carbon in an equilibrium state, 

is the total energy of the adsorbate molecule and  is the total energy of the activated 

carbon. Generally, the higher the negative value of Eadsorp the stronger the adsorption. Usually, 

if Eadsorp is less than -30 KJ mol-1, the interactions belong to physisorption; whereas, if  Eadsorp 

is greater than -50 KJ mol-1, the interactions belong to chemisorption [48]. 
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The application of Density Functional theory in adsorption studies would provide a clear 

understanding of the adsorption phenomenon under study. Such studies could not only 

improve our understanding of the bonding and reactivity between the adsorbate and adsorbent 

but also help in designing an effective adsorbent for a specific adsorbate removal. 
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CHAPTER 3 

 

 

REMOVAL OF PHENOLS USING ACTIVATED CARBON 

SYNTHESIZED FROM Tithonia diversifolia1,2 

This chapter deals with the preparation of activated carbon from Tithonia diversifolia 

biomass by chemical activation using potassium hydroxide as the activating agent. The 

physicochemical characteristics of the activated carbon were modified by varying the 

activating conditions such as the chemical impregnation ratio and activation 

temperature. Statistical Taguchi design of experiment was used to select the optimum 

preparation conditions. The prepared carbon samples were characterized and used for 

the removal of phenolic compounds from aqueous media. Adsorption isotherm, kinetics, 

and thermodynamics studies were carried out to understand the adsorption behaviour 

of phenols.  Theoretical density functional theory (DFT) studies were also performed to 

gain an insight into the adsorption mechanism of phenols onto the activated carbon at 

the molecular level. This chapter also discusses the regeneration studies of the spent 

carbon to determine the reusability of the adsorbent. 

The applications of the prepared activated carbon are divided into two sections, section 

A describes the removal of Bisphenol A, while section B discusses the removal of phenol 

and 4-dinitrophenol from aqueous media using the prepared activated carbon.  

 

 

 
1The text of this chapter has been published as: 

A. Supong, P.C. Bhomick, M. Baruah, C. Pongener, U.B.  Sinha,D. Sinha, Adsorptive removal of  

Bisphenol A by biomass activated carbon and insights into the adsorption mechanism through 

density functional theory calculations. Sustainable chemistry and pharmacy, 13, 2019, 2352-5541. 

https://doi.org/10.1016/j.scp.2019.1001599. 
2A. Supong, P.C. Bhomick, R. Karmaker, S.L. Ezung, L. Jamir, U.B.  Sinha, D. Sinha,Soremo L 

Ezung, Latonglila Jamir, Upasana Bora Sinha, Dipak Sinha, Experimental and theoretical insight 

into the adsorption of phenol and 2,4-dinitrophenol onto Tithonia diversifolia activated carbon. 

Applied surface science, 529,2020, 147046. https://doi.org/10.1016/j.apsusc.2020.147046. 
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3.1 Introduction1,2
 

In the last decades, the widespread occurrence of harmful pollutants in water bodies and their 

continuous detection even in treated water has raised serious concerns among the scientific 

community. Rapid industrialization is one of the main reasons that has resulted in the 

increasing discharge of these undesirable substances into water sources[1]. Phenolic 

compounds such as phenol, 2,4-dinitrophenol (DNP) and Bisphenol A (BPA) are common 

constituents of industrial effluents with distinct attributes of being highly toxic even at low 

concentrations, and therefore the United States environmental protection agency (USEPA) 

has listed these phenolic compounds as priority pollutants [2]. These pollutants pose a severe 

peril to both humans and the environment due to their high levels of toxicity, poor 

biodegradability, and biological accumulation [3]. Humans’ exposure to these chemicals can 

cause detrimental health effects including nausea, vomiting, headache, pancreas damage, liver 

and kidney injury, skin burns, diarrhoea, tissue erosion, protein degeneration, nervous system 

paralysis, reproductive system malfunction, disruption of thyroid function, hypertension, 

diabetes mellitus, insulin resistance, cardiovascular diseases, blood disorders and hormone-

dependent cancer [4–6].  Therefore, increasing concern over the ill effects of these pollutants 

on the environment and human health has prompted researchers to establish technologies for 

removing these harmful phenolic compounds from wastewater. In this regard, multiple 

approaches have been developed for removing phenolic compounds from wastewater 

including  reverse osmosis [7], ozonation [8], chemical coagulation [9], ultrafiltration [10], 

chlorination [11], microbial degradation [12,13] electrochemical degradation [14], chemical 

oxidation [15], photocatalytic degradation [16],  enzymatic treatment [17], solvent-based 

extraction [18], membrane [19] and advanced oxidation [20,21]. Despite the advantages of 

these methods, there are certain drawbacks such as large waste production, high chemical 

consumption, low efficiency, complicated operational techniques, and generation of toxic by-

products that limits their widespread application. However, in contrast to the methods 

discussed above, adsorption is considered a promising technology because of its simplicity, 

low-cost, versatility, and easy operation. Various adsorbents have been used for phenol 

 
1A. Supong, P.C. Bhomick, M. Baruah, C. Pongener, U.B.  Sinha,D. Sinha, Adsorptive removal of  Bisphenol 

A by biomass activated carbon and insights into the adsorption mechanism through density functional 

theory calculations. Sustainable chemistry and pharmacy, 13, 2019, 2352-5541. 

https://doi.org/10.1016/j.scp.2019.100159 
2A. Supong, P.C. Bhomick, R. Karmaker, S.L. Ezung, L. Jamir, U.B.  Sinha, D. Sinha, Soremo L Ezung, 

Latonglila Jamir, Upasana Bora Sinha, Dipak Sinha, Experimental and theoretical insight into the adsorption 

of phenol and 2,4-dinitrophenol onto Tithonia diversifolia activated carbon. Applied surface science, 

529,2020, 147046. https://doi.org/10.1016/j.apsusc.2020.147046 
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adsorption processes such as graphene[22], carbon[23], chitosan[24], bio-adsorbents [25], 

zeolites[26], composites[27], and polymers[28], and among them, activated carbon has gained 

significant attention because of its high surface area, variable surface chemistry, large pore 

volume and ability to adsorb multiple pollutants simultaneously[29]. In particular, biomass-

derived activated carbon has emerged as a viable alternative to the expensive commercial 

activated carbon, as biomass materials are renewable, abundant, and economical[30,31]. In 

acknowledgement of the advantages of biomass-based activated carbon, the present study 

focuses on the utilization of Tithonia diversifolia biomass to prepare porous activated carbon 

for the removal of phenol, DNP and BPA from water.  

The production of activated carbon from Tithonia diversifolia biomass was achieved by 

chemical activation method, and potassium hydroxide (KOH) was used as the activating agent 

owing to its effectiveness in producing activated carbon with large surface area and well-

developed porosity. Experimental parameters such as chemical impregnation ratio and 

activation temperature were considered for the modification of the activated carbon since 

these parameters are known to have a large influence on the textural characteristics of the 

activated carbon. In recent years, several statistical experimental designs have been applied to 

optimize the experimental parameters and examine the contributing influence of each on the 

resulting activated carbon characteristics. The Taguchi methodology is one of the most 

reliable statistical techniques and has frequently been used for the design and optimization of 

experiments. The Taguchi method was therefore applied to design the experiment and identify 

the best-operating conditions for preparing activated carbon. The use of this statistical 

experimental design facilitates proper resource management and reduced production cost and 

time, which ultimately results in sustainable activated carbon production. 

In addition to the textural characteristics of activated carbon such as pore volume and surface 

area, the surface chemistry of activated carbon is another critical characteristic of the 

adsorption process, as the adsorbent-adsorbate interaction varies significantly depending on 

the functional group present on the activated carbon surface.  The surface functional groups 

on the activated carbon largely depend on the chemical agent used for the activation 

process[32]. The activation process using potassium hydroxide is mainly responsible for the 

introduction of oxygenated functional groups such as carboxyl, hydroxyl, carbonyl and acid 

anhydride on the activated carbon surface[33]. It is widely reported that these oxygenated 

functional groups significantly affect the adsorption capacity of activated carbon [34–37]. The 

influence of such oxygenated functional groups on the adsorption of phenolic compounds has 

been a contentious issue among researchers. Various studies have reported that the presence 
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of oxygenated functional group on activated carbon decreases the adsorption of phenolic 

compounds [38–40], on the contrary, some other findings reported the positive influence of 

oxygenated functional groups on phenol uptake [32,41,42]. A clear understanding of the 

interaction of oxygenated groups with the phenolic compound is thus essential to resolve 

these fundamental issues. Therefore, the present study attempted to shed more light on the 

relation between the phenolic compound and oxygenated functional groups by studying the 

influence of three main oxygenated functional groups (-COOH, -OH and -CHO) on the 

phenol, DNP and BPA adsorption using density functional theory (DFT) calculations.  DFT 

studies are expected to give a clear picture of the adsorption process and facilitate the design 

of activated carbon with a maximum affinity for these pollutants. The study proposed several 

interactive mechanisms and reported the comparative favorability of different adsorptive 

interactions that occur between the adsorbate and functionalized activated carbon. The 

findings of this study are expected to provide valuable guidance for future experimental 

studies in designing specialized and efficient activated carbon.  

Thus, for the first time, the present research reports the utilization of Tithonia diversifolia 

biomass for the preparation of activated carbon by KOH activation. The surface 

characteristics of the activated carbon were modified by subjecting to different chemical 

impregnation ratio and activation temperature. Taguchi methodology was incorporated to 

design the experiment and optimize the experimental operating factors. The prepared carbon 

was characterized to understand its physio-chemical properties using various characterization 

techniques. The carbon produced was subsequently used for phenol, DNP and BPA removal 

from aqueous solution and various experimental data were used to examine the adsorption 

isotherms, kinetic models and thermodynamic parameters. Also, density functional theory 

(DFT) studies were performed to elucidate the adsorption mechanism. The cost analysis and 

the regeneration studies were also investigated. 

3.2 Materials and methods 

The Tithonia diversifolia (Tree marigold) biomass used as a raw precursor for this study to 

prepare activated carbon was collected locally from the vicinity of Nagaland University, 

Lumami campus (26º 13' 29.60" N | 94 º 28' 35.0" E). The raw material was manually cut into 

pieces, washed with water and dried in a hot air oven at 110°C for 48 hours. All the chemicals 

used in the present work were of analytical grade. 
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3.2.1 Taguchi design of experiment 

Taguchi experimental design uses an orthogonal array method that sorts out the best set of 

parameters and minimizes the number of experimental runs. Additionally, the optimum level 

of each operating parameter for achieving the best-desired characteristics of the product can 

be attained using this methodology.  

Taguchi experimental design first requires the selection of control factors and the levels 

corresponding to each factor. For this study, two control factors, viz., impregnation ratio and 

activation temperature were selected and four levels were considered for each factor, as 

shown in Table 3.1. As suggested by the Taguchi method, an L16 orthogonal array was 

selected and sixteen experimental runs were carried out. Evaluating the experimental results 

requires an analysis of the signal-to-noise ratio(S/N). There exist three types of S/N ratio, 

‘larger the better’, ‘nominal the better’ and ‘smaller the better’, and the appropriate S/N ratio 

is selected depending on the response variable. In the present study, surface area was 

considered as the response variable since it is one of the most important characteristics of 

activated carbon and has a direct relationship with other properties such as adsorption 

capacity and pore volume. The ‘larger the better’ S/N ratio was applied as a larger surface 

area would account for better adsorbent performance. According to the S/N ratio, the 

optimum levels of the factors (impregnation ratio and temperature) for obtaining the 

maximum response variable (surface area) were determined using Equation 3.1. 

                                                                                                                                (3.1)        

where S/N is the calculated signal-to-noise ratio for the experiment of the L16 orthogonal 

array, n is the number of experiments and yi represents the BET surface area. 

Table 3.1 Control variables and their respective levels 

Control variables Level 1 Level 2 Level 3 Level 4 

Impregnation ratio 0.5:1 1:1 2:1 3:1 

Activation temperature 500 600 700 800 

ANOVA test 

The ANOVA technique helps in understanding the relative contribution of each factor on the 

response variable. The ANOVA table comprises various statistical variables, such as degrees 

of freedom (DF), P-value, F-value, sequential sums of squares (Seq SS), adjusted sums of 

squares (Adj SS), adjusted mean square, and relative percentage contribution (%). The factor 

having the highest F-value and a P-value less than 0.05 would have the most significant 
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influence on the response variable. Larger percentage contribution values signify a larger 

influence of the factor on the response variable. 

3.2.2 Preparation of activated carbon 

The activated carbon was prepared by following a two-step activation process. First, the raw 

material was carbonized and second, the carbonized material was activated using KOH at the 

desired temperature. Dried samples were carbonized at 600°C for 1 hour using a muffle 

furnace. The carbonized sample was pulverized into a fine, uniform-size powder using a 

planetary ball mill at 600 rpm for around 15 minutes. The resulting powdered carbonized 

sample was labelled TUC and was further subjected to KOH activation. For this activation, 20 

g of KOH was dissolved in a beaker containing 250 mL distilled water. Subsequently, 

impregnation was done by mixing an appropriate quantity of carbonized samples (TUC) with 

the prepared KOH solution at different impregnation ratios (KOH:TUC) of 0.5:1, 1:1, 2:1 and 

3:1. The mixture was magnetically stirred for 1 hour and oven-dried at 105°C until a constant 

weight was obtained. The KOH-impregnated carbon samples were further pyrolyzed at an 

activation temperature ranging from 500–800°C in a muffle furnace for 2 hours under the 

atmosphere generated by the furnace. The produced activated carbon was then washed with 

0.1M HCl and a sufficient amount of distilled water until the filtrate attained a neutral pH. 

The obtained samples were further subjected to drying in a hot air oven at 105°C for 12 hours 

and were stored in airtight containers for subsequent analysis. The synthesized activated 

carbon was denoted as xTAKy where TAK stands for Tithonia diversifolia KOH activated 

carbon, x stands for impregnation ratio of KOH and y is the activation temperature. The yield 

percentage of the prepared carbon is given by Equation (3.2). 

                    (3.2) 

where W1 is the final weight of the prepared carbon and W2 is the initial weight of dried raw 

biomass (Tithonia diversifolia). 

3.2.3. Characterization of Carbon samples  

Characterization of the prepared carbon samples was done using different techniques. The 

proximate analyses of both the raw material and activated carbon were done according to the 

guidelines of the American Society for Testing and Materials[43]. The carbon, nitrogen and 

hydrogen content were analyzed using a CHN elemental Analyzer (Model: PE 2400 Series II, 

Make: Perkin Elmer). A BET surface area analyzer (Smart instrument, SS93/02) was used to 

determine the surface area and pore volume. The surface morphology of the activated carbon 
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was examined using scanning electron microscopy (JEOL/ JSM-6360). Fourier transform 

infrared spectroscopy (Spectrum Two, Perkin Elmer) was used to study the different 

functional groups. X-ray diffraction analysis was carried out using an XRD (Model Rigaky-

Ultimaiv Japan) at a scan rate of 0.2 degrees per minute using CuKα radiation. Thermal 

analysis was carried out using TGA equipment (Perkin Elmer/STA-3000). 

3.2.4 Theoretical study  

A theoretical study using DFT calculations was conducted to further understand the possible 

interaction of phenols and activated carbon. All the geometry optimizations and energy 

calculations were performed on the Gaussian 09W program package using DFT employing 

the B3LYP hybrid functional at basis set 6-31g level of theory in a dielectric medium of ε = 

80 (corresponding to water).  Gauss View 05 was used to produce all the structures which 

were optimized in their electronic ground state. The adsorption energy (Eadsorp) of phenols on 

the carbon surface was calculated using equation 21 as described in chapter 2. 

3.3 Results and discussions 

3.3.1 Taguchi design of experiments 

A set of 16 different experiments were done according to the Taguchi orthogonal array and 

different types of activated carbon with specific characteristic properties were obtained. The 

layout of the orthogonal design and the experimentally obtained results are given in Table 3.2.  

Table 3.2 L16 orthogonal array of Taguchi method and the results of the conducted experiments 

Taguchi L16 array SBET 

(m2g-1) 

VTotal 

(cm3g-1) 

Yield 

(%) 

Elemental composition, % 

 Activation 

Temperature 

(ºC) 

Impregnation 

ratio 

(KOH: TUC) 
Carbon Hydrogen Nitrogen Oxygen* 

500 0.5:1 222.49 0.125 30.8 62.36 2.72 1.23 33.69 

500 1:1 347.37 0.205 26.6 67.44 2.05 1.50 29.01 

500 2:1 629.65 0.291 21.1 72.11 1.68 1.53 24.68 

500 3:1 584.32 0.257 15.6 73.30 1.39 1.61 23.70 

600 0.5:1 315.69 0.182 28.5 75.22 2.51 1.29 20.98 

600 1:1 572.15 0.267 24.1 76.55 1.28 1.42 20.75 

600 2:1 729.83 0.319 19.2 79.81 1.07 1.49 17.63 

600 3:1 637.25 0.300 14.4 80.44 1.01 1.52 17.03 

700 0.5:1 411.83 0.222 28.2 81.15 1.80 1.59 15.46 

700 1:1 836.50 0.434 23.6 82.64 1.16 1.57 14.63 

700 2:1 854.44 0.445 18.3 84.66 0.95 1.62 12.77 

700 3:1 726.21 0.323 13.9 87.33 0.88 1.62 10.17 

800 0.5:1 398.45 0.219 25.7 83.82 1.48 1.65 13.05 

800 1:1 749.44 0.347 22.5 86.57 0.79 1.57 11.07 

800 2:1 812.50 0.408 15.5 86.91 0.75 1.69 10.65 

800 3:1 673.62 0.311 12.1 89.45 0.70 1.56 8.29 

*by difference 
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S/N ratio analysis 

The experimental data obtained by the Taguchi methodology were analyzed in the form of the 

S/N ratio. Figure 3.1 represents the effect of the control factor on the mean S/N ratio. Four-

factor levels each for temperature (500, 600, 700 and 800ºC) and impregnation ratio (0.5:1, 

1:1, 2:1 and 3:1) were considered and the factor level with the highest S/N ratio was selected 

as the optimum parameter responsible for generating the maximum surface area. As seen in 

Figure 3.1, temperature level 3 gave the highest S/N ratio of 56.65 indicating that the 

optimum temperature for obtaining maximum surface area was 700ºC. Additionally, the 

largest S/N ratio of 57.52 was obtained at impregnation ratio level 3 which corresponded to a 

2:1 impregnation ratio. The results indicated that the optimum parameters for obtaining 

activated carbon with the largest surface area corresponded to 700ºC temperature and a 2:1 

impregnation ratio. The surface area was found to be 854.44 m2 g-1at these optimum 

conditions.  

 

Figure 3.1 Graphical representation of the effect of control factors on the S/N ratio of BET surface 

area 

ANOVA test 

ANOVA test helps in determining the statistical significance of the control parameters and to 

identify the most influential parameter in the production process. The ANOVA results are 

given in Table 3.3. According to the ANOVA data, both the impregnation ratio and activation 

temperature give a P-value less than 0.05; these results indicate that both the control factors 

have a significant association with the response variable. The F-values of the impregnation 

ratio and activation temperature were 10.86 and 26.5, respectively. The larger F-value and 
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higher percentage contribution of the impregnation ratio indicate that the KOH impregnation 

ratio has a larger influence on the surface area compared to the activation temperature. 

Table 3.3 Results of ANOVA 

Source DF Seq SS Adj SS Adj MS F-Value P-Value  Contribution 

Temperature 3 159271 159271 53090 10.86 0.002  26.89% 

Impregnation ratio 3 388966 388966 129655 26.51 0.000  65.68% 

Error 9 44011 44011 4890 
  

 7.43% 

Total 15 592248 
    

 100.00% 

3.3.2 Characterization of activated samples 

a) Elemental analysis  

The elemental composition of activated carbon samples obtained at varying impregnation 

ratio and activation temperatures are given in Table 3.2. The elements carbon, nitrogen, 

oxygen, and hydrogen constitute the activated carbon and the main component is carbon, 

between 62 and 90%. The carbon content of the prepared carbon increased with increasing 

impregnation ratio and activation temperature while the hydrogen and oxygen content 

decreased. This increase in fixed carbon mass may be attributed to the release of volatiles and 

non-carbon species upon heat treatment and chemical activation [44].  

b) BET surface area, pore volume and yield 

The impregnation ratio and activation temperature were found to have a prominent effect on 

the BET surface area, pore volume and yield of the prepared carbon. As can be seen in Table 

3.2, the BET surface area and pore volume increased with increasing impregnation ratio and 

activation temperature reaching a maximum at 700ºC and 2:1 KOH/TUC ratio. This 

enhancement may be due to the progressive elimination of volatiles and the reaction of more 

carbon atoms with increasing KOH concentration at elevated temperatures. However, a 

decrease in surface area and pore volume was observed with further increases in temperature 

and impregnation ratio from 700ºC and 2:1, respectively. This could be due to shrinkage of 

the carbon structure at very high temperature and impregnation ratios, which ultimately 

destroys the textural development of the activated carbon. The highest BET surface area 

(854.44 m2/g) and pore volume (0.445cm3/g) were obtained at a temperature of 700°C with 

KOH:TUC impregnation ratio of 2:1. 

The yield of the prepared carbon also progressively decreased with increasing activation 

temperature and impregnation ratio. This could be attributed to the escape of a large amount 
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of volatiles and the increasing reaction rate between KOH and surface carbon, leading to 

excessive carbon burn-off [45]. 

c) Visual inspection of SEM images 

The scanning electron microscopy technique was employed to examine and compare the 

surface morphology of the unactivated and activated carbon samples. The SEM 

microphotographs of the unactivated carbon and some of the activated carbon obtained at 

different preparation conditions are shown in Figure 3.2. The SEM image of unactivated 

carbon was found to be quite smooth and barely containing any pores and cracks (Figure 

3.2a). However, the activated carbon samples displayed an irregular surface with pores of 

different shapes and sizes. The SEM micrograph (Figure 3.2b–c) reveals that an increase in 

activation temperature up to 700°C gives rise to more irregularities with an increase in 

cavities and voids. However, it could be seen that a higher activation temperature (800°C), the 

carbon matrix disintegrates, destroying the pore structure (Figure 3.3d). The SEM image of 

carbon samples with a KOH/TUC impregnation ratio of 1:1, 2:1 and 3:1 at a fixed 

temperature of 700°C are presented in Figure 3.2e, c and f, respectively.  

A study of the surface morphology shows that activation of the precursor with a KOH/ TUC 

ratio of 1:1 and 2:1 gives rise to a more developed pore network. However, as the KOH/TUC 

ratio increased to 3:1, the number of pores decreased and the porous network become less-

prominent, as shown in Figure 3.2f, which may be due to over-activation of the carbon sample 

with excess KOH. 

d) X-ray diffraction analysis (XRD) 

X-ray diffraction studies help in determining the degree of crystalline or amorphous nature of 

activated carbon. Figure 3.3 illustrates the XRD profile of the activated carbon prepared at 

different activation temperatures and impregnation ratios.   

All the prepared samples show two broad peaks at 2θ = ~23° and ~43°, corresponding to the 

reflection from the (002) plane and (100) plane, respectively, and the occurrence of broad 

peaks at these 2θ indicates that the activated carbon consists of graphite-like 

microcrystallites[46]. An increase in sharpness of the ~23° peak is seen with the rise in 

activation temperature from 500ºC to 700ºC. This signifies a more regular crystal structure at 

the optimum higher activation temperature of 700ºC[47]. 
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Figure 3.2 SEM micrograph of: (a)TUC (b) 2TAK600 (c) 2TAK700 (d) 2TAK800 (e) 1TAK700 (f) 

3TAK700 
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Figure 3.3 XRD patterns of Tithonia diversifolia carbons obtained at activation temperature 

of 500ºC, 600 ºC, and 700 ºC at an impregnation ratio of 2:1 

e) Thermogravimetric analysis of activated carbon 

Thermogravimetric analysis was employed to understand the thermal stability and examine 

the decomposition pattern of the carbon samples. Figure 3.4 shows the TGA and DTG curves 

of some of the activated carbon samples synthesized at different impregnation ratios and 

temperatures.  

It is evident from the TGA curves that there was an initial weight loss at temperatures below 

200°C, which could be ascribed to the elimination of moisture adsorbed within the pores of 

the carbon. A weight loss was observed at a temperature ranging from around 560°C to 

650°C, and this phenomenon may be due to the release of volatiles such as CO2 and CO. 

Furthermore, no weight loss was observed above 650°C which reflects the thermal stability of 

the prepared activated carbon samples at relatively high heating temperature up to 900°C. 

Similar patterns of TGA/DTG curves were obtained for almost all the samples obtained at 

different activation temperatures and impregnation ratios. 
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Figure 3.4 TGA/DTG profile of activated carbon samples (a) 2TAK500 (b) 0.5TAK600 (c) 

0.5TAK700 (d) 0.5TAK500 (e) 3TAK500 (f) 1TAK500 

The appearance of band between 1650-1620cm-1 in both the raw precursor and all the carbon 

samples could be attributed to olefinic C=C stretching vibration, while the skeletal C=C 

vibrations in aromatic rings bands in the 1600- 1400 cm-1 region of the spectrum were also 

observed for all the samples. The transmittance at 1300–1000 cm−1 could be accounted for C-

O stretching in carboxylic acid or derivatives, alcohols, phenols, ethers or esters group and the 

appearance of a broader peak at 751.05 cm-1, 758.08 cm-1  and 769.07 cm-1  attributed to C-H 

out of plane bending vibrations [49]. It could thus be observed from the results that the FTIR 

spectra of the activated carbon samples prepared at different activating temperature and 

impregnation ratio showed no visible difference and contained the same functional groups.  
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3.3.3 Cost analysis 

The approximate logistic cost of harvesting, collection, transportation and processing 

involved in the production of 250g activated carbon from Tithonia diversifolia biomass has 

been considered and compared with the cost of some of the available commercial activated 

carbon. Since Tithonia diversifolia is widely distributed, invasive and found in abundance in 

wastelands particularly in the present study area, the stems, leaves and flowers of the plant 

can directly be collected from these lands and therefore, would not require planting of the 

biomass. The acquisition cost of the weed would be very low or sometimes near zero because 

of its wide availability. Recultivation of these plants manually would also not be required as 

the plant reproduce rapidly by vegetative propagation. However, the cost involved in the 

harvesting, collection, transportation and processing of the biomass were considered for this 

study and is given in Table 3.4. The harvesting, collection and transportation cost were 

estimated according to the cost prevailing in the present study area. The processing process of 

biomass included the price of KOH, electricity, water, HCl and raw precursor. The resulting 

production cost was subsequently compared with that of commercially available carbon to 

make a comparison with regard to economic feasibility. The combined logistic cost of 250g 

activated carbon was found to be ₹ 540.3 without considering the cost involved in labour 

income, initial investment, working capital, manufacturer's profits, recovery and reuse of 

KOH etc. The overall cost might vary from region to region and is expected to reduce in 

scaling up from laboratory experiments to industrial scale. In the present study, the cost of 

250g activated carbon was found to be lower than that of commercial activated carbon. 

 

Figure 3.5 FTIR spectra of a) 2TAK500 b) 2TAK600 c) 2TAK800 (impregnation ratio 2:1) 
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Therefore, this study suggests that Tithonia diversifolia biomass can be used as an optional 

precursor for the production of low cost activated carbon. 

Table 3.4. Cost estimates for production of 250g Tithonia diversifolia activated carbon 

Materials Consumption(approx.) Cost (approx.) 

Harvesting and collection 

(manually) 

 

1.4kg ₹ 2 

Transportation 

Truck- Front single axle:  

Full Load- 9000kg 

Cost:  ₹ 200/km 

 

10 km (approximate) 

 

 

₹0.03 for 1.4kg 

KOH 500g ₹480 

HCl 200 ml of 0.1M HCl ₹1 (₹265/500ml) 

Raw precursor 1.4 kg ₹ 0 

Electricity 14 kWh ₹ 42 

Water 50 L ₹ 15 

Total Cost/250g (in Rupees) - ₹ 540.03 
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Section A 

Removal of Bisphenol A using Tithonia diversifolia activated carbon1 

The section describes the application of Tithonia diversifolia activated carbon for the removal 

of Bisphenol A from an aqueous medium. The study utilized the 2TAK700 activated carbon, 

where TAK stands for Tithonia diversifolia KOH activated carbon, 2 corresponds to the 2:1 

impregnation ratio of KOH/char and 700 is the activation temperature at 700ºC. The 

2TAK700 activated carbon possessed the highest surface area 854.44 m2g-1 and pore volume 

0.445 cm3g-1, and since these properties have a direct relationship with the overall adsorption 

capacity, the 2TAK700 activated carbon was chosen for the removal of BPA in this study. 

The effect of process parameters like adsorbent dosage, pH, initial concentration, and contact 

time were determined using batch adsorption experiments. Adsorption isotherms and kinetics 

were fitted with the experimental data, and the validation of the models was assessed by 

applying Chi-Squared Test (χ2) and Sum of the Square of the Errors (SSE). Thermodynamic 

studies on the adsorption data were also conducted. Also, density functional theory (DFT) 

studies were performed to further elucidate the adsorption mechanism of BPA onto the 

activated carbon.  

3.3.4 Adsorption studies of Bisphenol A 

For this present study, Bisphenol A (BPA) was purchased from Hi-media, India. A 1000 mg 

L-1 stock solution of BPA was prepared by dissolving 1g of BPA in a minimum quantity of 

ethanol and further diluted to 1000ml using distilled water. The working solutions (10 mg L-1 

to 100 mg L-1) were further obtained by appropriate dilution of the stock solution with 

distilled water. Batch mode adsorption experiments provide invaluable information about the 

different experimental parameters and help in defining the optimum conditions for the process 

to run efficiently. Thus, the effect of varying adsorbent dose (0.1 to 1g), initial BPA 

concentration (10 mg L-1 to 100 mg L-1), pH (1 to 12) and contact time (5 min to 200 min) on 

BPA adsorption were studied by using batch adsorption method, and the optimum process 

condition was obtained. In each batch experiment, a required dose of adsorbent was placed in 

a conical flask containing 50 mL of the desired concentration of BPA solution. The solution 

pH was adjusted using NaOH and HCl. The mixtures were then shaken using a rotary shaker 

at 180 rpm under controlled temperature for the required amount of time. The solution was 

 
1A. Supong, P.C. Bhomick, M. Baruah, C. Pongener, U.B.  Sinha,D. Sinha, Adsorptive removal of  

Bisphenol A by biomass activated carbon and insights into the adsorption mechanism through 

density functional theory calculations. Sustainable chemistry and pharmacy, 13, 2019, 2352-5541. 

https://doi.org/10.1016/j.scp.2019.1001599. 
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then filtered and the remaining BPA concentration in the filtrate was determined by 

measuring absorbance at 276 nm using UV-Visible Spectrophotometer (lambda 35, Perkin 

Elmer). All the adsorption experiments were run in triplicate. The percentage removal of BPA 

and adsorption capacity of the prepared carbon (mg g-1) was calculated by using equation 1 

and 2 respectively, as described in chapter 2. 

The experimental data obtained were fitted into different adsorption isotherm models: 

Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich. The adsorption mechanisms and 

rate-limiting steps were analyzed by fitting the obtained data into four kinetic models, viz., 

pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich. 

a) Effect of adsorbent dose 

Adsorbent dose is one of the vital parameters in adsorption experiments since it helps in 

determining the uptake capacities of an adsorbent for a given adsorbate. The effect of 

adsorbent dose on the adsorption of BPA onto Tithonia diversifolia activated carbon was 

determined by varying the amount of activated carbon from 0.1 to 1 g at initial BPA 

concentration of 40 mg L-1, pH of 7 and temperature of 25ºC. It can be seen from Figure 3.6a 

that the removal percentage of the BPA increased up to a maximum removal efficiency of 

95%, with increasing adsorbent dose from 0.1g to 1g. This is attributed to the availability of 

more adsorption sites at increased adsorbent dose [50]. By comparing the removal percentage 

and adsorption capacity, an optimum adsorbent dose of 0.2g was selected for further studies. 

b) Effect of contact time  

The contact time determines the necessary equilibrium time of the adsorption process. The 

effect of contact time on removal efficiency and adsorption capacity was evaluated by 

variation of contact time (5 to 200 min) at constant adsorbent dosage (0.2g), initial BPA 

concentration of 40mg/L, solution pH-7 and temperature of 25ºC. A plot of removal 

efficiency (%) and adsorption capacity(qe) of the Tithonia diversifolia activated carbon versus 

contact time is shown in Figure 3.6b. It is apparent from the figure that the adsorption rate of 

BPA progressed rapidly at the initial stage, proceeded at a slower uptake rate and finally 

attained equilibrium. The significant increase in adsorption rate in the initial stages is 

associated with the presence of higher available surface area and ample vacant sites of 

activated carbon. However, with the progression of contact time, the removal rate became 

slow and finally, the system reached equilibrium after around 80 minutes.  This is because the 

remaining vacant surface sites become less accessible as time precedes due to repulsive forces 

between the BPA molecules on the solid and bulk phases [51,52].  
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c) Effect of initial concentration  

The effect of initial concentration was investigated at different BPA concentrations ranging 

from 10mg/L to 100 mg/L while other parameters i.e., adsorbent dose, contact time, 

temperature and pH were fixed at 0.2g, 80 minutes, 25ºC and 7, respectively. The effect of 

initial concentration of BPA on the adsorption process was evaluated by varying the 

concentration from 10 mg L-1 to 100 mg L-1. Figure 3.6c gives the removal efficiency and 

adsorption capacity of BPA with an increase in the initial concentration. The removal 

efficiency of BPA declined with an increasing initial concentration of the solution from 10 mg 

L-1 to 100 mg L-1. The higher removal percentage at lower BPA concentrations may be due to 

the availability of more adsorption sites on the surface of the adsorbent than the number of 

adsorbate molecules (BPA) present in the solution. However, at higher concentrations, the 

number of BPA molecules competing for the same number of adsorption sites were higher, 

thus decreasing the removal efficiency [53]. The adsorption capacity(qe)increased from 2.40 

to 15.35 mg/g with an increased in initial BPA concentration from 10mg/L to 100mg/L.  

d) Effect of pH  

The pH of the working solution plays an important role in the uptake capacity of BPA by the 

prepared carbon. For the present study, the pH was varied from 2 to 12 and the removal 

efficiency of BPA under these conditions was studied. The initial concentration, contact time, 

adsorbent dose and temperature were kept constant at 40 mg L-1, 80 minutes, 0.2 g, and 25ºC, 

respectively. A relatively constant value of removal efficiency and adsorption capacity was 

observed on increasing the pH from 2 to 9; however, at a higher pH ranging from 9 to 12, 

BPA adsorption exhibited a decreasing trend. The pKa value of BPA ranges from 9.6 to 10.2 

[54] so at pH >pKa, the BPA molecule may undergo ionization to form a bisphenolate anion, 

resulting in electrostatic repulsion between the negatively charged carbon surface and the 

bisphenolate anion, thereby reducing BPA adsorption onto the activated carbon. However, at 

pH<pKa, the adsorption of BPA remained at a maximum and almost constant because BPA 

was undissociated and the adsorptive interaction between the molecular BPA and the 

adsorbent predominated. The highest removal efficiency (95.92%) and adsorption capacity 

(9.59 mg g-1) was obtained at pH 7. Figure 3.6d presents the effect of pH on the removal 

efficiency and adsorption capacity. 
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3.3.5 Adsorption Isotherms studies 

Adsorption isotherms are useful tools that help in determining the distribution of adsorbate 

concentration between the solid phase and the liquid phase at equilibrium. In this study, 

conventional isotherm models, Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich 

were employed to understand the adsorptive behaviour of BPA onto the Tithonia diversifolia 

carbon. The adsorption isotherm graphs obtained are depicted in Figure 3.7 whereas the 

obtained plot parameters are presented in Table 3.5. 

The Langmuir isotherm was studied using equation 4 of chapter 2. The parameters for the 

Langmuir model were obtained by plotting Ce/qe vs. Ce as shown in Figure 3.7 (a). A high 

correlation factor (R2 = 0.99) signifies that the Langmuir model provides a good fit with a qm 

value of 15.69 mg g-1. The dimensionless separation factor (RL) is another important 

parameter in Langmuir isotherm. The value of RL indicates the adsorption process to be 

unfavourable (RL > 1), favourable (0 < RL< 1) and irreversible (RL = 1). The value of the 

dimensionless separation factor (RL= 0.9389) confirmed favourable adsorption.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.6 Effect of (a) adsorbent dose (b) contact time (c) initial BPA concentration and (d) pH on 

BPA adsorption 



Chapter 3                                                                                                                   Removal of phenols                                                                             

76 

 

 

For the Freundlich isotherm model, the plotting parameters were obtained from log qe vs log 

Ce graph as shown in Figure 3.7(b). The Freundlich constant KF and n are indicators of 

adsorption capacity and intensity respectively and their values are shown in Table 3.5. The 

parameter ‘n’ indicates the nature of adsorption. The ‘n’ value obtained in this study was 

found to be greater than unity, which signifies that the adsorption process is favourable and 

follows normal Langmuir isotherm. The lower value of R2
= 0.7644 indicates that the model 

cannot adequately give a detailed explanation of the adsorption process of BPA onto the 

prepared carbon. 

From the isotherm model, the Temkin constant (bT) relating to the heat of adsorption was 

calculated and was found to be 1.005 KJ mol-1. The correlation coefficient value (R2) of 

0.9332 showed that the Temkin model cannot sufficiently explain the adsorption process. 

The theoretical monolayer adsorption capacity,  obtained from the plot of lnqe versus ϵ2 of 

Dubinin–Radushkevich model was 13.47 mg g-1 (Figure 3.7d). The mean free energy (E) 

gives information about the adsorption mechanism, and its value was found to be 1.96. The R2 

value of 0.8667 proves that adsorption data does not fit to D-R isotherm model. 

The isotherm models were further validated by conducting the chi-squared test and RMSE 

analysis, given by equation 17 and 18 respectively in chapter 2. The values of R2, χ2, and 

RMSE for the four adsorption isotherm models under study were compared and analyzed 

(Table 3.5). The highest adjusted correlation coefficient R2 = 0.9967 and lowest RMSE 

(0.0574) and χ2 (0.0033) made the Langmuir model the most appropriate adsorption model for 

BPA adsorption indicating that the adsorption of BPA predominantly proceeds through 

monolayer coverage. 

Table 3.5Adsorption isotherm parameters and correlation coefficients 

Isotherm Parameters R2 χ2 RMSE 

Langmuir  qm= 15.69  

KL= 0.0065  

RL= 0.9389 

0.9967 0.0033 0.0574 

Freundlich = 0.319 

n = 3.13 

KF = 1.19 

0.7644 0.0236 0.1538 

Temkin bT= 1.005 

AT= 15.45 

0.9332 1.8174 1.3481 

Dubinin–

Radushkevich     

(D-R) 

=13.47 

β = 1.3 x 10-7 

E=1.96 

0.8667 0.0709 0.2664 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.7 Linear fitting of (a) Langmuir (b) Freundlich (c) Temkin and (d) Dubinin–Radushkevich 

model 

3.3.6 Adsorption kinetics studies 

Adsorption kinetics studies help in assessing the adsorption mechanisms in terms of order and 

rate constants and provides useful information on possible rate-controlling steps. Four kinetic 

models, pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich were 

used to study the kinetics of the adsorption process. The kinetic graphs obtained are depicted 

in Figure 3.8 and the plot parameters and are summarised in Table 3.6. 

Lagergren’s pseudo-first-order kinetic model gives a simple kinetic evaluation of the 

adsorption of adsorbate between two phases [55]. The first-order rate constant(k1) and 

equilibrium capacity(qe) were determined from the slope and intercept of the linear plots of 

log (qe−qt) versus time(t) respectively. The linear plot and their corresponding values are 

given in Figure 3.8a and Table 3.6 respectively. The first-order rate constant (k1) was found to 

be 0.031 with a correlation coefficient value (R2) of 0.895. The experimental adsorption 

capacity value, qe,(exp)=9.625 mg g-1,did not agree with the calculated value, qe,(cal)=1.396 mg 
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g-1. The lower correlation coefficient value and the poor agreement of experimental and 

calculated adsorption capacity suggest that the pseudo-first-order model is not appropriate to 

explain the adsorption kinetics of BPA. 

The pseudo-second-order model describes the adsorption equilibrium capacity as well as the 

chemisorptive behaviour of the adsorption process [56]. A plot of t/qt versus t gives a linear 

curve as shown in Figure 3.8b, and a high R2 value of 0.999. Besides, the calculated qe(cal)= 

9.716 mg g-1 was found to be close to the experimental data (qe,(exp)=9.625 mg g-1).  

This result implies the pseudo-second-order model best described the adsorption behaviour of 

BPA onto activated carbon and suggests that the rate-limiting step of the adsorption process is 

chemical adsorption. 

Weber and Morris’s intra-particle diffusion model helps identify the diffusion mechanism and 

the rate-limiting step. The boundary layer thickness(C) and intra-particle diffusion rate 

constant (kp) can be deduced from the intercept and slope of the plot of qt versus the square 

root of time(t1/2), respectivel. From the plot (Figure 3.8c), it is observed that the adsorption 

process takes place in two phases. The first phase depicts the rapid adsorption of BPA over a 

certain period whereas the adsorption rate became slower in the second phase. This could be 

due to the chemisorptive interactions during the first stages of the adsorption process followed 

by intraparticle diffusion in the second stage. From Figure 3.8c, the lines failed to pass 

through the origin, which suggests that intraparticle particle diffusion cannot be considered 

the rate-limiting step. 

The Elovich model helps in understanding the kinetics of chemisorption of the adsorbate on 

the solid surface of the adsorbent. The values for a and b are obtained from a plot of qt versus 

ln t (Figure 3.8d), and their values are presented in Table 3.6. The regression coefficient value 

of Elovich model R2 =0.958 was higher than for pseudo-first-order but lower than that of the 

pseudo-second-order and intraparticle diffusion models which indicates the poorer fit of the 

Elovich model to the experimental data compared to the intraparticle diffusion and pseudo-

second-order models. 
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Table 3.6 Kinetics parameters for the adsorption of BPA 

Kinetics Parameter R2 Χ2 RMSE 

Pseudo-first order qe,(exp)=9.625 

qe,(cal)=1.396 
k1= 0.031 

0.895 
 

0.084 
 

0.290 
 

Pseudo-second order qe,(exp)=9.625 

qe,(cal)= 9.716 
k2= 0.061 

0.999 
 

0.004 
 

0.065 
 

Intraparticle diffusion kp= 0.190 
C=7.888 

0.983 
 

0.005 
 

0.073 
 

Elovich model a=4.33x107 
b=2.429 

0.958 
 

0.010 
 

0.102 
 

qe = equilibrium adsorption capacity (mg g−1), qt =adsorption capacity at time t (mg g-1), k1 =rate 

constant of  pseudo-first order (min-1), k2 = rate constant of pseudo-second order (g mg-1 min-1), 

qe,(cal) = equilibrium calculated BPA concentration (mg g-1), qe,(exp)=experimental BPA concentration 

at equilibrium (mg g-1); kp = intra-particle diffusion rate constant (mg g−1min1/2), C =thickness of 

the boundary layer, a =initial adsorption coefficient (mg g−1min−1), b = desorption coefficient (g 

mg-1) 

 

 
          (a) 

 
   (b) 

          
(c) 

 
     (d) 

Figure 3.8 The plots of (a) Pseudo-first-order kinetics model  (b) Pseudo-second-order kinetics 

model (c) Intraparticle diffusion model and (d) Elovich model. 
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The applicability of the four models was further verified through the root mean square error 

analyses and chi-squared tests. The R2, χ2, and RMSE values are given in Table 3.6. It is 

known that lower values of χ2 and RMSE and higher values of R2 indicate the suitability of 

different kinetic models to the experimental data. The lowest χ2 and RMSE value and the 

highest R2 were obtained for the pseudo-second-order reaction which confirmed the fitness of 

the model. The fitting of kinetic models based on χ2, RMSE, and R2 follows the following 

order; 

Pseudo-second-order> Intraparticle diffusion>Elovich> Pseudo-first-order model. 

3.3.7 Thermodynamic study 

The thermodynamic adsorption process of BPA onto Tithonia diversifolia activated carbon 

was carried out by scaling the temperature from 298 K to 318 K wherein the entropy 

change(∆S), enthalpy change (∆H) and Gibbs free energy change (∆G) were determined. The 

obtained thermodynamic parameters are given in Table 3.7. 

The ΔH and ΔS value were calculated from the plot of lnKd versus 1/T. The positive value of 

ΔH (64.79 KJ/mol) indicated the endothermic nature and reversibility of the adsorption of 

BPA while the positive values of ΔS (85.76 J/mol/K) suggested increased randomness at the 

adsorbate and adsorbent interface during the process of BPA adsorption. The negative ΔG 

value reflected the spontaneity of the adsorption of BPA. 

Table 3.7 Thermodynamic parameters for the adsorption of BPA onto activated carbon 

ΔH(KJ/mol) ΔS(KJ/mol) ΔG(KJ/mol) 

  298K 308K 318K 328K 

64.79 0.23  -4.74 -7.07 -9.41 -11.74 

 

3.3.8 Computational studies 

a) Activated carbon model 

For a theoretical study involving the interaction of activated carbon with an adsorbate, the 

most important requirement is to first establish a correct model for the activated carbon 

surface. Various authors have considered different models of activated carbon, such as pyrene 

clusters [57], graphite crystal structures [58], graphene molecular models [59], benzene ring 

cluster models [60], platelet models [61] and fullerene-related structure of activated carbon 

[62], for theoretical studies. Various studies have reported that the reactivity of the active sites 

strongly depended on the local shape of the cluster model rather than on its size [57,63]. 

Therefore, armchair model consisting of four fused benzene ring clusters (C16H6) with 
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armchair edge sites was used to simulate the activated carbon surface. The upper side of the 

carbon atoms in the armchair model was unsaturated to generate an efficient active site while 

the remaining parts of the cluster were terminated with H atoms. The active site of the cluster 

was also embedded with different surface functional groups, such as OH, COOH, and CHO, 

to study the possible effect of these surface functional groups on BPA. The optimized cluster 

models of activated carbon used for this study are shown in Figure 3.9. The different clusters 

were named pristine armchair (AC-P), OH embedded armchair (AC-OH), COOH embedded 

armchair (AC-COOH) and CHO embedded armchair (AC-CHO).  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.9 Optimized structures of (a) AC-P (b) AC-OH (c) AC-COOH (d) AC-CHO 

b) Theoretical calculations 

The interaction of BPA with the activated carbon proceeds through chemisorptive interactions 

i.e п- п bonding, electron donor-acceptor complexes and hydrogen bonding between the 

oxygen-containing functional groups(-OH,-COOH,-CHO) of activated carbon and the OH 

group of BPA[64]. Out of the various interactions, the formation of hydrogen bonds between 

BPA and functionalized activated carbon is an important mode of interaction contributing to 

the adsorption process [65]. Thus, the effect of hydrogen bond interactions on the adsorptive 

behaviour of BPA through the DFT approach has been considered for this study. An armchair 
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model was used to simulate the activated carbon and the interaction of mechanisms of pristine 

activated carbon and functionalized activated carbon with BPA through hydrogen bonding 

was studied.  Such studies would greatly help in the modification process of activated carbon 

preparation. Figure 3.10 represents the interaction of BPA adsorption onto pristine and 

functionalized activated carbon. 

BPA adsorption on pristine activated carbon 

For the BPA and AC-P system, (C15H15O)-OH---C(AC) mode of interactions were considered 

for the system where one of the -OH group of BPA was oriented towards the carbon atom of 

armchair edge site. As can be seen from Figure 3.9a and Figure 3.10a, the adjoining C-C bond 

lengths of the armchair edge site where an H-atom of BPA was attached elongated from 1.425 

Å to 1.453 Å and 1.248 Å to 1.337 Å upon BPA adsorption. This shows that these bonds 

become weaker because of the electron cloud displacement towards the adsorption site, i.e. 

the CAC-HBPA bond. Moreover, the Eadsorp was found to be -345.516 KJ mol-1. for the 

(C15H15O)-OH---C(AC) system which signifies that the interaction between BPA and 

activated carbon is favourable and chemisorptive in nature. 

BPA adsorption on a functionalized activated carbon surface 

The surface of activated carbon consists of abundant functional groups that contribute 

significantly to the adsorption process [66]. The activation of activated carbon using KOH 

introduces oxygen-containing functional groups into the carbon surface and it is envisaged 

that these functional groups would interact with the Bisphenol A. Therefore, to get an insight 

into the interactive mechanism, the possible interactions of three functional groups, -OH, -

COOH, -CHO, with the BPA were considered for the study.  

The interaction between -OH functionalized activated carbon and BPA was studied by 

considering two modes of attachment, (C15H15O)-OH---OH-(AC) and (C15H15O)-HO---HO-

(AC) (Figure 3.10b and 3.10c). The Eadsorp and HBPA---OAC bond length of (C15H15O)-OH---

OH-(AC) type of interaction were found to be -31.9035 KJ mol-1. and 1.766 Å respectively, 

and for the (C15H15O)-HO---HO-(AC) system, the OBPA---HAC bond distance and Eadsorp were 

found to be 1.656 Å and – 39.0717 KJ mol-1. respectively. The higher negative Eadsorp and 

shorter bond distance of the (C15H15O)-HO---HO-(AC) system indicates the favourability of 

this type of interaction compared to the (C15H15O)-OH---OH-(AC) system.  

For the BPA - AC(COOH) system, two modes of interaction, (C15H15O)-HO---HOOC-(AC) 

and (C15H15O)-OH---OHOC-(AC), were considered (Figure 3.10d and 3.10e). The Eadsorp of 
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(C15H15O)-HO---HOOC-(AC) was more negative (-55.1855 KJ mol-1.) and the bond length 

was 1.435 Å shorter than the (C15H15O)-OH---OHOC-(AC) type of interaction. This result 

implies that the hydrogen bond formed between the oxygen atom of BPA and the hydrogen 

atom of a COOH group present in activated carbon led to the formation of a more stable 

conformation, making the adsorption favourable. 

With -CHO functionalized AC, the interaction of BPA proceeds through the formation of a 

hydrogen bond between the H-atom (from the OH group) of BPA and an oxygen atom from a 

carbonyl group of AC-CHO, as shown in Figure 3.10f. The Eadsorp of (C15H15O)-OH---OCH-

(AC) was found to be -34.719 KJ mol-1, indicating a weak physisorption interaction. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

 

 
(e) 

 

(f) 

Figure 3.10 Optimized adsorption structure of BPA onto activated carbon(a) (C15H15O)-OH⸳⸳⸳⸳⸳C(AC) 

(b) (C15H15O)-OH⸳⸳⸳⸳⸳OH-(AC) (c) (C15H15O)-HO⸳⸳⸳⸳⸳HO-(AC) (d) (C15H15O)-OH⸳⸳⸳⸳⸳OCH-(AC) (e) 

(C15H15O)-HO⸳⸳⸳⸳⸳HOOC -(AC) (f) (C15H15O)-OH⸳⸳⸳⸳⸳OHOC-(AC) 
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To determine the best possible mode of interaction for the adsorption of BPA onto activated 

carbon, the relative energies of different optimized configurations of BPA adsorption onto 

activated carbon were analyzed and are presented in Figure 3.11. The presence of COOH 

groups on the activated carbon was found to greatly elevate the adsorption process compared 

to activated carbon functionalized with CHO and OH group. The relative energy and stability 

of various configurations follow the order:  

(C15H15O)-HO---HOOC(AC)> (C15H15O)-HO---HOCO(AC)> (C15H15O)-HO---HO-(AC)> 

(C15H15O)-OH---OHC(AC)> (C15H15O)-OH---OH(AC) 

 
Figure 3.11 Relative energy diagram of adsorption of Bisphenol A onto activated carbon 

3.3.9 Comparison of Tithonia diversifolia activated carbon with other adsorbent material  

To understand the overall efficacy of Tithonia diversifolia derived activated carbon obtained 

in the present work, a comparison was made with some other adsorbents reported in the 

literature for BPA removal, and the results are listed in Table 3.8. The adsorption capacity of 

the activated carbon at optimum parameters was considered for comparison. From the results, 

the Tithonia diversifolia derived activated carbon obtained from the present study shows a 

comparable promising adsorptive capacity with other adsorbents and therefore could be used 

as an efficient adsorbent for BPA removal.  
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Table 3.8 Comparison of prepared activated carbon in this study with some other adsorbents 

reported in the literature for BPA removal 

Adsorbent 

 

Surface 

Area 

(m2 g-1) 

Pore 

Volume 

(m2g-1) 

Adsorption capacity for 

BPA removal 

qmax(mg g-1) 

Source 

Tithonia diversifolia 854.44 0.445 15.69 Present 

Study 

Pistacia atlantica - - 8 [67] 

Coconut Shell-activated carbon 1185 - 23.5 [68] 

Modified peat 0.66 - 1.71 [69] 

50%CNT/Fe3O4 50.6 0.018 43.76 [70] 

Rice Husk  --  15.51 [71] 

AMBA-sericite 0.93 - 4.816 [72] 

Garphene Oxide 20.93 0.99 17.27 [73] 

Thermosensitive molecularly 

imprinted polymer 

80.55 0.4776 7.86 [74] 

H2SO4-coir pith - - 4.31 [75] 

H2SO4-coconut shell 4.75 - 4.16 [75] 

H2SO4-Durian peel - - 4.18 [75] 

H2SO4- banana bunches - - 4.53 [75] 

H2SO4-Coconut bunches - - 4.66 [75] 

Surfactant modified Zeolite - - 6.90 [76] 
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Section B 

Removal of phenol and 2,4-dinitrophenol using Tithonia diversifolia activated carbon1 

This section describes the application of Tithonia diversifolia activated carbon for the removal 

of phenol and 2,4-dinitrophenol (DNP) from water.  Batch adsorption was used to run the 

experiments, and the effect of pH, adsorbent dose, initial concentration, temperature, and 

contact time on the adsorption of phenol and DNP were studied. Adsorption isotherm and 

kinetics were fitted with the experimental data, and the validation of the models was assessed 

by applying reduced Chi-Squared Test (χ2). Thermodynamic studies on the adsorption data 

were also calculated. DFT calculations were incorporated to understand the adsorptive 

interaction of the phenolic compound with pristine and functionalized activated carbon. 

Further, regeneration studies were conducted to test the reusability of the spent adsorbent. The 

effect of co-ions on removal efficiency was also investigated. 

3.4 Adsorption studies of phenol and 2,4-dinitrophenol 

Phenol (C6H5OH), and 2,4-dinitrophenol (C6H4N2O5) were purchased from Himedia. Stock 

solutions (1000 mg L-1) of both the adsorbates were prepared, and dilutions were made to 

obtain the working solutions of various concentrations. All the chemicals used were of 

analytical grade. 

The adsorption of phenol and DNP onto the activated carbon were run in batch experiments. 

The effect of essential operating factors such as activated carbon dose, pH, contact time, 

initial adsorbate concentration, and temperature on the adsorption efficiency was studied. For 

each experiment, 30 ml of adsorbate solution with varying initial concentrations, and the 

required activated carbon dose was taken and placed in an Erlenmeyer flask.  The contents 

were mixed in a rotary shaker at a constant speed of 180rpm at 298 K for a specific period of 

time. The contents were then filtered and the residual phenol and DNP concentrations were 

measured using UV-Visible spectroscopy (lambda 35, Perkin Elmer) at an absorbance of 271 

nm for phenol and 358 nm for DNP. Each set of adsorption studies was run in triplicate. The 

removal efficiency, R% and equilibrium adsorption capacity, qewere calculated using 

equation 1 and 2 as described in chapter 2. 

 

 
1A. Supong, P.C. Bhomick, R. Karmaker, S.L. Ezung, L. Jamir, U.B.  Sinha, D. Sinha,Soremo L 

Ezung, Latonglila Jamir, Upasana Bora Sinha, Dipak Sinha, Experimental and theoretical insight 

into the adsorption of phenol and 2,4-dinitrophenol onto Tithonia diversifolia activated carbon. 

Applied surface science, 529,2020, 147046. https://doi.org/10.1016/j.apsusc.2020.147046. 
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a) Effect of adsorbent dose 

Figure 3.12 represents the removal efficiencies of phenol and DNP as a function of activated 

carbon dosage. At optimum operating conditions, the removal efficiencies of phenol and DNP 

significantly increased with increasing dose of activated carbon to a maximum of 99.3% and 

97.8% respectively at a dose 0.3g, after which the removal efficiency of phenol and DNP 

remained almost constant. The increase in removal efficiency at increased adsorbent dose may 

be attributed to the presence of larger surface area and more binding sites on the activated 

carbon surface [77]. From the results, 0.3g of activated carbon dose was selected for 

subsequent experiments.  

 

Figure 3.12 Effect of activated carbon dose on removal efficiency (Temperature- 298K; Contact 

time- 60 mins phenol, 80 mins DNP; pH 8 phenol, pH 6 DNP; Initial concentration- 300 mg L-1-

phenol, 200 mg L-1 DNP) 

b) Effect of contact time and initial concentration 

Figures 3.13 and 3.14 represent the effect of contact time and initial concentration, 

respectively on the removal efficiency of adsorbates. The optimum initial phenol 

concentration was found to be 300 mg L-1at 60 mins equilibrium contact time, and the 

optimum initial DNP concentration corresponded to 200 mg L-1 at 80 minutes equilibrium 

contact time. 
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Figure 3.13 Effect of contact time on removal efficiency (Temperature- 298K; pH 8 phenol, pH 6 

DNP; Activated carbon dose- 0.3g; Initial concentration- 300 mg L-1phenol, 200 mg L-1 DNP) 

 

 

Figure 3.14 Effect of initial concentration on removal efficiency (Temperature- 298K; Activated 

carbon dose- 0.3g; Contact time- 60 mins phenol, 80 mins DNP; pH 8 phenol, pH 6 DNP) 

c) Effect of temperature 

Temperature is one of the essential parameters in the adsorption process and has a 

considerable effect on adsorbent-adsorbate interactive behaviour. The variation in the removal 

efficiency of phenol and DNP as a function of temperature was studied by increasing the 

temperature from 298 to 328 K and is shown in Figure 3.15. The adsorption efficiency of 

phenol and DNP were found to increase with increasing temperature and attained a maximum 

removal efficiency of 99.99% and 97.82% for phenol and DNP respectively at 328K.  
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Figure 3.15 Effect of temperature on removal efficiency (Activated carbon dose- 0.3g; pH 8 

phenol, pH 6 DNP; Initial concentration- 300 mg L-1phenol, 200 mg L-1 DNP; Contact time- 60 

mins phenol, 80 mins DNP) 

 

d) Effect of pH 

For any adsorption process,  the pH of the aqueous solution is a significant parameter as it 

affects the chemical properties of the activated carbon and the adsorbate[78]. Generally, 

adsorbates are neutrally or positively charged at pH<pKa and negatively charged at 

pH>pKa[79]. Further, if the pH of a solution is lower than the zero-point charge of the 

activated carbon, then the activated carbon surface acquires a positive charge (pH<pHzpc) 

while if the pH is higher than the zero-point charge, the surface acquires negative charges 

(pH>pHzpc). 

The effect of pH was studied over a pH range of 2 to 12 under optimum operating conditions: 

initial concentration- 300 mg L-1(phenol), 200 mg L-1(DNP); activated carbon dose- 0.3g; 

contact time- 60 minutes (phenol), 80 minutes (DNP); 298 K temperature. Figure 3.16 

presents the effect of pH on phenol and DNP adsorption. For phenol molecule, the removal 

efficiency raised slightly from 98.29% to 99.45% with an increase in pH from 2 to 8; 

however, there was a considerable decrease in adsorption efficiency with an increase in pH 

from 8 to 12. The effect of pH on the removal efficiency could be explained by two important 

parameters, pKa values of the phenol and the pHzpcof the adsorbent. The pKa value of phenol 

is 9.89, and the pHzpc of activated carbon corresponded to 8.8. Therefore, at pH 2 to 8, the 

phenol molecule remained undissociated (pH<pKa) and the activated carbon surface acquired 

a positive charge(pH<pHzpc). Thus, in this pH range, the attraction between the molecular 

phenol and the positive carbon surface occurred, resulting in enhanced removal efficiency. 

However, at higher pH (9 to 12), the phenol molecule dissociated into phenolate anion, and 

the carbon surface acquired a negative charge (pH>pHzpc). Thus, there was repulsion between 
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the phenolate anion and the negatively charged activated carbon surface, which eventually 

contributed to low adsorption efficiency. 

For DNP, the adsorption favourably occurred over pH 2 to pH 6, and a maximum of 97.72% 

removal efficiency was attained at pH 6 under optimum operating conditions.  At pH 6, the 

activated carbon acquired positive charge(pH<pHzpc,8.8) and the DNP molecule remained in 

its anionic form (pH>pKa, 4.09), resulting in electrostatic attraction between DNP anion and 

the positive activated carbon surface. However, at higher pH, the DNP molecule 

progressively transformed into its phenolate anion(pH<pKa), which was repelled by the 

increasingly negative carbon surface(pH>pHzpc)[80]. As a result, the removal of the anionic 

state of DNP was unfavourable, leading to low removal efficiency at higher pH. 

 
Figure 3.16 Effect of pH on removal efficiency (Contact time- 60 mins phenol, 80 mins DNP; 

Temperature- 298K; Activated carbon dose- 0.3g; Initial concentration- 300 mg L-1phenol, 200 mg 

L-1 DNP) 

3.4.1 Adsorption isotherm studies 

Adsorption isotherms are vital tools for understanding the distribution of an adsorbate 

between the activated carbon and the aqueous solution at equilibrium. In the present study, 

three commonly used isotherms, Langmuir, Freundlich, and Temkin were used to study the 

adsorptive behaviour of phenol and DNP onto the activated carbon. The plot parameters 

obtained for the isotherm models and chi-squared value (χ2) are shown in Table 3.9. Based on 

the correlation coefficient (R2) and χ2 value, the Langmuir model best-fitted the experimental 

adsorption data. The closest fitting of experimental data to the Langmuir model indicated that 

phenol and DNP adsorption on the activated carbon occurred through monolayer coverage. 

The maximum adsorption capacity ‘qm’ of phenol (50.552 mg g-1) was higher than 2,4-

dinitrophenol (42.607 mg g-1). This could be because of the smaller size of phenol, which 
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provides a better chance of reaching and occupying the pores of the activated carbon as 

compared to the larger DNP molecule[32]. The RL values for phenol and DNP were between 

0 and 1 which confirmed the favourability of the Langmuir isotherm for phenol and DNP 

adsorption onto the activated carbon[81]. From the Freundlich isotherm analysis, the value of 

‘n’ was found to be higher than 1 for both phenol (n=3.819) and DNP (n=4.078), which 

indicated that the adsorption of phenol and DNP adsorption onto the activated carbon is 

favourable [82]. The Temkin constant (bT) obtained from Temkin isotherm corresponds to the 

heat of adsorption, and its value was 0.366 kJ mol-1 and 0.440 kJ mol-1 for phenol and DNP 

respectively. The positive bT value indicated the adsorption process to be exothermic. 

The best-fitted isotherm model among the Langmuir, Freundlich, and Temkin was validated 

from the chi-squared value (χ2) and correlation coefficient (R2). The lowest χ2 and highest R2 

value for the Langmuir isotherm model confirmed its suitability in explaining the equilibrium 

adsorption of both phenol and DNP onto activated carbon.  

Table 3.9 Langmuir, Freundlich and 

Temkin isotherm parameters 

 Phenol 2,4-dinitrophenol 

  

Langmuir 

qm 50.352 42.607 

KL 21.825 0.408 

RL 0.0004 0.023 

R2 0.990 0.996 

χ2 1.31 x 10 -6 2.29 x 10-3 

  

Freundlich 

1/n 0.261 0.245 

n 3.819 4.078 

KF 50.445 15.865 

R2 0.864 0.922 

χ2 1.02 x 10-2 4.92 x 10-3 

 

 Temkin 

bT 0.366 0.440 

AT 10.47 22.705 

R2 0.963 0.986 

χ2 8.992 0.528 

 

3.4.2 Adsorption kinetics study 

Adsorption kinetics determine the uptake rate that controls the residence time of adsorbate at 

the solid-liquid interface[83]. Pseudo-first order, pseudo-second-order, Elovich and 

intraparticle diffusion models were used for understanding the kinetics of adsorption.  The 

kinetic graphs are given in Figure 3.17 and fitting parameters obtained are shown in Table 

3.10.  
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From the plots, it is clear that the experimental kinetics data for both phenol and DNP could 

not provide an accurate fit to the pseudo-first-order model. This is indicated by the low 

correlation factor (R2= 0.895 for phenol, 0.824 for DNP) and the vast difference in the 

calculated and experimental qe values.  

For the pseudo-second-order model, the calculated qe values derived from the pseudo-second-

order model were found to be very close to the experimental qe values, indicating the 

suitability of the pseudo-second-order model. Besides, the highest correlation factor obtained 

for both phenol (R2=0.999) and DNP (R2=0.996) indicated that the pseudo-second-order 

model is indeed the best-fitted model. The pseudo-second-order rate constant(k2) of phenol 

and DNP were found to be 0.04 and 0.01 respectively,  the greater k2 value for phenol 

indicated that the phenol removal attained a faster equilibrium than DNP[84]. This could be 

attributed to the smaller size of phenol molecules which allowed them to reach and occupy 

the active sites/pores of the activated carbon with more ease as compared to the DNP 

molecule, and subsequently, the activated carbon surface reached saturation faster.  

The Elovich model describes the chemical nature of the adsorption process. The ‘a’ value is 

related to the initial adsorption rate. The ‘a’ value for phenol (1.64 x 108) was higher than 

DNP (1.10 x 104) indicating the fast nature of phenol adsorption compared to DNP. The 

correlation coefficient (R2) values for the Elovich kinetic model corresponded to 0.80 and 

0.93 for phenol and DNP respectively. The lower R2 value indicated the poor fitting of the 

Elovich model to the experimental data.  

The mass transfer process of phenol and DNP at the solid-liquid interface was described using 

the intraparticle diffusion model. The plot of intraparticle diffusion model showed two stages 

of adsorption, initial and final stage (Figure 3.17d). The first stage of adsorption was due to 

the boundary layer diffusion and the final stage to the intraparticle diffusion of phenol 

molecules[6]. The intraparticle diffusion rate constant Kp1 was greater than Kp2, indicating 

that the intraparticle diffusion rate became slower in the final stage of adsorption. This 

decrease in diffusion rate may have resulted from the blockage of pores and steric repulsive 

barrier induced by adsorbed phenol/DNP on the activated carbon surface. The intraparticle 

diffusion will be the only rate-controlling step if the plot passes through the origin. The linear 

plots deviated from the origin indicating that intraparticle diffusion is not the only rate-

limiting step, but other kinetics mechanisms simultaneously control the adsorption process.  
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Chi-squared test (χ2) further validated the kinetic models. The χ2value of the pseudo-second-

order model was lowest, suggesting that the pseudo-second-order model well elucidated the 

kinetics of phenol and DNP adsorption. 

 

. 

  
(a) 

   
(b) 

  
(c) 

 
(d) 

Figure 3.17 (a) pseudo-first-order and (b) pseudo-second-order (c) Elovich and (d) Intraparticle 

diffusion adsorption kinetics plot for phenol and DNP. 

 

 

 

Table 3.10 Kinetic parameters for the adsorption of phenol and DNP 

Adsorbates Pseudo-first order model Pseudo-second order model Elovich model Intraparticle diffusion model 

Phenol  qe,(exp) = 29.52 

qe,(cal) = 1.39 

k1 = 0.03 

R2 = 0.89 

χ2 = 8.46 x 10 -2 

qe,(exp) = 29.52 

qe,(cal) = 29.70 

k2 = 0.04 

R2 = 0.99 

χ2 = 7.90 x 10 -5 

a = 1.64 x 108 

b = 0.78 

R2 = 0.80 

χ2 = 5.30 x 10-1 

 

Initial stage 

Kp1 = 1.78  

C=20.98 

R2 = 0.99  

χ2 = 3.71 x 10-2 

Final stage 

Kp2 = 0.08 

C =28.90 

R2 = 0.65 

χ2 = 2.31 x 10-2 

DNP qe,(exp) =19.34 

qe,(cal) = 6.29 

k1 = 0.03 

R2 = 0.82 

χ2 = 9.47 x10-2 

qe,(exp) = 19.345 

qe,(cal) = 19.821 

k2 = 0.01 

R2 = 0.99 

χ2 = 1.84 x 10-2 

a = 1.10 x 104 

b = 0.70 

R2 = 0.93 

χ2 = 1.77 x 10-1 

Initial stage 

Kp1 = 0.98 

C=12.69 

R2 = 0.98 

χ2 = 1.22 x 10-1 

Final stage 

Kp2 = 0.12 

C =17.89 

R2 = 0.33 

χ2 = 2.78 x 10-1 
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3.4.3 Thermodynamics study 

The thermodynamic study of the adsorption of phenol and DNP were conducted over the 

temperature range 298K to 318 K. The thermodynamic parameters, enthalpy change (∆H) and 

entropy change(∆S) were graphically determined by equations 18, 19 and 20, as described in 

chapter 2.  

The obtained values of various thermodynamic parameters are shown in Table 3.11. The 

values of ΔH for phenol and DNP adsorption were 121.63 kJ mol-1 and 47.42 kJ mol-1 

respectively. The positive ΔH values inferred the endothermic nature of the adsorption 

process[85]. The positive ΔS value indicated increased randomness at the adsorbate/solution 

interface during the adsorption process [86] and the negative ΔG values demonstrated the 

feasibility and spontaneity of the adsorption process. The decrease in ΔG value with an 

increase in temperature suggested the favourability of the adsorption process at elevated 

temperatures[87].  

Table 3.11. Thermodynamic parameters for phenol and DNP adsorption onto activated carbon 

ΔH(kJ/mol) ΔS(kJ/mol) ΔG(kJ/mol) 

  298K 308K 318K 328K 

121.63 0.42 -4.82 -9.07 -13.31 -17.56 

47.42 0.16 -3.07 -4.76 -6.45 -8.15 

 

3.5 Effect of co-existing ions 

Wastewater commonly consists of various inorganic ions and thus, it is essential to study the 

effect of these co-existing ions on the removal efficiency of phenol and DNP from aqueous 

solution. Therefore, the adsorption of phenol and DNP in the presence CO3
2-, NO3

- and Cl- 

was investigated. The effect of these ions on phenol and DNP removal efficiency is depicted 

in Figure 3.18. A decrease in the removal efficiency of phenol and DNP was observed in the 

presence of the co-ions, which may be due to the competition between the phenols and the 

ions for the same active sites on the activated carbon surface. The effect of co-ions with 

respect to removal efficiency of phenol and DNP decreased in the order: CO3
2- > NO3

- > Cl-. 

The greater influence of divalent anion, CO3
2- may be attributed to its higher negative charge, 

which allows it to bind more strongly on the activated carbon surface via electrostatic 

interaction.  
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Figure 3.18 Effect of co-existing ions on phenol and DNP adsorption onto activated carbon. 

(Conditions: ionic concentration - 0.1 mol/L; activated carbon dose- 0.3g; Initial concentration- 300 

mg L-1phenol, 200 mg L-1 DNP; pH 8 phenol, pH 6 DNP; Contact time- 60 mins phenol, 80 mins 

DNP; Temperature-298K) 

3.6 Regeneration studies 

Regeneration studies help in evaluating the feasibility of the adsorption process in real 

practice. The regeneration cycles i.e., the process of adsorption and desorption were carried 

out up to the fifth cycle, to understand the efficacy and reusability of the regenerated activated 

carbon. Figure 3.19 presents the removal efficiency of the regenerated activated carbon over 

five cycles of use. After the first cycle, the removal efficiency of the regenerated carbon was 

83.21% and 85.99% for phenol and DNP respectively, and their respective adsorption 

proficiency slightly decreased to 80.43% and 82.01% after the fifth cycle. The decrease in 

phenol removal efficiency after the fifth cycle could be due to the inability of NaOH to fully 

flush/desorb the adsorbate loaded onto the adsorbent surface. Further,  due to the adsorption 

of the regenerant (NaOH) itself on the activated carbon surface[88],  permanent loss of active 

sites takes place [88].  

The regeneration of the activated carbon occurred mainly because, in NaOH solution, phenol 

transforms into phenolate anions, and the carbon surface acquires a negative charge. The 

phenolate anions repel the negatively charged carbon surface, which results in the desorption 

of the adsorbate from the saturated activated carbon. Additionally, the reaction of alkaline 

NaOH with the phenols forms sodium-phenol salt, which further facilitated the desorption of 

phenol and DNP from the activated carbon surface[89].These studies indicate that sodium 

hydroxide could be used for recovery of phenol and DNP loaded activated carbon, and the 

regenerated carbon could be reused several times with minimal loss in adsorption efficiency, 
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leading to the sustainability of the overall adsorption process. However, more in-depth 

regeneration studies are required to optimise the regeneration process parameters and increase 

the adsorptive capacity and reusability of the spent carbon 

 

Figure 3.19 Regeneration of activated carbon over five cycles 

(regenerated carbon dose-0.3g; contact time- 60 minutes (Phenol), 80 

minutes (DNP). adsorbate concentration- 300 mg L-1(Phenol), 200 mg 

L-1 (DNP); 298K temperature. 

3.7 Adsorption mechanism 

The development of a possible mechanism for phenol and DNP adsorption onto the activated 

carbon would improve our understanding of the adsorbate-adsorbent interaction. The 

schematic representation of the possible adsorption mechanism is presented in Figure 3.20 

The adsorption of phenol and DNP by activated carbon might take place through various 

mechanisms like (a) Electrostatic interaction, (b) π-π interaction, (c) Electron donor-acceptor 

mechanism and (d) Hydrogen bond[1]. A brief explanation for each adsorption mechanism is 

given below. 

Electrostatic interaction 

When the pH of the solution is lower than the pHzpc of activated carbon and the pKa of 

phenol/DNP, the activated carbon surface will be positively charged and phenol/DNP would 

remain undissociated under this condition. This will result in an electrostatic attraction 

between the electron-rich benzene ring of phenol/DNP and the positively charged carbon 

surface. At pH higher than the pKa value and pHzpc, the phenol will dissociate into phenolate 
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anion, and the carbon surface will acquire a negative charge, which would result in 

electrostatic repulsive interaction between phenolate anion and negatively charged carbon 

surface. According to our experimental results, electrostatic attractive interaction would occur 

at solution pH < 8 for phenol, and at pH<6 for DNP.  

π-π interaction 

The π-π interaction assumes charge transfer between the π-electrons of the aromatic rings of 

phenols and the π-electrons of the activated carbon surface[40]. The presence of an electron-

withdrawing group would enhance the π-π interaction and reduce the repulsion between 

consecutive aromatic rings. Therefore, DNP would exhibit stronger π-π interaction as 

compared to phenol, owing to the presence of two strong electron-withdrawing nitro-

functional groups. 

Electron donor-acceptor mechanism 

Mattson et al.[41] first proposed the electron donor-acceptor complex mechanism. According 

to this mechanism, the phenol aromatic ring acts as the electron acceptor and the surface 

functional group of activated carbon acts as an electron donor. The electron-donating groups 

of activated carbon donate the electrons to the aromatic ring of phenol and DNP, resulting in 

increased uptake capacity of phenol and DNP onto the activated carbon.  

Hydrogen bond 

Hydrogen bonding occurs by sharing electrons between the activated carbon and the phenolic 

compound. It is considered one of the strongest interaction mechanisms of the adsorption 

process[1]. Hydrogen bond formation may take place between the -OH or -NO2 group of 

phenol and DNP and the activated carbon surface at various positions, which enhances the 

adsorption efficiency. 

3.8 Theoretical calculations 

a) Activated carbon model 

To comprehend the adsorption mechanism of phenol and DNP on the activated carbon at the 

molecular and theoretical levels, appropriate models simulating the activated carbon surface 

need to be established. Solid-state 13C nuclear magnetic resonance experiments revealed that 

the activated carbon surface consists of three to seven fused benzene rings[90]. In previous 

theoretical studies, cluster models consisting of four to seven fused benzene rings were used 

for simulating the activated carbon surface, and these models proved valuable in 

understanding the adsorptive interaction of various species with the activated carbon 
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surface[57,60,91–96]. Therefore, in this study, six fused benzene rings with armchair edge 

sites simulated the activated carbon surface. The carbon atoms on the upper side were 

unsaturated to simulate the active sites while the remaining carbon atoms were terminated 

with hydrogen atoms. The presence of oxygenated functionals on the activated carbon is 

known to affect the adsorptive properties significantly. Therefore, three oxygenated surface 

functional groups, -CHO, -OH, and -COOH were attached to the active site of the activated 

carbon model to understand the influence of these functional groups on the phenol and DNP 

adsorption process. Figure 3.21 represents the optimised activated carbon models. The 

activated carbon models were pristine activated carbon (AC), -COOH functionalized activated 

carbon (COOH-AC), -CHO functionalized activated carbon (CHO-AC), -OH functionalized 

activated carbon (OH-AC) and -COOH, -OH, -CHO functionalized activated carbon 

(COOH+OH+CHO-AC) 

 

 

Figure 3.20 Schematic representation of the different mechanism for phenol and DNP adsorption on 

activated carbon 
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(a) 

 
(b) 

 
(c)  

(d) 

 
(e) 

 
(f) 

 
(g) 

 

Figure 3.21 Optimised molecular structure of (a) Phenol and (b) 2,4-dinitrophenol (c) AC 

               (d) OH-AC (e) CHO-AC (f) COOH-AC (g) COOH+OH+CHO-AC 

 



Chapter 3                                                                                                                   Removal of phenols                                                                             

100 

 

b) Theoretical calculations 

Amongst the various adsorptive interactions between the phenols and activated carbon 

surface, hydrogen bonding is one of the most significant modes of interaction that enhances 

the adsorption process. Therefore, the present study attempted to elucidate the possible modes 

of hydrogen bond formation between activated carbon and the adsorbate using DFT 

calculations. The armchair model with six-fused benzene ring simulated the pristine activated 

carbon surface. Oxygenated surface functional groups, -COOH, -CHO, and -OH were also 

embedded on the pristine armchair activated carbon model to study the effects of such groups 

on the adsorption of phenol and DNP.  

In most cases, phenolic compounds interact with the carbon surface either through its benzene 

ring or the hydroxyl group. The present study focused on understanding the possible 

interaction of hydroxyl groups of phenol and DNP with the pristine and functionalized 

activated carbon through hydrogen bond formation.  The optimised structures representing the 

adsorbate-adsorbent interactions are represented in Figure 3.22, while the bond distance and 

adsorption energies obtained for the different interactions are given in Table 3.12.  

Adsorption on pristine activated carbon 

To comprehend the probable adsorptive interaction of phenol and DNP with the pristine 

activated carbon surface, hydrogen bond formation between a carbon atom of the activated 

carbon surface and the hydroxyl oxygen atom in phenol (P-OH) and 2,4-dinitrophenol (DNP-

OH) was considered. The optimised structures representing the phenol and pristine activated 

carbon interaction (P-HO-----C-AC) and DNP and pristine activated carbon interaction (DNP-

HO-----C-AC) are shown in Figures 3.22(a) and 3.23(b)respectively. Phenol adsorption onto 

the pristine activated carbon was found to proceed via the dissociation of P-OH into P-O and 

H leading to the formation of two interactions: HP-----C-AC and P-O-----C-AC. Similarly, the 

DNP-OH dissociated into DNP-O and H atom, and these dissociated species interacted with 

the pristine activated carbon surface resulting in DNP-O-----C-AC and HDNP-----C-AC 

interactions.  

The C-C bond distance of the pristine activated carbon where the oxygen atom of phenolic 

hydroxyl group was directly attached elongated from 1.24Å to 1.37Å and 1.24Å to 1.36Å 

upon phenol and DNP adsorption respectively. These observations indicated that the electron 

density moves towards the adsorption sites and weakens the C-C bond of activated carbon. 

The adsorption energy of both P-HO-----C-AC and DNP-HO-----C-AC interactions were 

found to be highly negative, indicating a thermodynamically favourable adsorption process.  
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On comparing the adsorption energy and O-C bond length of P-O-----C-AC and DNP-O-----

C-AC, higher negative adsorption energy and shorter O-C bond distance were observed for 

phenol. These results suggest that phenol adsorbed more firmly onto the pristine activated 

carbon surface as compared to DNP, which agrees well with the experimental observation.  

Adsorption on OH functionalized activated carbon 

To understand the phenol and DNP adsorption onto the OH-functionalized activated carbon, 

the interactive mechanism involving the formation of a hydrogen bond between the oxygen 

atom of phenolic hydroxyl group and hydrogen atom of OH-AC was considered. The 

optimised structures representing the hydrogen bond interaction of phenol with OH 

functionalized activated carbon (P-HO-----HO-AC) and DNP with OH functionalized 

activated carbon (DNP-HO-----HO-AC) are given in Figure 3.22(c) and 3.22(d) respectively. 

The O-H bond distance of OH-AC increased from 0.97Å to 1.02 Å and 0.97 Å to 0.99 Å upon 

phenol and DNP adsorption, respectively.  This observation indicated that the electron density 

around the O-H bond of activated carbon shifts towards the adsorption site and results in 

stronger adsorbate-activated carbon interaction. The negative adsorption energy of -55.03 kJ 

mol-1 and -31.17 kJ mol-1 for P-HO-----HO-AC and DNP-HO-----HO-AC was obtained, 

indicating a favourable adsorption process.  

The interaction of OH-functionalized activated carbon with phenol was found to be stronger 

than its interaction with DNP as indicated by the shorter O-H bond distance of P-HO-----HO-

AC. 

Adsorption on CHO functionalized activated carbon 

The probable adsorptive interaction of phenol and DNP with the CHO-AC was examined by 

considering the hydrogen bond formation between the adsorbate and adsorbent. The hydrogen 

bond formation between the adsorbate and the CHO-functionalized activated carbon surface 

occurred in numerous ways. However, the adsorptive interaction involving hydrogen bond 

formation between the hydrogen of the phenolic hydroxyl group and the oxygen of CHO-AC 

resulted in the most stable interaction. The minimum energy structure representing the 

adsorption of phenol onto CHO-AC (P-OH-----OHC-AC) and DNP onto CHO-AC (DNP-

OH-----OHC-AC) is given in Figure 3.22(e) and 3.22(f) respectively. For P-OH-----OHC-AC 

interaction, the C=O bond distance of AC-CHO increased from 1.25Å to 1.26 Å while the 

phenol O-H bond distance elongated from 0.97 Å to 0.99 Å upon adsorption. As for DNP-

OH-----OHC-AC interaction, the DNP C=O and O-H bond distance of AC-CHO increased 

from 1.25Å to 1.26 Å and 0.97 Å to 1.01 Å respectively. These results indicate that the 
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electron density tends to accumulate more towards the interaction site during the adsorption 

process and results in greater interaction between the phenol/DNP and adsorbent. The 

adsorption energy of P-OH-----OHC-AC was -49.02 kJ mol-1, while for DNP-OH-----OHC-

AC, the adsorption energy was -47.73 kJ mol-1 respectively. The negative adsorption energies 

indicate the favourability of the adsorption process.  

Adsorption on COOH functionalized activated carbon 

The interaction of phenol and DNP with the COOH-AC surface proceeded via the 

simultaneous occurrence of two hydrogen bonds between the adsorbate and AC-COOH. One 

of the hydrogen bonds were found to exist between oxygen atom of the adsorbate and the 

hydrogen atom of AC-COOH, while the other hydrogen bond formed between oxygen of AC-

COOH and the hydroxyl hydrogen of adsorbate. The optimised interaction structures are 

given in Figure 3.22(d) and 3.22(h). The hydrogen bond formation between phenol and AC-

COOH is represented by P-HO-----HOOC-AC and P-OH-----OHOC-AC. The OP-HAC and 

HP-OAC bond length corresponded to 1.64 Å and 2.02 Å respectively, and the adsorption 

energy was found to be -63 kJ mol-1 for such interactions. Upon adsorption, the electron cloud 

around the O-H bond of phenol and AC-COOH shifted towards the interaction site, indicating 

the strengthening of the hydrogen bond formed between phenol and AC-COOH 

 In the case of 2,4-dinitrophenol and AC-COOH interaction, the O-H bond distance of DNP 

and AC-COOH increased from 0.97 Å to 0.99 Å and 0.97 Å to 0.99 Å respectively upon DNP 

and AC-COOH bonding. The weakening of the O-H bond leads to the strengthening of the 

hydrogen bond between DNP and AC-COOH, thus favouring the adsorption process. The 

bond length for DNP-OH-----OHOC-AC and DNP-HO-----HOOC-AC was 1.80 Å and 1.76 

Å respectively and the adsorption energy was found to be -48.75 kJ mol-1. The high negative 

adsorption energy and the decrease in bond distance indicate the favourability of P-HO-----

HOOC-AC and DNP-HO-----HOOC-AC interactions. 

Table 3.12 Adsorption energy and bond distance of phenol-AC and DNP-AC system 

System Interactions Adsorption energy (kJ mol-1) Bond distance (Å) 

Phenol + activated 

carbon 

P-HO-----C-AC -355.26 1.39 

P-HO-----HO-AC -55.03 1.66 

P-OH-----OHC-AC -49.02 1.77 

P-HO-----HOOC-AC -63.00 1.64 

P-OH-----OHOC-AC  2.02 

DNP + activated carbon DNP-HO-----C-AC -323.86 1.42 

 DNP-HO-----HO-AC -31.17 1.93 

 DNP-OH-----OHC-AC -47.73 1.61 

 DNP-HO-----HOOC-AC -48.75 1.80 

 DNP-OH-----OHOC-AC  1.76 
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Phenol 2,4-dinitrophenol 

 
(a)  

(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(d) 

 
(h) 

 
Figure 3.22 Optimised structure representing (a) P-HO-----C-AC (b) DNP-

HO-----C-AC (c) P-HO-----HO-AC (d) DNP-HO-----HO-AC (e) P-OH-----

OHC-AC (f) DNP-OH-----OHC-AC (g) P-HO-----HOOC-AC and (h) DNP-
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HO-----HOOC-AC interactions 

Relative adsorption energies of phenol and DNP on activated carbon  

The energy profile diagrams depicting the relative adsorption energies for adsorptive 

interaction of phenol and DNP with activated carbon are given in Figure 3.23(a) and 3.23(b) 

respectively.  

From the energy profile diagram, the adsorption energies of phenol molecule with the pristine 

and functionalized activated carbon are comparatively higher than DNP, indicating that 

phenol molecule shows stronger adsorptive interactions with both the pristine and 

functionalized carbon surface. These results supported the experimental higher removal 

efficiency and adsorptive capacity of phenol as compared to DNP.  

From Figure 3.23(a) and 3.23(b), it can be observed that adsorption energies of phenol and 

DNP on the pristine activated carbon surface are more negative than their adsorption energies 

on the functionalized activated carbon surface. This indicates that the presence of oxygenated 

functional groups on the activated carbon surface less favoured the adsorption of phenol and 

DNP, compared to their adsorption on pristine activated carbon.   

However, among the various oxygenated functional groups, AC-COOH interacted more 

strongly with both phenol and DNP as compared to AC-OH and AC-CHO. This may be 

attributed to the simultaneous formation of two hydrogen bonds between AC-COOH and the 

adsorbate as compared to single hydrogen bond formation with AC-OH and AC-CHO. These 

theoretical outcomes suggest that the modification of the activated carbon surface with 

carboxyl group may favour the adsorption of phenol and DNP more as compared to hydroxyl 

and carbonyl functional groups. 

The relative adsorption energies and stability of the different modes of interactions decrease 

in the following order: 

For phenol, 

P-HO-----C-AC > P-OH-----HOOC-AC > P-HO-----HO-AC > P-OH-----OHC-AC 

For 2,4-dinitrophenol, 

DNP-HO-----C-AC > DNP-OH-----HOOC-AC > DNP-OH-----OHC-AC > DNP-HO-----HO-

AC 
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(a) 

 

(b) 

Figure 3.23  Energy profile diagram of (a) Phenol and (b) 2,4-dinitrophenol 

To examine the net effect of the three oxygenated functional groups on the adsorption of 

phenol and DNP, -COOH, -OH, and -CHO were embedded together on the active site of the 

pristine activated carbon and possible interactions were studied. For this study, the activated 

carbon model was designated as (COOH+OH+CHO-AC). The optimised COOH+OH+CHO-

AC structure and its possible interactions with phenol and DNP are given in Figure 3.21(g) 

and Figure 3.24 respectively. The COOH+OH+CHO-AC preferably interacted with phenol 
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and DNP by forming hydrogen bond. The hydrogen bonding occurred between the carboxyl 

hydrogen atom of COOH+OH+CHO-AC and the hydroxyl oxygen atom of phenol molecule, 

however, for DNP, the hydrogen bond formation occurred between the carboxyl hydrogen 

atom of COOH+OH+CHO-AC and the oxygen atom belonging to the nitro group of DNP 

molecule. 

The adsorption energy of phenol and COOH+OH+CHO-AC interaction was found to be -70 

kJ mol-1, which is more than the adsorption energy obtained for interaction of phenol with 

different functional groups like COOH-AC, OH-AC, or CHO-AC. However, the adsorption 

energy of DNP and COOH+OH+CHO-AC interaction was -43 kJ mol-1, which was almost 

similar to the adsorption energies obtained for interactions of phenol with COOH-AC, OH-

AC, or CHO-AC. Thus, the results demonstrated that the net effect of these oxygenated 

groups on activated carbon surface enhanced the binding of phenol with the activated carbon 

surface.  On the other hand, the presence of all three functional groups on the activated carbon 

surface did not yield any significant change in the binding of DNP with the activated carbon 

surface.  

 

 
(a) 

 

 
(b) 

Figure 3.24 (a) Optimised structure of COOH+OH+CHO-AC (b) Interaction between 

COOH+OH+CHO-AC and phenol (c) Interaction between COOH+OH+CHO-AC and DNP 

 

3.9 Comparative study of adsorption capacity of various adsorbents  

A comparative study of the prepared activated carbon with other adsorbents was done to 

comprehend the relative efficiency of the prepared activated carbon for phenol and DNP 

removal from water. The maximum adsorption capacity (qmax) of the activated carbon 

obtained from the Langmuir isotherm was compared with the qmax of some other adsorbents 
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reported in the literature.  The results of the comparison are shown in Table 3.13, and it is 

observed that the present activated carbon has comparatively higher adsorption capacity for 

both phenol and 2.4-dinitrophenol, as compared to other adsorbents in literature. Thus, 

Tithonia diversifolia activated carbon could be a potential adsorbent for the effective removal 

of phenolic compounds from water.  

Table 3.13 Comparative study of adsorption capacity of various adsorbents 

Adsorbate Adsorbent Adsorption capacity 

(mg g-1) 

Reference 

Phenol Tithonia diversifolia activated carbon 50.552 This study 

Activated coal 1.48 [97] 

Activated carbon-Laboratory grade 24.64 [98] 

Activated carbon-commercial grade 30.21 [98] 

Sugarcane bagasse fly ash 23.83 [98] 

Commercial activated carbon 6.13 [99] 

Activated carbon-K2CO3 impregnation 17.83 [100] 

Activated carbon- KOH impregnation 45.49 [100] 

 Banyan root activated carbon 26.95 [88] 

 Banana Peel activated carbon 48.58 [101] 

DNP Tithonia diversifolia activated carbon 42.607 This study 

 Char ash 7.55 [2] 

 Cotton cakes activated carbon  

Impregnation ratios 1:1, concentration 

1.5 M 

Impregnation ratios 2:1, concentration 

1 M  

Impregnation ratios 2:1, concentration 

1.5 M 

 

19.273 

19.691 

20.424 

 

[102] 

[102] 

[102] 

 Cotton cakes and olive stones 

activated carbon 

9.112 [103] 

 Olive stone activated carbon 13.867 [103] 

 Microbeads 16.2 [104] 

 Chemically treated kola nut pod 32.26 [105] 

 Carbon nanospheres 32.9 [106] 

3.10 Application to real water samples 

The practical applicability of the activated carbon was evaluated by conducting the removal of 

phenol and DNP in real wastewater environment. The real water sample experiments were 

conducted in triplicates under optimised process conditions (activated carbon dose- 0.3g; pH 

8 phenol, pH 6 DNP; contact time- 60 mins phenol, 80 mins DNP; Temperature-298K). The 

sample was spiked with 100 mg/L initial concentration of phenol and DNP. The removal 
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efficiency of phenol and DNP in the wastewater environment using activated carbon is 

depicted in Figure 3.25 while Figure 3.26 showed the image of the wastewater collection site. 

The mean removal efficiency values corresponded to 85.23% for phenol and 79.31% for 

DNP.  

 

Figure 3.25 Removal efficiency of phenol and DNP in the real water environment  

 

 

Figure 3.26 Wastewater collection site 

3.11 Conclusion 

Activated carbon prepared from Tithonia diversifolia biomass served as an excellent 

adsorbent for the removal of phenol, DNP and BPA from aqueous solution. The use of 

statistical Taguchi approach for designing the experiment helped reduce the use of resources 

and time. The signal to noise ratios (S/N) obtained from the Taguchi method indicated that 

2:1 KOH:TUC impregnation ratio and 700ºC activation temperature is the optimum condition 

for the preparation of activated carbon with maximum surface area. SEM images and XRD 

analysis indicated the presence of a porous network and graphite-like microcrystallites on the 

Tithonia diversifolia activated carbon. FT-IR revealed the presence of various functional 

groups such as hydroxyl, carboxyls, carbonyls, ester etc on the activated carbon surface. The 
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TGA thermogram of all the activated carbon samples was similar and no weight loss was 

observed above 650°C reflecting the thermal stability of the prepared activated carbon 

samples at relatively high heating temperature upto 900°C. 

The adsorption process was found to be in good agreement with the Langmuir isotherm model 

with a maximum adsorption capacity(qm) of 15.69 mg g-1 for BPA, 50.552 mg g-1 for phenol 

and 42.607 mg g-1 for DNP. The pseudo-second-order kinetic model best described the 

adsorption kinetics for all the phenols. The thermodynamic parameters revealed the 

endothermic and spontaneous nature of the adsorption process. DFT studies also indicated the 

favourability of the adsorption of BPA onto activated carbon, with COOH functional group 

greatly enhancing the adsorption process. The thermodynamic studies suggest that the 

adsorption process was endothermic(ΔH>0) and spontaneous (ΔG<0). Theoretical 

investigations through density functional theory calculations provided new insights into the 

adsorption of BPA, phenol and DNP on pristine and functionalized (-COOH, -CHO, -OH) 

activated carbon. Regeneration studies showed that the regenerated carbon could be used 

multiple times with considerable removal efficiency.  

Thus, from the results obtained in this work, it can be concluded Tithonia diversifolia 

activated carbon could serve as a suitable adsorbent for the removal of BPA, phenol and 2,4-

dinitrophenol from aqueous solution. Besides, the results obtained from theoretical studies 

could potentially aid in the design and preparation of activated carbon with a maximum 

affinity for these phenolic compounds. 
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CHAPTER 4 

 

 

REMOVAL OF COLIFORM BACTERIA AND Escherichia coli 

USING ACTIVATED CARBON SYNTHESIZED FROM Tithonia 

diversifolia 

This chapter deals with the utilization of Tithonia diversifolia activated carbon for the 

removal of coliform and Escherichia coli bacteria from water. Biofilter columns 

consisting of activated carbon and supporting medium of either sand, brick or pebbles 

were constructed and tested for Escherichia coli removal efficiency from synthetic 

bacterial solution. The breakthrough curve and adsorbent exhaustion rate of all the 

biofilter columns were investigated and the column with the best performance was used 

for removal of coliform and Escherichia coli from real wastewater. The colony-forming 

units of coliform and Escherichia coli in the untreated and treated real water samples 

were determined using multiple tube fermentation technique. Further, biochemical tests 

were also carried out to confirm and identify the coliform and Escherichia coli bacteria 

in the water samples. 
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4.1 Introduction 

Access to safe and affordable drinking water is a fundamental human need and a basic human 

right. However, according to the World Health Organization (WHO), 785 million people 

across the globe lack even a basic drinking water source and at least 2 billion people use 

drinking water from faecal contaminated sources [1]. Faecal contamination is one of the 

greatest waterborne threat to humans, especially in developing countries where drinking water 

quality and sanitation is very poor [2,3]. Faecal contaminated water contains a high 

percentage of pathogens such as bacteria, viruses and protozoa which are capable of causing 

various water-borne diseases such as giardiasis, cryptosporidiosis, gastroenteritis, cholera, 

typhoid fever and bacillary dysentery, etc[4]. 

Among all the pathogens, coliform bacteria are the most frequently encountered in water 

sources. Coliform bacteria are present in the intestinal flora of human and warm-blooded 

animals and faecal waste. They include organisms of many genera such as Escherichia, 

Klebsiella, Citrobacter, Enterobacter and Shigella etc., and among these, the detection of 

Escherichia coli (E.coli) in water sources indicate recent faecal contamination and thus 

increasing the likelihood of the presence of disease-causing pathogens [5]. These pathogens 

are transmitted to humans by the consumption of contaminated water and pose an immediate 

health risk to anyone who consumes the water. Therefore, effective removal of such bacterial 

pathogens is necessary for safe drinking water.  

Over the years, several improved and advanced technologies have been developed for the 

removal of waterborne pathogens from water such as electrochemical process [6–8], single 

and catalytic ozonation [9,10], photocatalytic inactivation [11,12], phytoremediation[13,14], 

chemical disinfection and membrane filtration[15,16]. Also, ceramic filters[17,18], silver 

nanoparticles[19,20], activated carbon composite[21,22] and magnetic nano 

composites[23,24] have been employed for the efficient removal of a wide range of 

waterborne pathogens.Despite the efficiency of the above-mentioned techniques, the practical 

utilization of these systems particularly in rural areas is unfeasible in many cases, because 

they often include complicated installation process, high maintenance, high-cost and are 

difficult to operate. Therefore, there is a need to develop low-tech water treatment systems 

that are affordable, efficient, easy to maintain and operate, so that people in developing 

countries, particularly in rural areas, can continuously access safe drinking water. This could 

be achieved by including more practical options such as using point-of-use (POU) 

technologies for water purification at the household level. Several household POU 

technologies are available which include boiling, disinfection, flocculation, coagulation and 
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filtration. However, these processes have inherent limitations, for example, boiling of 

contaminated water does not ensure complete removal of pathogens[25], disinfection process 

generally produces by-products that are toxic and carcinogenic to humans[26], while 

flocculation and coagulation treatments involve high operating costs and generate increased 

volume of sludge[27]. In this regard, filtration is particularly promising because of the ease of 

application, efficiency, affordability and high acceptance rate among users. Several POU 

filtration system such as ceramic filter, bio sand filter, slow sand filter, biochar filter and 

activated carbon filter[18,28–32] have been adopted to obtain potable water at household 

level in remote areas. These household filtration systems are simple and have proven to be 

effective in purifying highly turbid water and removal of various pathogens from water.  

Activated carbon filter is one of the most efficient POU filter systems. The advantages of 

using activated carbon in filter media lies in its high adsorption capacity and its versatility to 

remove a wide range of pollutants. Besides, the raw materials for the preparation of activated 

carbon can be obtained from locally sourced materials. 

Keeping this in mind, the present work focusses on the utilization of the activated carbon in a 

biofilter column for the removal of coliform and E.coli from water. The activated carbon was 

prepared from locally available Tithonia diversifolia biomass and was used in the biofilter 

column as the principal media along with other supporting media. The use of supporting 

media in the filter column improved the overall efficiency of the column and also prevented 

the activated carbon from floating. Sand, brick and pebbles were used as different supporting 

media in the present study in order to provide options depending on the local availability and 

cost and their comparative efficiency was studied.   

This chapter thus explores the use of Tithonia diversifolia activated in a biofilter column for 

the removal of coliform and E.coli from water. Altogether, six biofilter columns were 

constructed, three of the biofilter column were loaded with either sand, brick or pebbles, 

while the remaining three columns were loaded with activated carbon and supporting medium 

of either sand, brick or pebbles. The biofilter columns were further tested for their E.coli 

removal efficiency from synthetic bacterial solution. Break-through curve and adsorption 

exhaustion rate of all the columns were investigated for determining the lifespan and overall 

efficiency of the biofilter columns.  The biofilter column with the best performance in 

synthetic E.coli solution was further used for the removal of coliform and E.coli bacteria from 

a real water sample. The possible presence of bacteria in real water samples was determined 

by conducting various biochemical tests. 
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4.2 Materials and methods 

For the present study, activated carbon synthesized from Tithonia diversifolia was used. The 

detailed preparation procedure and characterisation of the activated carbon have already been 

discussed in chapter 4. The present study utilized the 2TAK700 activated carbon, where TAK 

stands for Tithonia diversifolia, KOH activated carbon, 2 corresponds to the 2:1 impregnation 

ratio of KOH/char and 700 is the activation temperature at 700ºC. The 2TAK700 activated 

carbon possessed the highest surface area and pore volume, and since these properties have a 

direct relationship with the overall adsorption capacity, the 2TAK700 activated carbon was 

chosen for the removal of bacteria from water in this study. 

The removal of bacteria was studied by constructing biofilter columns using the activated 

carbon along with supporting media. Different microbiological media such as nutrient agar 

media, brilliant green bile salt media, single and double strength lactose broth etc were used 

for the bacteriological studies. All the chemicals and reagents were purchased from Hi-media, 

India. The detailed experimental procedures are discussed below. 

4.2.1 Collection and preparation of supporting media for biofilter column. 

Sand, brick and pebbles were used as the supporting media for the biofilter column and were 

collected from local sources. The sand was sieved to remove the coarse particles while the 

brick and pebbles were ground manually into smaller pieces. The materials were then washed 

in deionised water, dried in an oven at 110ºC overnight and autoclaved at 121ºC, 100kPa for 

15 minutes. All the materials were further stored in sterile containers before using for column 

experiments. 

4.2.2 Construction of biofilter column 

Altogether, six types of biofilter columns were constructed, namely sand-activated carbon-

sand (SAS), brick-activated carbon-brick (BAB), pebble-activated carbon-pebble (PAP), 

pristine sand (PS), pristine pebble (PP) and pristine brick (PB) biofilter column.  

All the biofilter columns were constructed using glass chromatography columns of 30cm 

length and 2cm diameter. Each SAS biofilter column was first prepared by filling the column 

with 2g of sand followed by sequential addition of 0.5g of activated carbon and 2g of sand 

giving rise to an overall bed height of 5cm. The packing materials were tapped manually after 

the addition of each layer and compacted gently using a glass rod to prevent any air 

entrapment. A small layer of cotton was packed at the bottom of the column to prevent the 

materials from eluting out of the column. The column was conditioned by passing 100ml of 
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phosphate buffer solution (PBS) before passing the bacterial suspension dispersed in the same 

sterile saline solution.  

Similarly, the BAB biofilter column was prepared by the sequential addition of 0.2g brick, 

0.5g activated carbon and 0.2g brick resulting in a bed height of 4.5 cm.  The PAP biofilter 

column was also loaded in the same manner with 0.2g pebbles, 0.5g activated carbon and 0.2g 

pebbles with an overall bed height of 4.5 cm. Further, the PS, PB and PP biofilter columns 

were constructed and each of the columns was loaded with 4g sand, brick and pebble 

respectively. The experimental set up of the columns, PS, PP, PB, SAS, BAB, PAP biofilter 

columns is shown in Figure 4.1. 

 

Fig..Experimental set up of a) sand b) brick c) pebble d) pebble-biochar-pebble e) brick-

biochar-brick and f) sand-biochar-sand column for removal of bacterial pathogens 

 

 

 

Figure 4.1 Experimental set up of (a) PS (b) PB (c) PP (d) PAP (e) BAB and (f) SAS column for 

removal of bacterial pathogens 

 

4.2.3 Preparation of bacteria solution 

Pure cultures of Escherichia coli (MTCC 40) were grown in nutrient broth and incubated at 

37ºC for 24 hours. Then the bacterial cells were harvested by centrifugation at 3000rpm for 

15 minutes. The cells were washed three times with sterile phosphate-buffered solution and 

resuspended in PBS to produce a cell count of approximately 1x 108 CFU/mL. The initial 

estimation of cell count was done using a UV-VIS spectrophotometer (lambda 35, Perkin 

Elmer) at a wavelength of 600 nm. The absorbance value of approximately 0.1 corresponded 
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to 108 CFU/mL (0.5 Mc Farlands Standard). The initial viable bacterial cells were also 

measured by plating out various dilutions of the stock solution and counting the colony. The 

colony-forming units (CFU/mL) was calculated by using the formula 

CFU/mL =                                                                                 (4.1)                

4.2.4 Removal experiment of E.coli by biofilter columns 

The removal of E.coli by the biofilter columns was performed by allowing a known quantity 

of E.coli solution to flow down the columns at an initial filtration rate of 1mL/min. Initially, 

30 ml of known E.coli solution (1x108CFU/mL) was fed into the column, followed by 

continuous addition of the bacterial solution up to 100 mL. The effluent was collected and the 

bacterial concentration was measured by the standard plate count method. All the experiments 

were run in triplicates and the mean value was recorded. The log reduction of the bacteria by 

each filter column was determined using the equation 

                                                                                           (4.2) 

where N and No are the final and initial bacterial concentration in CFU/ml respectively.  

In another experiment, glass columns were loaded with fresh packing materials and used to 

generate the breakthrough curve. Breakthrough curves refer to the variation of the adsorbate 

concentration in the column effluent over time. It is obtained by plotting C/C0 versus time 

(time taken to run the column), where C is the inlet concentration and C0 is the outlet 

concentration. The plot is useful to determine the breakthrough time of the column i.e., the 

time at which the adsorbate reaches the end of the column and leaves with the effluent. It is an 

essential tool to determine the lifespan of the column.  

The experiments were conducted by allowing the influent to run through the column in two 

successive phases. In the first phase, 100mL of E.coli solution was allowed to run through the 

column, while in the second phase, 100mL of free E.coli free solution was fed into the 

column. The E.coli concentrations in the effluent were measured every 5 minutes interval and 

the breakthrough curve was plotted.  

4.2.5 Real water sample analysis 

The performance of the biofilter column in a real-case scenario was determined by running a 

real water sample through the biofilter column. Among all the biofilter columns, the column 

with the optimum removal efficiency for synthetic E.coli solution was used for the real water 



Chapter 4                                                         Removal of total coliform and Escherichia coli bacteria 

124 

 

analysis. The water sample was collected from a shallow well, located near a domestic 

wastewater drain at Mokokchung, Nagaland. An image of the collection site is given in Figure 

4.2. The water samples were collected in sterilized sampling bottles and immediately stored in 

a chilled insulation container to prevent bacteria overgrowth. The samples were analyzed 

within 1 hour of collection and the possible presence of total heterotrophic, coliform and 

E.coli bacteria in the water sample was determined.  Conventional plate count method and 

Multiple tube fermentation technique were used to determine the bacterial concentration. 

After the determination of bacteria in the water sample, the sample was allowed to run 

through the biofilter column and the efficiency of the column in the real water environment 

was determined. The detailed experimental procedures are discussed below. 

 

Figure 4.2 Wastewater collection site 

4.2.5.1 Determination of total heterotrophic bacteria  

The heterotrophic group of bacteria encompasses all the bacteria that are capable of growing 

in an organic carbon-rich medium [33]. Colony counts of heterotrophic bacteria are referred 

to as heterotrophic plate count (HPC), standard plate count (SPC), aerobic plate count (APC) 

or total plate count (TPC). The total heterotrophic bacteria plate count (HPC) was done using 

the pour plate technique to assess the general bacterial content of water. For this, 0.1 mL of 

each of the water sample was placed in two different sterile Petri dishes. Then, 20 ml of 

molten cooled agar was poured into each plate, mixed well and the agar was allowed to 

solidify. One plate was incubated at 22°C and the other at 37°C for 48 hours. After 
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incubation, the number of colonies formed in both the plates was counted, and the average 

was reported as CFU/mL of the water sample 

4.2.5.2 Determination of total coliform and E.coli bacteria 

Total coliform refers to a large group of Gram-negative, non-spore-forming, rod-shaped 

bacteria capable of growing at 35-37°C and ferments lactose with the production of acid and 

gas [34]. They are present in the faeces of warm-blooded animals/humans and also in the 

environment (soil and vegetation). Therefore, the presence of coliform in water may not 

necessarily indicate faecal contamination, as it can also be caused by the entry of soil or 

organic matter into the water or by conditions suitable for the growth of other types of 

coliform. As a result, it is often necessary to undertake further testing to confirm the presence 

of coliform bacteria that are specific to the faecal origin.  

E.coli is a subset of coliform bacteria that exist in the intestinal tract and faeces of warm-

blooded animals. It can grow at 44-45°C and ferments lactose with the production of acid and 

gas[35]. It is found in abundance in the faeces of animals and humans, and the presence of 

E.coli in the water sample is definitive proof of faecal contamination. Therefore, testings were 

done to confirm the presence of E.coli in water, which would indicate recent faecal 

contamination. 

Multiple tube fermentation (MTF) technique was used to determine the presence of coliform 

and E.coli bacteria in water [36]. The presence of the bacteria in the water sample is indicated 

by the production of either gas or acid and turbidity in the culture medium.  The results of the 

MTF are reported in terms of the most probable number (MPN). This number is a statistical 

estimate of the mean number of coliforms/E.coli present in the water sample.  

Test for total coliform bacteria 

For this study, 5 test tubes containing 10 mL double-strength lactose broth and 10 test tubes 

containing 10 mL single strength lactose broth were taken and Durham tubes in an inverted 

position were added to all the test tubes without the formation of air bubbles. The test tubes 

were sterilized by autoclaving at 15 lbs pressure for 15 minutes. Further, using a sterile 

pipette, 10 mL of water sample was added to the 5 tubes containing double strength lactose 

broth (Set A), 1 mL of water sample to 5 tubes containing single strength lactose broth (Set B) 

and 0.1 mL to the remaining 5 tubes of single strength lactose broth (Set C). All the test tubes 

were then incubated at 37ºC for 48 hours. After incubation, gas and acid production in 

Durham’s tubes was observed. The presence of gas is detected as air bubbles collected inside 

the inverted Durham tube and the presence of acid is indicated by the colour change of the 
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medium.  The tubes showing both colour change and gas production were recorded as 

positive tubes, while the tubes without any gas production were recorded as negative and 

were discarded. The number of total coliform bacteria was determined by counting the 

number of positive tubes in each set and comparing the pattern of positive results with 

standard statistical Mc Cardy, MPN table for five-tube dilution. 

Test for E.coli 

For the test of E.coli, 3 sets of test tubes set 1, set 2 and set 3,  each containing the number of 

tubes equal to the positive tube of set A, set B and set C respectively were taken and Durham 

tubes were added to all the tubes. Further, 10 mL of brilliant green bile lactose broth was 

added to all the tubes and 1 ml of the sample from each positive tubes of set A, B and C were 

inoculated in respected tubes of set 1, 2 and 3. After incubation of the test tubes at 44 ºC for 

24 hours, the number of E.coli was determined by using the MPN table. 

4.2.5.3 Biochemical identification of coliform and E.coli bacteria 

Biochemical tests were done to further confirm and identify the coliform and E.coli bacteria 

present in the water sample. The water samples were collected in sterilized glass bottles and a 

volume of 0.1 mL water sample was spread on nutrient agar medium and incubated at 37ºC 

for 48 hours. After incubation, the mixed bacterial colonies formed on the agar plates were 

streaked and re-streaked on fresh agar plates to obtain discrete bacterial colonies/pure 

cultures. For pure culture, bacterial incubation was carried out at 37ºC for 24 hours. The 

isolates were further subjected to various biochemical tests to identify and confirm the 

isolates as either coliform or non-coliform bacteria. The biochemical tests were carried out 

following standard procedures for water analysis, section 9225A (APHA, 1995)[36] and the 

results were analysed as per standard protocol [37-39]. The various biochemical tests 

conducted are listed in Table 4.1 and the detailed experimental procedures are discussed 

below. 

Table 4.1 Biochemical tests and their uses 

Biochemical Tests  Uses   

Gram staining  To differentiate isolates into gram-positive and gram-negative bacteria 

Oxidase test To identify isolates that produce the enzyme cytochrome oxidase 

Catalase test  To identify isolates that produce the enzyme catalase 

Motility Test To determine the motile nature of the isolates 

Triple sugar iron test To determine the ability of the isolates to ferment sugars (glucose, sucrose, dextrose) 

and their ability to produce hydrogen sulphide gas 

IMViC tests To identify isolates in the coliform group 
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Gram staining  

The coliform and E.coli bacteria refer to a broad group of gram-negative rod-shaped bacteria. 

Therefore, gram staining test was done to differentiate the isolates into coliform (gram-

negative) and non-coliform (gram-positive) bacteria. The isolates were mounted on a glass 

slide and flooded with crystal violet. Bacterial smear for gram staining was prepared by 

placing a drop of water with the help of a sterilized dropper on a sterilized slide. Then, 18-24 

hours old bacteria isolates were transferred to the slide with a heat-sterilized loop and spread 

by circular motion using an inoculating loop. The smear was allowed to air-dry and heat-fixed 

by passing the slide through the Bunsen burner flame. The smear was flooded with crystal 

violet and allowed to stand for 1 minute. The stained slide was washed gently with distilled 

water followed by flooding with gram’s iodine mordant. The slide was allowed to stand for 1 

minute and washed with distilled water. This was followed by decolourizing where 95% of 

ethyl alcohol was added until the slide showed only a blue tinge. The decolourization step was 

followed by counterstaining with safranin for 0.45 minutes after washing the slide with 

distilled water. Excess safranin was washed with distilled water and the slide was dried with 

blotting paper. The slide was examined under a microscope at a resolution of 100X after 

adding a drop of oil immersion. The Gram-positive bacteria will appear violet under the 

microscope since they will retain the primary stain (crystal violet) and iodine complex. While 

gram-negative bacteria will appear pink as they will lose crystal violet and iodine complex 

upon alcohol washing and retain the pink colouration of safranin counterstain.  

Oxidase test 

Oxidase test is used to determine the ability of the bacteria to produce the cytochrome oxidase 

enzyme. For the test, oxidase disc containing tetramethyl-p-phenylenediamine 

dihydrochloride (TMPD) was soaked in sterilized water and transferred to a sterilized slide. 

Bacterial isolates from the nutrient broth were then transferred into the disc with the help of a 

sterilized inoculation loop. The presence of oxidase enzyme is evident by the rapid 

development of purple colour on the disc which is caused by the oxidation of test reagent by 

the enzyme, whereas no colour change is observed for a negative test. Coliforms and E.coli 

give negative results for oxidase test. 

Catalase test  

Catalase tests are done to identify bacteria that produce the enzyme catalase, an enzyme that 

catalyses the release of oxygen from hydrogen peroxide (H2O2). Coliform and E.coli bacteria 

usually show positive results for the catalase test. In order to perform the experiment, a 
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loopful of 24 old bacteria isolates from the nutrient broth were transferred to a sterilized slide. 

To this, a drop of 3% H2O2 was added and mixed using the loop. The occurrence of 

effervescence caused by the rapid release of oxygen from H2O2 indicated catalase activity of 

the bacteria. 

Motility Test 

This test was carried out to determine the motile nature of the bacteria. SIM medium 

(Sulphide Indole Motility medium) was prepared according to the manufacturer’s instruction. 

Before autoclaving the medium, triphenyl tetrazolium chloride (0.5g/l) was added to enhance 

the visibility of bacterial growth. Bacterial isolates were inoculated on agar tubes by stabbing 

the agar with a needle in one straight line through the centre of the medium and the tubes 

were incubated at 37 ºC for 24 hours. The results were recorded as positive if the medium 

turned red along with an outward projection of the bacterial growth from the inoculation line. 

The negative results were determined by the confinement of the bacterial growth only to the 

inoculation line. 

Triple sugar iron test 

Triple sugar iron test is used to determine the ability of the bacteria to ferment sugars 

(glucose, sucrose, dextrose) and their ability to produce hydrogen sulphide gas. For the given 

test, the bacteria isolates were inoculated in slant triple sugar iron agar (TSIA) by first 

stabbing through the centre of the medium with the help of a straight needle and then 

streaking on the surface of the TSIA slant. The slant was further incubated at 37°C for 24 

hours. After the incubation, the colour change, blackening and cracks in the agar slant were 

examined. The change in TSIA slant colour from orange-red to yellow indicates the 

production of acid as a result of the fermentation process, while the production of H2S is 

indicated by the blackening of the butt of the media.  Some bacteria also produce gas 

identified by the cracks in the media. E. coli is identified by acidic slant/acidic butt(A/A) i.e., 

yellow/yellow, gas positive and H2S negative. Likewise, other coliform bacteria are also 

identified by interpreting their test result.  

IMViC tests 

The IMViC tests are the most useful and important biochemical tests to identify bacteria in 

the coliform group. These include four different tests and the term IMViC is an acronym that 

stands for each of the tests. ‘I’ is for Indole test, ‘M’ is for Methyl red test, ‘V’ is for Voges 

Proskauer test, lowercase ‘i’ is added for the ease of pronunciation and ‘C’ is for citrate 
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utilization test. The members of the coliform are differentiated into individual species 

depending on the IMViC test result. For e.g., E.coli yields ‘+ + - -’ result with respect to the 

IMViC test and Enterobacter sp., yields ‘ - - + +’ result to the IMViC test. Similarly, other 

coliform species are identified according to their IMViC test result pattern. The detailed tests 

procedures are discussed below: 

Indole test 

Each isolate was inoculated in 5 ml of tryptone-water broth and incubated at 37 ºC for 24 

hours. Following incubation, 0.5 ml of Kovac’s reagent was added to the bacterial broth. 

Culture tubes with a cherry-red ring on the surface of the bacterial broth indicated a positive 

reaction while tubes without colour development on the surface of the bacterial broth 

indicated a negative reaction. 

Methyl Red (MR) - Voges Proskauer (VP) test. 

For the MR test, a loopful of the isolate was transferred into a 10 ml MR-VP broth (glucose 

phosphate broth) and incubated at 37 ºC for 48 hours. Following incubation, 3-5 drops of 

methyl red indicator was added to the bacterial broth. Colour change in the upper layer of the 

broth from yellow to red was recorded in positive isolates while methyl red negative bacteria 

and control tubes were detected based on no colour change of the culture broth.  

For the VP test, a loopful of the isolate was transferred into a 10 ml MR-VP broth (glucose 

phosphate broth) and incubated at 37ºC for 48 hours. Following incubation, Barritt’s reagent 

A and Barritt’s reagent B were added to the bacterial broth. The test tube was shaken for 3 

minutes, allowed to stand at room temperature for 15 minutes. Colour change to pink was 

recorded in test tubes with positive isolates while no change in colour was observed in VP 

negative and control tube. 

Citrate utilization test 

The Simmon-citrate medium was prepared according to the manufacturer’s instructions. The 

isolate was streaked in Simmon-citrate agar tubes. Incubation was carried out at 37ºC for 48-

72 hours. Test tubes were recorded for colour change of the medium from deep forest green to 

a Prussian blue colour. The control tube was maintained without bacterial isolates. 

4.2.5.4 Removal of total coliform and E.coli from real water sample 

The removal of total coliform and E.coli from real water sample was studied using the 

biofilter column that showed the optimum removal efficiency for synthetic E.coli solution. 

For this study, 100 mL of real water sample was allowed to run through the column and the 
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effluent was collected in a sterilized glass bottle. The total coliform and E.coli concentrations 

in the effluent (treated water) were further determined following the same multiple tube 

fermentation technique used for untreated water.  

4.3 Results and discussion 

4.3.1 Removal of synthetic E.coli solution by biofilter column with different supporting 

media 

The removal of E.coli each by SAS, PAB and BAB column was studied by passing 100 ml of 

approximately 108 CFU/ml of bacterial suspension through the column. The column was 

gravity-driven and maintained a flow rate of 1ml/min. The removal efficiency of the 

supporting material i.e. plain sand, brick and pebbles were also evaluated by allowing the 

bacterial suspension to pass through columns consisting solely of these materials. As seen 

from Figure 4.3, the columns packed with only the supporting material i.e PB, PP and PS 

showed low log reduction of 0.77±0.17, 0.04±0.03 and 0.27±0.22 respectively. However, the 

biofilter columns amended with the activated carbon i.e., BAB, SAS and PEB achieved high 

log reduction of 4.45±0.57, 3.94±0.49 and 3.38±0.90 respectively. Significant differences in 

the log reduction capacity were observed between the biofilter column amended with 

activated carbon and the column with only the pure supporting media. The high log reduction 

of E.coli by the activated carbon amended column may be due to the large surface area and 

porous nature of activated carbon which may have facilitated the attachment of E.coli and 

thereby,  preventing their elution from the filter media[40]. Besides, multifunctional groups 

present on the surface of the activated carbon may also have increased the adsorption of 

negatively charged E.coli onto the activated carbon surface[41]. 

 
Figure 4.3 Log reduction of E.coli (CFU/mL) by different biofilter column (PS-pristine sand, SAS-

sand/activated carbon/sand, PB-pristine brick, BAB- brick/activated carbon/brick, PP-pristine pebbles, PAP- 

pebbles/activated carbon/ pebbles).  Error bars represent the standard deviation of average results of triplicate 

experiments 
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Among the activated carbon amended biofilter columns, the BAB column removed more 

E.coli than the PAP and SAS biofilters. The high removal rate of the BAB column may be 

attributed to the combined adsorption effect of the activated carbon and brick powder. Figure 

4.4 represents the SEM image of brick, pebbles and sand, and it is observed that the brick 

powder has a higher porous network as compared to pebbles and sand. Thus, in addition to the 

large surface area, high porosity and multifunctional groups present in activated carbon, the 

higher porosity of brick powder may have facilitated the trapping of E.coli. Moreover, the 

EDX analysis (Figure 4.5) of brick, sand and pebbles revealed the presence of a higher 

percentage of crystalline minerals such as Ca2+, Mg2+, Al3+ etc in brick. The presence of such 

positively charged ions may have further facilitated the overall attachment of the negatively 

charged E.coli [42], thereby increasing the removal efficiency. 

  

 

  
Figure 4.4 SEM image of (a) Brick (b) Sand and (c) Pebbles 
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Breakthrough analysis 

Figure 4.6 represents the breakthrough curve of E.coli using different biofilter columns. All 

the breakthrough curves followed a similar pattern consisting of a rising limb, a plateau phase 

and a declining limb. The biofilter columns PS, PP and PB with only the supporting media 

resulted in early E.coli  breakthrough at 15, 5 and 30 minutes respectively. However, the 

E.coli breakthrough in biofilter columns with the activated carbon i.e., SAS, BAB and PAP 

biofilter columns were observed only after 55, 60 and 55 minutes respectively. It is apparent 

that the presence of activated carbon in the SAS, BAB and PAP biofilter columns 

significantly improved the overall biofilter column efficiency. As seen from Figure 4.6, the 

C/C0 ratio in the PP and PS plateau phase was similar at  ̴ 0.9 while that of PB was at  ̴ 0.7. 

 
 

 
 

 
 

Figure 4.5 EDX of (a) Brick (b) Sand and (c) Pebbles 
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However, the C/C0 ratios in the plateau phase for the biofilter columns with the activated 

carbon was only around 0.1, indicating that the E.coli colony in the effluent remained less 

than 10% even after the breakthrough point for BAB, PAP and SAS column.  

 
Figure 4.6 Breakthrough curve of E.coli using different biofilter column 

Adsorption exhaustion rate (AER) was further used to comparatively study the performance 

of the various columns. It is defined as the mass of adsorbent deactivated per volume of water 

treated at the breakthrough point and is calculated by using the following equation[43], 

 

The AER value is used as a performance indicator, and a smaller AER value signifies a better 

performance of the biofilter columns. From the calculated AER value given in Table 4.2 it is 

observed that the BAB exhibited the lowest AER value among all the biofilter columns, 

indicating that BAB is more efficient in immobilising the E.coli. Based on the calculated AER 

values, the performance of the columns follow the order; 

BAB > SAS > PAP > PB > PS > PP 

Table 4.2 AER value of biofilter columns 

Column AER value(g/L) 

PP 0.8 

PS 0.22 

PB 0.13 

PAP 0.08 

SAS 0.07 

BAB 0.06 

 

4.3.2 Real water analysis 

The practical applicability of the BAB biofilter column was further evaluated using real water 

sample. The water sample was collected and tested for total heterotrophic bacteria, total 
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coliform bacteria and E.coli. After confirming the presence of bacteria in the collected water 

sample, it was allowed to run through the BAB column. The bacterial concentration in the 

effluent was further evaluated and the removal efficiency of the BAB column was 

determined.  

The total heterotrophic bacteria of the collected water sample determined by the pour plate 

technique was found to be around 103 CFU/mL. After the confirmation of general bacterial 

load by HPC, the total coliform bacteria in the water sample was estimated. The multiple tube 

fermentation experiment carried out in lactose broth indicated the presence of coliform 

bacteria in the water sample. The positive results were indicated by the formation of bubbles 

inside the Durham tubes and the colour change of media as shown in Figure 4.7. All the 5 

tubes each of set A, set B and set C were tested positive. Thus, the MPN value for (5,5,4) 

positive tubes was 1600, which indicated that the water sample contained around 1600 

coliforms per 100 mL of the sample. Similarly, from the multiple tube fermentation 

experiment for E.coli  using brilliant green lactose broth, it was observed that all the 5 tubes 

of set 1 and set 2 showed positive results, whereas, 3 tubes out of the four tubes were tested 

positive for set 3. Thus the MPN value for (5,5,3) positive tubes was 920 i.e., the water 

sample contained an estimated 920 E.coli colonies per 100 ml of the water sample. 

 

 

(a) 

 

 

(b) 

Figure 4.7 Multiple tube fermentation test for (a) total coliform bacteria in lactose broth (b) E.coli in 

brilliant green bile lactose broth 

After the confirmation of bacterial activity in the collected water sample, 50 ml of the sample 

was allowed to run through the BAB column and the HPC, total coliform count and E.coli 

concentration in the effluent were determined. The results showed a significant reduction in 

the bacterial concentrations after passing through the BAB column. Table 4.3 presents the 

heterotrophic plate count in treated and untreated water, while Table 4.4 presents the MPN 

value and the combination of positive tubes for E.coli and other coliforms. It was observed 
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that the heterotrophic plate count in the effluent was 20 CFU/mL, resulting in a 98% 

reduction of HPC after the filtration process. The total coliform count also decreased 

considerably from 1600 MPN/100 mL to 9 MPN/100 mL, indicating 99.4% removal 

efficiency. Similarly, the initial E.coli count of 920 MPN/100mL decreased to 9 MPN/100 

mL after running through the column, resulting in 99.8% removal efficiency. 

Table 4.3 Heterotrophic plate count for treated and untreated water 
HPC in Untreated water HPC in Treated water Removal percentage(%) 

103 CFU/mL 20 CFU/mL 98% 

 

Table 4.4 Total coliform and E.coli bacteria count for treated and untreated water 
 Untreated water  Treated water  

Bacteria Combination of 

positive tubes 

MPN/100 mL  Combination of 

positive tubes 

MPN/100mL Removal 

percentage 

(%) 

Total coliform 

count 

5-5-4 1600  2-1-1 9 99.4% 

E.coli 5-5-3 920  1-0-0 2 99.8% 

4.3.3 Biochemical identification E.coli bacteria 

Although the enumeration of E.coli and total coliform is done by standard methods such as 

multiple tube fermentation technique, an additional biochemical test is often recommended to 

identify the isolates as E.coli bacteria (WHO, 1993) [44]. Therefore, the pure isolates cultured 

from the collected water sample were subjected to various biochemical tests for the 

confirmation and identification of the isolates as E.coli and other coliform bacteria or non-

coliform bacteria.  

Altogether, 12 bacteria isolates were isolated from the mixed culture based on their colony 

and morphological characteristics. Figure 4.8 represent some of the bacteria isolates.  

 

Figure 4.8 (a) Mixed culture of bacteria in the water sample and Pure culture of (b) Isolate 1 (c) 

Isolate 6 (d) Isolate 9 

Depending on the biochemical characters, 9 isolates were identified as coliform bacteria while 

the remaining 3 isolates were identified as non-coliform bacteria. The test results are given in 

Table 4.5. Among the coliform isolates, isolate 1, isolate 4 and isolate 12 were identified as 
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E.coli, given by their gram-negative character, catalase-positive, motile nature, hydrogen 

sulphide negative, triple sugar iron negative and IMViC pattern “ + + - - ” [45]. Besides, other 

coliform genera such a Klebsiella, Enterobacter, and Citrobacter were also identified by their 

biochemical characters. Biochemical properties of the isolates thus clearly confirmed the 

presence of E.coli and other coliform species in the water sample. The interpretations of the 

biochemical tests are given in Figure 4.9. 

 

 

 

 

 

 

 

 

 

 

 

Table 4.5 Test result of biochemical tests 

Isolate 

No. 

Gram 

character 

Catalase Oxidase Motility Indole 

production 

Methyl 

red 

Voges 

Proskauer 

Citrate 

utilization 

Triple 

sugar 

iron 

Bacterial 

group 

Isolate 

1 

-ve, Rod  + - + + + - - A/A 

Gas 

Coliform-

Ecoli . 

Isolate 

2 

-ve, Rod + - - - - + + A/A 

gas 

Coliform-

Klebsiella sp. 

Isolate 

3 

-ve, Rod  + - + - - + + A/A 

gas 

Coliform-

Enterobacter 

sp. 

Isolate 

4 

-ve, Rod + - + + + - - A/A 

gas 

Coliform-

E.coli. 

Isolate 

5 

+ve, Rod + + + - - + + K/K Non-coliform 

Isolate 

6 

+ve, Rod + + - - - + - K/K Non-coliform 

Isolate 

7 

+ve, Rod + - + - + + + A/K 

+H2S 

Non-coliform 

Isolate 

8 

-ve, Rod + - + + + - - A/A Coliform – 

E.coli sp. 

Isolate 

9 

-ve, Rod + - + - - + + A/A 

gas 

Coliform 

Enterobacter 

sp. 

Isolate 

10 

-ve, Rod + - + - + - + A/A 

gas 

+H2S 

Coliform 

Citrobacter 

sp. 

Isolate 

11 

-ve, Rod + - + - - + + A/A 

gas 

Coliform-

Enterobacter 

sp. 

Isolate 

12 

-ve, Rod + - + + + - - A/A 

gas 

Coliform- 

E.coli  
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(a) 

 

 

 

 

 

 

              
           (b) 

 

                 Positive: Copious bubbles produced 

                 Negative: No bubble produced 

 

 
                              (c) 

   

  Non-motile: Intact straight stab line 

  Motile: Original stab line diffuse out into     

                the medium 

 

  
(d) 

Alkaline /Alkaline (K/K) i.e., Red slant /Red butt = glucose, lactose and sucrose non-

fermenter 

Alkaline /Acidic (K/A) i.e., Red slant /Yellow butt = glucose fermentation only 

Acidic /Acidic (A/A) i.e., Yellow slant/Yellow butt = glucose, lactose and/or sucrose 

fermenter gas 

Acidic/Alkaline (A/K) i.e., Yellow slant/ Red butt = glucose oxidation 

Blackening of the medium: Occurs in the presence of H2S 

Gas production: Bubbles or cracks in the indicate the production of gas ( formation of CO2 

and H2) 
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4.4 Conclusion 

In this study, a simple and efficient activated carbon biofilter column was developed for the 

treatment of bacteria-contaminated water. The biofilter columns amended with activated 

carbon i.e., BAB, SAS and PAP achieved a high removal efficiency of E.coli from aqueous 

solution. BAB, SAS and PAP showed high log reduction of E.coli corresponding to 

4.45±0.57, 3.94±0.49 and 3.38±0.90 respectively, while the biofilter columns consisting of 

only the supporting media i.e., PB, PP and PS attained a very low log reduction of 0.77±0.17, 

0.04±0.03 and 0.27±0.22 respectively. Further, the E.coli breakthrough in the biofilter column 

           
      (e)  

                Positive: Formation of a cherry-red ring on 

                top of the medium after addition of Kovac’s 

                reagent 

                Negative: No colour change observed after 

                addition of Kovac’s reagent 

 
                           (f) 

Positive: Colour change from yellow to 

orange 

Negative: No colour change observed 

 

             
           (g) 

    Positive: Pink-red colour at the surface 

    Negative: Lack of pink-red colour 

  

 
                           (h) 

Positive: Colour change of the medium from 

deep forest green to a Prussian blue colour 

Negative: No colour change. 

 

Figure 4.9 Result interpretation of biochemical tests (a) Gram character (b) catalase test (c) 

Motility (d) Triple sugar iron (e) Indole (f) Methyl red (g) Voges Proskauer and (h) Citrate 

utilization test 
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with only the supporting media was observed in the first 15 minutes. However, the E.coli 

breakthrough in biofilter columns with the activated carbon was observed at a much later 

stage i.e only after 55 minutes. These results indicated that the presence of activated carbon 

significantly improved the overall performance of the biofilter columns. Among all the 

biofilter columns, BAB attained the highest removal efficiency of E.coli from aqueous 

solution. This proves the higher effectiveness of brick powder as a supporting medium 

compared to sand and pebbles. Further, the BAB column could remove 98% total 

heterotrophic bacteria, 99.4% total coliform and 99.8 % E.coli from a real water sample, 

indicating the applicability of the BAB column in the real world scenario.  
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CHAPTER 5 

 

 

REMOVAL OF 4-NITROPHENOL USING ACTIVATED CARBON 

SYNTHESIZED FROM RAVENNA GRASS1 

This chapter deals with the utilisation of activated carbon synthesized from Ravenna 

grass biomass for the removal of 4-Nitrophenol from an aqueous solution. The 

activated carbon was prepared using a two-step chemical activation process. The effect 

of varying molar concentrations of the activating agent on the textural properties of the 

activated carbon was also studied. The synthesized carbon was characterized using 

BET surface area analyser, SEM, FTIR, XRD and TGA. The removal efficiency of the 

activated carbon for 4-Nitrophenol was determined by batch adsorption test. 

Adsorption isotherms, adsorption kinetics and thermodynamics studies were 

investigated to understand the adsorption behaviour. Further, Density functional theory 

(DFT) calculations were performed at the B3LYP level to gain an insight into the 

adsorption mechanism. Cost analysis of the prepared carbon was also done to 

determine its economic viability. 

 
1The text of this chapter has been published as; A. Supong, P.C. Bhomick, U.B. Sinha, D. Sinha. A 

combined experimental and theoretical investigation of the adsorption of 4-Nitrophenol on 

activated biocarbon using DFT method. Korean Journal of Chemical Engineering. 36, 2023–2034 

(2019). https://doi.org/10.1007/s11814-019-0382-z 
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5.1 Introduction1 

The contamination of water resources with various undesirable compounds and its 

remediation is one of the greatest challenges being faced in recent years. Phenolic compounds 

constitute a major group of hazardous pollutant, and among them, 4-Nitrophenol is considered 

as one of the priority pollutants since its presence in even minute concentrations can bring 

serious harm to human beings, animals and aquatic systems [1]. The main cause of pollution 

by 4-nitrophenol in waterbodies is the untreated effluent discharged from different types of 

industries such as oil refineries, pharmaceuticals, textiles, steel mills, petrochemicals, 

plywood industries, insecticides production units, coke processing units, resin plants, pulp and 

paper industries, among others[2]. Human contact with 4-Nitrophenol can leave acute as well 

as chronic impacts such as vomiting, sore throat,  damage to kidney, liver and gastrointestinal 

tract, difficulty in swallowing, skin and eyes irritation, cardiovascular diseases, protein 

degeneration, central nervous system disorder, salivation, anorexia, fainting, tissue erosion, 

muscle weakening, vertigo etc [3–6]. Therefore, the development of simple, yet efficient 

wastewater treatment techniques is required to eliminate this recalcitrant chemical from 

wastewater and in this regard, several conventional and advanced technologies have been 

adopted over the years for the safe treatment of wastewater containing 4-Nitrophenol. These 

include adsorption and extraction[7,8] distillation[9,10], membrane processes[11,12], 

electrochemical oxidation[13,14], chemical oxidation[15,16], advanced oxidation process[17–

20], biological treatment[21,22] and enzymatic treatment [23,24]. Among all the available 

methods, adsorption using activated carbon remains one of the best choices because of its 

efficiency and ability to remove not only one but all types of phenolic compounds from 

wastewater. The multifaceted characteristics of activated carbon such as high surface area, 

good thermal stability, large pore volume, abundant surface functional groups, lack of 

production of secondary by-products, simple design and easy operation make them one of the 

most prolific adsorbents.  

In the present work, therefore, the removal of 4-nitrophenol from water was carried out using 

activated carbon prepared from Ravenna grass biomass. The utilization of biomass resources 

for synthesizing activated carbon provides a promising alternative to commercial activated 

carbon, with several advantages such as cost-effectiveness, availability, renewability and 

 
1 The text of this chapter has been published as; A. Supong, P.C. Bhomick, U.B. Sinha, D. Sinha. A 

combined experimental and theoretical investigation of the adsorption of 4-Nitrophenol on 

activated biocarbon using DFT method. Korean Journal of Chemical Engineering. 36, 2023–2034 

(2019). https://doi.org/10.1007/s11814-019-0382-z 
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ecological suitability. For the preparation of activated carbon, a two-step activation process 

was followed, using potassium hydroxide as the activating agent. It is an established fact that 

the textural characteristics of activated carbon such as surface area and pore volume are 

known to have a large influence on the adsorption efficiency of activated carbon, and the 

present work thus aims at enhancing the surface area and pore volume of the activating carbon 

by varying the molar concentration of KOH. Several analytical techniques were used to 

examine the surface characteristics of the prepared activated carbon. Thereafter, application of 

the prepared activated carbon with the best textural characteristics was explored for the 

removal of 4-nitrophenol from an aqueous medium. Adsorption isotherm, kinetics and 

thermodynamic studies were also investigated. Also, theoretical calculations using DFT were 

employed to understand the possible interactions taking place between 4-Nitrophenol and the 

activated carbon surface during the adsorption process. 

5.2. Materials and Method 

5.2.1. Ravenna grass activated biocarbon preparation 

The raw material Ravenna grass was collected locally (26º16'23"N| 94 º 27' 55."E). The whole 

part of the plant was used for the production of activated biocarbon. The biomass was washed 

and placed in an oven at 110ºC for 12 hours. The dried biomass was carbonized at a 

temperature of 400 ºC for 1 hour, and the obtained char was further ground into a uniform fine 

powder. The powdered char was further subjected to chemical activation using KOH as the 

activating agent. For chemical activation, 20g of the powdered char was added to beakers 

containing 250ml of potassium hydroxide solution (KOH) of varying molar concentrations 

(1M to 3M) and the contents were magnetically stirred at 600rpm for 3 hours at room 

temperature. The contents were then allowed to dry in an oven at 110 ºC, and subsequently, 

the KOH impregnated char was activated at 700 ºC for 1 hour using a muffle furnace at 10 ºC 

min-1 heat flow rate. The sample was then rinsed with 0.1M HCl and deionized water to attain 

a neutral pH and dried at 105 ºC to obtain the Ravenna grass activated carbon. The Ravenna 

grass activated carbon prepared using 1M, 2M and 3M KOH concentrations at 700ºC were 

labelled as 1M RAC, 2M RAC and 3M RAC respectively and stored in air-tight containers for 

further use. 

5.2.2 Characterization of Ravenna grass activated biocarbon 

The physicochemical features of Ravenna grass activated carbon was characterized by using 

different analytical techniques.  The surface area and pore volume were examined by 

Brunauer, Emmet and Teller (BET) analyser (Smart instrument, SS93/02). SEM analyses 
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were performed with SEM Model: JSM-6360 (JEOL) to investigate the surface morphology 

and texture of carbon samples. Thermogravimetric analysis (TGA-Perkin Elmer/STA-3000) 

was used to understand the thermal stability of the activated carbon while Fourier Transform 

Infrared Spectroscopy (Spectrum Two, Perkin Elmer) helps in determining the various 

functional group of activated carbon. XRD analysis was done using CuKα radiation at the 

scanned rate of 0.2 degrees/minute (Rigaky-Ultimaiv Japan). The zero-point charge was 

determined by batch equilibrium test for activated carbon[25].  

5.2.3 Batch adsorption study of 4-Nitrophenol 

The efficiency of the activated carbon to remove 4-Nitrophenol from an aqueous solution was 

studied by batch mode equilibrium method. The effect of contact time, pH, initial 

concentration of 4-Nitrophenol, and adsorbent dose on the removal efficiency of 4-

Nitrophenol by activated carbon were studied. For the batch study, 50 ml of 4-Nitrophenol 

solutions of different concentrations (100-500mgL-1) and pH ranging from 2 to 12 were 

contacted with different quantities of adsorbent dose (0.1g – 1g). The mixtures were taken in 

250ml Erlenmeyer Flasks and agitated at 180rpm at a temperature of 25 ±2 ºC for different 

contact time (0- 180 minutes). The samples were then filtered, and the residual filtrate 

concentration of 4-Nitrophenol was analysed using a UV-VIS spectrophotometer (Perkin- 

Elmer lambda-35) at 317 nm wavelength. All the experiments were done in triplicates, and 

the average value of the three readings was reported. The adsorption capacity of 4-

Nitrophenol and its removal efficiency was determined by equation 1 and 2 respectively as 

given in chapter 2. 

5.2.4 Theoretical study of 4-Nitrophenol adsorption onto activated carbon 

All the necessary theoretical calculations pertaining to the understanding of adsorption of 4-

Nitrophenol onto the activated carbon were carried out on the Gaussian 09[26] suite of 

programs.  The geometry optimization, as well as frequency and energy calculations were 

performed at 6-31g basis set and B3LYP hybrid functional in a dielectric medium of ε = 80 

(corresponding to water). To study the possible interaction of 4-Nitrophenol with activated 

carbon, it is necessary to create a reasonable structure for the activated carbon surface. Since 

activated carbon is considered as macrostructures with an aromatic cluster of different sizes, a 

benzene ring cluster model with armchair edge shapes were used to simulate the activated 

biocarbon surface in the present study[27]. The upper edge atoms of the cluster model were 

unsaturated to create an active site whereas the carbon atoms on the remaining lower part of 

the cluster surface were terminated with hydrogen atoms. This unsaturated active site model 
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was taken as pristine activated carbon. Besides, the active site was functionalized with OH, 

CHO and COOH groups to study the effect of such functional groups on the 4-Nitrophenol 

adsorption process. Gauss view 05 was used to generate all the required models and the 

resulting structures were optimized in their electronic ground state. The optimized benzene 

ring cluster models are given in Figure 5.1. The cluster models were named pristine activated 

biocarbon (AC), OH functionalized carbon (AC)OH, CHO functionalized carbon (AC)CHO 

and COOH functionalized carbon (AC)COOH. The adsorption of 4-Nitrophenol at different 

sites of the carbon models were studied, and various possible ways of interaction were 

considered. The adsorption energy of 4-Nitrophenol on activated carbon surface was 

calculated using equation 21 given in chapter 2. 

 

(a) 
 

(b) 

   

(c) 

 

(d) 

Figure 5.1 The optimized model of (a) AC (b) (AC)OH (c) (AC)COOH (d) (AC)CHO 
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5.3 Results and discussion 

5.3.1 Characterisation of activated carbon 

a) BET surface area and pore volume 

Experiments had been conducted to study the influence of different molar concentrations of 

KOH on the textural characteristics of the activated carbon. The results revealed that the 

varying KOH concentrations from 1M to 3M have a significant effect on the BET surface 

area and total pore volume. The highest surface area and pore volume were obtained for the 

activated carbon prepared at 700℃ using 2M KOH concentration. The BET surface area of 

1M RAC, 2M RAC and 3M RAC corresponded to 854.44 m2/g, 919 m2/g and 726.21 m2/g 

respectively and their respective pore volumes corresponded to 0.301 cm3/g, 0.324 cm3/g and 

0.289 cm3/g.  

b) Scanning Electron microscopy 

The SEM micrographs of the activated carbons synthesized at 700℃ with different 

concentrations of KOH are shown in Figure 5.2. The images revealed a non-uniform surface 

structure with cracks, cavities and pores of different shapes and sizes. It is observed that the 

activated carbon obtained using 1M KOH concentration contain only some pores (Figure 

5.2(a)), whereas, with an increase in molar concentration from 1M to 2M, the porous structure 

of activated carbon became more developed with numerous cavities, pits and pores distributed 

all over the activated carbon surface (Figure 5.2(b)). However, at higher KOH concentration 

(3M), the porous structure began to collapse and the pores became bigger, which may be due 

to the over-activation of the carbon with excess KOH(Figure 5.2(c))[28].  

c) Fourier Transform Infrared Spectroscopy 

FTIR spectrum in Figure 5.3 shows the presence of the different surface functional groups. 

The strong and broad band between 3460-3440 cm-1 represent OH stretching vibration [29]. 

The band between 2990 and 2810 cm-1 may be due to C-H stretching vibration. The 

appearance of a peak at around 1741 cm-1 is assigned to C=O stretching vibration of 

aldehydes, ketones, esters and acetyl derivatives[30]. The peak between 1640 and 1630 cm-1 

could be due to olefinic C=C stretching vibration, while the peak at between 1470 and 1420 

cm-1 represents the skeletal C=C vibrations in aromatic rings [31]. The transmittance at 1055 

and 1035 cm−1 is accounted to C-O stretching in alcohols, carboxylic acid or derivatives, 

phenols, ethers or esters group [32]. The bands between 800-500 cm−1 correspond to the 

vibrations of C-H, O-H and C-O bonds. 
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(a) 

 
(b) 

 
(c) 

Figure 5.2 SEM micrograph of (a) 1M RAC (b) 2M RAC and (b) 3M RAC 
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      (a) 

 
       (b) 

   
    (c) 

Figure 5.3 FTIR spectra of (a) 1M RAC (b) 2M RAC and (c) 3M RAC 
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d) X-ray diffraction analysis (XRD) 

The amorphous nature or crystalline nature of the prepared activated carbon was determined 

using XRD and Figure 5.4 represents the X-ray diffractogram of the synthesized carbons. In 

all the activated carbon samples, two broad bands appearing at 2 θ = ~23° and ~43° were 

observed, which could be attributed to the reflection from the (002) plane and (100) plane, 

respectively. The existence of such bands suggests the graphite-like microcrystallite structure 

of the activated carbon [33].  

 

Figure 5.4 XRD patterns of 1M RAC, 2M RAC and 3M RAC 

e) Thermogravimetric analysis 

The thermogravimetric analysis helps in comprehending the thermal stability and 

decomposition pattern of the activated biocarbon. Figure 5.5 gives the thermogravimetric 

graph of the prepared activated carbons. Similar patterns of TGA curves were obtained for all 

the samples prepared using different concentrations of KOH.  

The weight loss at temperatures below 200°C could be due to loss of moisture present on the 

carbon [34]. The release of volatiles such as CO2 and CO may account for the gradual weight 

loss above 550°C[35]. The retention of about 60% unburned weight at around 1000°C 

indicates the resistance of the activated carbons to a high heating condition reflecting its 

excellent thermal-stable nature.  
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Figure 5.5 TGA profile of 1M RAC, 2M RAC and 3M RAC 

5.3.2 Batch adsorption studies 

The effect of adsorbent dose, contact time, initial concentration of 4-Nitrophenol and pH on 

the removal efficiency of 4-Nitrophenol from aqueous solution was investigated by batch 

adsorption method. For this study, the activated carbon obtained using 2M KOH 

concentration (2M RAC), showing the highest surface area of 854.44 m2g-1 and pore volume 

0.445 cm3g-1 was used. 

5.3.2.1 Effect of adsorbent dose 

The adsorbent dose is one of the important factors in adsorption studies as it determines the 

capacity of activated biocarbon for the adsorption of an adsorbate. The optimum adsorbent 

dose was obtained by varying the dosage of RAC from 0.1 to 1 g at pH-7, 25ºC temperature, 

initial 4-Nitrophenol concentration of 400 mg L-1 and 40 minutes contact time. As can be seen 

from Figure 5.6(a), the removal percentage of 4-Nitrophenol increased from 89.11% to 99.6% 

with the increase in adsorbent dose from 0.1g to 0.5g. This increase in removal percentage 

could be due to the availability of more adsorption active sites and greater surface area at 

increased adsorbent dose [36]. However, the removal percentage remained almost constant 

above 0.5g adsorbent dose and this may be attributed to the aggregation or overlapping of 

available adsorption sites at higher adsorbent dose[37]. The adsorbent quantity of 0.5g was 

chosen as the optimum dose for further studies.  

5.3.2.2 Effect of contact time  

The contact time helps determine the duration of equilibrium attainment between the 

adsorbate and adsorbent. The effect of contact time on removal efficiency was evaluated by 
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variation of contact time (5 to 180 minutes) at constant adsorbent dosage (0.5g), 400 mg L-1 

initial 4-Nitrophenol concentration, pH-7 and 25ºC temperature. A plot of removal efficiency 

(%) of the activated carbon versus contact time is shown in Figure 5.6(b). The uptake of 4-

Nitrophenol increased rapidly at the initial period and gradually proceeded at a slower rate as 

the equilibrium was attained. The higher adsorption rate during the initial stages is associated 

with the availability of a large number of readily accessible sites on the adsorbent 

surface[38,39]. However, with the progression of contact time, the removal rate became slow, 

and finally, the system reached equilibrium after around 40 minutes. As time precedes, the 

remaining vacant surface sites become less accessible as a result of the repulsive interaction 

between the 4-Nitrophenol molecules present on the adsorbent surface and in the solution, 

thereby decreasing the adsorption rate [40,41]. From the results, contact time of 40 minutes 

was fixed as the optimum time for subsequent adsorption studies. 

5.3.2.3 Effect of initial concentration  

The effect of initial concentration on the adsorption of 4-Nitrophenol onto activated carbon 

was investigated at different 4-Nitrophenol concentrations ranging from 100mg/L to 500 

mg/L while other parameters i.e., adsorbent dose, contact time, temperature and pH were 

fixed at 0.5g, 40 minutes, 25ºC and 7, respectively. A plot of removal efficiency (%) versus 

the initial 4-Nitrophenol concentration is given in Figure 5.6(c). The removal efficiency was 

inversely related to the initial concentration of 4-Nitrophenol. The higher removal percentage 

at lower 4-Nitrophenol concentrations may be due to the availability of more adsorption sites 

on the surface of the adsorbent than the number of adsorbate molecules present in the 

solution. However, at higher concentrations, the number of 4-Nitrophenol molecules 

competing for the same number of adsorption sites were higher, thus decreasing the removal 

efficiency [42]. 

5.3.2.4 Effect of pH 

The pH of the solution plays a pivotal role in the process of adsorption. The effect of pH on 

the adsorption efficiency of 4-nitrophenol was determined by keeping all the other parameters 

at optimum conditions (adsorbent dose-0.5g, 25ºC temperature, contact time - 40 minutes, 

initial concentration 400mg/L) and varying the pH from 2 to 12. There was a slight increase 

in removal percentage of 4-Nitrophenol (98.8 % to 99.9%) on increasing the pH from 2 to 7 

whereas the removal efficiency decreased sharply when the pH of the solution was increased 

to values higher than 7 (Figure 5.6d). pKa value of 4-nitrophenol is 7.15 while the pHzpc 

value of the activated carbon was found to be 8.1. Therefore, when the pH of the working 
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solution was at pH less than 7, 4-Nitrophenol molecule would remain in its molecular form 

(pKa of 4-Nitrophenol =7.15) and the activated carbon surface would possess a positive 

charge(pH<pHZPC); as a result, there was an increase in the adsorptive interaction between 4-

Nitrophenol and RAC. However, at pH more than 7, the surface of activated carbon would be 

negatively charge(pH>pHZPC), and the 4-Nitrophenol molecules will dissociate into their ionic 

form since the pH of the working solution is greater than the pKa value of 4-Nitrophenol. As 

a result, there will be a repulsive interaction between the 4-Nitrophenolate anions and the 

negatively charged carbon surface, which would eventually decrease the removal efficiency. 

5.3.2.5 Effect of temperature 

The effect of temperature on the adsorption of 4-Nitrophenol was performed at four different 

temperatures; 298, 308, 318 and 328 K. The initial concentration of 4-Nitrophenol was set at 

400 mg L-1, contact time-40 minutes, pH-7 and 0.5 g adsorbent dose.  Figure 5.6(e) represents 

the plot of removal efficiency versus temperature. It is observed that the removal percentage 

of 4-Nitrophenol increased with the increase in temperature attaining a maximum of 99.9% 

was at 328 K. 

5.3.3 Adsorption isotherm studies 

The adsorption isotherm studies were conducted by fitting the adsorption equilibrium data 

into three commonly used isotherms, namely Langmuir, Freundlich and Temkin isotherm 

models. Table 5.1 presents the isotherm parameters and the chi-squared value for 4-

Nitrophenol adsorption. From the R2 value and chi-squared test(χ2), it is observed that 

Langmuir model best suited the experimental adsorption isotherm data which signifies the 

fact that 4-Nitrophenol adsorption onto the activated biocarbon proceeded through monolayer 

type of coverage. The value of maximum adsorption capacity(qm) was 50.89 mg/g. The 

dimensionless separation value, RL= 0.001, signifies that the adsorption of 4-Nitrophenol is 

favourable.  From the Freundlich analysis, it can be seen that the reciprocal of Freundlich 

adsorption intensity value i.e 1/n was found to be less than 1, which indicates that the 

adsorption follows normal Langmuir isotherm.  

Chi-squared test was conducted to validate the isotherm models. The lowest χ2 value was 

observed for Langmuir adsorption model which suggests that Langmuir isotherm best 

elucidated the adsorption of 4-nitrophenol onto the present activated biocarbon.  
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Figure 5.6 (a) Effect of adsorbent dose (b) Effect of contact time (c) Effect of initial 4-Nitrophenol 

concentration and (d) Effect of pH and (e) Effect of temperature on 4-Nitrophenol adsorption 
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Table 5.1. Adsorption isotherm parameters for 4-Nitrophenol adsorption onto activated carbon 

Isotherm Parameters 

 

 
Langmuir 

qm 50.890 
KL 9.013 
RL 0.001 
R2 0.996 
χ2 3.04 x 10-6 

 

 

 
Freundlich 

1/n 0.208 
n 4.807 

KF 39.417 
R2 0.983 
χ2 1.23 x 10-3 

 

 
Temkin 

bT 0.496 
AT 29.591 
R2 0.902 
χ2 24.094 

5.3.4 Adsorption kinetic studies 

The kinetics of the adsorption process was studied by considering two kinetic models, 

pseudo-first-order and pseudo-second-order. The obtained kinetic graphs and their plot 

parameters are shown in Figure 5.7 and Table 5.2, respectively.  

The experimental adsorption capacity value, qe,(exp) of pseudo-first-order model showed a vast 

difference from the calculated adsorption capacity value qe,(cal), which indicates the poor 

applicability of pseudo-first-order model.  However, for pseudo-second-order model, the 

qe(exp) was found to be in close agreement with the qe,(cal). Moreover, the highest R2 value 

(0.999) and lowest chi-square value (χ2
=1.06 x 10-5) were obtained for the pseudo-second-

order model. All these results indicate that pseudo-second-order kinetic model best elucidated 

the rate and mechanism of the 4-Nitrophenol adsorption and thus, it can be concluded that 

chemisorption plays a vital role in the adsorption of 4-Nitrophenol. 

5.3.5 Thermodynamic study 

The thermodynamics of the adsorption of 4-Nitrophenol onto activated carbon was studied in 

the temperature range of 298 K to 318 K. The obtained thermodynamic parameters are given 

in Table 5.3. The value of change in enthalpy (ΔH) is positive, indicating that the adsorption 

of 4-Nitrophenol onto activated carbon is endothermic. The positive values of ΔS indicated 

increased randomness at the liquid and solid interface during the process of 4-Nitrophenol 

adsorption. The negative ΔG value implied the spontaneity of the adsorption process. 

Moreover, the ΔG value became more negative with increasing temperature, indicating that 

the adsorption of 4-Nitrophenol is more favourable at higher temperatures. 



Chapter 5                                                                                                          Removal of 4-nitrophenol 

156 

 

 

(a) 

 

(b) 

Figure 5.7 Linear plot of (a) Pseudo-first-order and (b) Pseudo-second-order model for the adsorption 

of 4-Nitrophenol. 

 

Table 5.2 Plot parameters of pseudo-first-order and second-order-model 

Pseudo-first order Pseudo-second order 

qe,(exp) e,(cal) k1 R2 χ2 qe,(exp) qe,(cal) k2 R2 χ2 

49.897 1.787 0.037 0.804 1.63 x 10-1 49.897 49.900 0.113 0.999 1.06 x 10-5 

 

Table 5.3 Thermodynamic parameters for 4-Nitrophenol adsorption onto activated carbon 

ΔH (KJ mol-1) ΔS (KJ mol-1) ΔG (KJ mol-1) 

  298K 308K 318K 328K 

50.80 0.17 0.06 -1.63 -3.34 -5.04 

5.3.6 Theoretical calculations 

Density Functional calculations were used to understand the interactions taking place during 

the adsorption of 4-Nitrophenol onto activated carbon. Phenolic compounds may bind to the 

activated biocarbon surface in several ways and most of the interactions proceed either 

through the aromatic ring of phenol or the hydroxyl group[43]. In this study, an attempt has 

been made to understand the probable mechanism taking place during the adsorption of 4-

Nitrophenol onto activated carbon via its hydroxyl group. Arm chair model was used to 

simulate pristine and functionalized activated biocarbon surface and five different ways of 

interaction of 4-Nitrophenol with these activated biocarbon surface have been studied. Such 

studies would broaden our understanding of the bonding and reactivity involved in the 

adsorption process. Besides, the interaction studies of 4-Nitrophenol with the different 

functional groups on the activated biocarbon surface would help in identifying the functional 

group that would have the most significant impact on 4-Nitrophenol adsorption, and this 
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would provide an idea for surface modification of activated biocarbon during its preparation 

process. The optimized structures for the 4-Nitrophenol adsorption on different activated 

biocarbon surfaces are given in Figure 5.8, while the adsorption energies and bond distance 

between the adsorbate and adsorbent are given in Table 5.4. 

4-Nitrophenol adsorption on pristine activated biocarbon (AC). 

The interaction of the hydroxyl group of 4-Nitrophenol (NP)OH with the pristine activated 

biocarbon was studied by considering a bond formation between the oxygen atom belonging 

to the hydroxyl group of 4-Nitrophenol and the carbon atom of activated biocarbon surface 

(AC)C. The bond formation is represented as (NP)HO----C(AC) and the optimized structure 

is given in Figure 5.8a. It is clear from Figure 5.8a that the OH group of 4-Nitrophenol 

molecule adsorbed dissociatively onto the arm chair model of activated biocarbon surface. 

The (NP)OH dissociates into (NP)O and H atom resulting in the formation of two types of 

interactions: (NP)O----C(AC) and HNP---C(AC). Moreover, the adjoining C-C bond length of 

the activated biocarbon surface where (NP)O and H atom were attached increased upon 

adsorption. This indicates that the electron cloud shifts towards the adsorption sites-(NP)HO--

--C(AC) resulting in weakening of the adjoining C-C bonds of the activated biocarbon 

surface. The adsorption energy corresponds to -313.54 KJ mol-1 indicating that the 4-

Nitrophenol adsorption on the pristine activated biocarbon is favourable and chemisorptive in 

nature. 

4-Nitrophenol adsorption on (AC)OH 

The 4-Nitrophenol (NP)OH adsorption on the OH-functionalized activated biocarbon was 

studied by considering two types of interactions: (NP)HO----HO(AC) and (NP)OH----

OH(AC). The optimised interaction structures of (NP)HO----HO(AC) and (NP)OH----

OH(AC) are given in Figure 5.8(b) and 5.8(c) respectively and their corresponding bond 

lengths are given in Table 5.4. The adsorption energies of (NP)HO----HO(AC) and (NP)OH--

--OH(AC) interactions correspond to -31.56 KJ/mol and -37.97 KJ/mol respectively. The 

ONP-HAC bond length of (NP)HO----HO(AC) mode of interaction corresponded to 1.72 Å 

while HNP-OAC bond length of (NP)OH----OH(AC) corresponded to 1.70 Å. The higher 

negative value of adsorption energy and shorter bond length of (NP)OH----OH(AC) system 

indicates that (NP)OH----OH(AC) mode of interaction is more favourable than (NP)HO----

HO(AC) type. Moreover, it can be deduced from the adsorption energy values of -

31.56KJ/mol and -37.97 KJ/mol that the interaction of hydroxyl group of 4-Nitrophenol with 

the OH-functionalized carbon is physisorptive in nature. 
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4-Nitrophenol adsorption on (AC)CHO 

The interaction of CHO-functionalized activated biocarbon with the hydroxyl group of 4-

Nitrophenol (NP)OH resulted in the formation of (NP)OH----OHC(AC) complex. The 

interaction occurred between the hydroxyl hydrogen atom of 4-Nitrophenol and the oxygen 

atom of CHO-functionalized carbon surface (Figure 5.8d). Such type of interaction increased 

the O-H bond length of 4-Nitrophenol from 0.97 Å to 1.02 Å and C=O bond length of CHO-

functionalized carbon from 1.24 Å to 1.26 Å. Thus, it could be observed that the O-H bond of 

4-Nitrophenol and C=O bond of functionalized carbon became weaker upon adsorption and 

this may be due to the shifting of electron cloud more towards the adsorption site i.e. OAC-HNP 

bond of (NP)OH----OHC(AC) system. The distance between the hydroxyl hydrogen atom of 

4-Nitrophenol and oxygen atom of functionalized carbon were found to be 1.65 Å while the 

adsorption energy corresponded to -43.08 KJ/mol. All these results indicate that the 4-

Nitrophenol adsorption on CHO-functionalized carbon is favourable. 

4-Nitrophenol adsorption on (AC)COOH 

Adsorption of 4-Nitrophenol on COOH-functionalized activated biocarbon (AC)COOH 

proceeded through the formation of (NP)OH----HOOC(AC) complex. The optimized 

interaction structures are given in Figure 5.8 (e). The interaction occurred by forming two 

types of hydrogen bonds between 4-Nitrophenol and COOH-functionalized carbon: one of the 

hydrogen bonds exist between the Hydroxyl hydrogen atom of 4-nitrophenol (NP)OH and the 

oxygen atom of COOH group of functionalized carbon surface (HNP-OAC) while the other 

bond exists between the hydroxyl oxygen atom of 4-Nitrophenol and the hydrogen atom of 

COOH group of functionalized activated biocarbon surface (ONP-HAC). The bond distances of 

HNP-OAC and ONP-HAC were found to be 1.74 Å and 1.77 Å respectively while the adsorption 

energy corresponds to -45.18KJ/mol. Upon adsorption, the O-H bond length of both 4-

Nitrophenol and (AC)COOH increased from 1.00 Å to 1.37 Å and from 0.98 Å to 1.00 Å, 

respectively. This indicates that the O-H bond becomes weaker as a result of the formation of 

HNP-OAC and ONP-HAC bond between 4-Nitrophenol and (AC)COOH. The interaction of 4-

Nitrophenol with (AC)COOH was found to possess the highest adsorption energy as 

compared to (AC)CHO and (AC)OH system. Thus, the high negative energy and decrease in 

bond length upon adsorption indicates that the interaction of 4-Nitrophenol with COOH-

functionalized activated biocarbon is favourable.  
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(c) 

 

(d) 

 

(e) 

Figure 5.8 Optimized structures of 4-Nitrophenol adsorption onto activated biocarbon (a) (AC)C---

OH(NP) (b) (AC)HO---HO(NP) (c) (AC)OH---OH(NP) (d) (AC)CHO---HO(NP) (e) (AC)COOH---

OH(NP) 

 

Table  5.4 Adsorption energies and bond distance between 4-Nitrophenol and activated biocarbon 

systems. 

System Mode of interaction Adsorption energy 

(KJ/mol) 
Bond length(Å) 

NP+ AC  (NP)HO----C(AC) -313.54 1.40 (ONP-CAC) 
NP+ (AC)OH  (NP)HO----HO(AC) 

 (NP)OH----OH(AC) 
-31.56 
-37.97 

1.72 (ONP-HAC) 
1.70 (HNP-OAC) 

NP+ (AC)CHO  (NP)OH----OHC (AC) -43.08 1.65 (HNP-OAC) 

NP+ (AC)COOH  (NP)OH----HOOC(AC) -45.18 1.74 (HNP-OAC) 
1.77 (ONP-HAC) 
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A comparative study of the effect of functional groups on 4-Nitrophenol adsorption was 

analysed by considering their relative adsorption energies. The relative energy diagram of the 

optimized configurations of 4-Nitrophenol adsorption onto functionalized activated biocarbon 

system is presented as Figure 5.9. Among the various functional groups considered for this 

study, the interaction of 4-Nitrophenol with (AC)COOH was found to possess the highest 

adsorption energy as compared to (AC)CHO and (AC)OH systems. Hence, it can be assumed 

that the introduction of the carboxylic functional group into the activated biocarbon system 

would enhance the interaction of 4-Nitrophenol with the carbon surface more as compared to 

carbonyl and hydroxyl functional groups. The relative stability and energy of various 

configurations follow the order:  

(NP)OH----HOOC(AC) > (NP)OH----OHC(AC) > (NP)OH----OH(AC) > (NP)HO----

HO(AC) 

 

Fig.5.9 Relative energy diagram of 4-Nitrophenol adsorption onto functionalized activated biocarbon 

5.3.7 Comparative study of Ravenna grass activated carbon with other adsorbents 

A comparative study of activated carbon with other adsorbent materials reported in literature 

was done to understand the relative efficiency of the obtained biocarbon for 4-Nitrophenol 

removal and is shown in Table 5.5. The surface area and maximum adsorption capacity of 

adsorbent materials were considered for comparison. From Table 5.5 it can be seen that the 
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activated carbon has a comparatively high surface area of 919 m2 g-1 and an adsorption 

capacity of 50.85 mg g-1 respectively as compared to other adsorbents. This shows that the 

activated biocarbon obtained through his study could be used as an efficient adsorbent for 4-

Nitrophenol removal from water.  

Table 5.5 Comparison of RAC with some other adsorbent materials for 4-Nitrophenol removal 

Adsorbent 

 

Adsorbent characteristics  Adsorption capacity for 

4-Nitrophenol removal 

qmax 

(mg g-1) 

Source 

Surface 

Area 

(m2 g-1) 

Pore  

Volume 

(m2g-1) 

RAC  919  0.324 50.89 Present 

Study 

Acacia glauca sawdust 

activated carbon 

311.20 - 25.93 [33] 

Mauritanian clay/alginate 

composite beads  

(Na-ZS26/SA) 

- - 27.1 [59] 

Olive cake based activated 

carbon  

672 - 1.550 [60] 

Nano zirconium silicate 

coated manganese dioxide 

nanoparticles 

- - 2.619 [61] 

Microporous activated 

carbon 

780.06 0.468 

(micro) 

0.105 

(meso) 

184.86 [62] 

Zeolite - - 1.02 [63] 

Nanographite oxide 421.7 

 

0.99 268.5 [64] 

Eucalyptus seed derived 

carbon 

15% acid treated activated 

carbon 

30% acid treated activated 

carbon 

15% base treated activated 

carbon 

30% base treated activated 

carbon 

 

150 

80 

780 

670 

 

 

0.595 

0.020 

1.159 

0.449 

 

0.126 

0.194 

1.331 

2.568 

 

[65] 

Pyrolyzed oil shale - - 4.895 [66] 

CO2-oil shale - - 8.889 [66] 

ZnCl2-oil shale - - 0.026 [66] 

KOH- oil shale - - 0.895 [66] 

Metal-organic 

framework/reduced graphene 

oxide composite 

0.66 - 327 [67] 
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5.3.8 Cost analysis 

The total approximate cost involved in the production of 250 gram of the activated carbon 

was calculated, which included the price of KOH, electricity, water, HCl and raw precursor. 

The resulting production cost was subsequently compared with that of commercially available 

carbon to draw a comparison concerning economic feasibility. Table 5.6 presents the cost of 

the activated carbon, while Figure 5.10 represents the relative cost of different carbons in 

terms of Rupees (₹). In the present study, around 1.4 kg of raw material was used for the 

production of 0.250 Kg of activated biocarbon. The cost involved in the production of 250 g 

activated carbon was found to be ₹ 538 without considering the cost involved in initial 

investment, labour income, working capital, manufacturer’s profits, recovery and reuse of 

KOH etc. This production cost is expected to reduce in scaling up from laboratory 

experiments to industrial scale. A comparative study of the production cost indicates that 

Ravenna grass activated biocarbon could be one of the most economical ones among all other 

commercially available carbons considered for this study.  

Table 5.6 Cost estimates for production of 250g activated carbon 

Materials Consumption (approx.) Cost (approx.) 

KOH 500g ₹480 
HCL 200 ml of 0.1M HCL ₹1 

(₹265/500ml) 
Raw precursor 1.4 kg ₹ 0 
Electricity 14 kWh ₹ 42 
Water 50 L ₹ 15 
Total Cost/250g   

(in Rupees) 
- ₹ 538 

  *1 dollar ($) = Approx.72.00 Rupees (₹) 

 
 

Figure 5.10 Comparative cost of Ravenna grass activated biocarbon with some commercially 

available activated carbon 
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5.4 Conclusion  

Ravenna grass biomass served as a potent precursor for the preparation of activated 

biocarbon. The textural properties of activated carbon were found to vary with increasing 

KOH concentration. The highest surface area (919 m2/g) and pore volume (0.324 cm3/g) was 

obtained for the activated carbon prepared at 700℃ using 2M KOH concentration. XRD 

analysis revealed the micro crystallite structure of the activated carbon while SEM image 

indicated the presence of numerous pores, cracks and cavities on the activated carbon surface. 

The Ravenna grass activated biocarbon could serve as a good adsorbent for the removal of 4-

Nitrophenol from an aqueous solution. At best conditions viz., adsorbent dose-0.5g, pH-7, 

contact time- 40minutes and initial 4-Nitrophenol concentration – 400 mg L-1, the activated 

biocarbon exhibited a maximum removal percentage of 99.9%. The adsorption capacity was 

greatly influenced by the pHzpc of the activated biocarbon and the pH of the working solution. 

The removal percentage decreased sharply when the pH value was raised from 7 to 12. 

Langmuir model best explained the equilibrium isotherm with qm of 50.89 mg g-1 while 

pseudo-second-order model well described the kinetics data.  The thermodynamics study 

indicated the temperature dependence, spontaneity and endothermic nature of the adsorption 

process. Density Functional Theory calculations also revealed the favourable adsorption of 4-

Nitrophenol onto pristine and functionalized activated biocarbon. Among the different 

functional groups used to functionalize the activated biocarbon (-OH, -CHO, -COOH), the -

COOH group interacted most strongly with 4-Nitrophenol. These results indicated that 

functionalization of activated biocarbon with COOH group would increase its interaction with 

4-Nitrophenol, which would help enhance its the adsorption properties.  
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CHAPTER 6 

 

REMOVAL OF Escherichia coli USING RAVENNA GRASS ACTIVATED 

CARBON MODIFIED BY CTMATB 

This chapter discusses the preparation of brominated activated carbon using 

cetyltrimethylammonium tribromide (CTMATB) through a simple and efficient route. The 

prepared brominated carbon was characterized using various analytical techniques and further 

tested for its efficiency as antibacterial agent. The antibacterial activity of the brominated 

activated carbon was evaluated against Gram-negative bacteria- Escherichia coli with the view 

of water purification. The efficiency of the brominated activated carbon in the removal of 

Escherichia coli from aqueous solution was investigated. Density functional theory studies were 

performed to understand the bromination mechanism. Further, molecular docking studies were 

also conducted to study the possible antibacterial mechanism of the brominated activated 

carbon. 
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6.1 Introduction 

Carbon materials, known for their complex structures and multiple functionalities are 

classified into different types such as activated carbon, carbon fibres, carbon nano fibres and 

nanotubes, graphene, graphene oxide, fullerenes and biochar[1]. These materials have 

generated great interest due to their applications in diverse fields and one of the most 

promising carbon materials is activated carbon with wide-scale utility ranging from water 

treatment, catalysis, gas storage, biomedical, cosmetics and energy storage[2–10]. The 

versatility of activated carbon stems from its porous nature, large surface area and abundant 

chemical functionalities. Over the years, modification of activated carbon surface for 

enhancing its surface characteristics has become an important area of study and synthesis of 

activated carbons with surface properties specific to a particular pollutant has been specially 

interesting[11–14]. In fact, the number of reports available attest the application of surface-

modified activated carbon as an adsorbent in various wastewater treatment methods with 

improved efficiency[15–18].  Therefore, modification of activated carbon surface has become 

a prospective technique for improving performance and rendering desired properties 

according to the target pollutant.  

Activated carbon shows high adsorption capacity for microbial pathogens such as E.coli and 

coliform bacteria[19–22], wherein the bacteria preferably get adsorbed on the activated 

carbon. Though this method has become a popular water purification technique, however a 

major disadvantage is that, with continuous use, the activated carbon tends to become a 

breeding ground for the adhered bacteria, thereby rendering the activated carbon into a 

pollutant source instead[23].Therefore, in order to fully exploit the high efficiency of 

activated carbon towards microbes removal from water, it becomes necessary to design 

activated carbons with synergistic properties of adsorption and antibacterial activity. 

Literature reports indicate that efforts have been made towards modification of the activated 

carbon surface, for example through the impregnation of silver and metal oxides on activated 

carbon for imparting antibacterial activity[23–25].Although silver and metal oxides 

impregnated activated carbon are known to show attractive antibacterial activity, their 

limitations lie in the shorter durability of these materials on continuous usage as the metals 

tend to leach out since they are just weakly deposited on the activated carbon surface. 

Therefore, a better alternative for providing long-term effectiveness is required.  

Brominated compounds are known to have good antibacterial activity and numerous studies 

have been reported on their efficiency against a wide range of bacteria[26–30]. On the other 

hand, though brominated activated carbon has been used for a wide range of applications 
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including mercury capture[31] and electrochemical energy storage[32], however, no works 

have been reported on the potency of brominated activated carbon against microbial 

pathogens. Nevertheless, it would be advantageous if antibacterial activity could be conferred 

on activated carbon surface through bromination of the activated carbon surface. 

Review of the literature on brominated carbon materials reveals that in most cases the 

synthesis involved the utilization of bromine (Br2) as the brominating agent[32–37]. While 

bromine is an effective reagent, however, the limitations of using Br2 lies in the safety risk 

involved in the handling of bromine due to its toxicity. Therefore, a greener, mild and 

versatile brominating agent would provide a better alternative over the molecular 

bromine[38].  

Therefore, in this present work, an attempt was made to synthesize brominated activated 

carbon using cetyltrimethylammonium tribromide (CTMATB) as a green and cost-effective 

brominating agent. The surface morphology and characteristics were analysed using FESEM-

EDX, FTIR and XRD. The surface chemical composition and the bonding nature of the 

brominated carbon were studied using XPS. Since almost no work has been reported on the 

bromination mechanism of activated carbon by tribromides, it was considered pertinent to 

understand the possible mechanism involved and therefore density functional theory 

calculations were incorporated to explain the probable mechanism for bromination of 

activated carbon by CTMATB. Thereafter, the antibacterial activity of the brominated 

activated carbon against gram-negative bacteria E.coli was assessed and the possible 

antibacterial mechanism of the brominated activated carbon was also proposed based on 

theoretical molecular docking studies. The removal studies of E.coli from aqueusing the 

brominated activated carbon was also conducted. 

6.2 Materials and method 

6.2.1 Preparation of activated Carbon 

Ravenna grass biomass was used as the starting material for the preparation of the activated 

carbon. The raw material was collected, washed, dried and carbonized at 500℃ for 30 

minutes. The obtained carbonized char was ground using a planetary ball mill and thereafter 

activated using potassium hydroxide at 800℃ for 1 hour in a muffle furnace. The obtained 

sample was washed with hot double distilled water and then with cold double distilled water 

until the pH of the residual solution tested neutral. The obtained activated carbon was then 

dried in an oven at 110℃, labelled as AC and stored in a desiccator for further use. 
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6.2.2 Preparation of brominated activated carbon 

The bromination of activated carbon was done using a quaternary ammonium salt, viz., 

cetyltrimethylammonium tribromide (CTMATB) using one of our earlier reported 

methods[38]. For the bromination of AC surface, 1g of CTMATB was dissolved in 50 mL 

acetonitrile solution and was slowly added to 1g of the prepared activated carbon dispersed in 

aqueous solution. The mixture was stirred for 3 hours under reflux and the solid formed 

thereafter was separated using glass Buchner funnel and washed with deionised water 

multiple times. The full removal of free bromide ions from the activating carbon surface was 

confirmed by adding few drops AgNO3 to the filtrate. The formation of a very pale cream 

precipitate suggested the presence of bromide ion. The obtained solid was dried under 

vacuum and stored in an airtight container for further use. The resulting solid product was 

labelled as brominated activated carbon (Br-AC). 

6.2.3. Characterisation of Br-AC  

The surface morphology and elemental composition of the newly synthesized adsorbents (AC 

and Br-AC) were recorded using a Field Emission Scanning Electron Microscopy (FESEM, 

Model: ZEISS SIGMA MAKE: Carl ZEISS Microscopy, Germany). Pore volume and surface 

area were determined using Brunauer-Emmett-Teller (BET) surface area analyser (Smart 

instrument, SS93/02). Powder XRD patterns were obtained from a Powder X-Ray 

Diffractometer (Make: Rigaku, Japan Model: ULTIMA IV) using Cu Kα radiation (λ = 

1.5406 Å). The functional groups of AC and Br-AC were identified using Fourier Transform 

Infrared (FT-IR) spectrometer (Spectrum Two, Made: Perkin Elmer) in the range of 4000- 

400 cm-1 using KBr pellet. X-ray photoelectron spectroscopy (XPS) (Make: Thermo Fisher 

Scientific Pvt. Ltd., UK Model: ESCALAB Xi+) was used to confirm the binding of bromine 

onto carbon surface.  

6.2.4 Density functional theory calculations 

Density functional theory (DFT) was used to gain insight into the possible bromination of 

activated carbon surface by CTMATB[39].  Gaussian 09W program package was used for the 

structure optimization and energy calculations at the B3LYP hybrid functional/6-31g level of 

theory in a dielectric medium of ε = 80 (corresponding to water).  Gauss View 05 was used to 

construct the structures and were optimized in their electronic ground state. The interaction 

energy (EI) of the CTMATB/ dissociated bromine and activated carbon was calculated using 

the following equation 
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where, is the total energy of CTMATB/dissociated Bromine and activated carbon in an 

equilibrium state; is the total energy of the CTMATB/dissociated bromine;  is the total 

energy of the activated carbon. Generally, the higher negative value of interaction energy 

indicates more stability and stronger interaction. Generally, the interaction energy of less than 

-30kJ/mol suggests physisorption whereas interaction energy of greater than -50kJ/mol 

indicate chemisorption [40]. 

The theoretical understanding of the interaction of activated carbon with any compound 

requires the development of a correct model for the activated carbon. Solid-state 13C nuclear 

magnetic resonance experiments revealed that the activated carbon surface consists of three to 

seven fused benzene rings[41]. Therefore, armchair model consisting of four fused benzene 

ring cluster (C16H6) was used to simulate the activated carbon surface. The armchair models 

were unsaturated on the upper edge side to generate an active site while the lower side of the 

model was terminated with H atoms. The active site was also embedded with oxygen-

containing functional groups such as OH, COOH and CHO groups to study their effect on the 

extent of bromination. The optimized arm-chair models of activated carbon used for this study 

are given in Figure 6.1. The models were named unsaturated armchair (AC-U), -OH armchair 

(AC-OH), -COOH armchair (AC-COOH) and -CHO armchair (AC-CHO).  

6.2.5. Determination of antibacterial activity 

The antibacterial activity of the Br-AC was determined using E.coli as the test bacteria. Since 

E.coli is used as the indicator organism for faecal contamination of water, the efficiency of 

Br-AC to kill E.coli would also indicate its ability to kill other water-borne pathogens. 

Initially, the qualitatitive determination of antibacterial activity was done by well-diffusion 

method. Further, the effect of pH, time and concentration on the antibacterial activity was 

studied. The detailed experimental procedures are discussed below: 

Bacterial cell cultures 

The antibacterial activity of Br-AC was tested against gram-negative bacteria Escherichia 

E.coli(MTCC 40). The cultures were maintained on nutrient agar slants at 4ºC and sub-

cultured after every 30 days.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.1 Optimized structures of (a) AC-U (b) AC-OH (c) AC-COOH (d) AC-CHO 

Well diffusion method 

The qualitative determination of the antibacterial activity of Br-AC was done by well 

diffusion method. A single pure colony of E.coli was inoculated in nutrient broth and grown 

overnight at 37ºC. An aliquot of 200 μl of freshly grown broth culture of the bacterium 

(107−108 cells as per McFarland standard) was seeded on nutrient agar plate and spread over 

the medium uniformly using a sterile glass spreader. Wells were made in the seeded agar with 

the help of a sterilized cork borer and Br-AC was added into the marked wells. The test was 

carried out at 10 mg/mL Br-AC concentration using Dimethyl sulfoxide (DMSO) as the 

solvent. The plates were incubated at 37ºC for 24 hours and the antibacterial action of Br-AC 

was determined by measuring the diameter of the inhibition zone. The experiment was 

performed in triplicate to confirm reproducibility. 
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Concentration-dependent antibacterial activity 

Minimum inhibitory concentration (MIC) and Minimum bactericidal concentration (MBC) 

test were conducted to study the concentration-dependent antibacterial activity of Br-AC. 

MIC is the lowest concentration of the test sample which prevents the growth of bacteria, and 

MBC is the lowest concentration at which the antimicrobial agent can kill the bacteria[23]. 

E.coli was grown in 250 ml of nutrient broth overnight at 37ºC. The freshly grown culture 

broth was further centrifuged at 3000 rpm for 15 minutes, the bacterial cells obtained were 

washed with sterile phosphate-buffered solution (PBS) and resuspended in PBS to produce a 

cell count of approximately 108 CFU/mL. MIC was determined by taking 0.3g/mL initial Br-

AC concentration in 2mL of sterile nutrient broth, the solution was serially diluted two-fold 

and ended at a concentration of 0.002g/mL. Each tube was inoculated with 200μL of ~108 

CFU/mL of E.coli cells and incubated at 37ºC for 24 hours. The lowest concentration at 

which no visible growth was observed was considered to be MIC. Furthermore, MBC was 

determined by sub-culturing the test dilutions that showed no visible growth/turbidity onto 

nutrient agar plates. The plates were incubated at 37ºC for 24 hours and the lowest 

concentration that yielded no single E.coli colony on the agar plates was taken as MBC.  

pH-dependent antibacterial activity 

The effect of pH on the antibacterial activity of Br-AC was determined by growing the E.coli 

cultures in nutrient media with different pH. The pH of the media ranges from 5.5 to 9.0 and 

was adjusted using 0.1N HCl or 0.1 N NaOH. The E.Coli cells grown in different pH media 

were spread over nutrient agar plates, and the antibacterial activity of Br-AC was determined 

by the well diffusion method.  

Removal of Escherichia coli 

The removal of Escherichia coli was conducted by taking Br-AC (MIC concentration) in 100 

ml of Erlenmeyer flask, and 50 mL of aqueous solution containing approximately 108 CFU/ 

mL of Escherichia coli was added into it. The contents were placed in a shaking incubator at 

37ºC and the viable E.coli cells were counted at a different time intervals (0-120mins). After 

each time interval, an aliquot of 0.1 mL was pipetted from the culture flask and spread onto 

nutrient agar plates. After the plates were incubated overnight at 37ºC, the viable E.coli cells 

or colonies were counted using a digital colony counter and the results were expressed in 

colony-forming units per millilitre (CFU/mL). 
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SEM analysis of ruptured bacterial cells 

The morphological changes in the E.coli cells upon contact with Br-AC was visualised 

through scanning electron microscopy (JEOL/JSM-6360). Bacterial cells grown overnight in 

the nutrient broth were centrifuged at 5000 rpm for 5 minutes and washed twice with sterile 

PBS solution. The cells were further treated with Br-AC at MIC concentrations for 80 

minutes followed by fixing with 4% glutaraldehyde solution for 24 h. The samples (both 

treated and control) were dehydrated by sequential treatment with 30%, 50%, 70%, 90% 

acetone for 5 minutes each and 100% acetone for 1 minute, then dried by critical point drying, 

gold sputter-coated, and imaged using SEM. 

6.2.6 Molecular docking studies 

Molecular docking studies were conducted to provide clear evidence and possible mechanism 

of the antibacterial activity of the brominated activated carbon. Molegro Virtual Docker 

(MVD) was used for the molecular docking simulations. Three brominated activated carbon 

models given in Figure 6.2 were used for the docking studies. The structures were drawn on 

Chem Draw and were optimized using the MM2 force field method. The brominated activated 

carbons were docked into the active sites of MurA (3ISS). MurA (UDP-N-acetylglucosamine 

enolpyruvyl transferase) is a key enzyme which plays a crucial role in the biosynthesis of 

E.coli cell wall peptidoglycan[42] and therefore, making it an attractive target for any 

antimicrobial agent. MurA inactivation destroys cell integrity and leads to osmotic lysis, 

which is lethal to the bacterial cell. The structure of MurA was retrieved from the Research 

Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (http://www. 

rcsb.org/) as given in Figure 6.2(a). For docking simulations, charges were assigned and the 

water molecules were removed. By using MVD, cavities were predicted and the binding 

cavity was set at the site X: -4.82, Y: −6.84, Z: -0.85 within a constraint of radius 14 Å having 

a volume of 512 Å3 and a surface area of 1102.08 Å2. The ligands were then docked against 

the target proteins and 30 independent runs were performed for each ligand. The top pose for 

the ligand from the docking score was selected to study molecular interactions[43–46]. 

http://www/
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.2 (a) MurA enzyme (b) Brominated AC-OH (c) Brominated AC-COOH and (d) Brominated 

AC-CHO 

6.3. Results and Discussion 

6.3.1. Characterisation of Br-AC 

Field emission scanning electron microscopy  

The field emission scanning electron microscopy (FESEM) micrographs of AC and Br-AC 

are presented as Figure 6.3. From the figures it can be observed that the surface of AC was 

quite smooth and exhibited a well-developed porous network. However, in case of Br-AC, the 

surface appeared rougher and the pores became relatively larger. The damaged surface of Br-

AC might be due to the bromination of the AC surface. The presence of bonded bromine is 

further corroborated through the results of Energy-dispersive X-ray spectroscopy (EDX). 

Elemental composition obtained by EDX of AC showed only the presence of carbon and 

oxygen but EDX of Br-AC displayed a bromine peak in addition to carbon and oxygen, 

wherein the bromine concentration was 6.34 wt%. The presence of Br peak indicated the 

successful bromination of the AC surface.    
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BET surface area and pore volume 

The BET surface area and pore volume of AC were found to be 687.66 m2/g and 0.301 cm3/g 

respectively. However, the surface area and pore volume decreased to 556.77 m2/g and 0.217 

cm3/g respectively after the bromination of AC by CTMATB.  

Fourier-transform infrared spectroscopy  

The FTIR spectra of AC and Br-AC are given in Figure 6.4. The characteristic peaks 

observed for AC are: 3431.41 cm-1 (stretching vibrations of hydrogen-bonded hydroxyl 

groups), 2920.41 cm-1 (-CH2 asymmetric stretching), 2852.16 cm-1 (-CH3 symmetric 

stretching), 1736.40 cm-1 (C=O stretching vibration of carbonyl, carboxyl and ester groups), 

1480 cm-1 (C=C stretching of aromatic rings), 1177 cm-1  and 1017 cm-1 (C-O stretching in 

alcohols, phenols, carboxylic acid or derivatives, ethers or esters group)and 735.30  cm-1 (C-

H,O-H and C-O bending vibrations) [47–49]. Thus, it could be observed that functional 

groups like carbonyl, hydroxyl and carboxyl were present in the activated carbon. 

 

 

 

 (a) 
 

(b) 

Figure 6.3 SEM and EDX images of (a) AC and (b) CTMATB-AC 
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The peaks obtained for Br-AC are 3343.24 cm-1 (hydrogen-bonded -OH stretching vibrations), 

two shoulder peaks at 2922.91(-CH2 asymmetric stretching) and 2848.54 cm-1 (-CH3 

symmetric stretching), 1704.15 cm-1 (C=O stretching vibration of carbonyl, carboxyl and ester 

groups), 1588 cm-1 (C=C stretching of aromatic rings), 1022.92 cm-1 (C-O stretching in 

alcohols, carboxylic acid or derivatives, ethers or esters group). In the case of Br-AC, 

additional peaks are observed at 1434.67 cm-1 and 1371.15 cm-1 corresponding to-CH2 and 

CH3 deformations. A strong peak at 1211.29 cm-1 corresponded to C-O vibration and a new 

peak was also observed at 527.21 cm-1 for Br-AC which indicated the presence of alkyl halide 

bond(C-Br)[50]. The occurrence of these new aforementioned peaks indicated the successful 

interaction of CTMATB with AC during the bromination process.  

 

Figure 6.4 FTIR spectra of AC and Br-AC 

 

X-ray diffraction analysis 

X-ray diffraction analysis was done to determine the crystalline or amorphous nature of AC 

and Br-AC. Figure 6.5 presents the XRD profile of AC and Br-AC. AC showed two distinct 

peaks at 2θ = ~ 23º and ~ 43º, ascribing to the reflection from the (002) and (100) planes 

respectively, and suggest the graphite-like micro crystallite nature of AC. Upon bromination, 
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the peak at 2θ ~ 43º was destroyed while the 2θ = ~ 23º peaks remained almost unaltered. 

Thus, it may be assumed that the bromination of AC destroyed the graphite-like micro 

crystallite structure and resulted in the amorphous nature of Br-AC. This type of structural 

disordering may have resulted from the destruction of the well-developed porous network of 

AC during the bromination process, resulting in a decrease of crystallinity. Similar structural 

changes have also been reported by various researchers, for example, Barbanta et.al. reported 

the sharp destruction of (100) peak upon successful bromination of activated carbon[32], 

while Liu et.al. reported the decrease in crystallinity of activated carbon upon modification by 

CTAB[51].  

 

Figure 6.5 XRD image of AC and Br-AC 

X-ray photoelectron spectroscopy  

The surface elemental composition and chemical bonding nature of the Br-AC were further 

determined using XPS.  The wide survey XPS spectrum of Br-AC are presented in Figure 

6.6(a), where oxygen, carbon and bromine peaks are visible.  The Br 3d peak was found at a 

binding energy of 70.2 eV and Br 3p peak at 183.0 eV, while the C 1s peak was observed at 

284.8 eV and the O 1s peak at 532.8 eV.  
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Further, a detailed peak-fitting analysis of the high-resolution C 1s and Br 3d core level 

spectrum of Br-AC was done to analyse the bonding environment of these elements and are 

presented in Figure 6.6 (b) and 6(c) respectively.  

The high-resolution C 1s spectrum was fitted into several peaks representing C-C at 284.1 eV 

[52,53], C=C aromatics at 284.6 eV [54], C-Br/C-H at 285.3 eV [33,55], C-O/C→Br at 286.2 

eV [33,56–58], C=O at 286.9 eV [55,57] and 287.8 eV[36], O-C=O at 289.0 eV [59], pi-pi 

interactions at 290.1- 291.5 eV [37,60]. The C-Br and C-H groups are generally detected 

around the same binding energies; and accordingly, an unresolved single peak was observed 

for both the components. Likewise, the similar binding energies of C-O and C→Br groups 

also resulted in the overlapping of the peaks. The presence of covalently bonded C-Br and 

charge transfer C→Br complex suggests that CTMATB could have possibly brominated on 

the activated carbon surface.  

Further, the high-resolution Br 3d were fitted into four peaks corresponding to binding 

energies of 70.0 eV, 71.1 eV, 68.4 eV and 67.4 eV. The peak observed at 68.4 eV are 

attributed to the physically bonded Br¯, while the peaks at 70.0 eV, 71.1 eV and 67.4 eV are 

characteristics of chemically bonded bromine[33,36]. Depending on the binding energies, the 

chemically bonded bromine were further differentiated in two types; stronger peaks at 70.1 

eV and 71.1 eV corresponding to bromine covalently bonded to sp2 and sp3 carbon atoms (C-

Br), and a weaker peak at 67.4 eV which could be attributed to carbon-bromine charge 

transfer complex(C→Br) [37]. 

From the peak area ratio, it could be deduced that around 85% of bromine was covalently 

bonded to carbon, ~10% was attributed to charge transfer complexes, and a very small 

fraction was physically bound bromine molecule (~5%). Strikingly, these results indicated 

that the major amount of bromine atoms were covalently bound to the carbon surface, and the 

amounts of bromine participating as charge transfer complexes or physically adsorbed 

bromine were very low.  

The XPS data, therefore, presents significant evidence of the bromination of AC, mainly 

through the formation of strong covalent bonds. 
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(a) 

 

(b) 

 

(c) 

 

 

 

 

Figure 6.6 (a) XPS wide scan spectrum of Br-AC (b) High-resolution C 1s spectrum and (c) High-

resolution Br 3d spectrum 

6.3.2 Possible bromination mechanism  

CTMATB is known to be an efficient brominating agent[61], therefore, its interaction with 

AC may mainly proceed through the bromination of the AC surface. Bromination of a solid 

surface using Br2 has been widely studied and its mechanisms are well known. However, the 

bromination of activated carbon surfaces by tribromide compounds (-Br3
-) is not very clear as 

almost no studies have been reported on the bromination of solid surfaces by tribromides 

moieties. Therefore, the present study attempted to study the possible mechanisms of the 

bromination of activated carbon surface by CTMATB at the molecular level using DFT 

calculations.  

For the DFT study, five-carbon models depicting unsaturated AC (AC-U), hydroxyl AC (AC-

OH), carboxyl AC (AC-COOH) and carbonyl AC (AC-CHO) were considered and their 

interactions with the CTMATB was studied. The consideration of activated carbon models 
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with different functional groups would aid in understanding the effect of such functionals on 

the extent of activated carbon bromination. The various interactions representing the 

bromination process are given in Figure 6.7, while the bond length and the interaction 

energies obtained for the various type of bromination interactions are given in Table 6.1.  

The bromination of AC’s by CTMATB was studied by considering various possible ways of 

interaction mechanisms, and the most stable interactions were selected based on their 

interaction energy. For all the AC models, it was observed that the strongest and most stable 

interaction occurred when CTMATB bound with the AC’s surfaces via bromination of the 

carbon atom of the AC’s surface (Figure 6.7(b)-(e)). The interaction energies corresponded to 

-366.99 kJ/mol, -436.92 kJ/mol, -361.66 kJ/mol and -360.94 kJ/mol for CTMATB---AC-U, 

CTMATB---AC-OH, CTMATB---AC-COOH and CTMATB---AC-CHO respectively. It can 

be inferred that the bromination process possibly proceeded by dissociation of Br3
- of 

CTMATB and further interaction of the dissociated species viz., Br2 with the carbon atom of 

the aromatic double bond of the AC’s surface. The dissociation of Br3
- can be explained from 

the lengthening of their bond length upon its interaction with AC. The Br3
- is represented by 

63Br-64Br-65Br in the optimized CTMATB structure as given in Figure 6.7(a).  Initially, the 

63Br-64Br and 64Br-65Br bond distance in 63Br-64Br-65Br of optimized CTMATB 

molecule corresponded to 2.70Å and 2.68 Å respectively, and also the closest distance 

between CTAB+ moiety and 63Br was 2.74 Å.  However, as given in Table 6.2, the distance 

of 63Br-64Br and 64Br-65Br increased to ≥ 3.10 Å after its interaction with AC’s. This 

lengthening of distance between the bromine atoms upon their introduction to AC’s indicated 

that the interatomic interaction within the tribromide species became weaker which may have 

led to dissociation. Although the dissociation mechanism of tribromides during the 

bromination process is not clear, some studies in organic bromination have hypothesized that 

the Br3
- of tribromides dissociated into Br- and Br2 and the dissociated Br2 further interacted 

with the double bond of the organic substrates, resulting in a brominated compound[62]. 

Therefore, it is envisaged that a similar dissociation mechanism may have occurred during the 

bromination of the AC’s surfaces. This is also supported by the formation of a strong covalent 

bond between two bromine atoms and the carbon atoms in the aromatic double bond of AC. 

The two types of covalent bonds formed were 64Br-C and 65Br-C, the bond distances were 

between 1.94 Å and 2.00 Å; the shorter bond distance suggested that the two bromine species 

64Br and 65Br were held firmly on the AC’s surfaces. It was observed that the third bromine 

species i.e., 63Br did not involve in strong interaction with the AC’s surface, however, it 

tended to interact more strongly with the CTMA+ moiety which is explained by the shorter 
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bond distance between 63Br and the CTMA+, and the longer distance between 63 Br and 

AC’s surfaces as given in Table 6.2. Therefore, from the above observations, it is likely that 

the 63Br-64Br-65Br dissociated into 63Br- and Br2 (64Br, 65Br) species. The 63Br- 

favourably interacted with the CTMA+ species while the Br2 interacted with the AC’s surface 

via covalent bond formation. These theoretical findings also supported the experimental 

findings of the predominant presence of C-Br covalent bond. 

Since it was observed that CTMATB interacted more favourably via bromination of AC’s 

surface by the Br2 species, it is also important to understand the interaction mechanism of the 

dissociated Br2 species with the AC surface and their structural stability. Therefore, we 

considered the above mentioned four carbon models (AC-U, AC-OH, AC-CHO, AC-COOH) 

and their interaction mechanisms with the active Br2 species were studied. The Br2 species is 

represented by 1Br and 2Br in the optimized structure given in Figure 6.7(f). The calculations 

showed that the distance between the two bromine species in its molecular Br2 (1Br---2Br) 

form was 2.46Å, however, it increased to 3.28Å, 3.23Å, 3.23Å and 3.21Å upon its interaction 

with AC-U, AC-OH, AC-COOH and AC-CHO respectively. This lengthening of bond 

distance suggested the weakening of the molecular 1Br---2Br interaction which may have 

resulted in dissociation of the molecular Br2 into individual 1Br and 2Br species. The 

dissociated species may have further interacted with the carbon in the aromatic double bond 

of AC surfaces forming C-Br covalent bond. The shorter C---1Br and C---2Br bond distances 

and the high negative interaction energies obtained for all the dissociated Br2 and AC’s 

interactions indicated the strong bonding of dissociated Br species with the AC surfaces. 

Moreover, the energy stability of all the Br2 and AC’s interactions (Figure 6.7(g)-(j)) was 

more as compared to the CTMATB and AC’s interactions (Figure 6.7 (b)-(e)), indicating that 

Br2 and AC type of complex is more likely to exist as compared to CTMATB and AC 

complex.  

Among the various types of Br2 and AC interaction, the Br2---AC-OH complex showed the 

highest energy stability (-483.61 kJ/mol), indicating that the presence of -OH group may 

probably enhance the bromination process. Also, AC-COOH and AC-CHO carbon favoured 

the bromination process with interaction energy of -451.92 kJ/mol and -450.74 kJ/mol 

respectively. The unsaturated ACs also favoured the bromination process with high 

interaction energy but was lower as compared to the ACs containing oxygenated functional 

groups. The overall favourability of the bromination process by various carbon models 

decreased in the following order; 

Br2---AC-OH > Br2---AC-COOH > Br2---AC-CHO > Br2---AC-U 
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(i) 

 

(j) 

Figure 6.7 Optimized structure of (a) CTMATB (b) CTMATB---AC-U (c) CTMATB---AC-OH (d) 

CTMATB---AC-COOH (e) CTMATB---AC-CHO (f) dissociated Br2 (g) Br2---AC-U (h) Br2---AC-

OH (i) Br2---AC-COOH and (j) Br2---AC-CHO  

 

In addition to the above-discussed bromination mechanisms, it is also possible that the 

CTMATB may interact with the AC through other modes of interaction. Therefore, the 

possibility of the interaction of CTMATB with AC via alkyl chain and ammonium moiety of 

CTMATB was also explored by considering (a) hydrophobic interaction of alkyl group of 

CTMATB with the hydrophobic planar part of AC surface and (b) Interaction via the 

ammonia moiety of CTMATB with the AC. 

Two different carbon models, AC-U and AC-OH corresponding to unsaturated activated 

carbon and oxidized activated carbon respectively were considered. Figure 6.8(a) and (b) 

represent the hydrophobic interaction of CTMATB with AC and CTMATB with AC-OH 

respectively. The interaction of CTMATB via hydrophobic interactions resulted in low 

interaction energies of -3.81 kJ/mol for CTMATB---AC and -6.53 kJ/mol for CTMATB---

Table 6.1 Bond distance and Interaction energy obtained for various type of bromination interactions. 

Models Bond distance (Å) Interaction energy (kJ/mol) 

 63Br-64Br 64Br-65Br C-64Br C-65Br 63Br-CTMA+  

CTMATB 2.70 2.68 - - 2.74  

CTMATB---AC-U 3.10 3.27 2.00 1.95 2.59 -366.99 

CTMATB---AC-

OH 

3.96 3.21 1.95 1.96 2.55 -436.92 

CTMATB---AC-

COOH 

4.20 3.22 1.96 1.95 2.65 -361.66 

CTMATB---AC-

CHO 

4.19 3.19 1.96 1.94 2.63 -360.94 

  

1Br-2Br 

 

C-1Br 

 

C-1Br 

   

Br2 2.46 - -    

Br2---AC-U 3.28 1.98 1.95   -442.07 

Br2---AC-OH 3.23 1.96 1.96   -493.61 

Br2---AC-COOH 3.23 1.95 1.96   -451.92 

Br2---AC-CHO 3.21 1.96 1.94   -450.74 
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AC-OH. Also, Figure 6.8 (c) represents the interaction of CTMATB with AC via ammonium 

moiety and the interaction energy corresponded to -11.35 kJ/mol suggesting a weak physical 

interaction. 

These results suggested that although the existence of such weak physical interactions cannot 

be ruled out, there is a high possibility for the weakly held CTMATB molecules to be leached 

out during the experimental washing process. Thus, physical interactions via alkyl chain and 

ammonium moiety cannot be the predominant mode of interaction in the binding of 

CTMATB with the activated carbon surface.  

 
(a) 

  
(b) 

 
(c) 

 

Figure 6.8 (a) Hydrophobic interaction between CTMATB and AC-OH (b) Hydrophobic interaction 

between CTMATB and AC-OH and (C) Physical interaction between CTMATB and AC-U via 

ammonium moiety 

6.3.3 Antibacterial activity of Br-AC 

6.3.3.1 Well-diffusion assay 

The well-diffusion method gives a qualitative assessment of the antibacterial activity of Br-

AC. The zone of inhibition obtained after 24 hours of incubation is shown in Figure 6.9. A 

clear inhibition zone of 16 mm (in diameter) was observed around the Br-AC sample after 24 

hours of incubation, while there was no inhibition zone observed for the AC sample.  The 

results demonstrated that the AC alone was not capable of inhibiting the E.coli growth. 

However, the brominated AC could inhibit the E.coli growth, suggesting the efficiency of Br-

AC as an antibacterial material. 
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(a) 

 
(b) 

Figure 6.9 Inhibitory effect of (a)AC and (b) Br-AC 

against E.coli 

6.3.3.2 Concentration and pH-dependent antibacterial activity 

The antibacterial activity was found to vary in different Br-AC concentrations. Initially, 0.30 

g/mL Br-AC concentration was taken in 2mL broth and the solutions was serially diluted two-

fold to 0.15g/mL, 0.07g/mL, 0.03g/mL, 0.01 g/mL till 0.002g/mL. The broth media with 

different Br-AC concentrations were inoculated with E.coli and the bacterial growth was 

observed. There was no visible E.coli growth in Br-AC concentrations ranging from 0.3 to 

0.01g/mL, however, E.coli growth was observed at concentrations below 0.01 g/mL. The 

results suggested that the Br-AC concentrations between 0.3 to 0.01 g/mL were capable of 

preventing the bacterial growth, and the lowest Br-AC concentration i.e 0.01g/mL was taken 

as the MIC. Further, the test-dilutions without any visible growth were sub-cultured on agar 

plates to determine the MBC i.e., the lowest concentration at which the E.coli cells are killed. 

The test dilutions containing 0.3 to 0.03 g/mL did not allow any bacterial colony formation on 

the agar plates and the lowest concentration i.e., 0.03 g/mL was taken as the MBC. 

Taking the MIC concentration of Br-AC, the effect of pH on the antibacterial activity was 

calculated. As observed from Figure 6.10, the antibacterial activity of Br-AC varied with an 

increase in pH of the medium. The zone of inhibitions were found to be 15mm, 14mm, 

16mm, 16mm and 17 mm at pH 5,6,7,8 and 9 respectively.  Br-AC showed higher 

antibacterial activity in alkaline condition. The results indicated the efficiency of Br-AC at 

different pH and thus suggest its applicability in the treatment of wastewater with varying pH 

 

Figure 6.10 Antibacterial activity against E.coli at (a) pH 5 (b) pH 6 (c) pH 7 (d) pH 8 (e) pH 9 

 

(a) (b) (c) (d) (e) 
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6.3.3.3 Removal of Escherichia coli 

The removal of Escherichia coli from aqueous solution containing approximately 108 CFU/ 

mL of Escherichia coli indicated that almost 100% bacteria removal was achieved after 80 

minutes. No bacterial colony was observed after 80 minutes of incubation, indicating that the 

Br-AC was capable of killing the Escherichia coli present in the sample and thus achieving a 

100% removal efficiency. The effect of contact time on the bacterial removal/killing by Br-

AC was analysed by the time-kill curves shown in Figure 6.11. The curve represents the 

decrease in viable E.coli cell count (expressed in log10CFU/ml) with variation in contact time. 

The test results showed that the viable E.coli cell count decreased by 3 orders of magnitude in 

the first 10 minutes and this decrease in cell count was enhanced with time. After 1 hour, the 

viable cell count decreased by around 5 orders of magnitude and no viable E.coli cells were 

observed after 80 minutes contact time with the Br-AC.   

 

Figure 6.11 Time kill curve for E.coli with Br-AC at 

MIC concentration.  

6.3.3.4 SEM image of ruptured bacterial cell 

Scanning electron microscopy was employed to observe the damage on the E.coli cells after 

their exposure to Br-AC. The SEM micrographs of untreated and treated E.coli cells are given 

in Figure 6.12. The untreated E.coli cells were typically rod-shaped and displayed relatively 

smooth surfaces with a distinct outline. In contrast, the E.coli cells exposed to Br-AC were 

significantly damaged, distorted and wrinkled. The results showed that the Br-AC acted as an 

effective membrane destructive agent which may have caused the leakage of intracellular 

components and led to cell death. 
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(a) 

 

(b) 

Figure 6.12 SEM image of (a) Untreated E.coli cells and (b) Cells exposed to Br-AC 

6.3.4 Possible antibacterial mechanism 

The Br-AC synthesized in the present study showed good antibacterial activity against the 

Gram-negative bacteria-E.coli. The possible antibacterial activity of the Br-AC may be 

explained as follows: firstly, the large surface area and porous nature of the Br-AC increased 

the chances of bacteria to come in contact with the Br-AC. Secondly, the Br-AC may have 

interacted with the lipid-protein membrane of E.coli cells leading to disorganisation of the 

bacterial membrane. The damage in the cellular membrane may have resulted in leakage of 

cellular components such as inorganic ions (K+, Na+, Ca+, PO4
-2, SO4

-2 etc.), intracellular 

proteins, DNA and RNA, disrupting the normal functioning of the E. coli cells and eventually 

leading to cell death[63,64].  

To further provide a comprehensible explanation of the antibacterial mechanism, molecular 

docking studies were conducted using the MVD. The activated carbon models, Br2---AC-OH, 

Br2---AC-COOH, Br2---AC-CHO were considered as the ligands and were docked with the 

target enzyme MurA. The interactions and bonding between each ligand and the target 

enzyme MurA would convey the possible antibacterial effects. The molecular docking 

simulation results showed favourable binding of the brominated carbons with the target 

enzyme MurA with interaction energies ranging from -0.022 kJ/mol to 2.511 kJ/mol. Figure 

6.13 shows the binding mode of the brominated activated carbons with MurA at the active site 

of the target depicting the possible mode of interaction, revealing strong hydrogen bonds 

formation at the active site of the target protein.  Additionally, Table 6.2 shows the results of 

ligand-protein interaction energy and the docking scores (The interacting atoms, their 

interaction distance and the interaction energy). The docking hits predicted common 

interaction with Arg371 through sp2 hybridization and Asp369 through sp3 hybridization of 

the target enzyme. 
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Figure 6.13 (a) Br2---AC-OH (b) Br2---AC-OH and (c) Br2---AC-OH at the active site of MurA 

showing the mode of interactions 

 

6.4. Conclusion 

Brominated activated carbon was prepared successfully using greener brominating agent 

CTMATB by a simple preparation route. The characterisation of the prepared sample by 

confirmed the bromination of the activated surface. The destruction in the porous network of 

the activated carbon after the bromination process was visualized by FESEM-EDX. FTIR 

indicated the change in the chemical functional groups and the presence of C-Br bond. XPS 

results presented the chemical nature and the binding mode of bromine to carbon surface 

mainly by C-Br bond, while XRD analysis revealed the amorphous nature of the prepared 

Table 6.2 The molecular interaction analysis of brominated carbons at the active site of MurA 

Ligand Protein active sites 

Docking score 

(kJ/mol) 

Interaction energy 

 (kJ/mol) 

Hybridization 

 (Protein) 

Hybridization 

(Ligand) 

      

Br2-AC-OH Arg371 -94.78 -0.794 Sp2 (Donor) Sp2(Acceptor) 

Br2-AC-COOH Arg331 -102.48 -0.022 Sp2(Donor) Sp2(Acceptor) 

 Asp369  -2.5 Sp3(Acceptor) Sp3(Both) 

 Arg371  -1.266 Sp2(Donor) Sp3(Both) 

Br2-AC-CHO Arg331 -87.40 -0.667 Sp2 (Donor) Sp3(Both) 

 Asp369  -2.5 Sp3(Acceptor) Sp3(Both) 

(a) (b) 

(c) 
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bromo carbon.  The brominated activated carbon imparted antibacterial properties with MIC 

and MBC concentration of 0.01g/mL and 0.03g/mL respectively. SEM image of the E.coli 

cells showed the destruction in the cell integrity after their exposure to brominated activated 

carbon. The brominated carbon exhibited good killing kinetics with approximately 100% 

E.coli being killed within 80 minutes. The probable antibacterial mechanism of the 

brominated activated carbon was explained theoretically using MVD, which indicated the 

efficiency of the brominated carbon to bind with E.coli cell wall protein. Further, DFT 

calculations explained the possible bromination of the activated carbon surface by CTMATB.  

Finally, the present study shows the good antibacterial activities of brominated activated 

carbon and thus, provides an alternative to silver and metal oxides coating for imparting 

antibacterial activities to activated carbon for application in water treatment.  
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SUMMARY AND CONCLUSIONS 

This chapter presents the overall summary and conclusions of the thesis. The future scope of the 

work is also highlighted in this chapter. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5                                                                                                          Removal of 4-nitrophenol      

197 

 

Biomass materials of Tithonia diversifolia and Ravenna grass served as a potential precursor 

for the preparation of activated carbon. The surface characteristics of the prepared activated 

carbon was successfully tailored to enhance the performance of the activated carbon towards a 

wide variety of pollutants such as phenols and bacterial pathogens. A summary of the overall 

thesis work is presented below: 

1. A low-cost activated carbon was successfully synthesized from Tithonia diversifolia 

biomass using potassium hydroxide as the chemical activating reagent. Taguchi's 

experimental design approach was applied to determine the best preparation conditions. 

An optimum 2:1 impregnation ratio and 700ºC activation temperature produced the best 

carbon with a high 854.44 m2g-1 surface area, 0.445 cm3g-1 total pore volume and 18.3 

% yield. From ANOVA, the impregnation ratio was found to be the most influential 

factor in preparing activated carbon with the maximum surface area. SEM and XRD 

studies revealed the porous microcrystallite structure of the obtained activated carbon. 

The prepared carbon showed a maximum 98.2% removal percentage of bisphenol A. 

The Langmuir isotherm model described the equilibrium adsorption of bisphenol A well 

with a maximum adsorption capacity(qm) of 15.69 mg g-1 while the kinetic adsorption 

study indicated a pseudo second order model. A theoretical investigation suggested that 

the adsorption of bisphenol A onto the activated carbon mainly proceeds via 

chemisorption and the presence of a carboxyl functional group on the activated carbon 

surface yielded a greater adsorptive impact on bisphenol A. This study indicates that 

Tithonia diversifolia could be used as a potential raw material for preparing activated 

carbon for removing of bisphenol A from water.  

2. The Tithonia diversifolia activated carbon (0.445 cm-3g-1 pore volume and 854.44 m2/g 

BET surface area) also served as an effective adsorbent for the removal of phenol and 

2,4-dinitrophenol from water. A maximum of 99.98% and 97.81% removal efficiency 

was attained for phenol and 2,4-dinitrophenol respectively at optimised conditions. The 

pseudo-second-order model described the adsorption kinetics well, while the Langmuir 

model best-elucidated the adsorption isotherm with a maximum adsorption capacity of 

50.552 mg g-1 for phenol and 42.607 mg g-1 for 2,4-dinitrophenol. According to the 

calculated thermodynamic parameters, the adsorption process was spontaneous and 

endothermic.  The process performance was further validated using real wastewater, 

and the removal efficiency of 84-90% was attained for both analytes. Theoretical 

investigations through density functional theory calculations suggested that the presence 
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of oxygenated functional group on activated carbon surface decreased the adsorbate-

adsorbent interaction. Meanwhile, a comparative study of the adsorption energies of 

various interactions indicated that phenol interacted more strongly with the activated 

carbon as compared to 2,4-dinitrophenol.  Regeneration studies indicated the reusability 

of the exhausted carbon up to the fifth cycle with significant removal efficiency.  

3. A simple and efficient activated carbon biofilter column was developed for the treatment 

of bacteria-contaminated water. The biofilter columns were amended with Tithonia 

diversifolia activated carbon along with supporting media such as brick, sand or 

pebbles. The activated carbon biofilter columns achieved a high removal efficiency of 

up to 99.99 % of Escherichia coli from aqueous solution. Among the different 

supporting media used, the biofilter column with brick attained the highest removal 

efficiency of Escherichia coli from aqueous solution. This proves the higher 

effectiveness of brick powder as a supporting media compared to sand and pebbles. 

Further, the brick supported activated carbon biofilter column could perform efficiently 

in real wastewater environment achieving high removal efficiency of 98% total 

heterotrophic bacteria, 99.4% total coliform and 99.8 % Escherichia coli, indicating the 

applicability of the column in the real world scenario. 

4. Porous activated carbon was prepared using Ravenna grass and was successfully 

utilized as an adsorbent for the removal of 4-Nitrophenol from aqueous solution. The 

surface features of the activated carbon were enhanced using different molar 

concentrations of KOH. The activated carbon prepared using 2M KOH concentration at 

700℃, resulted in the best features of the prepared adsorbent represented by BET 

surface area, pore volume and pHZPC of 919 m2g-1, 0.324 cm3g-1 and 8.1 respectively. 

SEM, FTIR, XRD and TGA analysis revealed the micro-crystallite and porous structure 

of the synthesised biocarbon with abundant functional groups and high thermal stability. 

The prepared carbon showed a high removal efficiency for 4-nitrophenol removal. The 

equilibrium isotherm study revealed the suitability of the Langmuir isotherm with a 

maximum adsorption capacity of 50.89 mg/g. The pseudo-second-order kinetic model 

well represented the adsorption kinetics data while thermodynamics study indicated the 

spontaneity (ΔG<0) and endothermic nature (ΔH>0) of the adsorption of 4-Nitrophenol. 

Density functional theory (DFT) calculations performed at the B3LYP level indicated 

that the interaction of 4-Nitrophenol with pristine and functionalized activated 

biocarbon is favourable.  
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5. Ravenna grass activated carbon was successfully modified using cetyltrimethy 

ammonium tribromide(CTMATB) to render antibacterial activity in addition to the 

adsorption characteristics of the activated carbon. The modification of activated carbon 

was done using a simple and efficient route which resulted in brominated activated 

carbon. SEM and XRD analysis revealed the change in porous and crystalline structure 

after the modification process. Characterisation of the brominated activated carbon 

using XPS demonstrated that majority of the bromine form C-Br covalent bond with the 

carbon of the activated carbon. The prepared brominated activated carbon displayed 

antibacterial activity against Gram-negative bacteria- Escherichia coli. The kill-kinetic 

studies indicated that the Escherichia coli colonies reduced to 5 orders of magnitude 

within 80 minutes of their contact with the brominated activated carbon, while the 

minimum inhibitory concentration and minimum bactericidal concentration against 

Escherichia coli cells were found to be 0.01 g/mL and 0.03 g/mL respectively. The 

smooth rod-shaped Escherichia coli cells visualized using scanning electron 

microscopy became distorted and wrinkled after their exposure to brominated activated 

carbon. Molecular docking studies demonstrated the binding of the brominated carbon 

with Escherichia coli cell wall protein-MurA.  Furthermore, DFT calculations 

suggested a strong favourability of the bromination of carbon surfaces via C-Br bond 

formation with interaction energies ranging between -442.07 kJ/mol to -493.61 kJ/mol.   

Thus, it can be concluded from the current thesis work that activated carbon has been 

successfully produced using cost-effective and readily available biomass materials. The surface 

characteristics of the prepared activated carbon were efficiently tailored and used for the 

enhanced removal of a wide variety of pollutants such as phenol, 4-nitrophenol, 2,4-

dinitrophenol, bisphenol A, coliform and Escherichia coli bacteria from water. Also, the 

activated carbon could be endowed with antibacterial properties for its usage in the 

removal/killing of bacterial pathogens from water. 

Future scope of the work 

➢ The modifications of the activated carbon surface can be further explored using different 

techniques to enhance its adsorption efficiency or to increase its affinity towards a 

specific pollutant. 

➢ The activated carbon can be endowed with antibacterial properties by exploring other 

green antibacterial reagents or chemicals. 
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➢ The prepared carbons can be tested for their efficiency in the removal of inorganic 

pollutants such as heavy and trace metals from water samples. 

➢ Composite material can be prepared by doping the prepared activated carbon with other 

materials for its use in catalytic process, energy storage and other environmental 

applications. 

➢ The regeneration of the spent carbon can be studied using biological, chemical and 

physical methods to develop an economical regeneration process. 
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