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Abstract 

Water contamination by heavy metal ions is a world-wide issue. Adsorption is an effective 

treatment method for heavy metal removal from contaminated aqueous solutions. Traditional 

adsorbents such as activated carbons are expensive and may prove un-economical. Therefore, 

it is important to develop effective low-cost adsorbents. The aims of this study are to prepare 

an effective low-cost adsorbent of biochar prepared from date seed biomass and to investigate 

the adsorption performance of the derived biochar for heavy metal removal from aqueous 

solutions. Single and multicomponent systems of lead, copper, and nickel were studied. The 

studies were conducted in two stages: the first was to investigate the preparation and 

operational conditions to identify the most promising biochar; the second was to investigate 

different methods to modify the biochar to enhance its adsorption characteristics.  

In the first stage, nine sets of biochar were prepared using slow pyrolysis at different 

temperatures (350–550 oC) and heating times (1–3 h). The influences of pyrolysis 

temperature and heating time on the biochar physiochemical properties were studied. One–

way ANOVA and Tukey Post-hoc tests showed that the biochars prepared at different 

pyrolysis conditions were significantly different. Initial evaluation of the nine biochars 

showed that the adsorption uptake was positively correlated with the pyrolysis temperature 

and heating time. Biochar prepared at 550 °C for 3 h (referred to as DSB550-3) with particle 

size range of 0.6-1.4 mm was the best adsorbent for Pb2+, Cu2+, and Ni2+ removal. Thus, it 

was selected in further investigations.  

Batch experiments for single component systems indicated that the maximum adsorption 

capacities of DSB550-3 biochar were 0.718, 0.421 and 0.333 mmol g−1 for Pb2+, Cu2+, and 

Ni2+ respectively. These values were found to be higher than those of hickory wood biochar 

(0.016 for Pb2+, 0.041 for Cu2+, and 0.004 for Ni2+) mmol g-1 and Salisbury biochar (0.230 



ii 

for Pb2+, 0.101 for Cu2+, 0.105 for Ni2+) mmol g-1. Fixed bed adsorption showed that 

DSB550-3 biochar effectively reduced the total amount of Pb2+, Cu2+ and Ni2+ by 97%, 

70.3%, and 56%, respectively.  

The adsorption performance of DSB550-3 biochar for heavy metal removal was evaluated 

under a variety of conditions including solution pH, particle size, temperature, and presence 

of other cations. The removal efficiency increased with particle size until it reached a 

maximum in the particle size range (0.6-1.40 mm) after which removal efficiency declined. 

Solution pH strongly affects the adsorption uptake of biochar. The metal uptake increased as 

the pH increases and reached a plateau at around pH 6. The adsorption process was found to 

be thermodynamically favourable and spontaneous. Temperature also influenced the metal 

uptake and a change of 18-38% in uptake capacities within the temperature range of 25 and 

45 oC on adsorption was observed. 

When compared to single component systems, the adsorption capacities of Pb2+, Cu2+, and 

Ni2+ in multicomponent systems were reduced by 48-75% in both batch and fixed bed 

experiments. In fixed-bed experiments, both Ni2+ and Cu2+ broke through earlier than Pb2+ 

ion, indicating that the functional groups on the biochar had a relatively stronger affinity for 

Pb2+ ion than Cu2+ and Ni2+ ions. The overall adsorption capacities of the fixed bed for all 

three ions were reduced by approximately 55% (on mill equivalents basis) when compared 

to Pb2+ adsorption capacity in single component system but only marginally when compared 

to Ni2+ and Cu2+.  

Post-adsorption characterization and chemical analysis indicated that the adsorption was 

mainly controlled by the mechanisms of ion exchange and metal complexation with carboxyl 

and hydroxyl groups of the biochar. The contribution of different adsorption mechanisms to 

the overall metal adsorption was different in the single and multicomponent systems. Ion 

exchange was the predominate mechanism for the adsorption of Pb2+, Cu2+, and Ni2+, which 
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accounted for 57%, 69%, and 72%, respectively, of the total adsorption in single component 

systems and accounted for 37-40% of the total adsorption in multicomponent system. 

Equilibrium isotherms and adsorption kinetics were studied by using DSB550-3 biochar. The 

equilibrium isotherms of Pb2+, Cu2+, and Ni2+ adsorption in single component systems were 

well described by the Sips model. It was observed that for all three metals, equilibrium was 

reached within 3-6 h of contact. The kinetics for Pb2+ and Cu2+ and Ni2+ showed good 

agreement with the pseudo second order kinetic model suggesting that chemisorption might 

be one of the adsorption mechanisms. Quantitatively, the adsorption of Pb2+ and Cu2+ was 

faster than that of Ni2+ which might be either related to the binding strength of Pb2+ and Cu2+ 

with surface functional groups or due to the variance in ionic characteristics.  

Biochar re-usability for repeated applications was investigated in four consecutives regeneration 

cycles by using 0.5 M HCl as an elution agent. The adsorbent showed good re-use potential 

with only marginal reduction in its uptake capacity over the first 3 cycles. This has an 

important economic significance as the re-usability makes the material more comparable to 

the commercial adsorbents such as commercial activated carbon.  

The biomass and/or biochar were modified to enhance the adsorption properties for the 

biochar. The modification methods included pre-treatment of biomass prior to pyrolysis 

using an alkali (DSB-PB) or an acid (DSB-PA) as well alkali and acid post–treatment of 

biochar pyrolyzed at 550 oC for 3 h (DSB-BW and DSB-AW, respectively). The modified 

biochar was compared to unmodified one in terms of their metal uptake capacities, kinetic 

behaviour, and surface chemistry and morphology based on FTIR and SEM analyses. Of the 

four modified biochars investigated, DSB-PA biochar showed the highest adsorption 

capacities for Pb2+, Cu2+, and Ni2+. When compared to those of DSB550-3 biochar, the 

adsorption capacity of DSB-PA biochar for Pb2+, Cu2+, and Ni2+ increased by 27%, 66% and 

98%, respectively. The adsorption rates of metal ions onto DSB-PA biochar were higher 
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when compared to unmodified biochar, with almost 94% of the total amount of metals 

adsorbed within the first hour.  

Electro-assisted adsorption was also investigated for Pb2+, Cu2+, and Ni2+ by using biochar 

(DSB-Electro). Comparing to DSB550-3, the results showed that DSB-Electro effectively 

increased the adsorption capacity of the biochar for Pb2+, Cu2+, and Ni2+ by 21%, 36% and 

94%, respectively. Metal ion adsorption onto electrode occurred rapidly, for example; with 

around 88% of Pb2+ and Ni2+ ions adsorbed within the first 3 h, while 96% of total adsorption 

of Cu2+ ion occurred at the first hour of contact. From the reversing of the electrical potential, 

it was observed that the adsorbed ions were not completely desorbed, and a large fraction of 

the ions were retained in the biochar electrode. This indicated that the only a small fraction 

of the ions were held by the electrostatic charge introduced by the current. It was likely that 

the enhanced charged facilitated other adsorption mechanisms by bringing the ions in contact 

with the biochar initially via electrostatic force. 

The results of this study indicated that date seed biochar is a suitable adsorbent which can 

effectively remove Pb2+, Cu2+, and Ni2+ from aqueous solutions. Findings of this study can 

provide a basis for preparing modified biochar in producing effective low-cost adsorbents. 

 

 

 

 

 

 



v 

STATEMENT OF ORIGINALITY 

 

 

 

This work has not previously been submitted for a degree or diploma in any university. To 

the best of my knowledge and belief, the thesis contains no material previously published or 

written by another person except where due reference is made in the thesis itself. 

 

 

 

 

 

  

(Signed)  22/10/2018  

Name of Student: Zainab Ali Mahdi 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

TABLE OF CONTENTS 

 Page 

ABSTRACT i 

STATEMENT OF ORIGINALITY v 

LIST OF TABLES xi 

LIST OF FIGURES xiii 

ACKNOWLEDGEMENT OF PUBLISHED PAPERS xviii 

ACKNOWLEDGMENTS xx 

ABBREVIATIONS xxi 

CHAPTER ONE: INTRODUCTION 

1.1 Background   

1.2 Biochar and Heavy Metal Adsorption 

1.3 Study Aims  

1.4 Study Objectives  

1.5 Thesis structure 

1 

1 

2 

5 

5 

7 

CHAPTER TWO: LITERATURE REVIEW 

      2.1 Introduction  

      2.2 Heavy Metal Pollution   

            2.2.1 Sources of Heavy Metals  

            2.2.2 Problems Associated with Heavy Metals Pollution  

      2.3 Removal Technologies of Heavy Metal Ions from Wastewater 

      2.4 Biochar Preparation and Adsorption  

            2.4.1 Biochar Production   

            2.4.2 Physiochemical Biochar Properties 

            2.4.3 Biochar Modification  

            2.4.4 Heavy Metal Removal onto Biochar 

      2.5 Heavy Metal Adsorption Using Date Waste as Adsorbent  

      2.6 Heavy Metal-Biochar Adsorption Mechanism  

      2.7 Factors Affecting Biochar Adsorption 

            2.7.1 Effect of Solution pH   

            2.7.2 Effect of Contact Time  

            2.7.3 Effect of Adsorbate Concentration 

            2.7.4 Effect of Particle Size 

            2.7.5 Effect of Temperature  

8 

8 

8 

9 

10 

11 

14 

14 

18 

23 

27 

31 

33 

35 

35 

36 

37 

37 

38 



vii 

            2.7.6 Effect of Competing Cations 

            2.7.7 Effect of Adsorbate Properties  

      2.8 Heavy Metal-Biochar Adsorption Models   

            2.8.1 Adsorption Isotherms  

                     2.8.1.1 Single Component System 

                     2.8.1.2 Multicomponent System  

            2.8.2 Adsorption Kinetics Models 

      2.9 Fixed Bed Adsorption  

      2.10 Desorption/Regeneration of Laden-Biochar 

      2.11 Summary of Literature Review 

40 

41 

42 

42 

44 

46 

48 

51 

54 

56 

CHAPTER THREE: MATERIALS AND METHODS 

      3.1 Materials  

           3.1.1 Chemicals  

           3.1.2 Date Seed Biomass 

      3.2 Analytical Methods  

            3.2.1 Heavy Metal Ion Concentrations  

            3.2.2 Solution pH, Electrical Conductivity, and Temperature Measurements 

            3.2.3 Surface Properties 

            3.2.4 Scanning Electron Microscopy (SEM) 

      3.3 Experimental Methods  

            3.3.1 Biochar Preparation  

            3.3.2 Biochar Modification Procedure  

                     3.3.2.1 Pre-treatment of Biomass   

                     3.3.2.2 Post-treatment of Biochar  

      3.4 Biomass and Biochar Characterization  

            3.4.1 Moisture Content 

            3.4.2 Volatile Matter Content 

            3.4.3 Ash Content and Fixed Carbon Content 

            3.4.4 CHNO Elemental Analysis  

            3.4.5 Bulk and Particle Densities 

            3.4.6 pH and Point of Zero Charge (pHPZC) 

            3.4.7 Biochar Mass Yield   

            3.4.8 Acid Extractable Content of Biochar 

            3.4.9 Boehm Titration  

            3.4.10 Specific Surface Area  

59 

59 

59 

60 

60 

60 

61 

61 

61 

63 

63 

63 

63 

64 

65 

65 

65 

65 

66 

66 

66 

67 

67 

68 

69 



viii 

            3.4.11 Cation Exchange Capacity  

            3.4.12 Electrical Conductivity  

      3.5 Batch Adsorption Experiments   

      3.6 Equilibrium Isotherm Experiments   

      3.7 Effect of Solution pH on Biochar Adsorption 

      3.8 Adsorption Kinetics Experiments   

      3.9 Effect of Particle Size on Biochar Adsorption 

      3.10 Light Metal Ions Released from Heavy Metal Ion Adsorption   

      3.11 Adsorption Thermodynamic Studies 

      3.12 Electro-assisted Adsorption    

      3.13 Fixed Bed Adsorption Experiments 

      3.14 Multicomponent Metal Adsorption Experiments 

      3.15 Desorption and Regeneration of the Spent Biochar 

      3.16 Regeneration of the Spent Biochar 

      3.17 Quality, Control and Re-producibility of Experiments 

      3.18 Statistical Analysis  

70 

70 

70 

71 

71 

72 

72 

72 

73 

73 

74 

75 

76 

76 

77 

77 

CHAPTER FOUR: BIOCHAR PREPARATION AND CHARACTERIZATION 

      4.1 Physicochemical Properties of the Feedstock  

      4.2 Biochar Preparation  

      4.3 Physicochemical Properties of Biochars 

            4.3.1 Biochar Yield  

            4.3.2 Proximate and Ultimate Analysis of Biochar 

            4.3.3 Surface Area of Biochar  

            4.3.4 Biochar pH and pHPZC 

           4.3.5 Biochar acidic functional groups 

           4.3.6 Biochar Cation Exchange Capacity, Electrical Conductivity and Soluble Basic 

Cations 

           4.3.7 Biochars Analysis using FTIR  

           4.3.8 Biochars Analysis using SEM 

      4.4 Analysis of the Effect of Pyrolysis Conditions on Biochar Properties 

      4.5 Summary 

79 

79 

81 

82 

82 

83 

86 

87 

88 

   90 

 

93 

97 

99 

102 

CHAPTER FIVE: SINGLE HEAVY METAL ADSORPTION 

      5.1 Introduction 

      5.2 Biochar Screening for Heavy Metal Adsorption 

      5.3 Effect of Particle Size on Metal Adsorption 

104 

104 

104 

107 



ix 

      5.4 Effect of Solution pH on Metal Adsorption 

      5.5 Adsorption Isotherms  

      5.6 Effect of Contact Time and Adsorption Kinetics 

      5.7 Adsorption Mechanisms of Heavy Metal by Biochar  

            5.7.1 Ion Exchange  

            5.7.2 Electrostatic Attraction 

           5.7.3 Other Potential Adsorption Mechanisms  

           5.7.4 Spectroscopy Analysis of Biochar Surface 

      5.8 Fixed Bed Adsorption  

      5.9 Mathematical Modelling of Fixed Bed Adsorption 

      5.10 Adsorption Thermodynamics 

      5.11 Desorption/Regeneration of Laden-Biochar  

      5.12 Summary  

108 

111 

116 

120 

120 

122 

123 

124 

127 

131 

133 

134 

138 

CHAPTER SIX: COMPETITIVE ADSORPTION OF HEAVY METAL IONS ONTO 

BIOCHAR   

      6.1 Adsorption Isotherms of Binary and Ternary Systems   

            6.1.1 Binary Systems 

            6.1.2 Ternary System 

      6.2 Adsorption Isotherm Modelling  

      6.3 Selectivity of DSB toward Pb2+, Cu2+, and Ni2+ Adsorption  

      6.4 Effect of Solution pH 

      6.5 Mechanisms of Heavy Metal Adsorption by Biochar 

            6.5.1 Ion Exchange Mechanism  

            6.5.2 FTIR Characterization of Functional Groups and Their Role in Metal Adsorption 

            6.5.3 Electrostatic Attraction Mechanism  

     6.6 Adsorption of Multicomponent Solutions (Pb2+, Cu2+, and Ni2+) in a Fixed Bed  

      6.7 Summary  

140 

 

140 

140 

143 

145 

148 

149 

152 

153 

154 

156 

156 

161 

CHAPTER SEVEN: HEAVY METAL ADSORPTION ONTO MODIFIED BIOCHAR 

AND ELECTRO-ASSISTED ADSORPTION 

      7.1 Introduction 

      7.2 Characterization of Modified Biochar Surface  

      7.3 Spectroscopy Analysis of Biochar Surface                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

      7.4 Preliminary Evaluation of Adsorption Performance of Modified Biochar 

      7.5 Spectroscopy Analysis of Biochar Surface after Metal Ion Adsorption   

      7.6 Equilibrium Isotherms of Modified Biochar                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

163 

   

  163 

163 

164 

168 

175 

178 



x 

      7.7 Adsorption Kinetics of Modified Biochar  

      7.8 Electro-Assisted Adsorption of Biochar for Heavy Metal Removal 

            7.8.1 Equilibrium Isotherms     

            7.8.2 Adsorption Kinetics   

      7.9 Spectroscopy Analysis of Electro-assisted Biochar Surface 

      7.10 Desorption of Electro-assisted Laden Biochar 

      7.11 Summary   

184 

190 

190 

197 

202 

204 

205 

CHAPTER EIGHT: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

STUDIES 

      8.1 General Conclusions  

      8.2 Recommendation and Future Studies   

207 

 

207 

214 

REFERENCES                                                                                                                                    215 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

LIST OF TABLES 

Table Page 

Table 2.1 Major sources of heavy metal arise from various industrial activities 9 

Table 2.2 Toxic impacts of heavy metals on the health of human beings 10 

Table 2.3 Different thermochemical conversion methods of biomass  16 

Table 2.4 List of recent literature on biochar preparation from various precursors 17 

Table 2.5 Physicochemical properties of biochar prepared from different biomass sources  19 

Table 2.6 Adsorption performance of biochar and other adsorbents for heavy metal removal 

from aqueous solution  

29 

Table 2.7 Parameters characterizing the binding strength of metals  42 

Table 2.8 Adsorption isotherm models  44 

Table 3.1 Chemicals used in the study 59 

Table 4.1 Physicochemical properties of date seed biomass 80 

Table 4.2 Physicochemical date seed biochar properties prepared at various pyrolysis 

conditions  

84 

Table 4.3 Acidic surface functional groups on biochar surface 89 

Table 4.4 CEC, EC, and charge density of various biochar samples 91 

Table 4.5 Surface functional groups observed in the FTIR spectra of date seed biochar produced 

at different pyrolysis conditions 

97 

Table 4.6 Regression analysis of the effect of pyrolysis temperature and heating time on biochar 

characteristics 

100 

Table 4.7 Summary of Tukey post hoc test for biochars prepared at different pyrolysis 

temperatures 

101 

Table 4.8 Summary of Tukey post hoc tests for the effect of heating time on different 

characteristics of biochar 

101 

Table 4.9 Summary of the Tukey post hoc test for the effect of pyrolysis temperature on 

biochar’s different characteristics 

102 

Table 5.1 Adsorption isotherms constants for the adsorption of Pb2+, Ni2+ and Cu2+ ions date 

seed biochar 

112 

Table 5.2 Adsorption capacity of date seed biochar compared to other adsorbents toward 

heavy metal ions  

116 

Table 5.3 Adsorption kinetics parameters for of Pb2+, Cu2+ and Ni2+ on onto DSB550-3 

biochar 

120 



xii 

Table 5.4 Release amounts of earth cations due to adsorption of Pb2+, Cu2+ and Ni2+ onto 

DSB550-3 biochar 

122 

Table 5.5 Fixed bed adsorption parameters of single solute system onto DSB550-3 biochar  129 

Table 5.6 Adsorption capacities for Pb2+, Cu2+ and Ni2+ onto the biochar calculated from the 

breakthrough curves compared to batch experiments*  

130 

Table 5.7 Adams-Bohart, Thomas, and modified dose response kinetic models’ parameters of 

Pb2+, Cu2+ and Ni2+ adsorption 

132 

Table 5.8 Thermodynamic parameters (ΔGo, ΔSo, and ΔHo) that related to the adsorption of 

Pb2+, Cu2+ and Ni2+ onto date seed biochar 

134 

Table 5.9 Adsorption-desorption efficiencies of the biochar for Pb2+, Cu2+, and Ni2+ removal 

in four consecutives cycles 

137 

Table 6.1 Parametric values for multicomponent adsorption fitted to modified Langmuir model 146 

Table 6.2 Adsorption capacities for heavy metal in multicomponent systems on various 

adsorbents 

147 

Table 6.3 Separation factor for multicomponent adsorption onto DSB550-3  148 

Table 6.4 Release amounts of earth cations due to adsorption of Pb2+, Cu2+ and Ni2+ onto 

DSB550-3 biochar 

154 

Table 6.5 Fixed bed adsorption parameters of single, binary and ternary systems 157 

Table 7.1 pH and surface area of modified and unmodified biochar samples 164 

Table 7.2 Adsorption capacity of unmodified and modified biochars for heavy metal removal   175 

Table 7.3 Adsorption isotherms constants for the adsorption of Pb2+, Ni2+ and Cu2+ ions onto 

modified biochar (DSB-PA) 

184 

Table 7.4 Kinetics parameters for pseudo first order and pseudo second order for Pb2+, Cu2+, 

and Ni2+ onto DSB-PA biochar 

189 

Table 7.5 Adsorption isotherm parameters for the adsorption of Pb2+, Ni2+ and Cu2+ ions onto 

modified biochar (DSB-Electro) 

191 

Table 7.6 Kinetics parameters of heavy metal removal onto DSB-Electro biochar 198 

 

 

 

 

 

 



xiii 

LIST OF FIGURES  

Figure Page 

Figure 2.1 Biochar productions and its use for environmental management tool  15 

Figure 3.1 Dried date seed biomass 60 

Figure 3.2 SEM analysis (a) sample preparation; (b) sample coating; and (c) SEM 

unit. 

62 

Figure 3.3 Pre-treatment of biomass with 1 M HCl  64 

Figure 3.4 Electrical-adsorption cell scheme. 74 

Figure 3.5 Fixed bed adsorption arrangement. 75 

Figure 4.1 DSB550-3 biochar prepared from date seed biomass.  82 

Figure 4.2 Total amount of basic cations (K+, Na+, Ca2+, Mg2+) in date seed derived 

biochar prepared at various pyrolysis conditions.  

86 

Figure 4.3 Amount of soluble cations of biochars prepared at different pyrolysis 

conditions  

92 

Figure 4.4 FTIR spectrum for date seed biomass 94 

Figure 4.5 FTIR spectra of biochars prepared at 350 oC for 1 h, 2 h, and 3 h. 95 

Figure 4.6 FTIR spectra of biochars prepared at 450 oC for 1 h, 2 h, and 3 h. 96 

Figure 4.7 FTIR spectra of biochars prepared at 550 oC for 1 h, 2 h, and 3 h. 96 

Figure 4.8 SEM images of biomass and its derived biochar prepared at various 

pyrolysis conditions. 

98-99 

Figure 5.1 Adsorption uptake of date seed biomass as well as derived biochar for 

heavy metal removal (Co= 0.5 mM; biochar:  solution ratio=10 g L-1; 

time=24 h; pH=6; room temperature; particle size=0.6-1.4 mm). 

106 

Figure 5.2 Effect of biochar particle size on the adsorption of Pb2+, Cu2+ and Ni2+ 

(room temperature; biochar: solution = 10 g L-1; Co= 0.5 mM) 

108 

Figure 5.3 Effect of solution pH on the adsorption of Pb2+ onto DSB550-3 biochar 

(biochar: solution = 10 g L-1; room temperature; Co = 0.5 mM). 

110 

Figure 5.4 Effect of solution pH on the adsorption of Cu2+ onto DSB550-3 biochar 

(biochar: solution = 10 g L-1; room temperature; Co = 1.0 mM). 

110 

Figure 5.5 Effect of solution pH on the adsorption of Ni2+ onto DSB550-3 biochar 

(biochar: solution = 10 g L-1; room temperature; Co = 1.0 mM). 

111 



xiv 

Figure 5.6 Adsorption isotherms onto biochar of Pb2+, Cu2+ and Ni2+ (room 

temperature; biochar: solution=10 g L-1; Co= 0.3-4.0 mM; pH = 6). 

Symbols represent experimental data while lines represent Langmuir 

model. 

113 

Figure 5.7 Adsorption isotherms onto biochar of Pb2+, Cu2+ and Ni2+ (room 

temperature; biochar: solution = 10 g L-1; Co=0.3-4.0 mM; pH= 6). 

Symbols represent experimental data while lines represent Freundlich 

model. 

114 

Figure 5.8 Adsorption isotherms onto biochar of Pb2+, Cu2+ and Ni2+ (room 

temperature; biochar: solution= 10 g L-1; Co= 0.3-4.0 mM; pH= 6). 

Symbols represent experimental data while lines represent Sips model.   

114 

Figure 5.9 Adsorption kinetics onto biochar of Cu2+ (biochar: solution =10g L-1; 

initial concentration 1.5 mM; reaction temperature 23±2 oC; initial 

solution pH 6). 

117 

Figure 5.10 Figure 5.10 Adsorption kinetics onto biochar of Ni2+ ions (biochar: 

solution =10 g L-1; initial concentration 1.5 mM; reaction temperature 

23±2 oC; initial solution pH 6). 

118 

Figure 5.11 Adsorption kinetics onto biochar of Pb2+ (biochar: solution =10 g L-1; 

initial concentration 0.5 mM; reaction temperature 23±2 oC; initial 

solution pH 6). 

119 

Figure 5.12 FTIR spectra of biochar after Pb2+, Cu2+, and Ni2+ adsorption compared 

with the pristine biochar. 

125 

Figure 5.13 SEM images of DSB550-3 biochar after adsorption (a) Pb2+; (b) Ni2+; 

(c) Cu2+; (d) Pristine biochar.  

126 

Figure 5.14 Breakthrough curve and pH profile of fixed bed adsorption of Pb2+ ion. 128 

Figure 5.15 Breakthrough curve and pH profile of fixed bed adsorption of Cu2+ ion. 128 

Figure 5.16 Breakthrough curve and pH profile of fixed bed adsorption of Ni2+ ion. 129 

Figure 5.17 Desorption studies of laden biochar (DSB550-3) with Pb2+, Cu2+ and 

Ni2+ ions. 

135 

Figure 5.18  Schematic diagram of the adsorption-desorption process. 136 

Figure 6.1 Equilibrium isotherms of binary systems (a) Pb2+-Cu2+; (b) Cu2+-Ni2+; 

(c) Pb2+-Ni2+ onto the biochar. Symbols represent experimental data and 

solid lines represent modified Langmuir model. 

142-143 



xv 

Figure 6.2 Equilibrium isotherms of ternary systems of Pb2+, Cu2+, and Ni2+ onto 

the biochar. Symbols represent experimental data and solid lines 

represent modified Langmuir isotherms. 

145 

Figure 6.3 Effect of solution pH on amount adsorbed (a) Pb2+-Ni2+; (b) Pb2+-Cu2+; 

(c) Cu2+-Ni2+; and (d) Pb2+-Cu2+-Ni2+. 

151-152 

Figure 6.4 FTIR spectra of DSB550-3 biochar before and after Pb2+, Cu2+ and Ni2+ 

ions adsorption. 

155 

Figure 6.5 The experimental breakthrough curves for adsorption of binary system 

(a) Pb2+-Cu2+; (b) Cu2+-Ni2+; and (c) Pb2+-Ni2+ onto date seed biochar (Q 

=1.0 mL min-1; pH=6; temperature= 23 oC) 

158-159 

Figure 6.6 The experimental breakthrough curves for adsorption of ternary system 

of Pb2+-Cu2+-Ni2+ onto date seed biochar (Q =1.0 mL min-1; pH=6; 

temperature= 23 oC) 

161 

Figure 7.1 SEM images of biochar before and after surface modification  

(a) DSB550-3; (b) DSB-PA; (c) DSB-PB; (d) DSB-AW; (e) DSB-BW. 

165 

Figure 7.2 (a) FTIR spectra of DSB-PA and DSB-AW biochars compared to 

unmodified one; (b) FTIR spectra of DSB-PB and DSB-BW biochars 

compared to unmodified one.   

167 

Figure 7.3 Maximum Langmuir adsorption capacities of modified and unmodified 

biochars for Pb2+. 

169 

Figure 7.4 Maximum Langmuir adsorption capacities of modified and unmodified 

biochars for Cu2+ 

169 

Figure 7.5 Maximum Langmuir adsorption capacities of modified biochars for 

Ni2+. 

170 

Figure 7.6 Schematic of goals of pre-treatment on lignocellulosic material. 171 

Figure 7.7 SEM images of modified biochar before and after metal ions (a) DSB-

PA before adsorption; (b) after Cu2+adsorption; (c) after Ni2+ 

adsorption; and (d) after Pb2+ adsorption. 

176 

Figure 7.8 FTIR spectra of DSB-PA biochar before and after Pb2+, Cu2+, and Ni2+ 

adsorption. 

177 

Figure 7.9 Adsorption isotherms of Pb2+ onto unmodified and modified biochar 

(biochar: solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols 

represent experimental data. Solid and dashed lines represent isotherm 

models (a) Langmuir isotherm; (b) Freundlich isotherm; and (c) Sips 

isotherm.   

179-180 



xvi 

Figure 7.10 Adsorption isotherms of Cu2+ onto unmodified and modified biochar 

(biochar: solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols 

represent experimental data. Solid and dashed lines represent isotherm 

models (a) Langmuir isotherm; (b) Freundlich isotherm; and (c) Sips 

isotherm. 

180-181 

Figure 7.11 Adsorption isotherms of Ni2+ onto unmodified raw and modified biochar 

(biochar: solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols 

represent experimental data. Solid and dashed lines represent isotherm 

models (a) Langmuir isotherm; (b) Freundlich isotherm; and (c) Sips 

isotherm.  

182-183 

Figure 7.12 Adsorption kinetics of Pb2+onto unmodified and modified biochar 

(biochar: solution = 10 g L-1; Co= 0.5 mM; pH = 6). Symbols represent 

experimental data while lines represent (a) Pseudo first order model; (b) 

Pseudo second order model. 

186 

Figure 7.13 Adsorption kinetics of Ni2+ onto unmodified and modified biochar 

(biochar: solution = 10 g L-1; Co= 1.5 mM; pH = 6). Symbols represent 

experimental data while lines represent (a) Pseudo first order; (b) 

Pseudo second order. 

187 

Figure 7.14 Adsorption kinetics of Cu2+ onto unmodified and modified biochar 

(biochar: solution = 10 g L-1; Co= 1.5 mM; pH = 6). Symbols represent 

experimental data while lines represent (a) Pseudo first order; (b) 

Pseudo second order. 

188 

Figure 7.15 Electro-assisted adsorption of Pb2+ ion onto date seed biochar. Symbols 

represent experimental data. Solid and dashed lines represent isotherm 

models (a) Langmuir model; (b) Freundlich model; and (c) Sips model. 

192-193 

Figure 7.16 Electro-assisted adsorption of Cu2+ ion onto biochar. Symbols represent 

experimental data. Solid and dashed lines represent isotherm models (a) 

Langmuir model; (b) Freundlich model; and (c) Sips model. 

194-195 

Figure 7.17 Electro- assisted adsorption of Ni2+ ion onto biochar. Symbols represent 

experimental data. Solid and dashed lines represent isotherm models (a) 

Langmuir model; (b) Freundlich model; and (c) Sips model. 

195-196 

Figure 7.18 Electro-assisted adsorption kinetics of Pb2+ ion. Symbols represent 

experimental data while lines represent (a) Pseudo first order; (b) 

Pseudo second order. 

199 
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Figure 7.19 Electro-assisted adsorption kinetics of Cu2+ ion. Symbols represent 

experimental data while lines represent (a) Pseudo first order; (b) 

Pseudo second order. 

200 

Figure 7.20 Electro-assisted adsorption kinetics of Ni2+ ion. Symbols represent 

experimental data while lines represent (a) Pseudo first order; (b) 

Pseudo second order. 

201 

Figure 7.21 SEM images of electro-assisted biochar (DSB-Electro) before after 

metal ions adsorption (a) before adsorption; (b) after Cu2+ adsorption; 

(c) after Ni2+ adsorption; (d) after Pb2+ adsorption. 

203 

Figure 7.22 FTIR spectra of before and after Pb2+ adsorption onto unmodified 

biochar (DSB550-3) and electro-assisted biochar (DSB-Electro). 

204 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Background   

Environmental contamination by various pollutants from wastewater streams such as organic 

substances, dyes, pharmaceuticals, nutrients, and heavy metals is a world-wide issue. Wastewater 

streams that contain heavy metal ions are of particular concern due to their high toxicity and 

adverse impacts on human health and the environment (Järup, 2003). Heavy metal ions such as 

Pb2+, Cu2+, and Ni2+ are highly toxic pollutants which can find their way into the environment from 

various natural and anthropogenic sources such as industrial and agricultural activities. Most of 

environmental protection agencies place Pb2+, Ni2+, and Cu2+ and their compounds on the hazard 

and carcinogenic substances list. These includes copper acetate, copper cyanide, copper hydroxide, 

copper sulfate, tetraethyl lead, nickel acetate, nickel carbonate, nickel hydroxide, and nickel oxide. 

Accordingly, their levels in treated effluents must be reduced to levels acceptable to the 

environmental regulatory agencies (Fu and Wang, 2011).  

Various treatment techniques including chemical precipitation, ion exchange, electrochemical 

treatment, nanofiltration and adsorption exist for heavy metal removal from wastewater streams. 

However, several studies reported that some of wastewater treatment methods might not be able 

to completely remove heavy metal contaminants from treated solutions (Lou and Lin, 2008, 

Gardner et al., 2013, Katsou et al., 2012). Furthermore, most of these techniques add additional 

and substantial expenses due to the high energy, chemical, and labour requirements (Fu and Wang, 

2011).  
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Adsorption is a convenient and effective method for heavy metal removal from aqueous solution. 

Activated carbon (AC) is often considered to be an effective adsorbent for heavy metal ions. 

However, the high costs of AC limit its widespread use in treatment systems (Shimabuku, 2017). 

Accordingly, the development of effective and lower-cost adsorbents for heavy metal adsorption 

would be highly beneficial and desirable. This motivated researchers to utilize unwanted biomass 

such as agricultural waste to produce economical, sustainable, and eco-friendly adsorbent such as 

biochars through pyrolysis.  

1.2 Biochar and Heavy Metal Adsorption 

Pyrolysis is the thermal decomposition of organic based materials under anaerobic conditions 

(Inyang et al., 2012). Biochar is a stable carbonaceous material with porous structure prepared 

from pyrolysis of biomass. Biochar has been gaining importance in recent years as a ubiquitous 

adsorbent to adsorb various pollutants including organic pollutants, heavy metal ions, and nutrients 

(Mohan et al., 2014a). This can be attributed to its unique and favourable physicochemical 

properties (Park et al., 2015), its cost-effectiveness (Jung et al., 2017), sustainable production 

methods (Mohan et al., 2014a) and being relatively pollution-free (Liu et al., 2012).  

On average, biochar is six times cheaper than AC because of the lower energy requirement during 

production and the fact that it can be used without further chemical or physical activation 

(Alhashimi and Aktas, 2017, McCarl et al., 2009). Additionally, Thompson et al. (2016) 

emphasized that biochar could be more environmentally beneficial to use compared to AC for 

wastewater treatment. Life cycle assessment (LCA) revealed that biochar exhibited lower 

environmental impacts than AC in eight out of ten environmental impact categories including 
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ecotoxicity, acidification, ozone depletion, fossil fuel depletion, smog, global warming, respiratory 

effects, and non-carcinogenic (Thompson et al., 2016).  

Several biochar derived from agricultural wastes have been tested for their adsorption abilities for 

heavy metal ions in aqueous solutions. For example, adsorption of Cu2+ and Zn2+ by hardwood 

and corn straw biochars (Chen et al., 2011a); Pb2+ by pine wood and rice husk biochars (Liu and 

Zhang, 2009); Pb2+  and Cd2+  adsorption by buffalo weed biochar (Yakkala et al., 2013); Cu2+ 

removal by peanut straw, soybean straw, and canola straw biochars (Tong et al., 2011); and Hg2+ 

removal by olive waste biochar (El Hanandeh et al., 2016). In fact, Mohan et al. (2014a), Tan et 

al. (2015), and Inyang et al. (2015), after reviewing the literature on biochar adsorption for heavy 

metals, suggested that some biochars were more effective adsorbents than commercial activated 

carbon (CAC). The performance of biochar as adsorbent depends on the biochar parent biomass 

and on preparation conditions. 

Date seed is an agricultural waste abundantly available in many date producing countries. It is the 

fraction of the non-edible material; inexpensive; and commonly underutilised. According to the 

Food and Agriculture Organization of the United Nations (FAO) statistical data (FAO, 2016), 

approximately 9.0 million tons of date palm is produced annually. Date seed biomass represents 

about 15-30% of total date weight. Moreover, it is a non-toxic material that possesses desirable 

physical and chemical properties that make it suitable for the preparation of low-cost carbonaceous 

materials (Ahmad et al., 2012a). However, only a limited number of studies have focused on the 

use of date seed biomass for heavy metal removal from wastewater. These earlier studies showed 

that date seed biomass can form a good basis as a lignin-origin material to prepare carbonaceous 

materials (Girgis and El-Hendawy, 2002, Bouchelta et al., 2008, Bouchelta et al., 2012, Alhamed 

and Bamufleh, 2009, El-Hendawy, 2009). Furthermore, these studies indicated that AC prepared 
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from date seed has high surface area and adsorption ability for heavy metal removal compared to 

other CAC (Bouchelta et al., 2012). So far there has very limited information of using date seed 

derived biochar for heavy metal removal, despite the wealth of studies on biochar prepared from 

different types of biomass.  

The effectiveness of heavy metal removal from aqueous solution onto biochar depends on several 

factors including: (1) the physiochemical properties of the biochar; (2) the operational conditions 

such as solution pH, metal ion concentration, biochar particle size, and temperature and; (3) 

competitive interactions of multiple metal ions in the solution. Furthermore, much of recent works 

have focused on the application of biochar for single metal adsorption from aqueous solutions. 

Relatively less attention has been paid to the competitive adsorption in binary or multicomponent 

aqueous solutions. The lack of competitive adsorption data of biochar limits the potential 

application in the field of wastewater treatment, which often involves complex multiple metal ions. 

Therefore, more work is needed to better understand the simultaneous adsorption behaviour of 

biochar and the potential interactions in multicomponent system.  

Furthermore, as biochar is generally prepared without further chemical or physical activation, 

which may result in a lower adsorption ability of biochar for heavy metals removal compared to 

AC. Therefore, biochar modification to enhance its functionality and thus increasing its adsorption 

capacities is an emerging field of study. Modification techniques include base and/or acid 

treatment, steam activation, magnetic modification, and impregnation with minerals (Rajapaksha 

et al., 2016). However, only few studies have begun to focus on the adsorption of heavy metals on 

chemically surface modified biochar. Further investigation on biochar modification is important 

owing to necessity to develop it for special application. 
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1.3 Study Aims  

The aims of this study are: (1) to prepare effective biochars from date seed biomass for the 

adsorption of heavy metal ions; and (2) to investigate the adsorption performance of the derived 

biochar for heavy metal removal.  

1.4 Study Objectives  

To achieve the above aims, the objectives of the study are to:  

(1) Review the current state of knowledge and identify research gaps in the field of biochar 

preparation and adsorption. 

(2) Develop low-cost biochars from date seed biomass under various pyrolysis conditions.  

(2.1) Prepare biochar with the method of slow pyrolysis of date seed biomass under varying the 

pyrolysis temperature and heating time.  

 (2.2) Characterize the physiochemical properties of biochars and investigate the effect of pyrolysis 

conditions on the physiochemical properties of the biochars. 

(3) Determine the adsorption characteristics of date seed biochar for effectively removal of 

heavy metal ions from wastewater. 

(3.1) Single component systems  

a. Investigate adsorption performance of biochars for Pb2+, Cu2+, and Ni2+ removal from single 

component systems in batch experiments.  

a.1. Examine the influence of pH, initial metal concentration, contact time, particle size, 

and temperature on the adsorption uptake of the biochars.  
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a.2. Evaluate adsorption isotherms and kinetics for the removal of Pb2+, Cu2+, and Ni2+ on 

the date seed biochar of interest. 

a.3. Correlate the equilibrium data by using adsorption models to describe the equilibrium 

isotherms and kinetics between biochar of interest and metal ions. 

b. Determine the metal ion adsorption behaviours of the biochars in fixed bed experiments.   

c. Examine desorption behaviour of heavy metal ions and the regeneration and reuse of the 

biochar in multiple cycles.  

d. Identify the mechanisms governing the adsorption of heavy metal ions onto date seed 

biochar.  

(3.2) Multicomponent systems 

a. Examine the competitive adsorption behaviours of the biochar in binary and ternary systems 

of Pb2+, Cu2+, and Ni2+.   

a.1. Examine the influence of pH and initial metal concentration on the adsorption uptake 

of the biochar.  

a.2. Correlate the equilibrium data by using adsorption models to describe the equilibrium 

isotherms between biochar and multicomponent systems. 

b. Determine the multicomponent adsorption behaviours of the biochar in fixed bed 

experiments.  

c. Identify the mechanisms governing the competitive adsorption of multicomponent systems 

of heavy metal ions onto date seed biochar. 
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(4) Determine the adsorption characteristics of modified biochar for effectively removal of 

heavy metal ions from wastewater. 

(4.1) Develop a novel approach to prepare modified biochars using pre-treatment, post–treatment 

and electro-assisted methods. 

(4.2) Assess the heavy metal removal ability of the modified biochars.  

(4.3) Identify the interaction mechanisms governing the adsorption of heavy metal ions onto 

modified biochar adsorbents. 

1.5 Thesis structure 

This work investigated the adsorption of Pb2+, Cu2+, and Ni2+ using biochar prepared from date 

seed. The thesis includes an extended abstract followed by 8 chapters. Chapter 1 provides a brief 

background and problem statement, the aims and objectives of the study followed by thesis 

structure. Chapter 2 presents a comprehensive literature review on biochar adsorption. This 

includes biochar preparation and characterization, biochar modification; heavy metal adsorption 

onto biochar from single and multi-solute systems; adsorption kinetics and isotherms modelling. 

Chapter 3 describes the materials and methods used in this study. Chapter 4 describes biochar 

preparation at various pyrolysis conditions as well as biochar characterization to determine its 

physiochemical properties. Chapter 5 presents the results of single heavy metal ion adsorption 

(Pb2+, Cu2+, and Ni2+) by date seed biochar, including batch and fixed bed studies. Chapter 6 

focuses on the binary and ternary heavy metal adsorption by date seed biochar. Chapter 7 describes 

the removal of Pb2+, Cu2+, and Ni2+ from aqueous solution onto modified biochars. Finally, Chapter 

8 summarizes the general conclusions from the study and suggestions for future research.  
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1 Introduction  

This chapter presents a literature review on biochar preparation and application for heavy metal 

adsorption. The literature review begins with a brief description of heavy metals, their sources in 

wastewater, followed by the consequent problems that can occur due to their toxicity. This is 

followed by a description of the most relevant methods that are available for heavy metal removals 

from aqueous solutions with a focus on adsorption. Among adsorbents, special attention is paid to 

biochar preparation, modification, characterization, and utilization as a potential adsorption 

treatment method for heavy metal removal for single and multi-aqueous systems under different 

operating conditions.  

2.2 Heavy Metal Pollution   

Heavy metals are the group of metals and metalloids with an atomic density of more than 5 times 

the water density (Chen, 2012). Heavy metals can be divided into two groups: essential and non-

essential metals. Essential metals such as copper, zinc and iron are micronutrient elements which 

are necessary for life but at low concentration. Contrary, non-essential metals such as lead, 

cadmium, mercury, arsenic and nickel are highly toxic. They cause significant damage to natural 

environment and hazard to living organisms (Chen, 2012).  

Unlike organic pollutants, heavy metal ions are non-biodegradable and tend to accumulate and 

concentrate in the organism tissues causing severe damage and adverse health effects (Järup, 

2003). For example, lead ion, one of the metals used in various industrial applications, is still one 
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of the top toxic threats worldwide, affecting about 18–22 million people in different regions around 

the world (Liu et al., 2017). Therefore, heavy metals contamination is a pressing issue that requires 

immediate attention. 

2.2.1 Sources of Heavy Metals  

Heavy metal ions can find their way into the environment from various natural and anthropogenic 

sources such as industrial and agricultural activities. Unlike organic pollutants, heavy metals are 

natural constituents of the Earth's crust and often stream from natural sources such as weathering 

of bedrocks, volcanoes, forest fires and degradation of minerals. However, the major sources of 

heavy metal pollution in the environment is the discharge of untreated industrial effluents from 

different industries such as electroplating, mining, chemical manufacturing, batteries, 

petrochemicals, tanneries (Fu and Wang, 2011). Table 2.1 shows some of the major industrial 

activities that use heavy metals in their processing. 

Table 2.1 Major sources of heavy metals from various industrial activities (Wang et al., 

2009, Chen, 2012) 

Metals Industry 

Copper  Electroplating, landfill leachate, metalliferous mining, alloys and steels, paper and pulp 

Zinc  Electroplating, batteries, paints and pigments, landfill leachate, fertilizers, alloys and steels, 

paper and pulp 

Chromium  Electroplating, paints and pigments, electronics, metalliferous mining, fertilizers 

Mercury  Batteries, landfill leachate, manure sewage sludge, electronics. 

Cadmium  Welding, electroplating, pesticides, PVC products, Petroleum industry, nickel-cadmium 

batteries, automobile radiators, thermal power station, ceramic glazes, photocells, paints and 

pigments, and fertilizers plant 

Lead  Batteries, paints and pigments, landfill leachate, electronics, fertilizers, alloys and steels, 

paper and pulp 

Nickel  Steel and alloy production, batteries, electroplating, electronic, fertilizers, landfill leachate 



10 

2.2.2 Problems Associated with Heavy Metals Pollution  

Heavy metal ions such as Pb2+, Ni2+, and Cu2+ have been classified as an environmental and 

occupational concern due to their high toxicity and non-biodegradability (Gautam et al., 2014). 

Even in low concentrations, Pb2+, Ni2+, and Cu2+ ions can be seriously dangerous and may cause 

severe damage to human health. Most of environmental protection agencies place Pb2+, Ni2+, and 

Cu2+ and their compounds on the hazard and carcinogenic lists. The Australian National Pollutant 

Inventory (NPI) lists heavy metals among hazardous substances and provides extensive fact sheets 

about each substance (NPI, 2014). Some examples of the adverse effects of heavy metal ions on 

the human beings are summarized in Table 2.2. 

Table 2.2 Toxic impacts of heavy metals on the health of human beings (NPI, 2014) 

Metals Health effects 

Arsenic  Chronic weakness, anaemia, dementia, dermatitis, hypertension, poisoning and cardiovascular 

diseases 

Copper  Liver and kidney damage, anaemia, stomach and intentional irritation 

Lead  Mental retardation in children, kidney damage, brain damage, and lung, acute or chronic 

damage to nervous system 

Zinc Vomiting, epigastric pain, diarrhoea, stomach cramps, pancreatic damage, liver failure and 

kidney failure 

Mercury  Liver and renal damage, cardiovascular collapse, acute renal failure, and severe gastrointestinal 

damage, kidney damage 

Chromium  Stomach upsets, damage to nervous system, fatigue, irritability, carcinogenic diseases and even 

death 

Nickel  Skin allergies, kidney disorders, stomach aches, and lung damage 

Cadmium  kidney disorders, bronchitis, anaemia, fatigue, lung cancer, vomiting, diarrhoea, bone damage 

and even death 

 

Therefore, it is important to limit exposure to heavy metals and treat contaminated water and 

wastewater before discharge to natural environment (Fu and Wang, 2011).  
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2.3 Removal Technologies of Heavy Metal Ions from Wastewater 

Various physical, chemical and biological techniques have been developed and applied for the 

removal of heavy metals from aqueous solutions including chemical precipitation, ion exchange, 

membrane separation, and adsorption (Fu and Wang, 2011). However, each method has its own 

advantages and drawbacks.  

Chemical precipitation is the most widely used process to treat wastewater with a high 

concentration of heavy metal ions due to its low cost and system simplicity (Huisman et al., 2006). 

In this process, heavy metal ions are precipitated as insoluble salts. In addition, this process is 

usually accompanied by other solid-liquid separation techniques such as sedimentation, filtration, 

or flocculation process to separate insoluble salts from the liquid phase (Fu and Wang, 2011). 

However, chemical precipitation is usually ineffective in treating aqueous solutions with low metal 

concentrations (Kaewsarn, 2000). Furthermore, it can produce large amount of sludge which needs 

to be handled and disposed carefully (Fu and Wang, 2011).  

Ion exchange process has been extensively used for heavy metal removal in a continuous-flow 

column packed with natural or synthetically formulated resins (Al Hawari, 2004). Ion exchange 

process is an attractive option for heavy metal removal because of its relative simplicity and 

potential of metal recovery (Kaewsarn, 2000). However, the high cost of ion exchange resins can 

limit its application on a large-scale, particularly, for treating large amounts of wastewater 

containing high concentrations of heavy metals (Kaewsarn, 2000). In addition, after cycles of ion 

exchange resins utilization, these resins exhaust and need to be further regenerated and hence 

increasing the consumption of chemical reagents as well as the cost (Fu and Wang, 2011).  
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Membrane separation is another option for heavy metal removal from aqueous solutions. It refers 

to a range of technologies, such as ultrafiltration; reverse osmosis and electrodialysis (Landaburu-

Aguirre et al., 2009). This method provides additional economic and environmental benefit 

including heavy metal recovery; low disposal costs and raw material requirements (Landaburu-

Aguirre, 2006). In addition, membrane filtration is selective method as membrane filters may be 

able to effectively remove a certain type of metal while others are passed. However, the high cost, 

process complexity, and operational problems such as membrane fouling and high energy 

requirements are major impedes to its wide use at large scale (Zou et al., 2008a, Fu and Wang, 

2011). 

Flotation process provides several advantages for heavy metals removal such as high removal 

efficiency, low detention periods and production of more concentrated sludge (Rubio et al., 2002). 

However, high capital, maintenance and operation costs are major impediments to applying the 

process on large scale (Fu and Wang, 2011). 

Adsorption has been widely applied and used for the removal of organic and inorganic pollutants 

from aqueous solutions. Activated carbon (AC) has been widely recognized as an efficient 

adsorbent for heavy metal removal. It is available in either granular form (GAC) or powder form 

(PAC). For instance, lead and cadmium have been removed from wastewater using GAC columns 

with high efficiency reaching low concentration levels (Periasamy and Namasivayam, 1994). Even 

though PAC has higher surface area and exhibits maximum adsorption rate, GAC is more 

convenient to be used for conventional adsorption unit and regeneration equipment (Burk, 2017). 

Several attempts have been made to prepare AC using various feedstocks including coconut shell, 

rice hulls, nutshells, and other agricultural waste. Either physical (i.e., steam, CO2) or chemical 
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(i.e., NaOH, H3PO4, H2SO4, and HCl) activation processes have been used for AC production. 

However, the high cost of AC limits its application on a large scale (Mohan et al., 2014a). 

Although it can be concluded that some of the wastewater treatment methods are equally effective 

in the removal of heavy metal ions from aqueous solution, they might be costly and may create 

binding problems. Therefore, a search for low cost alternative adsorbents has opened a new area 

of investigation. Among the most promising low-cost adsorbents are waste products such as 

agriculture, industrial and animal waste, which are abundant and inexpensive. These include, but 

are not limited to, date stones (Bouhamed et al., 2016, Bouhamed et al., 2012, Bouchelta et al., 

2012); hazelnut husk (Imamoglu and Tekir, 2008); rice husk (Feng et al., 2004); grape bagasse 

(Demiral and Güngör, 2016); palm kernel fibre (Kundu et al., 2014); waste chestnut shell (Vázquez 

et al., 2012); grape stalks waste (Villaescusa et al., 2004); coconut shell (Wu et al., 2013).  

Charcoal is one of the promising low-cost adsorbents which has been investigated and tested for 

the removal of heavy metals from aqueous solution. Charcoal, a black carbon, is the residue of 

incomplete combustion of biomass. Charcoal is very stable in the environment (Sander and 

Pignatello, 2005). Even though AC and charcoal show some structural similarities, however; AC 

typically has higher specific surface area than charcoal (900-1000 m2 g-1) vs (200-500 m2 g-1) 

(Sander and Pignatello, 2005). This can be attributed to the fact that AC is prepared under special 

environments and at higher temperatures than charcoal. Nevertheless, charcoal still shows good 

adsorption capacity for heavy metals removal (Wang et al., 2010).  

Biochar is similar to charcoal but prepared under more controlled environment. Recently, the 

interest in low cost adsorbents has sparked interest in biochar as a promising green technology 

which at the same time provides rational utilization of unwanted materials.  
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2.4 Biochar Preparation and Adsorption  

Biochar is a porous carbonaceous material derived from the thermal degradation of organic based 

biomass under anaerobic conditions. Biochar has been recognized as a significant tool of 

environmental management including: (1) soil improvement, (2) waste management, (3) climate 

change mitigation, and (4) energy production (Lehmann and Joseph, 2009). Furthermore, biochar 

showed promising ability for heavy metal removal comparable to CAC (Tong et al., 2011). This 

can be attributed to its favourable physicochemical properties (Park et al., 2015), cost-effectiveness 

(Jung et al., 2017) and for being a relatively pollution-free material (Liu et al., 2012). Despite the 

benefits of biochar applications for heavy metal removal from aqueous solution, the mechanisms 

explaining the interaction between biochar and metal ions have not been fully understood.  

2.4.1 Biochar Production   

The functionality of the biochar is significantly influenced by the biochar production method and 

type of feedstock. Biomass selection for biochar production can come from just about any type of 

high carbon biomass source such as agricultural waste, animal residues, and municipal wastes 

(Burk, 2017). Biochar is originally produced as a side product of the thermochemical degradation 

of the biomass using either processes of conventional pyrolysis, torrefaction, gasification, or 

hydrothermal carbonization as shown in Figure 2.1.  
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Figure 2.1 Biochar productions and its use for environmental management tool adapted from 

(Burk, 2017) 

 

 

Pyrolysis has been introduced as a potential promising method for waste management by direct 

utilization of organic based material to prepare value added products including biochar, bio-oil or 

syngas (Lu et al., 2012). Depending on the operating conditions, pyrolysis may be sub-divided into 

pure pyrolysis (complete absence of oxygen) and gasification (limited oxygen environment). Pure 

pyrolysis can be further sub-classified according to heating time, heating rate and temperature into 

slow, fast and flash pyrolysis as shown in Table 2.3.  

 

 

 

 



16 

Table 2.3 Different thermochemical conversion methods of biomass  

Pyrolysis 

process 

Pyrolysis 

temperature (oC) 

Heating time Main product 

(wt%)  

References  

Slow  350-800  5 min to days Biochar (35%) 

Bio-oil (30%) 

Syngas (35%)  

(Mohan et al., 2014a, Libra 

et al., 2011)  

Fast  400-600 1-10 sec Biochar (10%) 

Bio-oil (70%) 

Syngas (20%) 

(Mohan et al., 2014a, Libra 

et al., 2011)  

Flash  400-550 < 1 sec Biochar (20%) 

Bio-oil (65%) 

Syngas (15%) 

(Goyal et al., 2008) 

Torrefaction   200-300 Minutes to 

hours  

Biochar 

Bio-oil 

Syngas   

(van der Stelt et al., 2011) 

Gasification  800-900 Seconds to 

minutes 

Biochar (10%) 

Bio-oil (5%) 

Syngas (85%) 

(Mohan et al., 2014a, 

Kumar et al., 2009) 

 

Numerous successful attempts have been made for biochar preparation using various ranges of 

agricultural, animal, or municipal wastes as a promising environmental adsorbent (Table 2.4). 

However, most of these adsorbents are not ready to use in its natural form and often were subjected 

to further processing (chemical or physical modification using additives or oxidants) to enhance 

its adsorption efficiency (Lim and Aris, 2014). Therefore, the first major challenge for the biochar 

adsorption is to select the most promising types of biomass that are economical, abundant and 

readily available but also produce good quality biochar suitable for practical applications as 

adsorbent. 
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Table 2.4 List of recent literature on biochar preparation from various precursors 

Biomass  Pyrolysis 

type 

Temperature 

(oC) 

Heating 

time 

References 

Spartina alterniflora  Slow  400 2 h (Li et al., 2013) 

Rice husk  

Dairy manure  

Slow 350 

 

4 h (Xu et al., 2013a) 

Rice husk 

Pinewood  
Hydrothermal 300 20 min (Liu and Zhang, 2009) 

Miscanthus 

sacchariflorus 

Slow 300-600 1 h (Kim et al., 2013) 

Hardwood  

 

Corn straw  

Fast 

 

Slow 

450 

 

600 

<5 sec 

 

2 h 

 

(Chen et al., 2011a) 

Oak wood  

Pine wood  

Oak bark  

Pine bark  

Fast 400-450 

 

48 sec (Mohan et al., 2007) 

Soybean Stover  

Peanut shell  

Soybean Stover  

Peanut shell 

Slow 300-700 

 

3 h (Ahmad et al., 2012b) 

 

Olive mill solid 

waste 

Slow 350 - (Abdelhadi et al., 2017) 

Miscanthus x 

giganteus 

Slow 400-600 45 -90 min (Janus et al., 2017) 

Rice husk 

Olive pomace 

Orange waste 

Compost 

Hydrothermal 

 

 

 

300 

 

 

30 min 

 

 

(Pellera et al., 2012) 

Rice husk 

Olive pomace 

Orange waste 

Compost 

Slow 300-600 6 h (Pellera et al., 2012) 

Bamboo Slow 300 2 h (Mui et al., 2010) 

Peanut straw 

Soybean straw 

Canola straw 

Slow 400 3.45 h (Tong et al., 2011) 

Pine needle Slow 400-700 6 h (Chen et al., 2008) 

Orange peel  Slow  250-700 6 h (Chen et al., 2011b) 

Digested 

animal waste  

Slow  600 2 h (Inyang et al., 2012) 

Corn straw  Slow  450  4 h (Zhao et al., 2013) 
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2.4.2 Physiochemical Biochar Properties 

Biochar functionality and subsequently its adsorption properties for contaminant removal are 

significantly influenced by its physicochemical properties (Kloss et al., 2012). Like AC, biochars 

are known for their unique properties including the surface structure (surface area and porosity) 

and the surface chemistry (i.e., functional groups). Both pyrolysis conditions and type of parent 

feedstock significantly affect the physicochemical characteristics of the resulting biochar (Zhang 

and Wang, 2015, Claoston et al., 2014).  

Each type of feedstock differs in their elemental composition; moisture content; lignin, cellulose, 

and hemicellulose content, which, in turn, affects the properties of the respective biochar (Ahmad 

et al., 2012b). Table 2.5 shows the physiochemical properties of various biochars derived from 

different precursors at different pyrolysis conditions. As seen from Table 2.5 that pyrolysis 

temperature greatly affects the physiochemical properties of biochar which affecting biochar 

adsorption effectiveness toward different contaminants. Highest yields of biochar are achieved at 

lowest pyrolysis temperature (Table 2.5). Carbon content (C), a major constituent of the biochar, 

is influenced by the type of feedstock and the pyrolysis condition. Highest carbon content of 

biochar is achieved at higher pyrolysis temperature. For example, as seen from Table 2.5, the C 

content of orange peel derived biochar increased from 50.6 to 79.8 % with increasing temperature 

from 150 to 700 °C, respectively (Chen and Chen, 2009).  

Like C content, the ash content of biochar increases with increasing pyrolysis temperature (Table 

2.5) due to the progressive concentration of mineral compounds (Zhao et al., 2017, Chen et al., 

2014). However, in the study of Wang and Liu (2017), they found that the ash content of biochar 

was strongly influenced by the feedstock type rather than the pyrolysis condition. In their study on 
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biochars prepared from rice husk, walnuts shell and eucalyptus wood and sawdust at same 

pyrolysis conditions, they found that ash content of rice husk biochar was higher than other tested 

biochars at same pyrolysis conditions. 

Table 2.5 Physicochemical properties of biochar prepared from different biomass sources  

Biochar Pyrolysis 

Temperature 

(oC) 

Time 

(h) 

Yield 

(%) 

C 

(%) 

Ash 

(%) 

pH Surface 

area (m2 

g-1) 

References 

Orange peel  

 

 

 

Magnetic –orange 

peel 

250 

400 

700 

 

250 

400 

700 

6  

 

 

 

6  

20.7 

11.3 

5.93 

 

24.7 

10.0 

0.06 

56.5 

65.7 

67.0 

 

35.1 

29.4 

0.24 

3.17 

6.93 

14.9 

 

42.4 

35.0 

95.7 

- 51.6 

28.1 

501 

 

41.2 

23.4 

19.4 

(Chen et al., 

2011b) 

Hickory wood 

 

NaOH-hickory  

600 

 

600 

2  

 

2  

- 

 

- 

84.7 

 

82.1 

- 

 

- 

 256 

 

873 

(Ding et al., 

2016) 

Pig manure  

 

 

Cow manure  

400 

600 

 

400 

600 

- - 44.1 

42.3 

 

60.2 

58.8 

46.5 

50.3 

 

15.3 

18.8 

- 

 

 

15.6 

15.9 

 

2.46 

8.01 

(Kołodyńska et 

al., 2012) 

Salisbury 600 - - 79.9 - 6.78

6.96 

2.46 

5.30 

(Shen et al., 

2015) 

Orange peel 150 

200 

250 

300 

350 

400 

500 

600 

700 

6 82.4 

61.6 

48.3 

37.2 

33.0 

30.0 

26.9 

26.7 

22.2 

50.6 

57.9 

65.1 

69.3 

73.2 

71.9 

71.4 

77.8 

71.6 

0.45 

0.30 

1.05 

1.57 

2.00 

2.10 

4.27 

4.04 

2.79 

- 22.8 

7.75 

33.3 

32.3 

51.0 

34.0 

42.4 

7.78 

201.0 

(Chen and 

Chen, 2009) 

Pine needle 100 

200 

250 

300 

400 

500 

600 

700 

6  91.2 

75.3 

56.1 

48.6 

30.0 

26.1 

20.4 

14.0 

50.9 

57.1 

61.2 

68.8 

77.8 

88.6 

85.3 

86.5 

1.05 

0.90 

1.24 

1.91 

2.32 

2.80 

2.76 

2.20 

- 0.65 

6.22 

9.52 

19.92 

112.4 

236.4 

206.7 

490.8 

(Chen et al., 

2008) 

Miscanthus x 

giganteus 

400 

 

0.75  

1.5  

35.3 

35.3 

71.5 

72.3 

6.77 

6.45 

7.92 

7.87 

0.11 

0.78 

(Janus et al., 

2017) 
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600 

 

0.75  

1.5  

8.50 

27.7 

81.7 

82.2 

9.65 

9.85 

9.35 

9.82 

111 

103 

Olive solid waste 350 

450 

550 

630 

1  35.5 

29.0 

26.3 

22.5 

- 67.6 

80.3 

84.9 

91.2 

9.94 

10.2

9.68 

10.2 

17.0 

21.0 

24.0 

49.0 

(El Hanandeh 

et al., 2016) 

Peanut straw 

Soybean straw 

Canola straw 

 

400 

3.45 28.2 

24.7 

27.4 

- - - - 

- 

- 

(Tong et al., 

2011) 

Soybean Stover  

 

 

Peanut shell 

 

300 

700 

 

300 

700 

3  

 

 

3  

37.1 

21.6 

 

36.9 

21.9 

68.8 

81.9 

 

68.2 

83.7 

10.4 

17.1 

 

1.24 

8.91 

- 5.60 

420 

 

3.10 

448 

(Ahmad et al., 

2012b) 

Sewage sludge 550 2 - - - 7.47 24.7 (Lu et al., 

2012) 

Digested animal 

waste  

Digested sugar 

beet 

600 

 

600 

2 

 

2 

- 

 

- 

65.4 

 

20.1 

- 

 

- 

10.0 

 

9.0 

161 

 

48.6 

(Inyang et al., 

2012) 

Corn straw 100 

200 

300 

400 

500 

600 

6 - 47.4 

53.7 

66.8 

76.5 

81.9 

84.2 

2.38 

2.87 

4.94 

6.85 

7.98 

9.34 

- 2.14 

2.15 

6.14 

32.3 

245 

329 

(Zhang et al., 

2011) 

Municipal sewage 

Sludge 

500 

600 

700 

800 

900 

0.5 63.1 

60.3 

58.7 

54.7 

53.3 

17.4 

18.4 

16.9 

16.2 

15.9 

74.2 

77.9 

81.5 

83.9 

88.1 

8.81 

9.54 

11.1 

11.2

12.2 

25.4 

20.3 

32.2 

48.4 

67.6 

(Chen et al., 

2014) 

Buffalo weed  300 

500 

700 

     1.35 

4.83 

279.8 

(Yakkala et al., 

2013) 

Corn straw  

Hardwood  

600 

450 

2 

- 

 35.88 

53.41 

60.19 

38.55 

9.54 

5.57 

13.08 

0.43 

(Chen et al. 

2011a) 

 

Biochar generally has a neutral to alkaline pH; however, acidic biochar has been also reported 

(Chan et al., 2007). As seen in Table 2.5, the pH of biochar depends on feedstock type and the 

biochar production conditions (Ahmad et al., 2014). Above 300 °C, the organic carbon content 

starts to become partially ashed and alkali salts separate from the organic matrix raising the 
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biochar’s pH (Chen et al., 2011a). For example, in the study of Zhao et al. (2017), they found that 

the pH of biochar significantly increased from 7.48 to 11.62 when the pyrolysis temperature 

increased from 300 to 500 °C.  

Table 2.5 also shows that biomass as well as the production conditions affects the surface area of 

the produced biochar. For example, Chen et al. (2008) reported that the surface area of pine needle 

biochar increased from 0.65 to 490.8 m2 g-1 with increasing pyrolysis temperature from 100 to 700 

oC, respectively. The surface area was far higher (279.8 m2 g-1) for 700 °C buffalo weed biochar 

than the other two (1.35 and 4.83 m2 g-1) for 300 and 500 °C biochars, respectively (Yakkala et al., 

2013). This can be attributed to the progressive release of volatile components during pyrolysis 

leaving behind voids as well as improved pore structure or channel structures (Zhao et al., 2017). 

However, surface areas and pore sizes of the biochar prepared from aerobically composted swine 

manure decreased when the temperature was increased from 400 to 700 °C due to the pore 

blockage by inorganic components of the high ash content (Meng et al., 2013).  

Biochar surface area is recognized as an important physical property that affects the adsorption 

process as it makes more active sites available for metal uptake. For instance, Chen et al. (2011a) 

found that corn straw biochar had higher surface area (13.08 m2 g-1) than hardwood biochar (0.48 

m2 g-1) and consequently had higher Cu2+ and Zn2+ uptake.  

As the pyrolysis temperature increases, greater amounts of volatile matters are driven off 

progressively, thus resulting in the development of some new porosity. For example, in the study 

of Zhao et al. (2017), they found that the porosity of biochar increased with increasing pyrolysis 

temperature due to the decomposition of lignin and the quick release of H2 and CH4. Therefore, 
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appearance of deep channels and pores in biochars became more prominent with increasing 

pyrolysis temperature (Usman et al., 2015).  

Cation exchange capacity (CEC) of biochars, which is a measure of the quantity of readily 

exchangeable cations neutralizing negative charge in the adsorbent (Chapman, 1965), is also 

dependent on both feedstock and pyrolysis conditions. For example, in the study of Harvey et al. 

(2011), they reported that the CEC of loblolly pine derived biochar increased with increasing 

temperature from 200 to 350 °C. However, at higher temperature, CEC started to decrease due to 

the subsequent aromatization of biochars and the release of functional groups (Harvey et al., 2011). 

As CEC of biochar represents the amount of negative surface charge of the biochars (Xu et al., 

2011), therefore; CEC is tightly correlated with the biochar’s capacity to adsorb positively charged 

ions (cations). Biochar usually carry a negative charge on its surface with high CEC (Jiang et al. 

2012) and thus it could adsorb heavy metal ions by releasing other cations like Ca2+, Mg2+, K+ or 

Na+ (Wang and Liu, 2017).  

Biochar surface chemistry play a crucial role in the adsorption process by the cation and anion 

exchange of pollutants (Claoston et al., 2014). During the pyrolysis process, several changes to 

surface functional groups can occur. For instance, the intensity peaks corresponding to carboxylic 

(COOH-) and hydroxyl (OH-) groups started to slowly diminish as temperature increased up to 700 

oC (Yuan et al., 2011). This was expected due to higher mass loss during thermal decomposition 

(Claoston et al., 2014). The aliphatic CHn stretching (2855-2920 cm−1) in the biomass were 

reduced in produced biochar and completely diminished with increasing temperature (>500 oC) 

(Usman et al., 2015). These results suggest the removal of polar functional groups from biochars 

with increasing pyrolysis temperature.  
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The total concentrations of acidic and basic groups onto biochar surface are also affected by the 

pyrolysis conditions. For example, as the pyrolysis temperature increased the concentration of total 

acidic functional groups decreased while the total basic groups increased (Al-Wabel et al., 2013). 

This can be attributed to the volatilization of acid groups during pyrolysis (Shaaban et al., 2014). 

Surface functional groups such as carboxyl, hydroxyl, and carbonyl, formed in biochar during 

pyrolysis, can be used to determine the adsorptive capacity of biochar. For example, in the study 

reported by Samsuri et al. (2014), they found that oxygen-containing functional groups of oil palm 

biochar and rice husk biochar controlled heavy metal adsorption rather than surface area of 

biochar. 

2.4.3 Biochar Modification  

Nowadays, attention is being focused on developing modified biochars that are of the potential for 

better metal ions adsorption. Biochar modification can be defined as the application of processing 

techniques to enhance the functionality of biochar, resulting in higher adsorption properties 

compared to unmodified ones (Rajapaksha et al., 2016). Several modification methods have been 

used for biochar modifications including, but are not limited to, base and/or acid treatment, steam 

activation, magnetic modification, and impregnation with minerals. The effectiveness of each 

method depends on the nature of the treated biochar and the nature of the targeted pollutant. 

Chemical modification is used to change the surface chemistry of the biochar via acid or base 

treatment, addition of polymers or organic linkers, and metal impregnation. For instance, biochar 

modification with acid such as phosphoric, nitric, and sulfuric acid increase the amount of carboxyl 

and alcohol groups on the surface and hence improves metal adsorption (Rajapaksha et al., 2016). 

Washing biochar with strong acids (such as H3PO4, H2SO4, HNO3, and HCl acid) has been studied 
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for the purpose of aqueous oxidation, which can enhance surface acidities and modify porous 

structure of biochar (Lin et al., 2012). Furthermore, washing biochar with strong acids is known 

to remove impurities (i.e. ash) from the surface of the biochar.  

Contrary, biochar modification with base such as NaOH or KOH has opposite effect on the biochar 

surface due to increasing surface basicity which could be used for metal ion precipitation (Inyang 

et al., 2012). However, KOH or NaOH treatment provides carbonaceous material with larger 

surface area and high hydroxyl groups content (Oh and Park, 2002). Consequently, the adsorption 

properties of biochar towards heavy metals improve (Regmi et al., 2012, Ding et al., 2016). For 

example, Ding et al. (2016) found that modified hickory wood biochar with NaOH exhibited much 

larger (2.6–5.8 times) of Pb2+, Cu2+, Cd2+, Zn2+ and Ni2+ adsorption capacities than unmodified 

biochar. Their results revealed that a considerable increase in CEC and surface area of biochar 

after chemical activation with NaOH provides more electronegative binding sites for the 

adsorption of these metals. The adsorption capacity of Cu2+ increased up to 50.70 mg g−1 by 

chemical activated biochar with KOH, and the alteration in the surface properties especially the 

increase in the porosity and functional groups on the surface of biochar is a major contributor in 

enhanced adsorption for Cu2+ (Jin et al., 2016a). Both Cu2+ and Cd2+ adsorption was significantly 

enhanced onto biochar modified by KOH which may be due to large surface area and high amounts 

of O-containing functional groups (Regmi et al., 2012). Amino modification of biochar was 

reported to have enhanced Cu2+ adsorption capacity by 5- 8 folds (Yang and Jiang, 2014).  

H2O2 oxidation increased the amount of carboxyl groups on biochar surface and provided 

additional cation exchange site for surface complexation of Pb2+ (Xue et al., 2012), which were 

comparable or even superior to CAC. The H2O2 modified biochar showed enhanced Pb2+ 
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adsorption with a adsorption capacity of 22.8 mg g-1, which was more than 20 times of that of the 

unmodified biochar (0.88 mg g-1) due to increased O containing functional group.  

The addition of polymers or organic linkers such as chitosan to the surface of adsorbent can also 

increase the adsorption of metal ions (Guibal, 2004). This can be attributed to the increases in 

amine functional group that showed higher binding of metal ions to the adsorbent surface, thus 

increasing the adsorption ability (Vold et al., 2003). 

Biochar modification using metal impregnation involves impregnating biomass/biochar surface 

with metal oxide minerals such as gibbsite (Al(OH)3), kaolinite (Al2Si2O5(OH)4),..etc (Rajapaksha 

et al., 2016). Biochar modification using transition metal oxides such as AlOOH (Zhang and Gao, 

2013) and alkyl earth metal oxides such as MgO have also been shown to enhance the adsorption 

performance of biochars (Zhang et al., 2012). A significant decrease in the biochar surface area 

and a significant increase in pore width were observed for biochar impregnated with KMnO4 (Song 

et al., 2014). In the study of Song et al. (2014), they observed that the adsorption ability of 

impregnated biochar with KMnO4 for removing heavy metal was enhanced. This can be attributed 

to the increase of O-functional groups through the presence of Mn-O, Mn-OH, and C-OH that 

were found on the surface of the biochar.  

Manganic biochar modification is originally developed to avoid the problems of centrifuging and 

filtration of biochar from solutions. Normally, biochar is magnetized by the co-precipitation of 

Fe3+/Fe2+ onto the biochar’s surface (Karunanayake et al., 2017). Normally, magnetic biochar 

showed an increase in the adsorption of negatively charged contaminants (Rajapaksha et al., 2016). 

The magnetic materials have a limited application in the removal of heavy metal ions because of 

their magnetic properties (Gautam et al., 2014).  
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Physical modification of biochar is typically carried out via either milling of the raw biomass (prior 

to pyrolysis) or the passage of oxidizing agents such as steam and CO2, or a combination of both. 

Physical modification is used to enhance a solid adsorbent by increasing surface area or by 

increasing the number of active sites on that adsorbent (Burk, 2017). Even though, physical 

modification process is quite simple, it usually requires additional energy making it a less cost-

effective treatment option from a commercial perspective (Inyang et al., 2012, Rajapaksha et al., 

2016).  

However, most of the modification methods are not simple, time-consuming and requiring high 

chemical and labour utilization. Furthermore, a special caution must be taken to minimize the 

effect of modification on stability of biochar and to avoid the environmental contamination 

resulting from the modification processes (Rajapaksha et al., 2016). The preparation procedure for 

chemically modified biochar might be time-consuming and is normally accomplished by mixing 

with a chemical solution for over 2 h. Additionally, the process time could be more than 2 h if two 

or more chemicals are utilized for chemical surface modification (Jung et al., 2015). Therefore, a 

simple and novel approach to prepare modified-biochar and simultaneously upgrading the biochar 

properties to enhance its removal efficiency with simple operation, less labour requirements, and 

time-savings need to be further investigated.  

As biochar is known to be a highly stable porous carbonaceous material, therefore; recently, few 

attempts have showed that biochar can be used to prepare a renewable electrode with a reliable 

adsorption capacity (Stephanie, 2017). A simple and novel approach to prepare modified-biochar 

was recently suggested by (Jung et al., 2015), which involve the application of electro-assisted 

system. They assume that electro-assisted adsorption can offer dual advantages including: 1) it 

significantly reduces preparation time, and (2) simultaneously enhances the physical and chemical 
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characteristics of the biochar, resulting in significant phosphate adsorption. Furthermore, electro-

assisted adsorption provides several advantages by eliminating the need to use acids, bases, or salt 

solutions, thereby substantially reducing the amount of any potential secondary waste (Zou et al., 

2008a, Zou et al., 2008b). 

Electro-adsorption is a kind of surface adsorption induced by electrical charges generated at low 

bias potential (Pirkarami et al., 2013). Electro-adsorption can be used as an effective and economic 

method that enhances the rate and capacity of adsorption. Recent advances in the electro-assisted 

adsorption process have motivated the present research and make it possible to develop an 

innovative method for high adsorption of heavy metal removal onto biochar. 

2.4.4 Heavy Metal Removal onto Biochar 

Several studies reported that biochar has high adsorption ability for removing heavy metal ions. 

As shown in Table 2.6, biochar possesses an exceptional adsorption capacity for metal uptake 

compared to AC and other adsorbents. This can be attributed to the physiochemical properties of 

biochar such as availability of surface functional groups, such as carboxylic, hydroxyl, and amino 

groups, which are available for heavy metal removal (Chen et al., 2011a). Furthermore, like AC, 

biochar shows a relatively structured carbon matrix with high degree of porosity, large surface 

area, high pH and CEC (Caporale et al., 2014). 

Several studies have confirmed that adsorption uptake of biochar towards heavy metal removal is 

positively correlated with the pyrolysis conditions including temperature and heating time which 

is also correlated with the physiochemical properties of biochar (El Hanandeh et al., 2016, Yakkala 

et al., 2013, Han et al., 2013b, Xu et al., 2013b). Generally, pyrolysis temperature exhibits a 

positive correlation with ash content, microporous structure, fixed C content, pH, and surface area, 
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whereas it has a negative correlation with volatile matter, functional groups, average yield, and H 

and O fractions. Therefore, pyrolysis temperature is the most significant parameter affecting the 

adsorption of contaminants. For example, peanut, canola, and soybean straw biochars prepared at 

300, 400, and 500 °C were used to remove Cu2+ from aqueous solution (Tong et al., 2011). Their 

results confirmed that biochars formed at 400 °C gave the best adsorption and all three biochars 

had higher adsorption capacities than CAC at pH 3.5–5.0.  

Miscanthus × giganteus derived biochar produced at 350 and 600 °C was investigated for the 

adsorption of Zn2+ and Cu2+ (Cibati et al., 2017). They found that the maximum adsorption for 

Cu2+ (15.7 mg g−1) and Zn2+ (10.4 mg g−1) were attained for biochar prepared at high pyrolysis 

temperature of 600 °C than 350 °C. Yakkala et al. (2013) reported that the highest adsorption 

capacities of buffalo weed biochars observed for the 700 °C biochar (Cd2+ 11.63 mg g-1 and Pb2+ 

333 mg g-1) compared to the 300 and 500 oC biochars. However, biochars prepared at extremely 

high temperatures (>1000 oC) were not as efficient, because most of pore structure would collapse, 

and thus the porosity of biochar decrease (Lee et al., 2015). 

In reference to Table 2.6, relatively large amounts of metal ions can be adsorbed by a variety of 

derived biochar. However, the adsorption capacities for different adsorbents are difficult to be 

directly compared due to a lack of consistency in the literature data. The obtained adsorption 

capacities were reported at different experimental conditions such as solution pH, temperatures, 

initial adsorbate concentration, biochar doses, and particle sizes. Furthermore, the effects of 

interfering ions which can coexist in the system are different and seldom documented.  
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Table 2.6 Adsorption performance of biochar and other adsorbents for heavy metal removal from 

aqueous solution  

Adsorbent Temperature 

(oC) 

pH Metal 

ion 

Adsorption capacity 

mmol g-1 (mg g-1) 

References 

Peanut straw biochar 

 

Soybean straw biochar 

 

Canola straw biochar 

400 

 

 

5.0 Cu2+ 

 

Cu2+ 

 

Cu2+ 

1.400 (89.0) 

 

0.834 (53.0) 

 

0.582 (37.0) 

(Tong et al., 

2011) 

Hardwood biochar 

 

 

Corn straw biochar 

 

450 

 

 

600 

5.0 

5.0 

 

5.0 

5.0 

Cu2+ 

Zn2+ 

 

Cu2+ 

Zn2+ 

0.106 (6.79) 

0.069 (4.54) 

 

0.197 (12.5) 

0.168 (11.0) 

(Chen et al., 

2011a) 

Pine wood biochar 

 

Rice husk biochar 

300 

 

300 

5.0 

 

5.0 

Pb2+ 

 

Pb2+ 

0.021 (4.25) 

 

0.011 (2.40) 

(Liu and Zhang, 

2009) 

Buffalo weed biochar 700 5.0 Pb2+ 

Cd2+ 

1.608 (333) 

0.103 (11.6) 

(Yakkala et al., 

2013) 

Coffee husk AC 

 

Spend coffee AC 

500 

 

500 

6.0 

 

6.0 

Ni2+ 

 

Ni2+ 

0.973 (57.1) 

 

0.844 (51.9) 

(Hernández 

Rodiguez et al., 

2018) 

Olive waste biochar 350 

450 

550 

630 

5.0 Hg2+ 0.600 (120.4) 

0.639 (128.2) 

0.722 (144.9) 

0.859 (172.4) 

(El Hanandeh et 

al., 2016) 

Rice husk biochar 

 

 

Dried olive waste 

biochar 

 

 

Orange waste biochar 

 

 

Compost 

300 

600 

 

300 

600 

 

300 

600 

 

300 

600 

5.0 

 

 

Cu2+ 

 

 

Cu2+ 

 

 

Cu2+ 

 

 

Cu2+ 

 

0.072 (4.57) 

0.004 (0.27) 

 

0.081 (5.12) 

0.010 (0.66) 

 

0.077 (4.92) 

0.006 (0.42) 

 

0.125 (7.94) 

0.053 (3.38) 

(Pellera et al., 

2012) 

Pinewood biochar 300 

700 

6.2 Cu2+ 

 

0.070 (4.46) 

0.043 (2.73) 

(Liu et al., 2010) 

Rice straw biochar 250 6.0 

 

Cd2+ 0.303 (34.1) (Han et al., 

2013a) 

Switchgrass biochar 

 

 

 

 

 

Hardwood biochar 

 

 

 

 

 

500 

 

 

700 

 

 

500 

 

 

700 

 

 

4.8 Cu2+ 

Zn2+ 

 

Cu2+ 

Zn2+ 

 

Cu2+ 

Zn2+ 

 

Cu2+ 

Zn2+ 

 

0.082 (5.21) 

0.073 (4.83) 

 

0.047 (3.04) 

0.005 (0.32) 

 

0.006 (0.38) 

0.001 (0.06) 

 

0.111 (7.05) 

0.933 (61.1) 

 

(Han et al., 

2013b) 
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Softwood biochar 

 

500 

 

 

700 

Cu2+ 

Zn2+ 

 

Cu2+ 

Zn2+ 

0.099 (6.35) 

0.091 (5.94) 

 

0.174 (11.05) 

3.922 (256.4) 

Dairy manure biochar 200 

 

 

 

350 

 

- Cu2+ 

Zn2+ 

Cd2+ 

 

Cu2+ 

Zn2+ 

Cd2+ 

0.761 (48.4) 

0.503 (32.9) 

0.284 (32.0) 

 

0.809 (51.4) 

0.486 (31.8) 

0.486 (54.6) 

(Xu et al., 2013b) 

Dairy manure biochar 200 

 

300 

- Pb2+ 

 

Pb2+ 

0.641 (132.8) 

 

0.452 (93.65) 

(Cao et al., 2009) 

Dairy manure compost - 4.0 Pb2+ 

Cu2+ 

Zn2+ 

0.460 

0.428 

0.237 

(Zhang, 2011) 

Hickory biochar 

NaOH-hickory biochar 

600 

600 

5.0 

5.0 

Pb2+ 

Pb2+ 

0.054 (11.2) 

0.258 (53.6) 

(Ding et al., 2016) 

Activated carbon  - 4.5 Pb2+ 0.128 (26.6) (Sekar et al., 

2004) 

Digested dairy waste 

biochar 

Digested whole sugar 

beet biochar 

600 

 

600 

6.0 Pb2+ 

 

Pb2+ 

0.248 

 

0.234 

(Inyang et al., 

2012) 

Almond shell biochar  600 5.0 Pb2+ 

Cu2+ 

0.066 (13.7) 

0.141 (9.00) 

(Ronda et al., 

2013) 

Alternanthera 

philoxeroides biochar 

600 5.0 Pb2+ 1.240 (257.1) (Yang et al., 

2014) 

Salisbury biochar 600  Pb2+ 

Cu2+ 

Ni2+ 

Zn2+ 

0.230 

0.101 

0.105 

0.098 

(Shen et al., 2015) 

Pine wood char 

 

 

 

Oak wood char 

 

 

 

Pine bark char 

 

 

 

Oak bark char 

400-450 

 

 

 

400-450 

 

 

 

400-450 

 

 

 

400-450 

5.0 

3.5 

5.0 

 

5.0 

3.5 

5.0 

 

5.0 

3.5 

5.0 

 

5.0 

3.5 

5.0 

Pb2+ 

Cd2+ 

As+3 

 

Pb2+ 

Cd2+ 

As+3 

 

Pb2+ 

Cd2+ 

As+3 

 

Pb2+ 

Cd2+ 

As+3 

4.13 

- 

1.20 

 

2.62 

0.37 

5.85 

 

3.00 

0.34 

12.15 

 

13.10 

5.40 

7.40 

(Mohan et al., 

2007) 

Almond shell biochar 650 6.0 Ni2+ 0.340 (20.0) (Kılıç et al., 2013) 

Almond husk AC - 6.0 Ni2+ 0.524 (30.7) (Hasar, 2003) 
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Compared to the extensive nature of biochar adsorption studies carried out with agricultural waste, 

very limited studies have been reported on the use of date waste. However, the development of 

adsorbents based on date waste for metal removal seems to be very realistic. Several attempts on 

using AC based on date waste have been developed and patented. The following section will 

review the metal adsorption by adsorbents derived from date seed. 

2.5 Heavy Metal Adsorption Using Date Waste as Adsorbent  

Date palm (Phoenix Dactylifera L.) is one of mankind’s oldest plants that are cultivated in tropical 

and subtropical areas with high tolerance to water shortage and extreme hot weather. Latest 

statistical data reported by FAO (2016), showed that the total world production of date is 

approximately 9.0 billion tons per year. Date seed makes up to 15-30% of the total weight of the 

fruit. However, date seeds are underutilised resource that are arbitrarily discarded or burnt causing 

pollution.  

Date seed has recently attracted attention as a good candidate for the production of low-cost 

carbonaceous materials due to its chemical and physical properties. Date seed is a carbon-rich 

material with high lignin content, but it also contains cellulose, hemicellulose, proteins, and 

hydrocarbons (Nasser et al., 2016). The hemicellulose contents have average percent elemental 

compositions of 44.4% carbon, 49.4% oxygen, and 6.2% hydrogen (Ahmad et al., 2012a). Lignin 

has a three-dimensional polymer of phenylpropane units linked together by C–O–C or C–C bonds 

making its elemental composition to be higher in carbon (62%) and lower in oxygen (32%) 

(Houache et al., 2008). Moreover, the hemicellulose contents of date seed are like those 

hemicellulose materials found in coconut shell which is known to produce high quality AC 

(Bledzki et al., 2010).  



32 

Date seed has low ash content and high volatile matter. Therefore, when subjected to pyrolysis it 

will produce a porous carbonaceous material with high surface area and large pore volume due to 

loss of volatile organic matters during the pyrolysis process (Sait et al., 2012). Furthermore, date 

seed is acidic in nature with high contents of acids such as oleic acid which varies from 41.1 to 

58.8% (Al-Shahib and Marshall, 2003). As a result, date seed derived biochar could be rich with 

various surface functional groups which can play significant role in heavy metal adsorption.  

The literature search returned a few studies that investigated the suitability of date palm residues 

for the production of activated carbon (Hameed et al., 2009, Girgis and El-Hendawy, 2002, El-

Hendawy, 2009, Bouhamed et al., 2016, Bouhamed et al., 2012, Bouchelta et al., 2012, Bouchelta 

et al., 2008, Banat et al., 2002, Alhamed and Bamufleh, 2009). For example, AC prepared from 

date seeds were used for Cu2+ and Pb2+ adsorption (Bouhamed et al., 2012). Banat et al. (2002) 

studied adsorption performance of capacities of AC made from date pits as well as non-activated 

date pits for Cu2+ and Zn2+ removal. Most of these studies showed that, under the experimental 

conditions, the adsorption capacity of AC prepared from date residues was higher than another 

CAC.   

However, there is very little information on using biochar derived from date seed for the purpose 

of heavy metal adsorption. Nevertheless, it is important to realize that the metal uptake properties 

and adsorption mechanism vary considerably between different types of biochars. Furthermore, 

most of the previous studies have focused only on a single adsorption system which may not be 

applicable in the practical use for wastewater treatment application due to coexist of multi-ions. 
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2.6 Heavy Metal-Biochar Adsorption Mechanism  

Heavy metal adsorption onto biochar can typically occur via various types of interactions such as 

surface adsorption, ion exchange, complexation, electrostatic interaction, and potential 

precipitation (Tan et al., 2015). These mechanisms can act individually or in combination. For 

example, Li et al. (2017) reported that metal complexation, cation exchange, and precipitation 

were the main adsorption mechanisms for Pb2+ removal onto biochar. Dong et al. (2011) 

summarized the adsorption mechanisms of sugar beet tailing biochar for Cr6+ which involved 

electrostatic interaction, reduction of Cr6+ to Cr3+, Cr3+ participation, and Cr3+ complexation with 

functional groups on biochar. About 38–42% of Pb2+ adsorption occurred due to complexation 

with hydroxyl and carboxyl groups onto sludge derived biochar (Lu et al., 2012). Yakkala et al. 

(2013) reported that metal ion surface complexation along with ion exchange dominated the 

adsorption mechanism of Pb2+ and Cd2+ ions onto buffalo weed biochars.  

Ion exchange mechanism represents one of the most predominant mechanisms involved in heavy 

metal adsorption from aqueous solutions. Ion exchange involves the exchange of positively 

charged ions released from the biochar surface with target metals. Ion exchange mechanism is 

highly correlated with the surface functional group on the biochar, the size of metal contaminant, 

and the charge difference (Abbas et al., 2018). Ion exchange greatly maximized the adsorption of 

Cd2+ from 20 to 40 mg g−1 through the exchange of exchangeable Ca2+ of municipal sludge derived 

biochar with Cd2+ (Chen et al., 2015a). Biochar produced from rice husk at 175 to 180 °C showed 

higher adsorption for Hg2+ and Zn2+ due to the successive exchange of Hg2+ and Zn2+ ions (El-

Shafey, 2010). Mohan et al. (2007) also reported that the adsorption of Pb2+ by oak bar and oak 

wood biochar was dominated by cation exchange mechanism as the amount of cation released was 

parallel to the sum of total Pb2+ adsorbed by biochar.  
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Charged biochar and metal ions show an electrostatic interaction between them in order to restrict 

the heavy metals mobilization (Dong et al., 2011). Electrostatic interaction during metal adsorption 

process is highly dependent on point of zero charge (PZC) of biochar and pH of the solution (Abbas 

et al., 2018). Electrostatic interaction between the negatively charged biochar surface and Pb2+ ion 

increased the adsorption ability of biochar for Pb2+ removal (Igalavithana et al., 2017). Tong et al. 

(2011) found that both electrostatic and non-electrostatic interactions were involved in the Cu2+ 

adsorption onto peanut, canola, and soybean straw biochars. They noted that Cu2+ adsorption 

capacity increased as solution pH went up due to strong complexes formed between Cu2+-OH and 

biochar surface functional groups (OH and COOH). However, electrostatic interaction is the main 

mechanism involved in the adsorption of anionic metals rather than cations (Abbas et al., 2018).  

Precipitation is also one of the mechanisms governing biochar’s ability for heavy metals removal 

via the formation of solids either on the surface or in the solution during the adsorption process 

(Abbas et al., 2018). Biochar, generally, shows an alkaline nature which promotes precipitation of 

metal ions species (Cao and Harris 2010). For example, Inyang et al. (2011) reported that bagasse 

biochar with pH of 10.93 was responsible for the production of hydrocerrusite [(Pb3(CO3)2(OH)2] 

to precipitate Pb2+ on the biochar surface. Similarly, surface precipitation is involved in the 

maximum adsorption of Cr3+ and Cr6+ with the biochar derived from the municipal sewage sludge 

(Chen et al., 2015b). Cu2+ precipitation was also observed and mainly caused by Cu2+-phosphate 

formation due to the high phosphate contents of soybean, canola, and peanut straw biochars (Tong 

et al., 2011).  

Surface adsorption (or physical adsorption) involves the formation of chemical bonds which are 

produced because of diffusion of metal ions into the adsorbent pores (Abbas et al., 2018). Like 

AC, surface area and porous network of biochar can also play an important role for heavy metals 
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adsorption (Mukherjee, 2011a). In the study of Bouchelta et al. (2012), they found that large 

specific surface area combined with surface complexation were the main adsorption mechanism 

for high Cu2+ removal uptake onto date seed activated carbon. Wang et al. (2015) found that 

maximum adsorption capacities for Pb2+, Cu2+, and Cd2+ ions were 153.1, 34.2, and 28.1 mg g−1, 

respectively onto hickory wood-derived biochar treated with KMnO4 and surface adsorption was 

the dominant adsorption mechanism. However, several studies on heavy metal adsorption found 

that the surface area and the porous structure showed less effect compared to the role of surface 

functional groups on heavy metal adsorption onto biochar (Ding et al., 2014). The presence of 

functional groups such as (carboxyl, phenolic, and lactone) onto biochar surface is believed to play 

an important role in metal ion binding via electrostatic interaction, surface complexation, and ion 

exchange (Burk, 2017, Liu and Zhang, 2009).  

2.7 Factors Affecting Biochar Adsorption 

Different factors have been reported affecting the adsorption potential of biochar for removing 

adsorbates such as solution pH, particle size, temperature, initial metal concentration, contact time, 

and adsorbate properties. 

2.7.1 Effect of Solution pH   

Solution pH is one of the most controlling parameters with profound effect on heavy metal removal 

from aqueous solution. Solution pH affects both the adsorbent surface charge along with the 

alteration in the degree of ionization and speciation of the adsorbate (Kołodyńska et al., 2012). 

Most studies reported that the adsorption capacity increased with increasing solution pH for 

specific limit. In a study by Chen et al. (2011a), it was observed that adsorption capacity of Cu2+ 

and Zn2+ onto biochar increased with increasing pH until it plateaued at pH 5. Adsorption of Pb2+ 
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and Cd2+ on Douglas fir-derived biochar was low at low pH, while maximum adsorption was at 

pH 5 for both Pb2+ and Cd2+ (Karunanayake et al. 2018). Liu and Zhang (2009) studied the effect 

of solution pH on Pb2+ adsorption in the pH range of 1.0 to 6.0. They found that removal capacity 

was less at acidic pH (< 2.0) and increased with increasing of pH, reaching a plateau at a pH value 

of 5.0.  

At low pH, the competition between metal ions and H+ for the binding sites increased which 

decreased the overall adsorption capacity for the contaminants (Pellera et al., 2012). The increase 

in pH reduces the competition between metal ions and H+ for the adsorption sites as deprotonation 

of functional group discharged additional binding sites resulting in higher adsorption for the 

particular adsorbate (Abbas et al., 2018). 

Generally, low pH value (i.e. extreme acidic conditions) is not preferred as it may damage the 

structure of the adsorbent (Al Hawari, 2004). On the other hand, higher solution pH is also avoided 

to prevent the potential precipitation which might occur due to the formation of precipitate of 

M(OH)2(S). Generally, metal species [M(II)] are present in deionized water as M2+, M(OH)+, 

M(OH)2
0, M(OH)2(S), etc. (Srivastava et al., 2009). At solution pH (≈6.0), the solubility of the 

M(OH)2(S) is probably high, so the M2+ is the main species (Srivastava et al., 2009). However, with 

increasing pH≈10.0, the solubility of M(OH)2(S) is much smaller and therefore, at such pH, the 

main species in the solution is M(OH)2(S).  

2.7.2 Effect of Contact Time  

Contact time is an important factor affecting the adsorption process. Maximum adsorption of Pb2+ 

was achieved during the first 90 min of the adsorption process, while increasing contact time does 

not show any further improvement in Pb2+ ion adsorption (Lee et al. 2017). Abdel-Fattah et al. 
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(2015) found that 100% of Cr5+ adsorption was occurred during the first 20 min, suggesting that 

the interaction between metal ions and biochar is a fast process. Maximum adsorption capacities 

for Pb2+, Co2+, and Cd2+ were 74.6, 73.3, and 71% being reported during the first 5 min of contact 

time and then metal ions attained equilibrium at 120 min (Alqadami et al. 2018). Chen et al. 

(2011a) found that the adsorption rate for Cu2+ and Zn2+ onto biochar was fast during the first 120 

min and thereafter, the adsorption rate reduced drastically. Dong et al. (2011) also studied effect 

of contact time on Cr5+ removal by biochar. They found that the adsorption rate was fast within 

the first 120 min with 78% Cr5+ adsorbed.  

2.7.3 Effect of Adsorbate Concentration 

Biochar adsorption mechanism for metal ions from an aqueous solution is significantly correlated 

with the initial metal concentration in the solution (Pellera et al., 2012). The adsorption uptake of 

M2+ ion adsorbed by the biochars increases with increasing metal concentration until the 

equilibrium was reached. Pellera et al. (2012) found that with increasing the initial metal 

concentration caused an increase in the amount of metal adsorbed per adsorbent mass unit. 

Similarly, Tong et al. (2011) found that the amount of Cu2+ adsorbed by the peanut, soybean and 

canola straws biochars increased with the increase in its equilibrium concentration. This behaviour 

can be attributed to the increase in the driving force for mass transfer, which is the concentration 

gradient to overcome the resistance to the mass transfer of adsorbate between aqueous phase and 

the solid phase (Pellera et al., 2012). 

2.7.4 Effect of Particle Size 

Several studies have reported that particle size and surface area of biochar are important parameters 

in the adsorption of metal ions (Mohan et al., 2007, Chen et al., 2011a). A study conducted by Han 
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et al. (2016), they found that the removal capacity and reaction rates of Cr5+ onto smaller size 

biochar (0.15–0.50 mm) were higher than that of 0.50–1.00 mm (Han et al., 2016). Their results 

suggested that smaller adsorbent particles sizes have higher adsorption capacity. Zheng et al. 

(2010) found that the removal efficiency of atrazine increased with decreasing biochar particle size 

from < 0.25 to < 0.053 mm. They attributed the increase of removal efficiency to the increase of 

specific surface area available for adsorption with decreasing biochar particle size.  

However, from an operational point of view, using extremely fine particles might be difficult to 

implement due to the difficulty of separating the adsorbents from the solution and the high 

requirements of labour for centrifugation and filtration (Chen et al., 2011b). Furthermore, the 

smaller particle size may lead to flocculation thus; removal of metal ions may be reduced.  

Therefore, very fine particles might be unfavourable to be used for biochar adsorption. Similarly, 

large particle size is also avoided due to the possibility of the higher diffusion resistance suggesting 

that most of the internal surface of the particles may not be utilized for adsorption.  

2.7.5 Effect of Temperature  

The solution temperature is also an effective parameter influencing the adsorption efficiency. For 

example, Chen et al. (2011a) showed that higher temperatures slightly increased the Cu2+ and Zn2+ 

adsorption onto corn straw and hardwood biochars. Similar observation was also reported by Kılıç 

et al. (2013) who found that adsorption of Ni2+ onto almond shell biochar increased with increasing 

solution temperature. As the temperature rise, more active site become accessible to participate in 

the process because with temperature increasing, a sufficient energy for heavy metal ions to 

overcome the diffuse double layer and adsorb onto biochar’s interior structure is increased (Liu 

and Zhang, 2009). 

http://www.sciencedirect.com/science/article/pii/S016943321301341X#!
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The relation between adsorption process and the temperature of solution is associated with several 

thermodynamic parameters including Gibbs free energy change (ΔGo), enthalpy (ΔH°), and 

entropy (ΔS°). The Gibbs free energy change is an indication of the spontaneity of the process 

therefore is one of the most important criteria. The thermodynamic parameters including ΔHo or 

ΔSo of adsorption are useful in describing whether the adsorption process is endothermic or 

exothermic.  

Thermodynamic parameters (ΔG°, ΔH°, ΔS°) for the metal adsorption onto biochar can be 

estimated using equilibrium constants changing with temperature as shown in Eqs. (3.1) and (3.2):  

∆𝐺° = −𝑅𝑇 ln 𝑏                                                   (3.1) 

Or, 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                                              (3.2) 

 

where ΔG° is the change in free energy (kJ mol-1), ΔH° the change in enthalpy (kJ mol-1), ΔS° the 

change in entropy (J mol-1 K-1), T the absolute temperature (K), R the gas constant (8.314), and b 

is the equilibrium constant of adsorption. The values of ΔH° and ΔS° parameters can be calculated 

from the slope and intercept of the plot of ln b versus 1/T, respectively.  

Several studies demonstrated that biochar adsorption was a thermodynamically feasible and 

spontaneous (Kılıç et al., 2013). A negative value of ΔG° suggests that the adsorption is a 

spontaneous process. The positive value of ΔH° indicates that the adsorption is endothermic 

process in all cases. This behaviour indicates that higher temperatures are more preferred for higher 

adsorption. This is also supported by the increase in value of uptake capacity of the adsorbent with 
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the increase in temperature. The positive value of ΔS° shows the increased randomness at the 

solid–solution interface during the adsorption process (Kılıç et al., 2013). 

2.7.6 Effect of Competing Cations 

In real wastewater system, a cocktail of pollutants usually co-exists and thus has a significant 

influence on adsorption performance. Generally, there are three types of adsorption mechanisms 

usually occurred between co-existed contaminants including: (i) independent adsorption, (ii) 

cooperative adsorption; and (iii) competitive adsorption (Wang et al., 2016). Competitive 

adsorption was observed between Hg2+ and atrazine for occupying the binding site in 

multicomponent solution (Tan et al., 2016b, Tan et al., 2016a). Tong et al. (2011) found that 

cations such as Ca2+, Mg2+, K+, and Na+ in biochars from crop straws compete for adsorption sites 

with Cu2+ and thus decrease the adsorption of Cu2+ by the biochars. Park et al. (2016) studied 

adsorption performance of sesame straw biochar for Pb2+, Cd2+, Cr3+, Cu2+, and Zn2+ in single and 

multicomponent system. They found that the adsorption capacity of metal ions in the 

multicomponent system was less than the single solute system due to competition for the binding 

sites. Chen et al. (2011a) found that for binary solute system of (Cu-Zn), Cu2+ ion compete with 

Zn2+ for adsorption binding sites of hardwood and corn straw biochars. As such, the presence of 

ions in the system may affect the adsorption capacity of others due to competition on active sites. 

Co-existed atrazine did not show any significant influence on Cr6+ and Pb2+  adsorption, whereas 

co-existed Cr6+ and Pb2+ metal ions extensively suppress the adsorption of atrazine on sewage 

sludge biochar by interfering with the H+ bonding between the adsorbate and adsorbent (Zhang et 

al., 2015). For binary system of As3+ and Cd2+, the addition of As3+ increased the adsorption of 
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Cd2+ from 3 to 16% on magnetic biochar, whereas the addition of Cd2+ restrained the adsorption 

of As3+ by 15–33% (Wu et al., 2018).  

2.7.7 Effect of Adsorbate Properties  

In the previous sections, metal uptake onto biochar has been directly correlated to the biochar 

physiochemical characteristics which are affected by the type of parent biomass and pyrolysis 

conditions. However, metal uptake onto biochar surface can also be affected by ionic properties of 

metal ions (Table 2.7) including electronegativity, hydrated radius, ionic radius, and ion covalent 

index (Park et al., 2016, Al Hawari, 2004). For example, Al Hawari (2004) found that AC showed 

higher adsorption uptake of Pb2+ than Cu2+ and Ni2+. They explained this trend due to the ionic 

properties such as hydrated radii, ionic radii, and electronegativity. Pb2+ shows highest 

electronegativity (2.33) compared to Cu2+ (1.90) and Ni2+ (1.91) thus Pb2+ can be strongly attracted 

to the negative adsorbent surface. Similar observation was reported in the literature (Khraisheh et 

al., 2004).  

Even though metal ions such as Pb2+, Cu2+, and Ni2+ have the same number of charges, the ionic 

radius of Pb2+ (1.20) is larger than those of Cu2+ (0.73) and Ni2+(0.69). Accordingly, Pb2+ is 

preferably accumulated at the interface due to the fact that larger ion could fit into a binding site 

and bind to several functional groups simultaneously (Al Hawari, 2004). Furthermore, the 

differences in the adsorption uptake for metal ions could be also attributed to the difference in the 

hydrated radius of co-existing metal ions. For example, the hydrated radius of Pb2+ (4.01 Å) is 

smaller than that of Cu2+ (4.19 Å) and Ni2+ (4.04 Å) suggesting that Pb2+ showed a greater affinity 

for most functional groups in the adsorbent, including carboxylic and phenolic groups (hard Lewis 

bases) (Park et al., 2015).  
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Adsorption uptake of metal ion by the adsorbent could be also affected by the difference in the 

covalent binding indices. Metals with a higher covalent index showed more chelating affinity to 

ligands relative to ionic interactions (Al Hawari, 2004). For example, Al Hawari (2004) found that 

the lower adsorption capacity of Ni2+ onto AC was due to its lower covalent binding index (5.63) 

compared to Pb2+ ion (6.61) and consequently Pb2+ ion showed greater tendency than Ni2+ to form 

covalent bonds with the adsorbent ligands. However, the higher adsorption capacity of the biochar 

for specific metal ions does not mean that that metal is more preferred by the adsorbent than other 

metal ions.  

Table 2.7 Parameters characterizing the binding strength of metals  

Metal Hydrated radii (Å) Electronegativity Crystal radii (Å) Covalent index 

Pb2+ 4.01 2.33 1.20 6.61 

Cu2+ 4.19 1.90 0.73 6.32 

Ni2+ 4.04 1.91 0.69 5.63 

 

2.8 Heavy Metal-Biochar Adsorption Models   

In this section, modelling of adsorption isotherms and kinetics of mostly metal ion species onto 

biochar are reviewed. Adsorption isotherms and kinetics are the most important factors that 

determine the efficiency of adsorption process and to predict the performance of system of 

wastewater treatment under varying conditions. The following sections give the current 

information available on the heavy metal interaction with biochar by different equilibrium and 

kinetics models used to describe adsorption behaviour from single and multicomponent systems.  

2.8.1 Adsorption Isotherms  

Adsorption equilibrium isotherm is a mathematical model that used to describe the dependence of 

the adsorbed amount (qe, mmol g-1) as a function of the adsorbate concentration and the 
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temperature as shown in Eq. (3.3) (Worch, 2012):  

qe =f (Ce, T)                                           (3.3) 

For the simplicity purposes, however; the adsorption equilibrium relationship is typically 

considered at constant temperature and expressed in the term of the adsorption isotherm as shown 

in Eq. (3.4): 

qe =f (Ce); T = constant                         (3.4) 

When the adsorbent and adsorbate come into contact with each other at specific experimental 

conditions for sufficient time, the equilibrium is reached. Thereafter, the amount of metal ion 

adsorbed is calculated from the difference between their initial and final concentrations as shown 

in Eq (3.5): 

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑊
                                          (3.5) 

 

where Co is initial metal concentration (mM), Ce metal concentration at equilibrium (mM), V is 

the volume of metal solution (L), and W is the amount of biochar (g).  

Isotherms modelling parameters provide an insight into the adsorption mechanism, surface 

properties as well as the degree of affinity of the adsorbents (Foo and Hameed, 2010). Even though, 

most the previous isotherm studies based on the linear regression which has frequently been used 

in accessing the quality of fits and adsorption performance, due to mathematical simplicity, 

however; depending on the way the adsorptive equation is linearized, the error distribution changes 

worse influencing its consistency and accuracy (Tran et al., 2017). 
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2.8.1.1 Single Component System 

The adsorption modelling of equilibrium process is an important step to find best-fit isotherm to 

evaluate the performance of adsorbent to develop and design applicable practice of the adsorption 

systems. For batch adsorption equilibrium, there are many conceptual and empirical models 

developed to describe the adsorption process for single solute systems. Among them, Langmuir, 

Freundlich, Sips, and Tempkin isotherms are widely used to describe experimental adsorption data 

in batch mode. The mathematical expression and each model assumptions are listed Table 2.8. 

Table 2.8 Adsorption isotherm models (Foo and Hameed, 2010) 

Isotherm Model Model assumption  

Langmuir   

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

 

1. Fixed number of definite localized adsorption sites. 

2. Same affinity for adsorption of a single molecular layer. 

3. Homogeneously distributed over the adsorbent. 

4. No lateral interaction between adsorbed species. 

Freundlich   

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 

1. Multilayer adsorption. 

2. Non-uniform distribution of adsorption heat and affinities over 

the heterogeneous surface.  

3. Does not predict the saturation behavior of an adsorbent.  

4. Widely applied in heterogeneous systems 

Sips  
𝑞𝑒 =

𝐾𝑆𝐶𝑒
𝛽𝑆

1 + 𝑎𝑆𝐶𝑒
𝛽𝑆

 
1. Predict heterogeneous adsorption systems. 

2. Predict Freundlich isotherm at low metal ion concentrations. 

3. Predict Langmuir isotherm at high concentrations.  

Tempkin  

𝑞𝑒 =
𝑅𝑇

𝑏𝑇

ln 𝐴𝑇𝐶𝑒 

1. Taking into the account of adsorbent–adsorbate interactions.  

2. Assuming heat of adsorption of all molecules in the layer 

decrease linearly with coverage.  

3. Characterized by a uniform distribution of binding energies.   

4. Predict the gas phase equilibrium excellently.  

5. Not appropriate to be used for liquid-phase adsorption.  
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Langmuir model has been used in many biochar adsorption studies to quantify and contrast biochar 

adsorption performance (Chen et al., 2011a, Inyang et al., 2012, Kołodyńska et al., 2012, Pellera 

et al., 2012, Tong et al., 2011). In these studies, Langmuir isotherm model was applied to calculate 

the maximum adsorption capacity of the adsorbent for metal ion (qmax, mmol g-1) in order to 

compare with other adsorbents and for making preliminary evaluation of adsorption capacity 

(Kaewsarn, 2000).  

Freundlich isotherm, one of the earliest empirical models, assumes a multilayer adsorption, with 

non-uniform distribution of adsorption heat and affinities over the heterogeneous surface. Unlike 

Langmuir isotherm, Freundlich isotherm does not predict the saturation behaviour of an adsorbent. 

The n value, a measure of adsorption intensity or surface heterogeneity, ranges between 0-1 is 

becoming more heterogeneous as its value gets closer to zero, while a value below unity implies 

chemisorption process (Foo and Hameed, 2010).  

Sips isotherm is an empirical model merged of both Langmuir and Freundlich models assuming 

that the adsorption mechanism fit Freundlich assumptions at lower adsorbate concentration, while 

it goes to monolayer adsorption according to Langmuir predictions at higher adsorbate 

concentration (Foo and Hameed, 2010). Tempkin isotherm has been widely applied to describe 

adsorption on heterogeneous surface assuming that the adsorption heat tends to decrease linearly 

with increasing the coverage of adsorbent due to adsorbate/adsorbent interactions. Furthermore, it 

assumes that the adsorption is characterized by a uniform distribution of binding energies, up to 

some maximum binding energy (Foo and Hameed, 2010).   
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2.8.1.2 Multicomponent System  

Generally, the predication of multicomponent isotherm is one of the most challenging problems in 

the adsorption field (Alkhamis and Wurster, 2002). For multicomponent system, the adsorbates 

compete for the available adsorption sites on the adsorbent surface (Worch, 2012). Therefore, the 

amount of metal adsorbed for a component i (qe) at equilibrium depends not only on its 

concentration (Ce,i), but also on concentrations of all other components at equilibrium (Ce,2, 

Ce,3,…Ce,N). Therefore, for an N-component mixture, the following set of equilibrium relationships 

can be formulated as shown in Eq. (3.6) (Worch, 2012):  

qe,1 =f (Ce,1, Ce,2, Ce,3, ……Ce,N )          (3.6) 

qe,2 =f (Ce,1, Ce,2, Ce,3, ……Ce,N ) 

qe,3 =f (Ce,1, Ce,2, Ce,3, ……Ce,N ) 

qe,J =f (Ce,1, Ce,2, Ce,3, ……Ce,N )  

The isotherms of multicomponent adsorption can be determined based on the parameters obtained 

from single isotherm of all components present in the solution (Xu et al., 2013a, Xiao et al., 2017, 

Villaescusa et al., 2004, Park et al., 2016, Deng et al., 2017). For example, extended Langmuir 

model is the extension of the single component Langmuir isotherm that is used to describe the 

adsorption equilibrium in multicomponent systems (Febrianto et al., 2009). This isotherm is 

applicable when each single metal follows Langmuir behaviour in a single system and all 

adsorption sites are equally available to all adsorbed species (Choy et al., 1999). It can be expressed 

as shown in Eq. (3.7):  

𝑞𝑒,𝑖 =
𝑞𝑚𝑎𝑥,𝑖𝐾𝐿,𝑖𝐶𝑒,𝑖

1+∑ 𝐾𝐿,𝑗
𝑁
𝑗=1 𝐶𝑒,𝑗

                                         (3.7) 
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where qe,i is the amount of solute i adsorbed per unit weight of adsorbent at equilibrium, qmax,i is 

the maximum adsorption capacities of solutes i, while KL,i is the Langmuir constants (L mmol-1) 

for the i components determined from the corresponding individual Langmuir isotherm.  

However, Langmuir behaviour in a multicomponent system may not define exactly the adsorption 

behavior of metal ion mixtures (Srivastava et al., 2009). Therefore, adsorption isotherms of 

multicomponent systems are modified to formulate the competitive isotherm models by 

introducing a correction factors (ɳi) to modify the adsorption isotherms that related to the single 

isotherm parameters (Srivastava et al., 2009). Often, these interaction parameters are not constant 

in a given adsorbate system but depend additionally on the mixture composition (Aksu et al., 

2002).  

Therefore the Eq. (3.7) was modified through the introduction of the correction parameters ŋi 

which is obtained from multicomponent adsorption data as shown in Eq. (3.8): 

𝑞𝑒,𝑖 =
𝑞𝑚𝑎𝑥,𝑖 (

𝐾𝐿,𝑖𝐶𝑒,𝑖
𝜂𝑖

)

1+∑ (
𝐾𝐿,𝑗𝐶𝑒,𝑗

𝜂𝑗
)𝑁

𝑗=1   

                                         (3.8) 

 

In order to evaluate the selectivity sequence of multicomponent mixture in an adsorption system, 

using Langmuir parameters, the separation factor 𝛼𝑗
𝑖 of binary and ternary systems was also 

determined as shown in Eq. (3.9):  

𝛼𝑗
𝑖 =

𝑞𝑒𝑖/𝐶𝑒𝑖

𝑞𝑒𝑗/𝐶𝑒𝑗
                                                          (3.9)                               
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2.8.2 Adsorption Kinetics Models 

Adsorption kinetics is required to provide the valuable details about the dynamics of adsorption 

process of a given adsorbent and its significance for designing up the operation. When the 

adsorbent mixed with the metal ion (adsorbate) in the aqueous solution, metal ion concentration 

simultaneously increased at the surface of an adsorbent. This process continues until the 

concentration of the adsorbate remaining in the solution achieves a dynamic equilibrium with the 

concentration of adsorbent on the adsorbent surface (Worch, 2012). The time required for this 

stage to be completed is called adsorption equilibrium time. When the equilibrium stage is reached, 

adsorption process is assumed to be complete and no further removal of adsorbate takes place 

(Worch, 2012). 

Generally, adsorption process involves one or more combination of three steps that representing 

the rate-controlling mechanism. These steps are: (1) transportation of the adsorbate from bulk 

phase to the external surface of the adsorbent (i.e., external diffusion); (2) transportation of the 

adsorbate from the external surface into the pores of the adsorbent (i.e., intraparticle diffusion); 

and (3) surface reaction, which is the attachment of adsorbate to the internal surface of adsorbent 

(Tan and Hameed, 2017). In the study of Kołodyńska et al. (2012), they found that the adsorption 

kinetics for Cu2+ and Pb2+ onto biochar was a combination of intraparticle pore diffusion, external 

mass transfer, and adsorption processes.  

In general, Mohan and Singh (2002) reported that for adsorption system with poor mixing, dilute 

concentration of adsorbate, small particle size, and high affinity of adsorbate for adsorbent, an 

external transport is usually the rate-limiting step. Contrary, the intraparticle step limits the overall 

transfer for adsorption systems with good mixing, high concentration of adsorbate, and large 
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particle size of adsorbent and low affinity of adsorbate for adsorbent. Furthermore, the third step 

is typically very rapid compared with the first and second steps, and therefore poses negligible 

resistance (Tan and Hameed, 2017).  

Several mathematical models have been established to describe adsorption kinetics data including 

adsorption reaction models and adsorption diffusion models. Adsorption reaction models such as 

pseudo first and pseudo second order rate models have been widely employed to describe the 

kinetic process of adsorption (Bouchelta et al., 2012, Chen et al., 2011a, Kim et al., 2013, 

Kołodyńska et al., 2012, Pellera et al., 2012). 

The non-linear forms of pseudo first and pseudo second order models can be expressed as shown 

in Eq. (3.10) and Eq. (3.11): 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)                                          (3.10) 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
                                                      (3.11) 

where qt is the amount of metal ion adsorbed per unit mass (mmol g-1) at time t, k1 (min-1) is the 

pseudo first order adsorption rate constant, and k2 is the equilibrium rate constant of pseudo second 

order adsorption (g (mmol min)-1).  

In most cases, adsorption studies found that metal adsorption well fitted to pseudo second order 

model suggesting a chemisorption rate-controlling mechanism (Liu and Zhang, 2009, Pellera et 

al., 2012). For chemisorption, metal binding onto the biochar surface occurs due to the valence 

forces through electron sharing or exchange between adsorbent and adsorbate (Ho and McKay, 

1999). At present, both pseudo first order and pseudo second order models are the most popular 
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models employed to describe the kinetic process of adsorption due to their simplicity and ease of 

use for modeling and process simulation.  

Elovich model is another adsorption reaction model that used to test the kinetics of adsorption and 

it is generally expressed as follows: 

𝑑𝑞𝑡

𝑑𝑡
=∝ 𝑒𝑥𝑝(−𝛽𝑞𝑡)                         (3.12) 

where qt is the adsorption capacity at time t (mmol g-1),  ∝ is the initial adsorption rate (mmol g-1 

min-1) and 𝛽 is the desorption constant (g mmol-1). To simplify the Elovich equation, Chien and 

Clayton (1980) assumed that the value of ∝ 𝛽𝑡 >> 1 and by applying the boundary conditions qt= 

0 at t= 0 and qt= qt at t= t Eq. (3.12) becomes:  

𝑞𝑡 = 𝛽 ln(∝ 𝛽) + ln(𝑡)                     (3.13) 

The constants of Elovich model can be obtained from the slope and the intercept of a straight-line 

plot of qt against ln(t). Even though, Elovich equation has also been applied to describe the 

adsorption kinetics of pollutants from aqueous solutions (Ho, 2006), however; it has been known 

to determine the adsorption kinetics of gas onto solid systems (Qiu et al., 2009).   

Adsorption diffusion models can also be used to represent the adsorption of adsorbate by a porous 

adsorbent more reasonably. Intraparticle diffusion (Weber-Morris) has been widely employed to 

describe the kinetic process. It assumes that in many adsorption cases, adsorbate uptake varies 

almost proportionally with t0.5 rather than with the contact time t (Qiu et al., 2009). The non-linear 

forms of intraparticle diffusion model (i.e. Weber-Morris model) can be expressed as shown in 

Eq. (3.14): 
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𝑞𝑡 = 𝐾𝑖𝑑𝑡0.5              (3.14) 

where kid is the intraparticle diffusion rate constant. 

By plotting qt vs t0.5 Eq. (3.14), a straight line with a slope kid when the intraparticle diffusion is a 

rate-limiting step is obtained. Furthermore, if qt vs t0.5 plot does not pass through the origin, 

indicating that the intraparticle diffusion is not the sole rate-limiting step during this period (Shen 

et al., 2015). Therefore, adsorption kinetics may be controlled by external diffusion and 

intraparticle diffusion simultaneously (Qiu et al., 2009). Furthermore, several studies showed that 

in most cases the plot of qt vs t0.5 shows multi-linearity over the entire adsorption period indicating 

of multiple mechanisms that control the adsorption process. Each linear segment represents a 

controlling mechanism or several simultaneous controlling mechanisms. For example, 

Kołodyńska et al. (2012) found that intraparticle diffusion was one of the rates determining steps 

for Cu2+, Zn2+, Cd2+ and Pb2+ onto biochar with two separate parts including the external diffusion 

(the first part) and to the intraparticle diffusion (the second part).  

2.9 Fixed Bed Adsorption  

Batch adsorption studies are usually tested to evaluate the adsorption performance of adsorbent 

for adsorbate removal and to determine the maximum adsorption capacity (Ahmad and Hameed, 

2010). However, from an industrial point of view, fixed bed adsorption is often desired in water 

and wastewater treatment systems. Fixed bed adsorption is easy to operate with reasonable capital 

and operating costs and can be scaled-up from a laboratory process (Chern and Chien, 2002). Fixed 

bed adsorption using AC has been widely tested in industrial processes for contaminants removal 

from aqueous solution (Ahmad and Hameed, 2010).  
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The successful design of a fixed bed adsorption requires the prediction of the breakthrough curve 

under specified operating conditions. The breakthrough curve is a plot of normalized concentration 

(Ct/Co) as a function of time. When metal bearing solution is passed through bed adsorbent, there 

would be no contaminant in the effluent until the entire contaminant break through at once and all 

of the adsorbent is exhausted (Kaewsarn, 2000). The adsorption bed capacity depends on several 

factors, including the influent concentration, target effluent concentration, flow rate, bed length, 

and velocity of the mass transfer zone (MTZ). The time-based MTZ fraction can be calculated 

using data from any breakthrough curve with Eq. (3.15): 

%𝑀𝑇𝑍 =
𝑡𝑠−𝑡𝑏

𝑡𝑠
× 100%                                       (3.15) 

where ts and tb are the times when the effluent concentration (Ct) reaches 0.95 and 0.05 of the 

influent concentration, respectively. 

The total adsorbed metal ion (qtotal, mmol) by the column can be obtained by integrating the plot 

of adsorbed concentration (Cad= Co-Ct) versus the flow time (t). The area (A) under this integrated 

plot is substituted in the equation below to determine qt as shown in Eq. (3.16): 

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑄 𝐴

1000
=

𝑄

1000
∫ 𝐶𝑎𝑑

𝑡=𝑡

𝑡=0
𝑑𝑡                              (3.16) 

The maximum capacity qeq (mmol g−1) in the column, also known as the equilibrium metal uptake, 

can be calculated by dividing the total mass adsorbed (qtotal) by the mass of adsorbent (W) as shown 

in the following Eq. (3.17): 

𝑞𝑒𝑞 =
𝑞𝑡𝑜𝑡𝑎𝑙

𝑊
                                                           (3.17) 

 

Total amount of metal ion entering the column (mtotal) is calculated from the following Eq. (3.18): 
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𝑚𝑡𝑜𝑡𝑎𝑙 =
𝐶𝑜𝑄𝑡𝑠

1000
              (3.18) 

The column performance can be evaluated by the total removal percentage of metal ions (RE%) 

from the ratio of total adsorbed metal ions in the column to the total amount of metal ions sent to 

the column, as given in Eq. (3.19): 

RE (%) = 
𝑞𝑡𝑜𝑡𝑎𝑙

𝑚𝑡𝑜𝑡𝑎𝑙
 × 100                                            (3.19) 

Different dynamic models for fixed bed design have been tested and used to identify the best model 

for predicting the dynamic behaviour of the column including Adams–Bohart, Thomas, and 

modified dose models. Adams-Bohart model assumes that that equilibrium is not instantaneous 

which is used for describing the initial part of the breakthrough curve. The expression of Adams-

Bohart model is as follows Eq. (3.20): 

ln (
𝐶𝑡

𝐶𝑜
) = 𝑘𝐴𝐵𝐶𝑜𝑡 − 𝑘𝐴𝐵𝑁𝑜 (

𝑍

𝑣
)                                       (3.20) 

where kAB is the kinetic constant (L (mmol min)-1), No is the saturation concentration (mmol L-

1), Z is the bed depth of the fix-bed column (cm) and v is the superficial velocity (cm min-1) defined 

as the ratio of the volumetric flow rate Q (mL min-1) to the cross-sectional area of the bed. The 

range of t was taken into consideration from the beginning to the end of breakthrough. The 

parameters kAB and No can be calculated from the linear plot of ln(Ct/C0) against t.   

Thomas model is one of the most general and widely used to describe the performance of the 

adsorption process in fixed-bed system. Thomas model assumes plug flow behaviour in the bed 

and it can be described by the following expression Eq. (3.21): 
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ln (
𝐶𝑜

𝐶𝑒
− 1) =

𝑞𝑜 𝑊 𝑘𝑇𝐻 

𝑄
− 𝑘𝑇𝐻𝐶𝑜𝑡                                   (3.21) 

where kTh is the Thomas model constant (mL (min mmol)-1), qo is the adsorption capacity (mmol 

g-1), and t stands for total flow time (min). The values of kTh and qo can be determined from the 

linear plot of ln[(C0/Ct) − 1] against t. 

Another simplified numerical model used to describe fixed bed column adsorption data is the 

modified dose response model (Yan et al., 2001). This model basically diminishes the error 

resulting from the use of the Thomas model, particularly at lower or higher time periods of the 

breakthrough curve. The mathematical expression of the model is represented as below Eq. (3.22): 

ln [
𝐶𝑡

𝐶𝑜−𝐶𝑡
] = 𝑎 ln 𝐶𝑜𝑄𝑡 − 𝑎 ln 𝑞 𝑊                                                                               (3.22) 

where, q the adsorptive capacity of the adsorbent (mmol g-1); W biochar weight, (g); a is the 

modified dose response model constant. Both a and q can be determined from the slope and the 

intercept of the straight line obtained by plotting ln[Ct/(Co-Ct)] against ln(CoQt). 

2.10 Desorption/Regeneration of Laden-Biochar 

After biochar utilization, laden-biochar needs to be handled and managed with special care (Tan 

et al., 2015). Therefore, biochar needs to be regenerated or replaced by fresh material. Desorption 

of laden-biochar can help to determine the reusability of an adsorbent and thus to evaluate the 

economic feasibility studies. Different desorption techniques have been used in various studies to 

recover the metal from the laden adsorbent. These methods involve using low cost and less 

polluting eluents such as eluents with high concentration of H+ ion and EDTA (Kaewsarn, 2000). 
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For example, Goel et al. (2005) found that using 1.0 M HNO3 appeared to be more effective with 

corresponding total amounts of lead desorbed. Kapur and Mondal (2014) used 0.1 N HCl, 0.1 N 

HNO3, 0.1 N H2SO4 and distilled water as desorption eluents for Ni2+ and Cu2+ adsorbed onto coal 

dust. They found that distilled water among the eluent agents had minimum efficiency of Cu2+ and 

Ni2+. However, using 0.1 N HCl as desorption eluent had higher desorption efficiency of Cu2+ and 

Ni2+ compared to 0.1 N H2SO4 and 0.1 N HNO3. Similar observation was also reported in the 

literature. In the study of Srivastava et al. (2006), they reported that HCl acid was the best solvent 

as desorbing agent with maximum elution being about 65% for Cd2+ and about 42% for Ni2+.  

In spite of a number of desorption studies by various authors (Xu et al., 2014, Zhang et al., 2010, 

Hale et al., 2013), there seems to be no conclusive agreement as to which chemical is the best 

desorption agent for biochar. Furthermore, the selection of a particular eluent may have to be based 

on several factors such as the target metal, the type of adsorbent, as well as eluent must not damage 

the adsorbents and should be cost effective and eco-friendly (Lata et al., 2015). Therefore, efficient 

desorption studies are still needed to obtain a comprehensive knowledge onto heavy metal binding 

onto adsorbent surface ions. 

Adsorbent regeneration and its reusability are important factors to determine the economic 

efficiency of the adsorbent to be utilized for heavy metals removal and to assess its applicability 

for practical application (Do and Lee, 2013). Biochar regeneration procedure needs to maintain 

the adsorption uptake without much loss of carbon content and without altering the physical and 

chemical properties of the adsorbent. Several regeneration methods have been applied for 

adsorbent including thermal, physical, and chemical methods. For example, thermal 

regeneration method generally consists of various steps including drying, thermal desorption and 

high temperature reactive treatment (700–1000 °C) using inert gases, water vapour or steam (Sabio 
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et al., 2004). However, this method shows several drawbacks including the high cost due to its 

high-temperature, usually not conducted in situ, and requiring shipment of the exhausted adsorbent 

to special regeneration units such as furnaces or rotary kilns (Sheintuch and Matatov-Meytal, 

1999). Furthermore, (Sheintuch and Matatov-Meytal) reported that the high-temperature 

regeneration typically causing a continuous loss in adsorption capacity by almost 5–15% per cycle 

as well as loss in the surface area.  

Chemical regeneration methods can be carried out by desorption of saturated adsorbent using 

various oxidants chemical agents such as chlorine, chlorine dioxide, peroxide, ozone and 

potassium permanganate (Purkait et al., 2007). It can involve a complete mineralization of the 

adsorbed species, transformation of complex molecules into simple compounds, and the 

conversion of hazardous materials to more desorbable, water-soluble or more biodegradable 

compounds (Sheintuch and Matatov-Meytal, 1999).   

However, since biochar is typically prepared from inexpensive materials such as agricultural 

wastes, the biochar regeneration is less paid attention as an important factor in view of the 

economic efficiency of the entire adsorption process and thus it is typically not regenerated. Instead 

of that, the loaded biochar is either disposed of by landfill or send for incineration. Biochar reuse 

and recovery of metals are big challenges that still under investigation. Thus, finding a successful 

regeneration is required for biochar application as adsorbent for heavy metal removal.  

2.11 Summary of Literature Review 

For many years, heavy metal pollution has been a significant concern as a serious environmental 

threat due to their high toxicity, carcinogenicity, and non-biodegradability. There has been an 

increase in the amount of heavy metal released into the environment due to increases in population, 
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urbanization and industrial activities. The major sources of heavy metal pollution in the 

environment is the discharge of untreated industrial effluents from different industries such as 

electroplating, mining, chemical manufacturing, batteries, petrochemicals, and tanneries. Various 

treatment methods have been introduced and employed for heavy metal ions removal from 

contaminated wastewater including chemical precipitation, ion exchange, membrane separation, 

electrochemical treatment, etc. However, most of these methods have shown limitations due to 

low removal efficiency, relatively high operating and maintenance cost or both. Therefore, a search 

for low cost alternative adsorbents has opened a new area of investigation.  

Recently, the interest in low cost adsorbents has sparked interest in biochar as a promising green 

technology which at the same time provides rational utilization of unwanted materials. Numerous 

successful attempts have been made for biochar preparation using various ranges of agricultural, 

animal, or municipal wastes as a promising heavy metal adsorbent. Biochar shows an adsorption 

affinity for heavy metals comparable to those of AC and other adsorbents. This can be attributed 

to its unique physical and chemical properties including the presence of highly-porous structure 

and various functional groups (e.g., carboxyl, hydroxyl, and phenolic groups). This application has 

encouraged researchers to carry out an extensive research in this area.  

Nowadays, attention is being focused on developing modified biochars that are of the potential for 

better metal ions adsorption. However, most of the modification methods are time-consuming and 

requiring high chemical and labour utilization. Furthermore, a special caution must be taken to 

minimize the effect of modification on stability of biochar and to avoid the environmental 

contamination resulting from the modification processes. Therefore, a simple and novel approach 

to prepare modified-biochar and simultaneously upgrading the biochar properties to enhance its 

removal efficiency with simple operation, less labour requirements, and time-savings need to be 
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further investigated. Recent advances in the electro-assisted adsorption have motivated the present 

research and make it possible to develop an innovative method for high adsorption of heavy metal 

removal onto modified biochar. 

Compared to the extensive nature of biochar adsorption studies carried out with agricultural waste, 

very limited studies have been reported on the use of date waste. Several attempts on using AC 

based on date waste have been developed and patented. Date seed has recently attracted attention 

as a good candidate to produce low-cost carbonaceous materials due to its chemical and physical 

properties. Date seed is a carbon-rich material with high lignin content, cellulose, hemicellulose, 

proteins, and hydrocarbons similar to those hemicellulose materials found in coconut shell which 

is known to produce high quality AC. The annual productivity of date is approximately 9.0 billion 

tons. However, date seeds are underutilized resource that are arbitrarily discarded or burnt causing 

pollution.  

Very limited number of studies has so far focused on utilizing date seed biomass for biochar 

development as a low-cost adsorbent. Furthermore, the adsorbent modification will also have to 

be studied. In addition, most of previous studies have been on the biochar adsorption of a single 

component system which may not be applicable in the practical use for wastewater treatment 

application due to the presence of multiple ions. Little work has been carried out to investigate 

adsorption of multicomponent system by biochar. Batch adsorption studies are usually tested to 

evaluate the adsorption performance of adsorbent for adsorbate removal and to determine the 

maximum adsorption capacity. However, from an industrial point of view, fixed bed adsorption is 

often used in water and wastewater treatment systems. Fixed bed adsorption is easy to operate with 

reasonable capital and operating costs and can be scaled-up from a laboratory process. 
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CHAPTER THREE: MATERIALS AND METHODS 

 

3.1 Materials  

3.1.1 Chemicals  

All chemicals used in the experimental work were of analytical grade and they are listed in Table 

3.1. A stock solution of 5.0 mM of Cu2+, Pb2+, and Ni2+ were prepared by dissolving specific 

quantity of each metal salt in 1.0 L deionized water. Then for adsorption experiments, working 

metal solutions of (0.3, 0.5, 1.0, 1.5, 3.0, 3.5, 4.0 mM) were prepared by diluting with deionized 

water to the required working concentrations. The diluted solutions and standard solutions for 

atomic absorption spectroscopy analysis were freshly prepared before use and discarded after use. 

Deionized water (DI) was used in all chemical solutions preparation and the adsorption 

experiments. All the prepared solutions were stored in acid-washed glass containers at room 

temperature for further use.  

Table 3.1 Chemicals used in the study 

Chemicals Assay Supplier 

Pb(NO3)2 ≥ 99% AJAX chemicals 

Cu(NO3)2 2.5H2O ≥ 99% AJAX chemicals 

Ni(NO3)2 6H2O ≥ 99% Scharlau chemicals 

HCl 32 % RCI Labscan 

CaCl2 > 96% Chem-supply 

pH buffer - BDH laboratory 

NaOH >98% Rowe scientific  

Methylene blue 100% Chem-supply 

NaHCO3 >99.7 AJAX chemicals 

Na2CO3 >99% AJAX chemicals 

BaCl2 100% Chem-supply 

NaCl >99% Aldrich chemicals  
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3.1.2 Date Seed Biomass 

Date fruit (Phoenix Dactylifera L.) of full ripeness (Khalas cultivar planted in UAE), was 

purchased from local markets in Brisbane, Australia. The date seed biomass was collected after 

physical separation of the date flesh fruit and it is shown in Figure 3.1. The seeds were washed 

several times with DI water (about 5 to 7 times) to remove impurities. Afterwards, the date seed 

was dried at room temperature for 2 days then dried at 50 oC for 24 h in a laboratory oven (SANYO 

Oven).  

 

Figure 3.1 Dried date seed biomass 

3.2 Analytical Methods  

3.2.1 Heavy Metal Ion Concentrations  

In single ion solutions, heavy metal ion concentrations in aqueous samples under the experimental 

conditions were determined by Atomic Absorption Spectroscopy (AAS) (AVANTA-GBC, USA) 

operating with an air–acetylene flame. All samples and standards solutions were acidified before 

analysis by adding 1% HNO3 and the analysis was performed as soon as possible usually within 

24 h.  
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In multiple ion solutions, Inductively Coupled Plasma ICP (Perkin Elmer-Optima 8300) were used 

for the determination of the concentrations of the heavy metal ions as well as the light metal ion 

concentrations of Na+, K+, Ca2+, and Mg2+ released during adsorption experiments.  

3.2.2 Solution pH, Electrical Conductivity, and Temperature Measurements  

A Multi-Parameter Bench pH meter (OHAUS Starter 3100M-F) was used for pH and electrical 

conductivity (EC) measurements. The Multi-Parameter Bench pH meter was first calibrated before 

conducting each experiment by using a standard pH buffer solution of 7.0 for pH measurement 

and 0.1 M KCl solution as a standard solution for EC measurement and then the electrode was 

rinsed with DI water before use. For temperature measurement, a standard laboratory thermometer 

(Fisherbrand™) was used.  

3.2.3 Surface Properties  

Fourier Transform Infrared Spectroscopy (FTIR) (Perkin Elmer Spectrum two) was used to 

characterize the surface chemistry of the biochar before and after metal ion adsorption in the range 

of 400-4000 cm-1 with a resolution factor of 4 cm-1. Surface morphology and textural structure of 

biochar was scanned using Scanning Electron Microscopy (JEOL JSM-6510, Japan).  

3.2.4 Scanning Electron Microscopy (SEM)  

SEM analysis was performed for visualization of the surface morphology of biomass as well as its 

derived biochar before and after adsorption using (JEOL JSM-6510) microscopy. For SEM 

analysis, each sample was mounted on an aluminium disc, which was cleaned first with methanol, 

using a special tape as shown in Figure 3.2.  
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The sample then coated with gold was placed under argon flow for approximately 2-3 minutes. 

The coated sample was brought into the SEM unit under high vacuum. Then the surface 

morphology of the sample was viewed and recorded at a desired view using the focus, movement 

and zoom facilities of the SEM. 

 

 

 

 

   

 

  

 

Figure 3.2 SEM analysis (a) sample preparation; (b) sample coating; and (c) SEM unit. 

 

 

 

(a) (b) 

(c) 
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3.3 Experimental Methods  

3.3.1 Biochar Preparation  

Nine sets of date seed derived biochars were prepared by the method of slow pyrolysis of dry 

biomass by varying the pyrolysis temperature (350, 450, and 550 oC) and heating time (1, 2, and 

3 h). First, the biomass was placed in crucibles covered with aluminum foils and purged with N2 

gas to create oxygen free environment. After that, the biomass in covered crucibles were pyrolyzed 

at constant temperature and heating time in a muffle furnace (Lenton furnace, UK). The resultant 

biochar was gently crushed and sieved to particle size ranges of (< 0.3, 0.3-0.6, 0.6-1.4, 1.4-2.0, 

and > 2.0) mm. Biochar samples were washed with DI water to remove fine particles and soluble 

salts. Then, the biochar samples were oven-dried at 105 oC for 2 h and stored in airtight container. 

The biochars were labelled according to its pyrolysis temperature and time (DSBTemp-Time as: 

DSB350-1, DSB350-2, DSB350-3, DSB450-1, DSB450-2, DSB450-3, DSB550-1, DSB550-2, 

and DSB550-3).  

3.3.2 Biochar Modification Procedure  

In order to enhance the adsorption properties of biochar towards heavy metal uptake, various 

modification methods including pre-treatment, post treatment and electro-assisted adsorption were 

employed.  

3.3.2.1 Pre-treatment of Biomass   

For pre-treatment of biomass with base solution, 10 g of dried biomass was treated with 50 mL of 

1 M NaOH solution for 2 h then filtered, washed, dried, and pyrolyzed in the same procedure as 
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described before. The obtained biochar was washed with DI water to remove fine particles and 

then ground and sieved to particle size of 0.6-1.4 mm and labelled as DSB-PB.  

For pre-treatment biomass with acid, 10 g of dried biomass was added in 50 mL of 1 M HCl 

solution and stirred constantly on hot plate for two minutes at 90 °C as shown in Figure 3.3. After 

naturally cooling to room temperature, the mixture was washed with DI water successively to 

remove interfering HCl, and, finally, oven-dried for 2 h at 100 °C and stored in an airtight 

container for further use. The obtained biochar then ground and sieved to particle size of 0.6-1.4 

mm and labelled as DSB-PA. 

               

Figure 3.3 Pre-treatment of biomass with 1 M HCl 

3.3.2.2 Post-treatment of Biochar  

The acid wash modified biochar, DSB-AW, was produced as follows: 10 g of the unmodified 

biochar was placed in a flask and then washed with 50 mL of 1.0 M HCl solution. Then the biochar 

material was subsequently washed with DI water to remove the excess HCl. The wet biochar was 

dried at 50 oC for 12 h and then stored in desiccators for later use and labelled as DSB-AW.  

The base wash modified biochar, DSB-BW, was produced as follows: 10 g of the unmodified 

biochar was placed in a flask and then washed with 50 mL of 1.0 M NaOH solution. Then the 
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biochar material was subsequently washed with DI water to remove the excess NaOH. The wet 

biochar was dried at 50 oC for 12 h and then stored in desiccators for later use and labelled as DSB-

BW.  

3.4 Biomass and Biochar Characterization  

3.4.1 Moisture Content 

The moisture content of the feedstock was determined according to ASTM D2867 (American 

Standard Test Method, 2014a) method by drying the seed sample in an oven (SANYO) at 105 oC 

for 24 h. Then, the sample was cooled down inside a desiccator for 15 min and the moisture content 

was calculated as a percentage of weight loss. 

3.4.2 Volatile Matter Content 

Volatile matter (VM) content was determined according to ASTM method (D5832) (American 

Standard Test Method, 2014b) with modification for simplicity and replicability. Briefly, the 

experiment was carried out by placing the sample of moisture content after covering with a lid 

inside a muffle furnace (Lenton furnace, UK) at 350 oC for 3 h. Then, samples were weighed and 

the percentage VM content was determined from the weight loss due to volatilization of the 

hydrocarbon constituents of biomass. 

3.4.3 Ash Content and Fixed Carbon Content 

The ash content which represents inorganic content of biomass, was obtained according to ASTM 

(D28665) method (American Standard Test Method, 2011a) by combusting the biomass at 650 oC 
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for 6 h in open crucibles inside a muffle furnace, while the fixed carbon content of biomass was 

calculated after moisture content, volatile matter and ash content were deducted. 

3.4.4 CHNO Elemental Analysis  

The elemental composition of biomass and its derived biochar were determined. For C and N 

analysis, about 5.0 mg of each sample pelletized in tin capsules while for H and O samples, about 

0.5 mg of fine sample pelletized in tin silver capsules. Then CHNO contents were determined by 

using CHNO analyzer (Stable Isotope Analyzer -Eurovector EA 3000 elemental analyzer).  

3.4.5 Bulk and Particle Densities 

The bulk density was determined according to method described by Mudoga et al. (2008) method 

by filling a 10 mL tube with a dry ground biochar sample. The tubes were capped, tamped to reach 

a constant volume by tapping on a table, and weighed. Bulk density then calculated as the weight 

of the material divided by the total volume that occupied. Particle densities of the biomass and 

biochar samples were determined by using the method of Khanmohammadi et al. (2015) with 

modification for simplicity and replicability. In this method, the volume of dried sample was 

determined by volume displacement with water using a conventional pycnometer.   

3.4.6 pH and Point of Zero Charge (pHPZC) 

The pH of biomass and its derived biochar determined according to ASTM (D6851) method 

(American Standard Test Method, 2011b) by mixing the sample with deionized water at ratio of 

1:10. The pH measurements were carried out in triplicates at room temperature using a pH meter.  

https://en.wikipedia.org/wiki/Weight
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Point of zero charge (pHpzc) was measured according to the method described by Balistrieri and 

Murray (1981) by mixing 0.1 g of the sample with 50 mL of 0.1 M NaCl solution with the pH 

range from 2 to 11 adjusted using 0.1 M of HCl or NaOH solution. The final pH of the solution 

was then measured after 24 h of shaking using rotary shaker at 30 rpm at room temperature. The 

difference between initial pH and final pH is plotted against initial pH and the point of the 

intersection of the curve and the ∆pH represents the point zero charge. 

3.4.7 Biochar Mass Yield   

The mass yield of biochar was calculated as the ratio between the mass of biochar to the mass of 

original biomass as shown in Eq. (3.1): 

𝑌𝑖𝑒𝑙𝑑% =
𝑤𝑡.𝑏𝑖𝑜𝑐ℎ𝑎𝑟

𝑤𝑡.𝑏𝑖𝑜𝑚𝑎𝑠𝑠
× 100%                                                        (3.1) 

3.4.8 Acid Extractable Content of Biochar 

The acid extractable content of the biochar was determined according to ASTM (D6385) 

(American Standard Test Method, 2011c). A weighted ash sample obtained from Section 3.4.3 

was mixed with 50 mL of 1.0 M of HCl and the beaker swirled to wet the sample thoroughly. 

Then, the beaker and contents were placed on a hot plate and brought to a boil for at least 2 sec. 

After boiling, the beaker was removed from heat and allowed to cool to room temperature before 

filtering the mixture through a 7.0 cm filter funnel equipped with a weighted WhatmanTM filter 

paper (pore size of 11 µm). The filter paper and its content then placed into an oven and left to dry 

for 30 min at 150 °C. Then, the filter paper and its content were moved to a tared crucible to 

determine the amount of the ash content of the dried, acid extracted carbon. The acid extractable 
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content was calculated as the difference between percent total ash content of biochar obtained by 

from section 3.4.3 and percent total ash content of acid extracted sample.    

The soluble elemental contents of basic cations (Ca2+, Na+, and K+) in the ash were measured in 

the aqueous extract. Briefly about 0.1 g of the ash mixed with 20 mL of 1.0 M of HCl for 24 h. 

Finally, the soluble contents of the extract were determined using the ICP spectrometry (Perkin 

Elmer, Optima 8003).  

3.4.9 Boehm Titration  

Boehm titration was carried out according to the method described in Boehm (2002) to quantify 

the amount of acidic groups covering the biochar surface. It was conducted by using three reaction 

bases: 0.1 N solutions of sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), and sodium 

hydroxide (NaOH). This method assumes that NaOH neutralize all acidic groups, while Na2CO3 

neutralize lactone and carboxyl groups. On the other hand, NaHCO3 is used to neutralize carboxyl 

groups.  

A known mass of 0.5 g of each biochar sample was added to 50 mL of each three reaction bases 

in a series of 250 mL Erlenmeyer flasks. The samples were agitated by shaking at 30 rpm for 24 h 

at room temperature, and then left for 6 h for settling of the particulates. The clear solution was 

filtered by a 0.45 µm membrane filter. Then 20 mL aliquots were taken by pipette from the filtrate 

of NaOH and NaHCO3 reaction bases and then acidified by the addition of 20 mL of 0.1 N HCl. 

The aliquots of the reaction base Na2CO3 were acidified by the addition of 30 mL of 0.1 N HCl, 

to ensure complete neutralization of the base, which requires two protons, vs. the one proton 

required by the NaOH and NaHCO3 reaction bases. Blank samples, containing no biochar, were 

also run with each reaction base at room temperature. The pH of the solution was measured during 
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titration using a pH meter until the endpoint was achieved at pH of 7.0. The content of total surface 

acidic functional groups was calculated on the basis of adding carboxyl, lactone, and phenolic 

groups. 

3.4.10 Specific Surface Area  

The specific surface area of the biochar was determined by using the method of methylene blue 

adsorption (Nunes and Guerreiro, 2011). Briefly, 2.0 g of dry powder methylene blue 

(C16H18ClN3S) was mixed with 1 L of deionized water in a volumetric flask and then the solution 

was allowed to stand overnight. Then about 1.0 g of biochar was mixed with 50 mL of MB solution 

at different concentrations (1, 2, 3, and 5 mM) at room temperature (23 ± 2 oC). Then, the 

suspension was let to settle down for 48 h to reach equilibrium. The suspension was withdrawn 

using clean glass pipette and the residue concentration of MB was measured by using UV 

spectrophotometer (Agilent Cary 60 UV–Vis). The maximum wavelength of MB dye was 

determined spectrophotometrically at 400–800 nm and the photon energy were absorbed 

maximally at 664 nm. Therefore, the wavelength of 664 nm was used to determine the final 

concentration of MB. The surface area was calculated from the amount of MB adsorbed at 

equilibrium from the Eq. (3.2) (Itodo et al., 2010): 

 

𝑆𝐴 =
𝑞𝑀𝐵𝑁𝐴𝐴𝑀𝐵

1000
                                                           (3.2) 

where SA is the specific surface area (m2 g-1), NA is the Avogadro’s number (6.023×1023 mol-1), 

AMB is the area covered by one MB molecule (typically assumed to be 130 A°2), qMB is the amount 

of adsorbed MB onto the biochar in mmol g-1.  
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3.4.11 Cation Exchange Capacity  

Cation exchange capacity (CEC) of biochar was measured according to the method described by 

Kloss et al. (2012). First, the water-extractable ions were extracted first and measured. After this, 

BaCl2 was added and exchangeable ions were extracted. As the final solution still contained a 

small amount of water extractable ions that were already in solution before the BaCl2 was added, 

therefore; this was subtracted from the final concentration after BaCl2 extraction. The CEC was 

finally calculated as the sum of the BaCl2-extractable ions (after correction for the water 

extractable portion of each ion). 

3.4.12 Electrical Conductivity  

Electrical conductivity (EC) of biochar samples was determined in 20:1 of water: biochar mixtures. 

The electrical conductivity of the decanted supernatant was measured by Multi-Parameter Bench 

pH meter (OHAUS Starter 3100M-F) at room temperature. 

3.5 Batch Adsorption Experiments   

The nine (9) sets of biochar samples prepared at different pyrolysis temperature and time were first 

screened to identify the best candidate for Pb2+, Cu2+ and Ni2+ adsorption. Batch experiments were 

run by mixing 0.1 g of each biochar sample in 10 mL of working solutions of 0.5 mM of Pb2+, 0.5 

mM Cu2+, and 1.0 mM Ni2+ in 50 mL glass containers. The samples were then agitated in a rotary 

shaker (30 rpm) for 24 h at 23 ± 2 °C. At the start of the experiment, initial pH was adjusted to 

pH 6.0 using 0.1 M NaOH or HCl solutions. The solution was filtered using pre-cleaned glass 

syringe combined with a 0.45 µm Millex® syringe filter. The adsorption uptake of each metal ion 
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adsorbed by the biochar was determined (qe, mmol g-1) as the difference between their initial and 

final concentrations as given in Eq. (3.3): 

 

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑊
                                                              (3.3)             

where Co is initial metal concentration (mM), Ce metal concentration at equilibrium (mM), V is the volume 

of metal solution (L), and W is the amount of biochar (g).  

A control run of adsorption experiment was also carried out to investigate the effect of glassware 

and sampling instruments and showed that the quantity of Pb2+, Cu2+, and Ni2+ adhering on the 

container walls and other instruments were negligible. Adsorption performance of date seed 

biomass in their native form was also investigated and compared to the biochar. The solids retained 

on the filter (biochar) were collected and washed with deionized water for Fourier transform 

infrared spectroscopy (FTIR) and scanning by electron microscope (SEM).  

Following the preliminary investigation, adsorption kinetics, isotherm, and thermodynamic studies 

were conducted on the best performing biochar (DSB550-3).  

3.6 Equilibrium Isotherm Experiments   

Adsorption isotherms were performed for Pb2+, Cu2+, and Ni2+ adsorption by using the same 

procedure as described above by mixing 10 g L-1 of biochar with a metal solution of varying 

concentrations (0.3-4.0 mM) on a shaker at 30 rpm for 24 h with other parameters kept constant.  

3.7 Effect of Solution pH on Biochar Adsorption 

To evaluate the effect of the solution pH on adsorption process, adsorption experiments were 

carried out with different initial pHs ranging from 2 to 6. The value of the initial pH was adjusted 
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using 0.1 M NaOH or HCl. About 0.1 g of biochar is added to 10 mL of metal solution with initial 

metal concentration of 0.5 mM. Subsequently, the mixture was shaken in a rotary shaker for 24 h 

and then the supernatants were filtered, and the residual concentration of metal was measured to 

calculate the amount of each metal ion adsorbed (qe, mmol g-1). The final pH is recorded to find 

the change in the value of solution pH. 

3.8 Adsorption Kinetics Experiments   

For kinetic experiments, 1.0 g of the biochar samples were added to 100 mL of the metal solution 

(0.5 mM Pb2+, 1.5 mM Cu2+ or 1.5 mM Ni2+) in 250 mL glass vials. The mixture solutions were 

shaken at 30 rpm and filtrate samples were withdrawn at specific intervals from 2 to 1440 min. The 

amount of metal ions adsorbed onto biochars at specific time interval (qt, mmol g-1) were each 

calculated as described before. All experiments were conducted at initial pH 6 and room 

temperature.  

3.9 Effect of Particle Size on Biochar Adsorption 

The influence of particle size on Pb2+, Cu2+ and Ni2+ removal was investigated by using biochars 

with particle sizes in the range of less than 0.3 to more than 2.0 mm. The initial pH of solutions 

was adjusted to 6.  In these experiments, biochar sample (0.1 g) of particle sizes (< 0.3, 0.3-0.6, 

0.6-1.4, 1.4-2.0, and > 2.0 mm) were placed into 10 mL solutions containing 0.5 mM of each metal 

solution and the adsorption equilibrium was attained by mixing for 24 h. 

3.10 Light Metal Ions Released from Heavy Metal Ion Adsorption   

The amount of light metal ions including Na+, K+, Ca2+, and Mg2+ released from the biochar into 

the solution during the adsorption experiment was measured. For this experiment 0.1 g of biochar 
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was mixed with 10 mL with initial metal solution of 0.5 mM and pH 6.0. As control, the release 

of cations after washing successively with deionized water at pH 6 was also measured. The values 

for cations released during adsorption of Pb2+, Cu2+ and Ni2+ (meq L-1) were calculated as the 

difference between the amount of Na+, K+, Ca2+, and Mg2+ cations released when rinsing with 

deionized water and amount of cations measured in the supernatant after Pb2+, Cu2+ and Ni2+ 

adsorption. 

3.11 Adsorption Thermodynamic Studies 

The influence of temperature on Pb2+, Cu2+ and Ni2+ adsorption was investigated by varying the 

solution temperature in the range of 25 and 45 °C.  Experiments on the influence of temperature 

were conducted in a thermostatic water bath. The initial pH of solutions was adjusted to 6.  In these 

experiments, biochar sample (0.1 g) of particle size (0.6-1.4 mm) was placed into 10 mL solutions 

containing 0.5, 1.5, and 3.5 mM of each metal solution and the adsorption equilibrium was attained 

by mixing for 24 h. Then, the thermodynamic parameters related to the adsorption process of Pb2+, 

Cu2+ and Ni2+ including Gibb’s free energy change (ΔGo, kJ mol−1), entropy change (ΔSo, 

J mol−1 K−1), enthalpy change (ΔHo, kJ mol−1) were calculated as described in Chapter 2.  

3.12 Electro-assisted Adsorption of Biochar 

The electro-adsorption experiment was performed with a two-electrode configuration in a beaker 

cell. The schematic set up for electro-adsorption is shown in Figure 3.4. For the electro-adsorption 

experiment, 1.0 g of the pristine biochar was formed as a working electrode (DSB-Electro). The 

biochar was placed inside a permeable tube and connected by electrical wire. For reference 

electrode, a piece of electrical wire was also used. Both electrical wires were attached to a DC 

power supply (GBC-30300G) to provide a constant voltage ranged from 0.1 V for Pb2+ and 0.2 V 
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for both Cu2+ and Ni2 to ensure that the metal ion was not oxidized or reduced during the electro-

adsorption process. The beaker cell was filled with the metal solution at constant pH of 6. The 

beaker was kept for 24 h to achieve equilibrium under an electrical field. Then, 1 mL samples were 

withdrawn at predetermined time intervals and the metal concentration was determined as 

described before.  

 

 

 

 

 

Figure 3.4 Electrical-adsorption cell scheme. 

3.13 Fixed Bed Adsorption Experiments 

The experimental setup of the fixed bed column is schematically shown in Figure 3.5. Pre-wetted 

biochar sample was packed to the depth of 5.0 cm into glass column with 2.5 cm internal diameter 

and fitted with a suction filter. Pre-wetted biochar was used to avoid air entrapment. A layer of 

glass beads (2.0 mm) was placed at the top of the column to ensure homogenous distribution of 

the feeding solution. The metal solutions of 0.5 mM were pumped from a 1.0 L storage tank into 

the column. The metal solutions were fed into the column in a downward flow at a flow rate of 1.0 

mL min-1 by using a peristaltic pump (Masterflex L/S–Cole/Palmer). The initial pH solution value 

in the storage tank was adjusted to 6.0. Samples (1 mL) of the column effluent were collected from 

the bottom at pre-set time intervals and were analysed for heavy metal contents. The column was 
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operated until the bed was saturated with metal. Saturation was assumend to be reached when the 

effluent concentration was 95% of the influent concentration.  

 

Figure 3.5 Fixed bed adsorption arrangements. 

3.14 Multicomponent Metal Adsorption Experiments 

The binary and ternary adsorption experiments were carried out with solutions that contained equi-

molar concentrations of two or three metal ions with various initial concentrations (0.5, 1.0, 1.5, 

3.0, 3.5, and 4 mM). The following combinations of metal ions were investigated in the following 

systems: Pb2+-Cu2+, Pb2+-Ni2+, Cu2+-Ni2+ and Pb2+-Cu2+-Ni2+. Biochar was suspended in a solution 

that contained the equi-molar concentrations of the metal ion at the appropriate pH and conditions 

needed by the experiments. The experimental methods of batch and column bed studies were the 

same as those used in single adsorption experiments.  
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3.15 Desorption of the Spent Biochar 

For the desorption study, once the adsorption equilibrium was reached in the adsorption step, the 

laden biochar was first washed with DI water (10 mL) to remove any unabsorbed metal ion and 

oven dried at 50 °C for 24 h. The quantity of metal ion released into DI water was measured. The 

washed biochar was transferred to clean glass container, a known volume of desorption solution 

including 0.1 M HCl, 0.1 M CaCl2, mixture (1:1) of 0.1 M HCl and 0.1 M CaCl2 were added, and 

the slurry was shaken at 30 rpm and 25 °C for 24 h. Then the mixtures were filtrated through 

quantitative filter paper and the filtrate was collected, washed by DI water until neutral and dried 

for the next adsorption–desorption cycle. The filtrate was then filtrated through 0.2 μm pore size 

membrane filter for detection of metal ion and then desorption efficiency was calculated by Eq. 

(3.4): 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 % =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑
× 100                                                             (3.4) 

3.16 Regeneration of the Spent Biochar 

The reusability of the spent biochar was evaluated by using adsorption–desorption cycles in four 

consequences. Initially, 0.5 g of dry biochar was added to 50 mL metal solution of 0.5 mM in a 

100 mL flask. The flasks were shaken at 30 rpm for 24 h at room temperature. Metal solutions 

were then filtered and analyzed for metal contents. Once the adsorption equilibrium was reached 

in the adsorption step, the loaded biochar was separated and added to 50 mL of 0.5 M HCl solution 

as eluent agent. After 24 h, the biochar was separated and then transferred to a new flask with 50 

mL of 0.5 M HCl solution. Desorption step was carried out in three batch rectors in series. The 

mixtures were agitated at 30 rpm for 24 h and the then the biochar was removed, and the 
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supernatant was analyzed for metal ion released into the solution by AAS. Thereafter, biochar was 

submitted to a new adsorption-desorption cycle.  

3.17 Quality, Control and Re-producibility of Experiments 

Adsorption experiments were repeated at least three times. Fixed bed column adsorption was 

performed in duplicate and the average value was reported. The experimental works on the 

characterization of biochar were repeated at least two times. Control and preliminary experiments 

with no biochar were also performed for each system.  

3.18 Statistical Analysis  

Multi-regression analysis was used to investigate correlations between pyrolysis temperature, 

heating time and biochar adsorption for Pb2+, Cu2+, and Ni2+. The analysis was carried out in SPSS 

22.0. One-way ANOVA tests were also performed to determine the significance of differences 

between the biochar properties including carbon content, yield, pH, and acid extractable content 

for different biochars prepared at various pyrolysis temperatures and heating times. Furthermore, 

ANOVA tests were also performed to determine the significance of the differences between the 

adsorption capacities of different biochars. All the tests were conducted with confidence interval 

of 95% (α=0.05).  

Non-linear regression analysis was used to determine adsorption isotherms and kinetic parameters 

of the biochar adsorption. The analysis was carried out with Excel ToolPak Add-In. Apart from 

the correlation coefficient (R2), the degree of the best–fit of a certain model to the experimental 

data was evaluated by the sum of square errors (SSE) as shown in Eq. (3.5):  

𝑆𝑆𝐸 = ∑ (𝑞𝑐𝑎𝑙𝑐 − 𝑞𝑒𝑥𝑝)𝑖
2𝐾

𝑖=1                                                (3.5) 
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where qexp and qcalc (mmol g-1) are the experimental and predicted adsorption capacities of the 

metal ions onto adsorbent and K is the number of measurements. 
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CHAPTER FOUR: BIOCHAR PREPARATION AND 

CHARACTERIZATION  

4.1 Physicochemical Properties of the Feedstock  

The proximate and ultimate analyses along with bulk density of date seed biomass were carried 

out and the obtained results are shown in Table 4.1. The results showed that date seed biomass had 

low moisture content of 8.95% and low ash content of 1.14%. The findings of this study agreed 

with other reported values observed in the literature (Jeguirim et al., 2012, Bouhamed et al., 2012, 

Bouchelta et al., 2008). For example, Bouchelta et al. (2008) reported that the moisture content of 

date seed ranged from 5 to 10% while the ash content was 1–2%. Moisture content of date seed 

biomass was comparable to other biomasses including: bagasse 13.2%, cocopeat 21%, wood bark 

10%, and wood stem 8.8% (Lee et al., 2013). Therefore, due to the hardness of date seeds and its 

low-ash, date seed biomass is recommended for the production of charred material that suitable 

for purification systems (Girgis and El-Hendawy, 2002). 

Furthermore, the analysis findings show that date seed comprised high volatile content of 65.4%. 

Similar result was observed by other researchers for date seed biomass (Bouhamed et al., 2012, 

Jeguirim et al., 2012). Bulk density of the tested biomass was high (500 kg m-3) which comparable 

to the bulk density of wood chips (550 kg m−3) (Senneca, 2007). Bulk density of biomass is an 

important property that affects the cost of the transport and storage of the biomass (Jeguirim et al., 

2012). The total porosity of the original biomass was 25% which is expected to increase during 

pyrolysis due to the loss of moisture and volatile matter contents.  
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Table 4.1 Physicochemical properties of date seed biomass  

Parameter Value (average ± standard deviation) 

Moisture content (%) 8.95 ± 0.25 

Ash content (%) 1.14 ± 0.04 

Volatile matter content (%) 65.4 ± 3.50 

Fixed carbon (%) 24.8 ± 3.80 
*CHNO content 

C (%) 

N (%) 

O (%) 

H (%) 

 

28.3 ± 0.50 

0.70 ± 0.00 

46.0 ± 8.80 

7.50 ± 1.40 

pH  5.18 ± 0.388 

Bulk density (g m-3) 0.500 ± 0.05 

Porosity (%) 25.0 ± 0.059 

Na+  

K+  

Mg2+ 

Ca2+ 

0.235 ± 0.005 

0.911 ± 0.130 

0.230 ± 0.062 

0.361 ± 0.254 

                                 *Sum of CHNO is 84% the remaining is attributed to other minerals such as P, S and others 

The findings show that fixed carbon content of the tested biomass was 24.87% which is slightly 

lower than the ultimate carbon content 28.3%. That can be attributed to the fact that some of the 

carbon content might have been lost in the form of hydrocarbons as volatile compounds 

(Sellaperumal, 2012). Moreover, the tested biomass has high hydrogen (7.50%) and oxygen 

(46.0%) contents while the relative content of nitrogen was low (0.70%). The O and H contents of 

biomass agreed for those reported by Ahmad et al. (2012c) who found that the average percent of 

O and H contents of date seed biomass were about 49.4% and 6.2%, respectively. 

 

With regard to the mineral composition, date seed biomass showed high amounts K+ followed by 

Ca2+, Mg2+, and Na+ content. The mineral composition of the tested biomass is in line with the 

values reported (Besbes et al., 2004, Ali-Mohamed and Khamis, 2004, Bouchelta et al., 2008). 

Furthermore, date seed is acidic in nature (pH of 5.18). This can be attributed to the high contents 

of acids such as oleic acid which varies from 41.1 to 58.8% (Al-Shahib and Marshall, 2003). 
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Consequently, date seed derived biochar could be rich with various surface functional groups that 

can play significant role in heavy metal adsorption.  

Based on the literature review, date seed biomass is a lignocellulosic material composed mainly 

of hemicellulose, cellulose and lignin. Several studies found that carbohydrates are the major 

components of date stones which are composed of (42-57% cellulose), (18-23% hemicellulose), 

(25% sugar and other compounds), (11-15% lignin) and (4-5% ash) (Al-Ghouti et al., 2010; 

Haimour and Emeish, 2006; Bouchelta et al., 2008). Therefore, the lignocellulosic composition of 

date seed biomass, low ash content, high volatile matter, and high bulk density are good indicators 

promotes the preparation of charred material (Jeguirim et al., 2012). 

4.2 Biochar Preparation  

Nine biochars were prepared from date seed by varying the final pyrolysis temperature (350, 450, 

and 550 °C) and heating times (1, 2, and 3 h). First, the biomass was placed in crucibles covered 

with aluminium foils and purged with N2 gas to create oxygen free environment. After that, the 

biomass in covered crucibles were pyrolyzed at constant temperature and heating time in a muffle 

furnace (Lenton furnace, UK). The biochar was gently crushed and sieved to particle size ranges 

(< 0.3, 0.3–0.6, 0.6–1.4, 1.4–2.0, and >2.0) mm. Date seed biochar (DSB) samples were washed 

with deionized water (DI) several times to remove impurities (e.g., ash) and soluble salts (Figure 

4.1). The biochar was then oven-dried at 105 °C for 2 h and stored in airtight container.   
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Figure 4.1 DSB550-3 biochar prepared from date seed biomass.  

 

4.3 Physicochemical Properties of Biochars 

The yield and physicochemical properties of nine (9) sets of biochar samples prepared at various 

pyrolysis conditions including temperature and heating time are summarized in Tables 4.2, 4.3, 

and 4.4.  

4.3.1 Biochar Yield  

The biochar yield ranged from 45.18 to 20.94% on a mass basis (Table 4.2). In general, the lowest 

yield of biochar was achieved at the highest pyrolysis temperature (550 oC). The biochar yield was 

about 45.18% at a lower temperature of 350 oC and shorter heating time of 1 h but it decreased to 

20.94% as the pyrolysis temperature was increased up to 550 oC. The reduction in biochar yield 

with increasing pyrolysis temperatures can be attributed to the higher losses of volatile components 

(Usman et al., 2015). The results are consistent with the results reported in the literature (Ates and 

Tezcan Un, 2013, Bouchelta et al., 2008, Pellera et al., 2012). For example, Bouchelta et al. (2008) 

reported that the yield of activated carbon produced from date seed biomass decreased from 26.78 

to 22.26% with increasing temperature and heating time.  
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The decrease in biochar yield with increasing pyrolysis temperature from 350 to 550 oC as shown 

in Table 4.2 could give an idea on the the lignocellulosic composition of date seed biomass. This 

is attributed to the removal of volatile matters resulting from the decomposition of major 

compounds of date seeds (i.e., cellulose and hemicellulose). The residues are mostly lignin, the 

third component of date seeds, the decomposition of which is more difficult. 

Even though, there is no direct relation between biochar yield and adsorption of heavy metal on 

the biochar surface. However; from an economical perspective, the relation between biochar yield 

and adsorption of heavy metal ions could be explained as following: Amount of adsorbed metal 

per ton (raw seed) = biochar yield × adsorption capacity obtained from Langmuir isotherm (qmax). 

For example, on a dry weight basis, if the yield of DSB550-3 is 20.94% (Table 4.2) then the amount 

of Pb2+ adsorbed per ton (raw seed) is 0.151 mmol g-1 x 106 g = 151 mol or 31.25 kg Pb2+.  On the 

other hand, the yield of DSB350-3 is 27.81%. Using the same formula this translates to 24.48 kg 

of Pb2+ adsorbed. These calculations may help in designing more economical processes. 

4.3.2 Proximate and Ultimate Analysis of Biochar 

Elemental composition analysis indicated all the biochar samples to be carbon rich with carbon 

content ranging 64.4-82.2% carbon (Table 4.2). In general, carbon content of biochar increased 

with increasing pyrolysis temperature and heating time. The increase in the biochar (C) content 

could be due to the increased carbonization degree (Gai et al., 2014; Usman et al., 2015). Carbon 

content of biochar generally increases with increasing pyrolysis temperature. For example, the 

total content of C increased with increasing pyrolysis temperature from 43.19% in feedstock to 

57.99–74. to the 63% in biochar samples (Usman et al., 2015). Similar observation was also 

reported by Kloss et al. (2012), they found that carbon content of the biochar increased with 
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increasing pyrolysis degree. However, the biochar samples contained relatively small amount of 

nitrogen (1.2-1.7%) (Table 4.2). 

The results showed that biochar ash content increased with increasing pyrolysis temperature (Table 

4.2). The ash contents of derived biochars ranged from 6.67% to 12.67% depending on the 

pyrolysis conditions. The highest ash content of 12.67 % was found for biochar prepared at higher 

temperature (550 oC) and long heating time (3 h). The results are consistent with several other 

researchers (Usman et al., 2015, Kloss et al., 2012, Claoston et al., 2014). This increase in ash 

content can be due to the increased concentration of inorganic matter with increasing pyrolysis 

temperature and/or condensation of mineral elements in biochar during pyrolytic process (Usman 

et al., 2015, Sun et al., 2014, Cao and Harris, 2010). Thus, ash content of biochar can give an 

indication of the inorganic matter content of biochar such as K+, Na+, Mg2+, and Ca2+ (Suliman et 

al., 2016; Ahmad et al., 2014). 

Table 4.2 Physicochemical date seed biochar properties prepared at various pyrolysis conditions  

 

Parameter 

Biochar 

DSB350

-1 

DSB350

-2 

DSB350

-3 

DSB450

-1 

DSB450

-2 

DSB450

-3 

DSB550

-1 

DSB550

-2 

DSB550-

3 

Yield (%) 45.18 43.01 27.81 34.92 33.00 25.24 26.44 27.19 20.94 

C (%) 64.40 66.70 69.00 63.70 71.50 79.30 69.80 76.00 82.20 

N (%) 1.2 1.4 1.3 1.3 1.4 1.6 1.3 1.2 1.7 

Ash (%) 6.67 10.67 10.67 9.00 11.67 11.94 12.00 12.33 12.67 

pH 6.95 6.99 7.48 7.61 7.69 7.79 8.36 8.43 8.58 

pHPZC 6.25 5.25 5.85 6.25 6.50 6.50 6.30 6.40 6.35 

Surface area (m2 g-1) 23.88 69.52 73.78 29.86 97.48 100.2 29.56 88.16 104.2 

CEC (meq 100 g-1) 12.47 14.94 16.86 17.02 20.81 20.70 23.60 21.28 23.60 

Bulk density (g L-1)  0.500 0.513 0.501 0.455 0.501 0.572 0.417 0.488 0.490 

Porosity (%) 30 33.68 35.22 45.45 50.38 60.78 47.50 64.36 70.57 

Acid extractable 

content (%) 

2.133 2.099 2.302 1.748 2.813 4.321 4.549 5.037 5.784 

K+ (mg g-1) 2.064 2.557 2.016 1.937 2.592 4.766 1.541 2.465 3.838 

Na (mg g-1) 0.250 0.253 0.233 0.247 0.242 0.263 0.247 0.240 0.249 

Ca2+ (mg g-1) 0.365 0.485 0.326 0.357 0.372 0.849 0.26 0.354 0.573 

Mg2+ (mg g-1) 0.457 0.773 0.217 0.561 0.483 0.832 0.378 0.520 0.644 
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Furthermore, the results showed that the amount of acid extractable ions is also influenced by the 

pyrolysis temperature and heating time as shown in Table 4.2. The maximum amount of acid 

extractable ions (5.784%) was found for biochar produced at highest temperature (550 oC) and 

long heating time (3 h). Increase in the amount of acid extractable ions with pyrolysis temperature 

could be attributed to the high ash content of biochar. Acid extractable content measurement 

presupposes the existence of substances other than carbon to be present with adsorbent. The 

quantitative determination of acid extractable content is useful in evaluating biochar samples that 

contain acid soluble impurities as well as give an indication on the amount of soluble elemental 

contents of basic cations such as Ca2+, Na+, and K+ in the ash that measured in the aqueous extract 

that might affect applications of biochar. 

Our results also confirmed that there were significant impacts of pyrolysis temperature and heating 

time on total content of basic cations (Mg2+, Na+, K+, and Ca2+) as shown in Figure 4.2. The 

maximum total content of basic cations was observed in biochars produced at highest temperature 

of 550 oC. Increase in total contents of basic cations with pyrolysis temperature could be attributed 

to enrichment of biochar with inorganic basic minerals in the form of high ash contents (Usman et 

al., 2015). During adsorption process, these cations could be released, and more reactive sites 

become available for adsorption and hence, the adsorption capacity tends to increase (Fan et al., 

2017; Lu et al., 2012). 
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Figure 4.2 Total amount of basic cations (K+, Na+, Ca2+, Mg2+) in date seed derived biochar 

prepared at various pyrolysis conditions.  

 

When comparing the mineral contents (Ca2+, Mg2+, K+, and Na+) of biochar (Table 4.2) and raw 

biomass (Table 4.1), it is clear that the concentrations of all mineral in biochar, as determined by 

ICP analysis, were higher than that of raw biomass. For example, the contents of K+ and Ca2+ 

increased from 0.911 and 0.361 mg g-1 in the raw biomass to 3.838 and 0.573 mg g-1 in the 

DSB550-3 biochar. The results revealed that there were significant impacts of pyrolysis conditions 

on total content of basic cations (Ca2+, Mg2+, K+, and Na+). 

4.3.3 Surface Area of Biochar  

The specific surface area of the biochar samples ranged from 22.83 to 104.2 m2 g-1 as shown in 

Table 4.2. In general, the highest specific surface area of biochar was achieved at the highest 
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pyrolysis temperature (550 oC) and longest heating time (3 h). The increase in the surface area 

with higher temperatures can be due to volatilization and loss of organic compounds which creates 

more voids within the biochar matrix (Claoston et al., 2014). Additionally, at low pyrolysis 

temperature, the surface area might be decreased due to the condensation of organic volatiles 

causing pore clogging (Pignatello et al., 2006). Our results agree with the reported surface area of 

biochar prepared from various agricultural wastes (Claoston et al., 2014, Chen et al., 2008, Zhang 

et al., 2011). In comparison to the results obtained by (Bouchelta et al., 2012, Bouhamed et al., 

2012), the biochars, however; have less surface area than activated carbon prepared from date seed 

biomass.  

4.3.4 Biochar pH and pHPZC 

The pH values of produced biochars ranged between 6.95 and 8.58 indicating an alkaline nature 

of biochar (Table 4.2). It was generally observed that the pH of 350 oC biochar was lower, 

compared to 450 and 550 oC biochars. These increases with pyrolysis temperature are mainly due 

to the separate of alkali salts from the organic compounds (Claoston et al., 2014). The pH values 

of the produced biochars are in line with those in literature which indicate that generally biochars 

are alkaline in nature (Usman et al., 2015, Kloss et al., 2012, Claoston et al., 2014). 

The pHpzc of biochar samples prepared at different temperatures and heating time are given in 

Table 4.2. The pHpzc values of biochars can be defined as the pH at which the adsorbent surface 

charge takes a zero value (i.e. the charge of the positive surface sites is equal to that of the negative 

ones) (Fiol and Villaescusa, 2009). Obviously, the pHpzc values of biochar samples were quite 

similar ranging from 5.25 to 6.40. As seen from the Table 4.2, the values of pHpzc of the biochars 

increased with increasing pyrolysis temperature due to the decrease in the surface acidity of 



88 

biochar with increasing pyrolysis temperature. Similar results were also reported for biochar 

prepared from date residues at various pyrolysis temperatures (Usman et al., 2015).  

The pHpzc of biochar can provide useful information of the possibility of attraction and repulsion 

between adsorbent and adsorbate as well as to figure out adsorption mechanism using electrostatic 

attraction (Fiol and Villaescusa, 2009). For example, when the pHpzc is higher than pH, the biochar 

has positively surface charged with high affinity to anions, while, when pHpzc value is less than 

pH, biochar surface is negatively charged that easily attract cations (Jiménez-Cedillo et al., 2013). 

4.3.5 Biochars Analysis using Boehm Titration Method 

The changes of acidic functional groups of different biochar samples obtained from Boehm 

titration are presented in Table 4.3. The results showed that biochar possesses various acidic 

surface functional groups. Both pyrolysis temperature and heating time influenced the total amount 

of acidic functional groups onto biochar surface (Table 4.3). The content of total surface acidic 

functional groups ranged from 1.10 to 1.60 mmol, carboxylic groups ranged from 0.40 to 0.88 

mmol, phenolic groups ranged from 0.03 to 0.70 mmol, and lactone groups ranged from 0.20 to 

0.78 mmol. The results showed that the total content of surface acidic functional groups decreased 

with increasing pyrolysis temperature due to the volatilization of acid groups during pyrolysis 

(Shaaban et al., 2014). Decreasing in acidic surface groups with increasing pyrolysis temperature 

obtained in this study are in line with the results reported in the literature (Usman et al., 2015, 

Mukherjee et al., 2011b, Claoston et al., 2014).  

The decreasing in acidic surface groups with increasing pyrolysis temperature obtained in this 

study are in line with the increased pH values of biochars. This can be attributed to the progressive 

loss of acidic surface functional groups, mainly aliphatic carboxylic acids as suggested by the 
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Boehm titration method (Mukherjee et al., 2011a). Similar observation was reported by other 

researchers. For example, Usman et al., (2015) reported that pH of biochar increased with pyrolysis 

temperature due to liming induced by decreasing acidic functional groups and subsequently, 

increasing basic functional groups as well as alkali salts separating from organic compounds. 

Table 4.3 Acidic surface functional groups on biochar surface 

Biochar Total acid 

groups (mM) 

Carboxyl 

groups (mM) 

Lactone 

groups (mM) 

Phenolic 

groups (mM) 

DSB350-1 1.60 0.47 0.43 0.65 

DSB350-2 1.50 0.88 0.30 0.37 

DSB350-3 1.40 0.55 0.35 0.50 

DSB450-1 1.20 0.55 0.43 0.18 

DSB450-2 1.20 0.40 0.78 0.03 

DSB450-3 1.10 0.40 0.68 0.03 

DSB550-1 1.10 0.50 0.41 0.19 

DSB550-2 1.50 0.60 0.20 0.70 

DSB550-3 1.20 0.50 0.40 030 

 

In general, several studies have been demonstrated that the type and concentration of surface 

functional groups play a crucial role in the adsorption capacity and the removal mechanism of the 

adsorbates (Dong et al., 2011; Chen et al. 2011a). For examples, Chen et al., (2011a) reported that 

oxygen-containing functional groups on biochar played a greater role than alkalinity as they can 

form complexes with heavy metal cations, leading to the increase of the adsorption of heavy 

metals. They found that the majority of Cu2+ adsorption was due to the combination with carboxyl, 

lactones, phenols and carbonyls. Similarly, Dong et al., (2011) found that functional groups such 

as hydroxyl and carboxyl groups were responsible for Hg2+ adsorption by biochars. 
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4.3.6 Biochar Cation Exchange Capacity, Electrical Conductivity and Soluble Basic Cations 

The cation exchange capacity of biochar (CEC) ranged from to 12.47-23.60 cmolc kg−1 as shown 

in Table 4.4. As seen from the Table 4.4, the CEC of the biochar increased with increasing 

pyrolysis temperature. Our results are in line with other literature. For example, Lehmann (2007) 

found a concurrent increase of CEC of biochar with increasing pyrolysis temperature. However, 

our results contradict the trends reported by other researchers (Kloss et al., 2012, Singh et al., 2010, 

Claoston et al., 2014, Mukherjee, 2011a) who reported a decrease in CEC values with the increase 

of pyrolysis temperature. For example, CEC of oak, pine and grass biochar samples prepared at 

250 oC was much higher than 400 and 650 oC biochars (Mukherjee, 2011a). The decrease in the 

CEC can be attributed to the loss of several acidic functional groups during pyrolysis (Guo and 

Rockstraw, 2007).  

Furthermore, there were significant impacts of pyrolysis temperature and heating time on electrical 

conductivity of biochar (EC) (Table 4.4). The results showed that the EC values increased with 

increasing pyrolysis temperature and the highest EC values were found for biochar prepared at 550 

oC. The increases in EC values with increasing pyrolysis temperature were in the line with the 

increase in ash content. Similar to this study, other researchers found increase in EC with 

increasing pyrolysis temperature (Singh et al., 2010, Usman et al., 2015). For instance, Usman et 

al. (2015) found that EC values of biochar samples prepared from date palm residues ranged from 

3.26-4.27 mS cm-1 and the highest value was obtained for biochar prepared at 800 oC. This can be 

attributed to the loss of volatile matters, resulting in higher mineral ash content (Claoston et al., 

2014).  
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Table 4.4 CEC, EC, and charge density of various biochar samples 

Biochar CEC (cmolc kg-1) EC (mS cm-1) 

DSB350-1 12.47 1.90 

DSB350-2 14.94 1.95 

DSB350-3 16.86 1.74 

DSB450-1 17.02 1.86 

DSB450-2 20.81 1.94 

DSB450-3 20.70 1.84 

DSB550-1 23.69 2.27 

DSB550-2 21.28 2.33 

DSB550-3 23.60 2.53 

  

As CEC of biochar represents the amount of negative surface charge of the biochars (Xu et al., 

2011), therefore; CEC is tightly correlated with the biochar’s capacity to adsorb cations. Biochar 

usually carry a negative charge on its surface with high CEC (Jiang et al. 2012) and thus it could 

adsorb heavy metal ions by releasing other cations like Ca2+, Mg2+, K+ or Na+ (Wang and Liu, 

2017). In the study of Trakal et. al., (2016), they found that CEC was the dominant metal 

adsorption mechanism with the biochar derived from different feedstocks. Similarly, Gai et al., 

(2014) found that CEC is one of the dominating factors affecting adsorption ability of biochars as 

biochars with higher CEC values had larger adsorption capacity. Furthermore, the results of EC 

may also give indirect indication of potential reaction mechanisms that may occur between biochar 

and Pb2+, Cu2+ and Ni2+ adsorption as EC estimates the amount of total dissolved salts in the ash 

fraction which might influence the adsorption capacity. 

There were significant impacts of pyrolysis temperature and time on the amount of soluble content 

of basic cations (Figure 4.3). For soluble basic cations, soluble K+ concentration increased with 

increasing pyrolysis temperature and heating time as shown in Figure 4.3. The higher content of 

K+ in the resultant biochar can be attributed to the much higher content of K+ of the original 

feedstock (Table 4.1). However, Na+ showed a slight change with increasing temperature and 
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heating time. Soluble Ca2+ decreased from 0.018 meq g−1 in the feedstock to 0.003 meq g−1 for 

biochar pyrolyzed at 550 oC. However, the soluble concentrations of Mg2+ increased with pyrolysis 

temperature and heating time and reached 0.003 meq g-1 for biochar prepared at temperature of 

550 oC for 3 h.  

 

Figure 4.3 Amount of soluble cations of biochars prepared at different pyrolysis conditions. 

  

These results suggest that a possible concentration of minerals at high pyrolysis temperature and 

long heating time which might be released as soluble form or converted into insoluble inorganic 

compounds by forming new minerals (Usman et al., 2015). Similar results were also obtained for 

biochar prepared from date palm waste (Usman et al., 2015). According to Cantrell et al., (2012), 

they reported that there was a close relationship between the EC values of biochar with the 

concentrations of K+, Na+ as these cations are the best predictor for biochar EC values. 
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4.3.7 Biochars Analysis using FTIR  

FTIR spectra were performed to identify the surface functional groups on the biomass as well as 

its derived biochar prepared under different pyrolysis conditions as shown in Figures 4.4 to 4.7. 

The spectrum of biomass (Figure 4.4) is dominated by hydrogen bonded O–H stretching at 3308 

cm−1 indicating the presence of bonded water and other volatile functional groups that tended to 

decrease during pyrolysis process (Usman et al., 2015). The broad bands at 2928 and 2850 cm-1 

correspond to the aliphatic C–Hn stretching vibration suggest presence of hemicellulose and 

cellulose, which are decreased with increasing pyrolysis temperature to 450 and 550 oC (Figures 

4.5 to 4.7). This suggests a decrease in the polar functional groups with an increase in carbonization 

temperature (Chen et al., 2008). Moreover, the band at 1740 cm−1 corresponding to C=O stretching 

arising from groups such as quinine, lactone and carboxylic acids substantially decreased and 

disappeared with increasing pyrolysis temperature. The band at 1607 cm−1 corresponding to 

COOH stretching arising from carboxylic acids groups tended to decline with increasing pyrolysis 

temperature. Additionally, the band at 1607 cm−1 can be also corresponded to the aromatic C=O 

and C=C (Usman et al., 2015). Chun et al. (2004) found that the amount of acidic groups of COOH 

decreased and disappeared with increasing pyrolysis temperature.  
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Figure 4.4 FTIR spectrum for date seed biomass. 

 

Compared to the FTIR spectrum of biomass, the absorption band intensities of biochars prepared 

at various pyrolysis conditions (Figures 4.5, 4.6, and 4.7) were shifted, developed, or disappeared. 

Additionally, the Spectra obtained for DSB350-1 and DSB350-2 biochars (Figure 4.5) do possess 

some functional groups similar to the original biomass (Figure 4.4) implying that the biochars 

prepared at lower temperature retained some characteristics of their feedstock. However, a 

broadening and decreasing intensity of the O–H stretching of the hydroxyl groups at 3300 cm-1 

was observed as seen in Figures 4.6 and 4.7. This demonstrates that much water vapour derived 

from thermal decomposition of various oxygen-containing groups is produced (Shaaban et al., 

2014). The results suggest both pyrolysis temperature and heating time influenced the functional 

groups onto biochar surface.  
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Figure 4.5 FTIR spectra of biochars prepared at 350 oC for 1 h, 2 h, and 3 h. 

 

As seen from Figures 4.6 and 4.7, as the temperature increased to 450 and 550 oC, some of the 

functional groups disappeared such as carboxylic acid and carbonate carboxyl. In addition, more 

aromatic C-H bands were observed at 850 and 750 cm-1 confirmed high condensation of biochar 

structure with rising pyrolysis temperature which can be attributed to the loss of lignocellulosic 

materials (Kloss et al., 2012). Similar findings were observed by other researchers. For instance, 

Rutherford et al. (2005) stated that an increasing in pyrolysis temperatures above 400 oC enhanced 

the loss of hydroxyl as well as aliphatic C-H groups which in turn enhanced pore development. 

Table 4.5 shows the functional groups observed in the FTIR spectra of date seed biochar produced 

at different pyrolysis conditions.  
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Figure 4.6 FTIR spectra of biochars prepared at 450 oC for 1 h, 2 h, and 3 h. 

 

 

Figure 4.7 FTIR spectra of biochars prepared at 550 oC for 1 h, 2 h, and 3 h. 
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in accordance with the composition of date pits, which are essentially composed of cellulose, 

hemicellulose and lignin.  

Table 4.5 Surface functional groups observed in the FTIR spectra of date seed biochar produced 

at different pyrolysis conditions 

Wavenumber (cm-1) Band assignment 

3300-3000 Presence of Oxygen groups 

2980-2850 −CHn stretching  

2260-2100 C≡C stretching  

1750-1700 Carboxyl, carbonyl, quinone, ester C=O stretching  

1695-1600 C=O and C=C stretching  

1600-1400 C=C stretching  

1150-1050 C−O and C−C stretching  

850-750 Aromatic C−H out of plane deformation  

 

4.3.8 Biochars Analysis using SEM 

Figure 4.9 shows the SEM images of the feedstock and the biochars prepared at different pyrolysis 

conditions. It can be seen from Figure 4.9 that both pyrolysis temperature and heating time 

significantly influenced the structure of the biochars by developing well-defined pores. With 

increasing pyrolysis temperature from 350 to 550 oC, significant morphological changes were 

observed; particularly, more irregular pores structure network containing different sizes and shapes 

developed compared to the original biomass. The appearance of internal pores and an increase in 

porosity of biochar is caused by organic materials volatilization during pyrolysis (Ahmad et al., 

2012b).  
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Figure 4.9 SEM images of (a) Biomass; (b) DSB350-1; (c) DSB350-2, (d) DSB350-3; (e) 

DSB450-1; (f) DSB450-2; (g) DSB450-3; (h)DSB550-1; (i) DSB550-2; and (j) DSB550-3. 

 

4.4 Analysis of the Effect of Pyrolysis Conditions on Biochar Properties  

The relationship between pyrolysis temperature and heating time (explanatory variables) and 

biochar properties including yield, pH, C content, ash content, acid extractable, total acidic groups, 

and surface area are explored. Table 4.6 shows the regression analysis of the effect of pyrolysis 

temperature and heating time on the biochar characteristics. The results suggested that the biochar 
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characteristics are significantly influenced by pyrolysis conditions as discussed in the previous 

sections.  

Table 4.6 Regression analysis of the effect of pyrolysis temperature and heating time on biochar 

characteristics 

Biochar characteristic Regression formula Multiple 

R 

*SE **n 

Yield % Y = − 0.071×Temperature + 5.57×Time + 74.9 0.89 4.117 27 

C % C = 0.047×Temperature + 5.433×Time + 39.6 0.95 0.873 9 

pH pH = 0.007×Temperature + 0.153× Time + 4.44 0.94 0.206 27 

Ash % Ash = 0.015×Temperature +1.25× Time + 1.42 0.82 1.245 18 

Acid extractable content % AE = 0.015×Temperature + 0.663×Time −  4.53 0.72 1.393 18 

Total acid groups (mmol) TAG = −0.002×Temperature − 0.058×Time + 2.10 0.73 0.158 9 

Surface area (m2 g-1) SA = 0.091×Temperature +32.48× Time − 37.5 0.90 16.86 9 

*SE standard error 
**n sample size 

 

Strong correlations, as evident from Table 4.6, are observed between the explanatory variables 

(pyrolysis conditions) and biochar characteristics. All correlations were significant at 95% 

significance level. The regression results shown in Table 4.6 confirmed the correlations observed 

in the experiments. For biochar yield, for instance; both regression coefficients for the explanatory 

variables are negative suggesting that an inverse relation between yield and both pyrolysis 

temperature and heating time. 

Similarly, for total acidic groups, both regression coefficients for the pyrolysis temperature and 

heating time are also negative values indicating an inverse relation between total acidic groups and 

pyrolysis conditions. However, positive correlations between all other characteristics including C 

content, ash content, pH, and surface area of the biochar and both explanatory variables are 

indicated by regression analysis (Table 4.6). 
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One–way ANOVA tests with Tukey’s post–hoc test (α = 0.05) was performed to identify the 

significantly different groups. The results showed that the biochars prepared at different pyrolysis 

temperatures and heating times were significantly different. Tukey Post-hoc tests, Table 4.7, 

further revealed that for all characteristics except carbon content, biochars prepared at 550 oC were 

significantly different (< 0.05) than those prepared at 350 and 450 oC.  

Table 4.7 Summary of Tukey post hoc test for biochars prepared at different pyrolysis 

temperatures 

Pyrolysis temperature 

(oC) 

Yield (%) C (%) Ash (%) Acid extractable 

(%) 

pH 

350 X - - - X 

450 X - - - X 

550 X - X X X 

     X indicates significance 

 

The effect of heating time on the characteristics of biochar prepared at each temperature was also 

analysed. Heating time was also found to be statistically significant in the case of yield as well as 

surface area of biochar as shown in Table 4.8. Lastly, the effect of pyrolysis temperature was 

analysed; as evident from Table 4.9, pyrolysis temperature had significant effect on the biochar 

pH, and surface area of biochar. Furthermore, its effect on the yield of biochar is less significant 

for longer heating time. 

Table 4.8 Summary of Tukey post hoc tests for the effect of heating time on different 

characteristics of biochar 

Parameter 350 oC 450 oC 550 oC 

1 h 2 h 3 h 1 h 2 h 3 h 1 h 2 h 3 h 

Yield % - - X - - X - - X 

C % - - - - - - - - - 

pH - - - - - - - - - 

Ash % - - - - - - - - - 

Acid extractable content % - - - - - - - - - 

Total acidic groups (mmol) - - - - - - - - - 

Surface area (m2 g-1) - - X - - X - - X 

        X indicates significance 
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Table 4.9 Summary of the Tukey post hoc test for the effect of pyrolysis temperature on 

biochar’s different characteristics 

Parameter 1 h 2 h 3 h 

350 
oC  

450 

oC 

550 

oC 

350 
oC  

450 

oC 

550 

oC 

350 
oC  

450 

oC 

550 

oC 

Yield % X X X X - - - - - 

C % - - - - - - - - - 

pH X X X X X X - X - 

Ash % - - X - - - - - - 

Acid extractable content % - - - - - - - - - 

Total acidic groups (mmol) X - - X - - X - - 

Surface area (m2 g-1) X - - X - - X - - 

       X indicates significance 

 

In summary, the DSB550-3 is significantly different that the other biochars. Its characteristics 

suggest that it is likely to be a better adsorbent material than the other biochars. However, to 

confirm this screening adsorption tests will be conducted. 

4.5 Summary 

Biochar samples were prepared from date seed biomass using slow pyrolysis at different 

temperatures (350–550 oC) and heating time (1–3 h). The influence of pyrolysis temperature and 

heating time on the physiochemical properties of the biochar were studied. Both pyrolysis 

temperature and heating time had significant influence on the biochar characteristics. The biochar 

yield decreased with increasing pyrolysis temperature as well as heating time. The biochars had 

high carbon contents that ranged from 63.7 to 82.2 %. In addition, the biochars exhibited alkaline 

nature with pH values higher than the original biomass. The assignment of absorption bands of 

FTIR spectra showed that the biochar possesses various surface functional groups such as alkene, 

ester, aromatic, ketone, alcohol, hydroxyl, ether and carboxyl corresponding to the composition of 

date seeds which are essentially composed of cellulose, hemicellulose and lignin. One–way 
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ANOVA tests with Tukey’s post–hoc test (α = 0.05) was performed to identify the significantly 

different groups. The results showed that the biochars prepared at different pyrolysis temperatures 

and heating times were significantly different. DSB550-3 is significantly different that the other 

biochars. Its characteristics suggest that it is likely to be a better adsorbent material than the other 

biochars.  
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CHAPTER FIVE: SINGLE HEAVY METAL ADSORPTION 

 

5.1 Introduction 

This chapter presents the results of the single metal adsorption experiments. The nine sets of 

biochar prepared earlier (DSB350-1; DSB350-2; …., DSB550-3) were used to determine the best 

performing biochar for the adsorption of the three metal ions of interest (Pb2+, Ni2+ and Cu2+). The 

results of the pH, kinetics and isotherm studies as well as column experiments are presented in the 

following section. The experiments were conducted following the methods described in chapter 

three.  

Even though adsorption of single component system is rather the exceptional case than the typical 

situation in wastewater treatment practice, it is reasonable to begin with a deeper look at single 

component adsorption. In this chapter, general aspects of adsorption processes have been 

explained more clearly to characterize the adsorption of single solutes.  

Later, the adsorption performance of biochar towards multicomponent equilibria are typically 

based on single component adsorption isotherms. Therefore, only single component adsorption 

will be discussed in this chapter. Multicomponent adsorption equilibrium is the subject matter of 

the next chapter (Chapter six). 

5.2 Biochar Screening for Heavy Metal Adsorption 

The nine sets of biochar samples prepared at different pyrolysis temperature and heating times 

were first screened to identify the best candidate for Pb2+, Cu2+ and Ni2+ adsorption. In these 

experiments, 0.1 g of biochar was added to 10 mL of 0.5 mM solutions and left for 24 h before 
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samples were collected for analysis. Figure 5.1 shows the adsorption uptake of Pb2+, Cu2+ and Ni2+ 

ions from the aqueous solutions by the different biochar samples. Biomass in its native form was 

also investigated and compared with biochar adsorption. The adsorption experiments were carried 

out at controlled pH of 6.0.  

As seen from Figure 5.1, DSB550-3 showed the highest adsorption uptake of Pb2+, Cu2+ and Ni2+ 

ions. The DSB450-3 was second best but not significantly different (α=0.05) than the DSB550-3. 

Nevertheless, the DSB550-3 was significantly different to all other biochars for Pb2+, Cu2+ and 

Ni2+ removal. The results suggest that adsorption uptake is positively correlated with the pyrolysis 

temperature and heating time which is also correlated with the physiochemical properties of the 

biochar (Table 4.2 Chapter 4). The results are consistent with the earlier observation established 

from the literature review that adsorption uptake of biochar increased with increasing pyrolysis 

temperature (Yakkala et al., 2013, Han et al., 2013b, El Hanandeh et al., 2016).  

As can be seen from Figure 5.1, the adsorption uptakes of the biochar samples were in the order 

of Cu2+ > Pb2+ > Ni2+ which is different from the order observed from the parent biomass. This is 

a clear indication that the pyrolysis process has caused a change in the physical and chemical 

structure of the material that was sufficiently enough to alter the adsorption behaviour. Although, 

the biochar has shown higher adsorption uptake to Cu2+ and Pb2+, the difference was more 

pronounced in the case of Ni2+ which was significantly (α=0.05) lower than the other two metals.  

The apparent difference in the tendency of stronger binding for Pb2+ and Cu2+ than Ni2+ is probably 

explained on the basis of their ionic properties such as ionic radii, hard acid-base theory, covalent 

indices, and total binding strength (Han et al., 2006b, Al Hawari, 2004). Even though Pb2+, Cu2+, 

and Ni2+ have the same number of charges, Pb2+ and Cu2+ ions will be more strongly attracted to 
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the negatively charged biochar surface due to their higher crystal radius of Pb2+ (1.20) and Cu2+ 

(0.73) compared to Ni2+(0.69). Additionally, the lower adsorption uptake of Ni2+ ion may be 

related to its lower covalent binding index (4.99) compared to Pb2+ (6.61) and Cu2+ (6.32) and 

consequently Cu2+ and Pb2+ ion have greater tendency than Ni2+ to form covalent bonds with the 

adsorbent ligands (Al Hawari, 2004). Furthermore, the lower adsorption uptake of Ni2+ ion may 

be also related to the lower total binding strength for this ion (1.92) compared to the Pb2+ (1.94) 

and Cu2+ (2.22). Therefore, Pb2+ and Cu2+ show a greater accessibility to the surface of certain 

pores than the other ion, which would lead to a higher extent in the adsorption process. 

As DSB550-3 was the best performer, it was selected for all subsequent experiments in this study. 

 

 

 

 

 

 

 

 

 

Figure 5.1 Adsorption uptake of date seed biomass as well as derived biochar for heavy metal 

removal (Co= 0.5 mM; biochar:  solution ratio=10 g L-1; time=24 h; pH=6; room temperature; 

particle size=0.6-1.4 mm) 
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5.3 Effect of Particle Size on Metal Adsorption 

The effect of particle size on the metal uptake of Pb2+, Cu2+ and Ni2+ ions is presented in Figure 

5.2. As shown in Figure 5.2, the removal efficiency increased with particle size until it reached its 

maximum in the particle size range (0.60-1.40 mm) after which removal efficiency declined. 

However, Zheng et al. (2010) reported that the removal efficiency of atrazine increased with 

decreasing biochar particle size from < 0.25 to < 0.053 mm. They attributed the increase of removal 

efficiency to the increase of specific surface area available for adsorption. This apparent 

contradiction may be attributed to the difference between the adsorption mechanisms governing 

heavy metal ions removal and those of organic pollutants.  

Generally, several studies implied that particle size and surface area of biochar are important 

parameters that allow biochar easy access to metal ions (Chen et al., 2011a, Mohan et al., 2007). 

However, Ding et al. (2014) reported that oxygen containing functional groups are more important 

factors for metal adsorption than surface area. This was also observed in this study and is discussed 

later in the mechanisms section.   

From an operational point of view, using extremely fine particles might be difficult to implement 

due to the difficulty of separating the adsorbents from the solution and the high requirements of 

labour for centrifugation and filtration (Chen et al., 2011b). Furthermore, the lower particle size 

may lead to flocculation thus; removal of metal ions may be reduced. Therefore, very fine particles 

might be unfavourable. Similarly, large particle size (> 2.0 mm) was also avoided in the current 

study due to the possibility of the higher diffusion resistance suggesting that most of the internal 

surface of the particles may not be utilized for adsorption. Therefore, biochar with particle size 

range from 0.6-1.4 mm was used in all subsequent experiments in this study. 
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Figure 5.2 Effect of biochar particle size on the adsorption of Pb2+, Cu2+ and Ni2+ (room 

temperature; biochar: solution = 10 g L-1; Co= 0.5 mM) 

 

5.4 Effect of Solution pH on Metal Adsorption 

The effect of solution pH on the adsorption of Pb2+, Cu2+ and Ni2+ onto DSB550-3 is shown in 

Figures 5.3 to 5.5. As seen from the figures, the amount of metal adsorbed increases with an 

increase in solution pH and all the metals displayed maximal or near optimal removal around pH 

6.0. This can be attributed to the fact that the adsorption of any adsorbate is strongly influenced by 

the proton activity in aqueous solution, which is commonly expressed as pH (Worch, 2012). 

Similar observations were reported that the highest adsorption of Pb2+, Cu2+ and Ni2+ ions onto 

various adsorbents was achieved within the pH range 5 to 6 (Kılıç et al., 2013, Chen et al., 2011a, 

Pellera et al., 2012, Abdulkarim and Al-Rub, 2004, Bouhamed et al., 2014, Danish et al., 2011).  
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At lower pH values, the decrease in adsorption of Pb2+, Ni2+, and Cu2+ was apparently due to the 

increased concentration of hydrogen (H+) which competed for binding sites (Pellera et al., 2012). 

However, with increasing solution pH, the deprotonation of hydroxyl and carboxylic groups on 

biochar surface increased and created more negative sites that enhanced the adsorption of metal 

ion (Shen et al., 2015). 

Higher pH value (pH > 6) were avoided to prevent the potential precipitation which might occur 

due to the formation of metal precipitate [M(OH)2(S)]. Generally, divalent metal species are present 

in deionized water as M2+, M(OH)+, M(OH)2
0, M(OH)2(S), etc. (Srivastava et al., 2009). At solution 

pH about 6.0, the solubility of the M(OH)2(S) is high, so the M2+ is the main species (Srivastava et 

al., 2009). However, with increasing pH up to 10.0, the solubility of M(OH)2(S) is much smaller 

and therefore, at such pH, the main species in the solution is M(OH)2(S). Therefore, to avoid the 

formation of precipitates, pH 6.0 was identified as the optimum value to maximize adsorption of 

Pb2+, Ni2+ and Cu2+ and thus all subsequent adsorption experiments were performed at pH value 

of 6. 
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Figure 5.3 Effect of solution pH on the adsorption of Pb2+ onto DSB550-3 biochar (biochar: 

solution = 10 g L-1; room temperature; Co = 0.5 mM). 

 

 

 

 

 

 

 

 

Figure 5.4 Effect of solution pH on the adsorption of Cu2+ onto DSB550-3 biochar (biochar: 

solution = 10 g L-1; room temperature; Co = 1.0 mM). 
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Figure 5.5 Effect of solution pH on the adsorption of Ni2+ onto DSB550-3 biochar (biochar: 

solution = 10 g L-1; room temperature; Co = 1.0 mM). 
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neutralization and adsorption are parallel processes (Mohan et al., 2006). However, the pH of 

mixtures decreased when the original solution pH was above five. Therefore, precipitation due to 

buffering above pH value of 6 is unlikely. 
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reached. This can be attributed to the increase in the driving force for mass transfer, which is the 

concentration gradient (Pellera et al., 2012). Isotherms including Langmuir, Freundlich, and Sips 

were employed for modelling the adsorption isotherms. Langmuir, Freundlich and Sips models 

adequately described the experimental data of Pb2+, Cu2+, and Ni2+ ions and the parameters for the 

three isotherm models are given in Table 5.1. Sips model described the adsorption isotherms with 

better fit (R2 ≥ 0.990) for Pb2+, Cu2+, and Ni2+ than Langmuir and Freundlich isotherms indicating 

a heterogeneous adsorption system. Freundlich constant KF (mmol g-1) (L mmol-1)1/n for the 

DSB550-3 biochar was 0.329, 0.169, and 0.141 for Pb2+, Cu2+, and Ni2+, respectively. 

Larger KF values for Pb2+ ion indicate that the adsorption capacity of the biochar for Pb2+ removal 

was larger than other cations. Furthermore, judging by the factor “1/n” obtained from Freundlich 

isotherm model can reflects the adsorption intensity, all values of 1/n were less than 1 indicating 

the adsorption of Pb2+, Cu2+ and Ni2+ ions by date seed biochar is favourable in the studied 

concentration range (Fan et al., 2017). 

Table 5.1 Adsorption isotherms constants for the adsorption of Pb2+, Ni2+ and Cu2+ ions date seed 

biochar 

Model Pb2+  Cu2+  Ni2+  

Langmuir   

KL (L mmol -1) 

qmax (mmol g-1) 

R2 

SE 

STD 

 

0.801 

0.718 

0.986 

0.022 

0.116 

 

0.712 

0.421 

0.994 

0.011 

0.088 

 

0.832 

0.333 

0.980 

0.018 

0.078 

Freundlich  

KF (mmol g-1) (L mmol-1)1/n 

1/n 

R2 

SE 

STD 

 

0.329 

0.733 

0.984 

0.023 

0.115 

 

0.169 

0.660 

0.996 

0.009 

0.087 

 

0.141 

0.607 

0.964 

0.024 

0.077 

Sips  

as (L mmol-1) 

Ks (L g-1) 

βs 

R2 

SE 

STD 

 

0.730 

0.553 

0.978 

0.990 

0.022 

0.116 

 

0.013 

0.171 

0.666 

0.996 

0.009 

0.087 

 

3.667 

0.789 

2.080 

0.992 

0.011 

0.081 
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As seen from Figures 5.6 to 5.8 that the relation between the concentration of the adsorbate at 

equilibrium and the amount of metal adsorbed on the solid provide a concave curve. It suggests a 

progressive saturation of the adsorbent. Furthermore, as shown in these figures that the curves do 

not reach any plateau (i.e., the adsorbent does not show clearly a limited adsorption capacity) 

(Giles, 1974). According to the nature of slope of the initial portion of the curve, adsorption 

isotherms for Pb2+, Cu2+, and Ni2+ adsorption were L Curves, usually indicative of molecules 

adsorbed flat on the surface, or, sometimes, of vertically oriented adsorbed ions with particularly 

strong intermolecular attraction. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Adsorption isotherms onto biochar of Pb2+, Cu2+ and Ni2+ (room temperature; biochar: 

solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols represent experimental data while lines 

represent Langmuir model. 
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Figure 5.7 Adsorption isotherms onto biochar of Pb2+, Cu2+ and Ni2+ (room temperature; biochar: 

solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols represent experimental data while lines 

represent Freundlich model. 

 

 

 

 

 

 

 

 

 

Figure 5.8 Adsorption isotherms onto biochar of Pb2+, Cu2+ and Ni2+ (room temperature; biochar: 

solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols represent experimental data while 

lines represent Sips model.   
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By comparing qmax values in mmol g-1 for different solutes, metal ion sequences are found to be in 

the following order Pb2+ > Cu2+ > Ni2+ ions. The difference in adsorption capacities between Pb2+, 

Cu2+ and Ni2+ under the same experimental conditions could be attributed to different ionic 

characteristics of the metal ions including electronegativity, ionic radii and hydrated radii. For 

example, Anirudhan and Sreedhar (1998) reported that the amount of metal adsorbed increases 

with decreasing hydrated radius because ions with larger hydrated radii increases the swelling 

pressure within the adsorbent and therefore decreases the metal affinity. This may be one possible 

explanation of the higher adsorption capacity of DSB550-3 biochar to Pb2+ compared to Cu2+ and 

Ni2+ ions, as Pb2+ has highest electronegativity, smaller hydrated radius and bigger ionic radii than 

Cu2+ and Ni2+ (Table 2.7 Chapter 2).  

Table 5.2 shows the adsorption capacity for heavy metal removal onto different biochars. Even 

though, the comparisons are rather difficult as the adsorption capacities are considered as an 

example of adsorbent effectiveness under specific experimental conditions. These including 

solution pH, temperature, initial metal concentration, adsorbent doses, particle size, and adsorbent 

properties. However, date seed derived biochar in this study shows mostly high adsorption 

capacities towards Pb2+, Cu2+, and Ni2+ compared with other types of biochars such as digested 

sugar beet, Salisbury, pine wood, hickory wood biochars (Table 5.2) 
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Table 5.2 Adsorption capacity of date seed biochar compared to other adsorbents toward heavy 

metal ions  

Biochar Metal ion qmax (mmol g-1) References 

Dairy manure compost  Pb2+ 

Cu2+ 

0.460 

0.428 

(Zhang, 2011) 

Digested sugar beet  Pb2+ 0.200 (Inyang, 2013) 

Almond shell  Pb2+ 

Cu2+ 

0.066 

0.141 

(Ronda et al., 2013) 

Hickory wood  

 

Pb2+ 

Cu2+ 

Ni2+ 

0.016 

0.041 

0.004 

(Ding et al., 2016) 

Salisbury  Pb2+ 

Cu2+ 

Ni2+ 

0.230 

0.101 

0.105 

(Shen et al., 2015) 

Peanut straw  

Soybean straw  

Canola straw  

 

Cu2+ 

1.400 

0.834 

0.582 

(Tong et al., 2011) 

Pine wood  Pb2+ 0.018 (Liu and Zhang, 2009) 

Alternanthera philoxeroides  Pb2+ 1.241 (Yang et al., 2014) 

Dairy manure  Pb2+ 0.641- 0.452 (Cao et al., 2009) 

Pinewood  Cu2+ 0.070 - 0.013 (Liu et al., 2010) 

Date seed  Pb2+ 

Cu2+ 

Ni2+ 

0.718 

0.424 

0.335 

This study 

 

5.6 Effect of Contact Time and Adsorption Kinetics 

Time profiles of Pb2+, Cu2+ and Ni2+ adsorption onto DSB550-3 biochar are presented in Figures 

5.9 to 5.11. The amount of Pb2+, Cu2+ and Ni2+ adsorbed increased with contact time until 

equilibrium was reached. It was observed that for all metals, equilibrium was reached within 3-6 

hours of contact. Nearly 95% of the Cu2+ ion was adsorbed within the first hour of contact. This 

fast stage was then followed by a slower adsorption stage until equilibrium state was reached after 

4 h (Figure 5.9). The faster first stage can be attributed to the abundance of accessible vacant sites 

available on the biochar surface at the beginning; however, as time passed, and active sites were 

occupied, a progressive saturation of these active sites with time occurred and remaining active 
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sites became less accessible (Pellera et al., 2012). These results were consistent with theoretical 

kinetics models which assume higher adsorption stage at the start followed by slower stage as the 

system approaches equilibrium.   

 

 

 

 

 

 

 

 

 

Figure 5.9 Adsorption kinetics onto biochar of Cu2+ (biochar: solution =10g L-1; initial 

concentration 1.5 mM; reaction temperature 23±2 oC; initial solution pH 6). 

 

In the case of Ni2+ adsorption, unlike Cu2+ a multi-stage adsorption was observed as shown in 

Figure 5.10. The first stage lasted 45 min and accounted for 52% of the total adsorption capacity, 

after which adsorption nearly plateaued for 155 min before a second rapid stage (but slower than 

the first) started at around 210 min which accounted for nearly 42% of the total amount adsorbed 

and lasted until equilibrium was reached at around 6 hours, then finally adsorption plateaued for 

the remaining of the 24 h. It can be hypothesized that the adsorption pattern of Ni2+ by the studied 

biochar could be attributed to the mass transfer of Ni2+ ion to the unoccupied binding sites as well 
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as diffusion of metal ion into pores which continued until saturation of the active sites (Ahmad et 

al., 2013). Moreover, it is also assumed that some of the very small pores could not be accessible 

to Ni2+ion and thus diffusion problems might occur and become a limiting factor.  

 

 

 

 

 

 

 

 

Figure 5.10 Adsorption kinetics onto biochar of Ni2+ ions (biochar: solution =10 g L-1; initial 

concentration 1.5 mM; reaction temperature 23±2 oC; initial solution pH 6). 

 

Moreover, it can be seen from the Figure 5.11 that the adsorption of Pb2+ ion reached equilibrium 

within 6 h and subsequently became practically constant (24 h). However, significant differences 

were observed between the adsorption rates of Pb2+ and Cu2+ compared to Ni2+. Quantitatively, the 

removal kinetic of Pb2+ and Cu2+ was faster than Ni2+ ion which might be related to the binding 

strength of Pb2+ and Cu2+ with surface functional groups such as carboxyl groups (Reddad et al., 

2002). Moreover, the difference in adsorption rate of DSB550-3 biochar for Pb2+, Cu2+ and Ni2+ 

ions could be due to the metal ionic characteristic such as electronegativity, covalent index, 

coordination geometry, and ionic radii.  
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Figure 5.11 Adsorption kinetics onto biochar of Pb2+ (biochar: solution =10 g L-1; initial 

concentration 0.5 mM; reaction temperature 23±2 oC; initial solution pH 6). 

 

Both pseudo first order and pseudo second order models were used to describe the adsorption 

kinetics models for Pb2+ and Cu2+ and Ni2+ adsorption (Figures 5.9, 5.10, and 5.11). Plots of qt 

against t are shown in Figures 5.9 to 5.11 for the kinetic data and nonlinear fits for pseudo first and 

second order kinetic models. Table 5.3 shows the results of nonlinear regression analysis of kinetic 

data. As presented in the Table 5.3, the pseudo second order model best described the adsorption 

kinetics for all the tested metal ions. This is demonstrated by the correlation coefficient values 

(R2), which ranged from (0.96, 0.99, and 0.88) for Pb2+ and Cu2+ and Ni2+, respectively, as well as 

by the values of qcalc, which adequately matched the experimental value of qexp. The regression 

coefficients (R2) using pseudo first order model were lower (0.91, 0.96, and 0.78) compared to 

pseudo second order model. The description of the adsorption kinetics by the pseudo-second order 

model, indicated that for all the tested systems, chemisorption might be one of the adsorption 
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mechanisms primarily involving valence forces through sharing or exchange of electrons between 

the adsorbent and the adsorbate (Mayakaduwa et al., 2016). The applicability of pseudo second 

order model for the biochar examined in this study was in line with other results obtained by other 

researchers (Pellera et al. 2012). 

Table 5.3 Adsorption kinetics parameters for of Pb2+, Cu2+ and Ni2+ on onto DSB550-3 biochar 

kinetics  Pb2+ Cu2+ Ni2+ 

Pseudo first order 

qexp (mmol g-1)    

qcalc (mmol g-1)   

k1 (min-1)      

R2      

SE     

STD   

0.044 

0.038 

0.017 

0.912 

0.006 

0.013 

0.150 

0.140 

0.772 

0.960 

0.007 

0.033 

0.090 

0.062 

0.098 

0.780 

0.012 

0.020 

Pseudo second order 

qexp (mmol g-1)     

qcalc (mmol g-1)      

k2 (g mmol-1 min-1)          

R2     

SE 

STD    

 

0.044 

0.044 

0.676 

0.960 

0.006 

0.013 

0.150 

0.143 

10.35 

0.991 

0.004 

0.033 

0.090 

0.090 

0.232 

0.883 

0.014 

0.025 

 

5.6 Adsorption Mechanisms of Heavy Metal by Biochar  

The underlying mechanisms of heavy metal adsorption onto biochar primarily involve 

combination of several kinds of interactions including surface complexation, metal precipitation, 

ion exchange, electrostatic attraction, and physical adsorption. In the following sections, these 

mechanisms are explored in further detail.  

5.6.1 Ion Exchange  

It is commonly believed that the ion exchange is one of the most predominant mechanisms 

involved in heavy metal adsorption from aqueous solutions (Li et al., 2017). The ion exchange 
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mechanism by biochar in this work was investigated by measuring the stoichiometric release of 

Na+, K+, Ca2+, and Mg2+ from adsorbent after the adsorption of Pb2+, Cu2+ and Ni2+. Metal analysis 

of the supernatants after metal ion adsorption showed that significant amount of Ca2+, Mg2+, K+, 

and Na+ cations were released. As a control the release of cations from the blank specimens, 

consisting of the biochar and deionized water, were measured (Table 5.4).  

According to the results presented in Table 5.4, comparing the amount of Pb2+ adsorbed (0.984 

meq L-1) with the amount of ions released (0.604 meq L-1), it could be concluded that ion exchange 

accounted for 57.4 % of the total adsorption process. Similarly, comparing the amount of Ni2+ 

adsorbed (0.688 meq L-1) with the amount of ions released (0.493 meq L-1), it could be concluded 

that ion exchange accounted for 72 % of the total adsorption process of Ni2+. While, the ion 

exchange accounted for 68.9 % of the total adsorption of Cu2+. Similar observations were reported 

by in the literature. For example, in the study of Zhang (2011) found that ion exchange was found 

to be the primary mechanism of adsorption for Pb2+, Cu2+, and Zn2+ onto dairy manure compost 

biochar. 

The results are also consistent with the nature of the biochar used in this experiment (DSB550-3). 

This biochar has high ash content of 12.67% with CEC of 1.897 meq L-1 suggesting that the biochar 

exhibits a high tendency to adsorb Pb2+, Cu2+ and Ni2+ by releasing other cations such as K+, Ca2+, 

and Mg2+. Although ion-exchange is the major adsorption mechanism, it alone could not explain 

the adsorption behaviour of the studied metals because the amounts of released cations were 

always less than that of the uptake metal ion. Therefore, it is expected that other mechanisms have 

also contributed to the removal of metals. 
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Table 5.4 Release amounts of earth cations due to adsorption of Pb2+, Cu2+ and Ni2+ onto 

DSB550-3 biochar 

 

System 

Total metal ion adsorbed 

(meq L-1) 

Amount of cation released (meq L-1) Total 

cations 

(meq L-1) 

Ion 

exchange 

(%) Pb2+a Cu2+ Ni2+ Na+ K+ Ca2+ Mg2+ 

bControl - - - 0.065 0.421 0.051 0.068 0.604 - 

a Pb2+ 0.985 - - 0.076 0.052 0.393 0.044 0.565 57.4 

a Cu2+ - 0.791 - 0.056 0.021 0.374 0.094 0.545 68.9 

a Ni2+  - - 0.688 0.051 0.013 0.366 0.063 0.493 71.7 

a Difference between metal released by system and that by the control. 
b Biochar and deionized water.  

 

5.6.2 Electrostatic Attraction 

Electrostatic attraction is dependent on the solution pH and biochar point of zero charge (pHPZC). 

The pHpzc value of the DSB550-3 biochar was approximately 6.35, indicating that basic groups 

such as hydroxyl and phenolic moieties were dominant on the biochar surface (Tran et al., 2016). 

Basically, when the solution pH is < pHPZC, the biochar surface is positively charged and 

electrostatic repulsion between metal ions and functional groups might occur. As illustrated 

previously, ion exchange mechanism is the primary adsorption mechanisms accounting 57.4%, 

68.9% and 72% of Pb2+, Cu2+ and Ni2+ removal, respectively. However, when pH solution < pHPZC 

of biochar, the Pb2+, Cu2+ and Ni2+ adsorption on biochar still occurs with the optimal initial pH 

value of 6.0 suggesting that electrostatic attraction plays a less important role in the Pb2+, Cu2+ and 

Ni2+ adsorption onto the biochar. Similar observations have been reported by previous studies 

(Mohan et al., 2014b, Tran et al., 2016).  
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5.6.3 Other Potential Adsorption Mechanisms  

High surface area of DSB550-3 biochar (104.2 m2 g-1) is also one of the criterions for efficient 

removal capacity of heavy metal via mass transfer of metal ion into the biochar pores which 

provides more opportunities for metal-active site binding to ‘trap’ metal ions (Jin et al., 2016). 

Several studies suggested that precipitation can be also one of the potential removal mechanisms 

for heavy metal ions from aqueous solution. Divalent metal cations such as Pb2+, Cu2+ and Ni2+ 

tend to be hydrated in aqueous solutions and the hydration is pH dependent (Li et al., 2017). The 

metal species M(II) are present in deionized water as M2+, M(OH)+, M(OH)2(aq), M(OH)2(s) 

(Srivastava et al., 2009). When the solution pH rise, it can accelerate the hydrolysis of M2+ to form 

M(OH)+, which is adsorbed much more easily by biochar than M2+ (Jin et al., 2016).  

Furthermore, the pH rise leads to the formation of M(OH)2 precipitates which has lower solubility 

than other metal species and thus increasing the form of precipitation on the biochar, especially at 

pH > 6.0 (Jin et al., 2016). Therefore, in order to determine whether or not a precipitate will form 

or not, the solubility product constant Qsp of M(OH)2(s) was measured and compared with the value 

of Ksp of metal hydroxide. The results revealed that the solubility product (Qsp) were 1.43×10-20, 

1.12×10-23 and 2.95×10-23 for Pb2+, Cu2+ and Ni2+ hydroxides, respectively which are less than 

their corresponding Ksp values (1.40×10-20, 2.2×10-20 and 2.0×10-15) (Zhu et al., 1995, Marani et 

al., 1995, Sun and Huang, 2002). The results suggested that no evidence for precipitation 

mechanisms.  

However, as the pH of DSB550-3 biochar is high (8.58), some localised surface precipitation in 

the form of M(OH)2 might have taken place particularly inside the biochar pores due to the 

potential buffering of pH to more than 6. Furthermore, as biochar is alkaline in nature with high 
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ash content and thus most mineral salts exist as precipitates, such as carbonate, silicate, phosphate. 

Therefore, the co-precipitation may also responsible for heavy metal removal during the adsorption 

process (Lu et al., 2012). 

In general, according to the results from adsorption isotherms and kinetics, chemisorption on 

heterogeneous surface played a dominating role in metal ion adsorption. Furthermore, intraparticle 

diffusion might also control the adsorption to some degree. Ion-exchange was the main adsorption 

mechanism accounting to approximately two thirds of the metal ions removal. Therefore, other 

mechanisms including complexation, electrostatic attraction, and micro-precipitation also 

combined accounted for less than a third of the metal ions removed.  

5.7 Spectroscopy Analysis of Biochar Surface 

It is commonly believed that the chemical interaction between metal ion and the surface functional 

groups of biochars is one of the major adsorption mechanisms. FTIR analysis was performed after 

Pb2+, Cu2+ and Ni2+ adsorption to identify the surface functional groups that participated in metal 

binding. By comparing the FTIR spectra of metal (Pb2+, Cu2+ and Ni2+)-laden biochar to that of 

the pristine biochar (Figure 5.12), the peaks at 1100, 1320, 1563, 1620 cm-1 were shifted after 

adsorption, indicating that these functional groups (C–O, C=O, O–H and COO-) were involved in 

the adsorption process of metal ions. These shifts suggest that surface functional groups such as 

carboxyl and hydroxyl are predominant contributors to heavy metal ion adsorption. Furthermore, 

the new peaks at 683.6 cm−1 in Pb-laden biochar and 667 cm−1 in Cu-laden biochar suggested that 

CO3
2− were also involved in the precipitation of these metals in the form of carbonates (Xu et al., 

2017). 
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Figure 5.12 FTIR spectra of biochar after Pb2+, Cu2+, and Ni2+ adsorption compared with the 

pristine biochar. 

 

SEM scans were also performed to obtain visual clues of any changes to the surface structure and 

determine the active adsorptive areas on the biochar surface (Figure 5.13 a-d). Based on the SEM 

images, the biochar has highly heterogeneous pores and well-defined structures. During pyrolysis, 

the pores are created due to the escaping of volatile components from biomass structure and thus 

leaving behind active groups such as carboxylic and hydroxyl functional groups which can 

participate in the uptake of metal ions. The examination of the initial structure of the DSB550-3 

before adsorption (Figure 5.13 d) shows the presence of a various mesopores and macropores of 

various size and geometry at the surface. After adsorption, these pores were occupied with heavy 

metal ions as seen in Figure 5.13 (a-c). Particularly, the deposition occurred in the mesopores 
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which can provide channels for the adsorbates to reach the active adsorption sites and promote the 

rapid adsorption to reach equilibrium (Aydın et al., 2008).  

Pore size measurement might be estimated from SEM images, however; this is an approximated 

method as the image is 2-D whereas pore would be 3-D. Pore size measurements are in line with 

those reported by the Union of Pure and Applied Chemistry (IUPAC) guidelines. For instance, the 

microporous structure show dimensions of < 2 nm. Mesoporous structure contains mesopores with 

dimensions in the range (2-25) nm, and macroporous materials have pores > 50 nm. 

 

               

 

 

 

 

 

Figure 5.13 SEM images of DSB550-3 biochar after adsorption (a) Pb2+; (b) Ni2+; (c) Cu2+; (d) 

Pristine biochar.  

Based on the visualization of SEM images (Figure 5.13), visible precipitates on the surface of the 

biochar after metal ions adsorption might be assumed, indicating that precipitation might be 

involved in the removal process. Furthermore, it is likely that the local environment within these 

b a 

c 
d c 
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pores could be alkaline (due to the presence of the alkaline metals and functional groups) which 

in turn could have facilitated local precipitation of the cations in the form of metal hydroxides. 

5.8 Fixed Bed Adsorption  

Fixed bed adsorption was conducted using the column packed with DSB550-3 at bed depth 5 cm 

(12 g). As the metal solution passed through the column by down flow mode, mass transfer zone 

(MTZ) in a bed moved from the entrance and proceed towards the exit at the bottom of the bed 

and the effluent concentration Ct increased with time. Figures 5.14 to 5.16 show the breakthrough 

curves obtained from the column experiments expressed in Ct/Co as a function of time. The 

breakthrough point on the curve was selected at the point at which the effluent concentration (Ct) 

reaches about 5% of the influent concentration (Co). The time at which the breakthrough occurred 

is called the breakthrough time (tb). The saturation time (ts) was defined as the point when the 

effluent concentration reaches 95% of Co.  

As seen from Figure 5.14, the breakthrough curve of Pb2+ adsorption was reached quickly within 

the first hour and the breakthrough point (tb) was reached in 50 min while the total capacity of the 

column (ts) was reached approximately after 420 min. From the breakthrough curves, the total 

removal (RE %), mass transfer zone (MTZ), and total adsorption capacity (qtotal) were found to be 

97%, 90%, 0.205 mmol, respectively. The MTZ of Pb2+ breakthrough curve was broadening. This 

can be attributed to either insufficient bed depth or high initial concentration that contributed to 

the abundance of ions which caused quick saturation of the available sites (Maheshwari and Gupta, 

2016, Ahmad and Hameed, 2010).  

In the case of Cu2+ and Ni2+, the breakthrough point (tb) and time required to attain the total 

capacity of the column (ts) were much longer as shown in Figures 5.15 and 5.16. For Cu2+, it 
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approximately took 120 min to reach the breakthrough point while total saturation took 440 min. 

Nickle took slightly longer time (tb=130 and ts=450 min). Table 5.5 shows the tb, ts, total removal 

(RE%), and total adsorption capacity (qtotal, mmol) for Pb2+, Cu2+ and Ni2+ ions.  

 

 Figure 5.14 Breakthrough curve and pH profile of fixed bed adsorption of Pb2+ ion. 

 

Figure 5.15 Breakthrough curve and pH profile of fixed bed adsorption of Cu2+ ion. 
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Figure 5.16 Breakthrough curve and pH profile of fixed bed adsorption of Ni2+ ion. 

 

Table 5.5 Fixed bed adsorption parameters of single solute system onto DSB550-3 biochar  

System tb (min) ts (min) Mtotal (mmol) qtotal (mmol) RE (%) 

Pb2+ 

Cu2+ 

Ni2+ 

50 

120 

130 

420 

440 

450 

0.210 

0.220 

0.225 

0.205 

0.154 

0.126 

97.0 

70.3 

56.0 

 

However, the adsorption capacity for Pb2+, Cu2+ and Ni2+ onto the biochar calculated from the 

breakthrough curves were less than those found in the batch adsorption experiments by almost two 

thirds (Table 5.6). Several explanations have been proposed to explain this difference (Maheshwari 

and Gupta, 2016). One plausible explanation is that insufficient contact time between the solid-

liquid phases and thus metal solution passing through the column did not have sufficient time to 

diffuse into biochar particles and adsorption equilibrium had not been reached yet. This theorem 
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could be supported by the kinetics results (Figures 5.9 to 5.11) where the required time to reach 

equilibrium was found to be 3-6 h for Pb2+, Cu2+ and Ni2+. Another explanation could be the high 

initial metal concentration which contributed to the abundance of ions causing saturation of the 

available sites and therefore, the metal solution leaves the column before equilibrium occurs 

(Maheshwari and Gupta, 2016). Similar finding was reported by Qaiser et al. (2009) who found 

that at lower bed depth, axial dispersion is the governing mechanism for mass transfer as a result 

the time is insufficient for metal ions to diffuse throughout the bed, causing shorter breakthrough 

time.  

Table 5.6 Adsorption capacities for Pb2+, Cu2+ and Ni2+ onto the biochar calculated from the 

breakthrough curves compared to batch experiments*  

Metal ion qmax (mmol g-1) 

 (Batch experiments) 

qmax (mmol g-1) 

 (Column experiment) 

Reduction (%) 

Pb2+ 0.718 0.222 69.0 

Cu2+ 0.421 0.246 41.6 

Ni2+ 0.333 0.213 36.0 

* pH solution = 6; room temperature  

The pH profile for Pb2+, Cu2+ and Ni2+ ions during the fixed bed adsorption experiments are also 

shown in Figures 5.14 to 5.16. The pH profile shows that the pH has fluctuated and at times was 

higher than 6 increasing the chances of precipitation. It can be seen from the figures that at the 

early part of the adsorption process, there was a sudden increase in pH value and then the pH 

decreased as time progressed and eventually reached nearly the initial pH of the influent. Several 

explanations have been proposed to explain pH fluctuation in the fixed bed adsorption. For 

example, Vijayaraghavan et al. (2004) reported that complexes formation between metal ions and 

surface functional groups such as M2+−OH is responsible for increasing pH value in the initial 
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stages. However, as time proceeds, these functional groups become occupied with metal ion due 

to the saturation of the bed, and thus the pH values decrease.  

Based on the pH profiles, the exist pH initially increased at the beginning indicating the release of 

alkali ions such as Na+, K+, Ca2+ and Mg2+ from biochar surface. Subsequently, a drop in pH profile 

of outlet solution was observed (Figures 5.14-5.16) as these ions get flushed out of the system and 

the adsorbent bed gets saturated (Vijayaraghavan et al., 2005). This suggests that ion exchange has 

been identified as one of the major mechanisms responsible for Pb2+, Cu2+ and Ni2+ removal by 

displacing alkaline light metals such as Na+, K+, Ca2+ and Mg2+. Issabayeva et al. (2008) proposed 

that the changes in pH during fixed bed adsorption was attributed to the adsorption of H+ ion from 

the solution, and dissolution of some impurities from the adsorbent as well as the possible release 

of hydroxyl ions from adsorbent into aqueous phase. Therefore, adsorption of Pb2+, Cu2+ and Ni2+ 

by biochar can be attributed to the ion exchange, surface precipitation and surface complexation 

of metal ion at biochar surface. 

5.9 Mathematical Modelling of Fixed Bed Adsorption 

Several mathematical models have been proposed to describe the breakthrough curve for bed 

column design including Adams–Bohart; Thomas; and modified dose response models.  Table 5.7 

shows the parameters calculated by linear regression analysis of Adams-Bohart, Thomas, and the 

modified dose response kinetic models for Pb2+, Cu2+ and Ni2+ adsorption. As shown in Table 5.7, 

adsorption experimental data of Pb2+ adsorption showed good agreement with the modified dose 

response model (R2=0.95). Other researchers also reported that the modified dose–response model 

can more adequately describe metal removal by adsorption in column mode (Yan et al., 2001, 

Vijayaraghavan and Prabu, 2006). According to the modified dose response model, the maximum 
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Pb2+ adsorption capacity (q) in the packed column was found to be 0.222 mmol g-1, which is less 

than the value obtained from the batch experiments.  

The Cu2+ and Ni2+ experimental results are best fit with the Adams-Bohart model (R2 =0.94 for 

Cu2+ and Ni2+). The maximum adsorption capacity (No) in the fixed bed column was found to be 

0.246 mmol g-1 for Cu2+ and 0.213 mmol g-1 for Ni2+ which are less than the values obtained from 

the batch experiments. This might imply that besides adsorption, other additional removal 

mechanism such as surface precipitation may be involved in the fixed bed adsorption (Seo et al., 

2008). This can be confirmed by the pH profile (Figures 5.14 to 5.16) that show the pH has 

fluctuated and at times was higher than 6 increasing the chances of precipitation.  

Table 5.7 Adams-Bohart, Thomas, and modified dose response kinetic models’ parameters of 

Pb2+, Cu2+ and Ni2+ adsorption 

Model  Pb2+ Cu2+ Ni2+ 

Thomas  

KTH (L (mmol min)-1) 

q (mmol g-1) 

R2 

SE 

 

0.045 

0.010 

0.750 

0.065 

 

0.028 

0.013 

0.900 

0.068 

 

0.029 

0.012 

0.920 

0.108 

Adams-Bohart 

KAB (L (mmol min)-1) 

No (mmol g-1) 

R2 

SE 

 

0.032 

0.225 

0.600 

0.252 

 

0.019 

0.246 

0.940 

0.103 

 

0.026 

0.213 

0.940 

0.217 

Modified dose response 

a 

q (mmol g-1) 

R2 

SE 

 

2.604 

0.222 

0.950 

0.083 

 

0.839 

0.111 

0.550 

0.224 

 

1.693 

0.037 

0.801 

0.265 
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5.10 Adsorption Thermodynamics 

To further understand the adsorption mechanisms, thermodynamic studies to determine 

thermodynamic parameters (ΔGo, ΔSo, and ΔHo) that related to the adsorption of Pb2+, Cu2+ and 

Ni2+ were conducted. The values of the ΔGo, ΔSo, and ΔHo at 25 and 45 °C are given in Table 5.8. 

The negative values of free Gibbs ΔGo for Pb2+, Cu2+ and Ni2+ indicated that the metal ion 

adsorption onto DSB550-3 was thermodynamically feasible and spontaneous process. 

Furthermore, the decrease in ΔG° values with temperature increasing suggests that a decrease in 

feasibility of adsorption at higher temperatures (Kılıç et al., 2013).  

The values of enthalpy change ΔH° for Pb2+, Cu2+ and Ni2+ were positive indicating that adsorption 

process was endothermic process (Calvete et al., 2010). The positive values of entropy change ΔS° 

for Pb2+, Cu2+ and Ni2+ confirmed an increase in the degree of disorder during the adsorption 

process at the adsorbent-adsorbate interface during the adsorption process (Kılıç et al., 2013). 

Based on the equilibrium isotherms and kinetic data, chemisorption process is suggested as one of 

the major mechanisms of Pb2+, Cu2+, and Ni2+ adsorption onto the DSB550-3 biochar; however, 

the thermodynamic parameters might also suggest occurrence of physical absorption. Therefore, 

both chemisorption and physical adsorption can be responsible for Pb2+, Cu2+, and Ni2+ adsorption 

onto the biochar (Kizito et al., 2015).  

The difference between physisorption and chemisorption lies in the magnitude of changes in 

enthalpy and free energy. For physisorption and chemisorption, the values of ∆G◦ are in the range 

from 0 to −20 kJ mol-1 and −80 to −200 kJ mol-1, respectively. The values of ∆G◦ for adsorption 

of Pb2+, Cu2+, and Ni2+ on the adsorbent are in the range from −14.20 to −26.47 kJ mol-1, which is 

slightly higher than physisorption and lower than chemisorption, suggesting that a mixed 
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mechanism may be controlling the uptake of metal ions on adsorbent (do Carmo Ramos 2015). 

Furthermore, when the ΔH° is less than 25 kJ mol−1, the acting force is Van der Waals’ force and 

can be attributed to physical adsorption. When ΔH° is in the range 40–200 kJ mol−1, the acting 

force is chemical bonding and can be attributed to chemical adsorption. In the present study, ΔH° 

was ranged from 31.37 to 74 kJ mol−1 (Fan et al., 2017). Therefore, both chemical and physical 

adsorption were predominant between biochar and heavy metal interaction indicating that heavy 

metal adsorption onto biochar surfaces was a complex process. 

Table 5.8 Thermodynamic parameters (ΔGo, ΔSo, and ΔHo) that related to the adsorption of Pb2+, 

Cu2+ and Ni2+ onto date seed biochar 

Parameters  Metal ion  

Pb2+ Cu2+ Ni2+ 

ΔGo (kJ mol-1) 

25 oC 

45 oC 

 

ΔHo (kJ mol-1) 

ΔSo (kJ mol-1 K-1) 

 

-20.15 

-26.47 

 

74.01 

0.315 

 

-16.72 

-19.94 

 

31.37 

0.161 

 

-14.20 

-17.62 

 

36.77 

0.177 

 

5.10 Desorption/Regeneration of Laden-Biochar  

After adsorption, laden biochar with heavy metal ions has the potential to create another 

environmental problem. This problem may be overcome by the recovery of the heavy metals and 

recycling of the adsorbent for subsequent cycles (Cay et al., 2004). Desorption studies of laden 

biochar with metal ions was carried out by mixing metal-laden biochar with an eluent solution. 

Four desorption agents were tested to identify the most efficient eluent to recover metals and 

regenerate the biochar: DI water, 0.1 M HCl, 0.1 M CaCl2, and 0.1 M mixture of HCl and CaCl2 

(1:1). The results are shown in Figure 5.17. As seen from Figure 5.17 that DI resulted in small 
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amount of metal ion desorption (<15%) while HCl had the maximum desorption efficiency of 

57.3% for Cu2+ and 68.8% for Ni2+. In the study of Srivastava et al. (2006), they found that using 

HCl as an eluent, they were able to recover 42% for Ni2+. This lower recovery rate is possibly due 

to differences in the adsorbent, binding mechanism and the adsorption strength. 

For Pb2+ desorption, a solution composed of 0.1 M HCl and 0.1 M CaCl2 was the most effective 

causing 57% of the adsorbed Pb2+ to desorb. Other studies have confirmed that complete recovery 

of adsorbed Pb2+ from biochar may be achieved by using strong acids such as 1.0 M HNO3 (Xu et 

al., 2017). However, using strong acids may cause structural and chemical changes to the biochar 

surface.  

 

Figure 5.17 Desorption studies of laden biochar (DSB550-3) with Pb2+, Cu2+ and Ni2+ ions. 

The reusability of the biochar was tested by carrying out adsorption-desorption successive cycles 

using 0.5 M HCl as an eluting agent as shown in Figure 5.18. The adsorption-desorption 

efficiencies of the biochar are summarized in Table 5.9. When new adsorption-desorption cycles 

0

10

20

30

40

50

60

70

80

90

water 0.1 M HCl 0.1 CaCl2 0.1 (1:1) HCl + CaCl2)

D
e

so
rp

ti
o

n
 (

%
)

Eluent type

Ni

Pb

Cu



136 

were carried out, metal uptakes decreased with each successive cycle. For instance, Pb2+, Cu2+, 

and Ni2+ removal efficiency decreased from 91%, 93.5%, and 89.1% in cycle 1 to 43%, 45%, 37% 

in the 4th cycle or nearly half of its original removal efficiency under the same experimental 

conditions. This decrease in removal efficiency can be attributed to the fact that not all sites were 

re-generated. A further investigation into the desorption experimental results reveal that the 

amount of metals desorbed in each stage were similar, thus suggesting that adding more stages 

would release more of the metals from the biochar and regenerate the binging sites.   

 

 

 

 

 

 

 

Figure 5.18 Schematic diagram of the adsorption-desorption process. 
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Table 5.9 Adsorption-desorption efficiencies of the biochar for Pb2+, Cu2+, and Ni2+ removal in 

four consecutives cycles 

Metal ion Cycle Adsorption (%) Desorption (%) Total desorption (%) 

1 stage 2 stage 3 stage 

Pb2+ 1 

2 

3 

4 

91.0 

80.0 

61.3 

43.1 

32.3 

28.7 

22.6 

12.6 

30.7 

20.7 

12.3 

6.70 

22.0 

26.6 

8.50 

6.60 

85.0 

76.0 

43.4 

26.0 

Cu2+ 1 

2 

3 

4 

93.5 

75.3 

48.9 

45.1 

38.6 

35.2 

16.8 

13.2 

29.4 

18.5 

13.7 

12.7 

19.4 

11.6 

12.9 

12.1 

87.4 

65.4 

43.4 

38.0 

Ni2+ 1 

2 

3 

4 

89.1 

75.0 

55.9 

37.3 

25.5 

22.3 

17.0 

14.6 

24.7 

16.5 

9.40 

11.7 

17.6 

11.9 

10.8 

6.30 

67.8 

50.8 

37.3 

32.7 

 

Desorption process can cause damage or loss of adsorption sites and negatively affect the 

physiochemical properties of adsorbent, such as the reduction of specific surface area, pore volume, and 

weakness of the surface functional groups (Gan et al., 2015, Lodeiro et al., 2006, Hashim et al., 2000). 

However, this was not the case in our experiments. In fact, for the first 3 adsorption-desorption cycles, 

the number of active adsorption sites seems to be stable. For example, in the case of Pb2+, the 

removal efficiency in the 2nd adsorption cycle is 80% which is equivalent to the number of 

regenerated sites from the first desorption cycle; i.e., 85%×91% = 78%. Similarly, the 3rd cycle 

removal efficiency was 61.3% ≈ 76%×80%. This observation holds true for all three metals up to 

the 3rd cycle. However, the fourth cycle departs from the trend and it seems that new sites are 

created. For example, if the observed trend from the first three cycles were followed then the 4th 

adsorption cycle should only result in 20-26% removal efficiency. Nevertheless, removal 

efficiencies between 37 and 45% were observed.  This is likely because successive acid treatment 

had weakened some of the pore cell walls, eroding them and making some the micro and nano-
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pores into larger pores that are more available and accessible to the metal ions.  It is also possible 

that acid reacted with some of the organic materials in the biochar which may have resulted in the 

creation of new functional groups. 

5.11 Summary 

The adsorption capacity, kinetics, and mechanisms of Pb2+, Ni2+ and Cu2+ by date seed derived 

biochar were investigated. Initial evaluation of nine date seed-derived biochars showed that 

biochar prepared at 550 °C and heating time of 3 h (DSB550-3) was the best adsorbent for Pb2+, 

Cu2+ and, Ni2+. Solution pH showed strong effect on the adsorption ability of DSB550-3 biochar 

and the maximum adsorption capacity was found to occur around pH 6.0. Optimal adsorption was 

achieved using biochar with particle size range 0.6–1.4 mm at pH 6 and room temperature. 

Maximum adsorption capacities of DSB550-3 biochar were 0.718, 0.421 and 0.333 mmol g−1 for 

Pb2+, Cu2+ and, Ni2+, respectively. Adsorption capacities and selectivity follow the order: Pb2+ > 

Cu2+ > Ni2+. Sips isotherm described well adsorption equilibrium while pseudo second order 

described adsorption kinetic results. Ion exchange mechanism accounted for 57%, 68, and 72% of 

Pb2+, Cu2+ and, Ni2+ removal, respectively. The remaining of the total amount adsorbed was 

attributed to other mechanisms such as metal complexation, surface adsorption, and potential 

preciptation.  

Fixed bed adsorption studies indicated that the DSB550-3 biochar effectively reduced the total 

amount of Pb2+, Cu2+ and Ni2+ ions by 97%, 70.3%, and 56%, respectively. There was no overshoot 

of Pb2+ suggesting that Pb2+ ion has higher affinity to the biochar compared with other two metal 

ions. The pH profile shows that the pH has fluctuated and at times was higher than 6 increasing 

the chances of precipitation. Ion exchange has been identified as the major mechanism responsible 
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for Pb2+, Cu2+ and Ni2+ removal displacing alkaline light metals such as Na+, K+, Ca2+ and Mg2+ 

which can increase the pH value initially and then decrease as these ions get flushed out of the 

system and the adsorbent bed gets saturated.  

Desorption experiments showed that 0.1 M HCl had the maximum desorption efficiency of 57.3% 

for Cu2+ and 68.8% for Ni2+ from the metal-laden biochars while 0.1 M mixture of (HCl and CaCl2) 

(1:1) was found to be efficient in desorption of Pb2+-laden biochar with desorption efficiency of 

57%. The reusability of biochar for repeated applications were investigated in four consecutives 

regeneration cycles by using 0.5 M HCl as eluent agent. The adsorbent showed good re-use potential 

with only marginal reduction in its uptake capacity over the first 3 cycles. This has an important 

economic significance as the re-usability makes the material more comparable to the commercial 

adsorbents such as commercial activated carbon. 
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CHAPTER SIX: COMPETITIVE ADSORPTION OF HEAVY 

METAL IONS ONTO BIOCHAR   

 

6.1 Adsorption Isotherms of Binary and Ternary Systems   

6.1.1. Binary Systems 

The competitive adsorption isotherms for binary Pb2+- Cu2+, Pb2+- Ni2+, and Cu2+- Ni2+ systems 

were obtained with an equimolar initial concentration and represented by two-dimensional plots 

as shown in Figure 6.1. The results showed that the metals exhibited competitive behaviour. 

(i) Pb2+- Cu2+ system  

In Pb2+-Cu2+ system, the presence of Cu2+ seemed to have high inhibitory effect on the adsorption 

of Pb2+.  Lead adsorption was reduced by 63% as evident from the change in qmax which decreased 

from 0.718 mmol g-1 in single system to 0.262 mmol g-1 in the presence of Cu2+.  This can be 

attributed to the competition between metal ions on the active adsorption sites (Park et al., 2016). 

Similar results were reported by other researchers. For example, Deng et al. (2017) found that the 

presence of Cu2+ ion reduced the Pb2+ uptake onto biochar by almost 48.2% of the single uptake. 

Similarly, the coexistence of Pb2+ reduced the adsorption of Cu2+ by 55%. The adsorption capacity 

of Cu2+ was reduced from 0.421 mmol g-1 in single system to 0.193 mmol g-1. A reasonable 

explanation of this trend could be the difference in their covalent binding indices. Metals with a 

higher covalent index showed more chelating affinity to ligands relative to ionic interactions (Al 

Hawari 2004). For instance, the covalent index for Pb2+ is 6.61 which is higher than Cu2+ (6.32) 
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and consequently Pb2+ ion have greater tendency than Cu2+ ion to form covalent bonds with the 

adsorbent ligands.  

(ii) Cu2+ - Ni2+ system  

In Cu2+-Ni2+ system, copper and nickel had almost equal effect on each other’s adsorption 

capacities by the biochar. For example, in the presence of 4 mM Ni2+, Cu2+ adsorption capacity 

was reduced by 51% from to 0.421 mmol g-1 in single system near 0.209 mmol g-1.  Similarly, the 

adsorption capacity of Ni2+ was also reduced by 48% in the coexistence of Cu2+. The maximum 

adsorption capacity of Ni2+ ion decreased from 0.333 mmol g-1 in single system to 0.159 mmol g-

1 in the presence of Cu2+. The results agree with findings reported by other researchers (Wang and 

Li, 2009, Al Hawari, 2004). A reasonable explanation of this trend could be that the Ni2+ and 

Cu2+ ions have similar ionic properties: covalent index; coordination number; covalent index; 

charge and electronegativity. Therefore, they are likely to have equal chances when competing on 

active adsorption sites.  

(iii) Pb2+ - Ni2+ system   

In Pb2+-Ni2+ system, the maximum uptake toward Ni2+ reduced from 0.333 mmol g-1 in single 

system to 0.155 mmol g-1 in the presence of 4 mM of Pb2+, representing a decrease of 53%. The 

maximum adsorption capacity of Pb2+ in single system was 0.718 mmol g-1 which was reduced by 

61% to 0.281 mmol g-1 when 4 mM of Ni2+ was present. The lower adsorption capacity of Ni2+ ion 

may be related to the higher hydration energy of this ion compared to the Pb2+ ion (2105.0 kJ mol-

1 for Ni2+ vs 1500.6 kJ mol-1 for Pb2+) (Kavand et al., 2014). Furthermore, the lower adsorption 

capacity of Ni2+ ion can be also due to its lower covalent binding index (5.63) compared to Pb2+ 

ion (6.61) and consequently Pb2+ ion have greater tendency than Ni2+ to form covalent bonds with 

the adsorbent ligands (Al Hawari, 2004). 
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Figure 6.1 Equilibrium isotherms of binary systems (a) Pb2+-Cu2+; (b) Cu2+-Ni2+; (c) Pb2+-Ni2+ 

onto the biochar. Symbols represent experimental data and solid lines represent modified 

Langmuir model. 
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in ternary than binary systems as shown in Figure 6.2. The maximum uptake of Pb2+ was reduced 

by 71% to 0.210 mmol g-1. Similarly, the maximum capacity of Cu2+ decreased to 0.104 mmol g-

1 when Pb2+ and Ni2+ were present; an inhibitory extent around 75%. Similar trend for Ni2+ was 

also observed in the presence of the other cations with nickel maximum uptake capacity being 

reduced by around 53%. As expected, it can be observed that there was greater suppression of 
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of Pb2+ ions in the binary system in the presence of Cu2+ and Ni2+ions were 0.262 mmol g-1 and 

0.281 mmol g-1, respectively, whereas the values decreased to 0.210 mmol g-1 in the simultaneous 

presence of both metal ions. In the ternary systems, the greatest suppression effect was observed 

for the combined action of Ni2+ and Pb2+ on Cu2+ uptake (0.104 mmol g-1) compared to the values 

in binary system (0.209 and 0.193 mmol g-1 in the presence of Ni2+ and Pb2+ ions, respectively). 

Similar finding was reported in the literature; for example, the adsorption capacity of Cu2+ by dairy 

manure and rice husk biochars were reduced by 46.5% and 58.2% in the presence of other cations 

(Pb2+, Cd2+, and Zn2+), respectively, compared to that in the single system (Xu et al., 2013a). 

The findings obtained in the adsorption of Pb2+, Cu2+, and Ni2+ in the ternary system can be 

explained by the ionic properties of the metal ions. Cu2+ and Ni2+ ions have almost similar ionic 

properties including electronegativity, coordination number, and charge implying that the Cu2+ 

and Ni2+ ions might compete similarly with Pb2+ ion. However, the preference of the biochar for 

Pb2+ ion may be due to the fact that the Pb2+ has the higher electronegativity, larger ionic radius, 

smaller hydrated radius and higher covalent index than the other ions.   
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Figure 6.2 Equilibrium isotherms of ternary systems of Pb2+, Cu2+, and Ni2+ onto the biochar. 

Symbols represent experimental data and solid lines represent modified Langmuir isotherms. 

 

6.2 Adsorption Isotherm Modelling  

The simultaneous adsorption data of Pb2+, Cu2+, and Ni2+ on the DSB have been fitted to the 

multicomponent isotherm models, using Langmuir and modified Langmuir models. The results 

showed that modified Langmuir gives better fit to the experimental data of binary and ternary 

systems in terms of high R2 value and smaller standard deviation. The isotherm parametric 

values obtained are given in Table 6.1. The correlation was significant (α=0.05). 
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Table 6.1 Parametric values for multicomponent adsorption fitted to modified Langmuir model 

System qmax (mmol g-1) R2 Standard deviation 

(mmol g-1) 

ηi 

Pb-Ni system 

Pb2+ 

Ni2+ 

 

0.281 

0.155 

 

0.91 

0.95 

 

0.094 

0.054 

 

0.455 

0.851 

Pb-Cu system 

Pb2+ 

Cu2+ 

 

0.262 

0.193 

 

0.97 

0.90 

 

0.088 

0.066 

 

0.943 

1.050 

Cu-Ni system 

Cu2+ 

Ni2+ 

 

0.209 

0.159 

 

0.86 

0.90 

 

0.071 

0.054 

 

0.390 

0.571 

Pb-Cu-Ni system 

Pb2+ 

Cu2+ 

Ni2+ 

 

0.210 

0.104 

0.176 

 

0.98 

0.94 

0.99 

 

0.081 

0.043 

0.053 

 

0.655 

0.955 

0.784 

 

As seen from Table 6.1, the factor (ɳi) is mostly less than 1.0. Although, this is not compulsory, 

several literatures confirmed that the ɳi value that yields the best linear fit is always equal to or 

less than 1.0 (Sohn and Kim, 2005). However, during the isotherm modification, two important 

cautions must be applied. First, the number of independent adjustable parameters should be 

minimized. Second, each parameter must possess a physical meaning more than simply being a 

curve fitting parameter. Accordingly, the current model has some merit in that it has only one 

fitting parameter that quantifies the concentration dependence of adsorption (Sohn and Kim, 

2005). 

Table 6.2 shows competitive adsorption of heavy metal ions onto different adsorbents. However, 

comparison is rather difficult because the adsorption capacities are considered as an example of 

adsorbent effectiveness under specific experimental conditions. These include solution pH, 

temperature, initial metal concentration, adsorbent doses, particle size, and adsorbent properties. 
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Table 6.2 Adsorption capacities for heavy metal in multi-component systems on various 

adsorbents  

Metal ion Adsorbent pH Temperature 

(oC) 

qmax, mmol g-1 (mg g-1) Reference 

Cu(Cu–Cd) 

Cu(Cu–Zn) 

Cu(Cd–Cu–Zn) 

Eucalyptus black 

liquor lignin 

4.5 25  0.609 (38.71) 

        0.689 (43.81) 

0.156 (9.95) 

(Mohan et al., 

2006) 

Cu(Cu–Cd) 

Cu(Cu–Zn) 

Cu(Cu–Cd–Zn) 

Peat 4.5 20  0.166 (10.54) 

 0.225 (14.29) 

0.103 (6.54) 

(McKay and 

Porter, 1997) 

Cu Cu(Cu–Ni) Coal 6.0 25  0.299 (19.06) (Zeledon-Toruno 

et al., 2007) 

Ni only 

Zn only 

Ni(Ni-Zn) 

Zn(Ni-Zn) 

AC date seed 4.0 - 0.416 (24.4) 

 0.339 (22.22) 

0.369 (21.7) 

                        0.292 

(18.51) 

(Bouhamed et al., 

2013) 

Cd only 

Cu only 

Ni only 

Cu(Cd-Cu) 

Cd(Cu-Cd) 

Cu(Cu-Ni) 

Ni(Cu-Ni) 

Cd(Ni-Cd) 

Ni(Ni-Cd) 

Pine bark 

 

7.0 25 0.126 

0.149 

0.107 

0.095 

0.521 

0.132 

0.083 

0.112 

0.082 

(Al-Asheh and 

Duvnjak, 1998) 

Pb only 

Cu only 

Cd only 

Zn only 

Pb-multi 

Cu-multi 

Zn-multi 

Cd-multi 

sesame straw 

biochar 

5.0 25 0.492 

0.865 

0.765 

0.520 

0.424 

0.630 

0.107 

0.044 

(Park et al., 2016) 

Cu only 

Zn only 

Cu(Cu-Zn) 

Zn(Cu-Zn) 

Cu only 

Zn only 

Cu(Cu-Zn) 

Zn(Cu-Zn) 

Corn straw 

biochar 

 

 

 

Hardwood biochar 

6.0 25 0.197 

0.168 

0.186 

0.024 

0.106 

0.070 

0.087 

0.015 

(Chen et al., 

2011a) 

Pb only 

Cu only 

Ni only 

Pb(Pb-Cu) 

Date seed biochar    0.718 

0.421 

0.333 

0.262 

This study 
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Pb(Pb-Ni) 

Cu(Pb-Cu) 

Cu(Cu-Ni) 

Ni(Pb-Ni) 

Ni(Cu-Ni) 

Pb(Pb-Cu-Ni) 

Cu(Pb-Cu-Ni) 

Ni(Pb-Cu-Ni) 

0.262 

0.193 

0.209 

0.155 

0.159 

0.210 

0.104 

0.176 

 

6.3 Selectivity of DSB toward Pb2+, Cu2+, and Ni2+ Adsorption  

Heavy metal adsorption onto adsorbent surface comprises various potential interactions depending 

on the adsorption mechanism. The adsorption performance of biochar for heavy metal removal is 

significantly influenced by several factors including: physicochemical properties of biochar; 

solution pH; temperature; adsorbates concentration; however, adsorbate chemistry and the 

presence of competing and complexing ions can also affect the adsorption process (Srivastava et 

al., 2005, Park et al., 2015). Table 6.3 shows the selectivity sequence of the three metal ions. As 

shown in Table 3, the results showed better selectivity of the biochar toward Pb2+ over Cu2+ and 

Ni2+. Similar observation was reported in the literature. For example, in the study of Kavand et al. 

(2014) for competitive adsorption of Cd2+, Ni2+ and Pb2+ by commercial activated carbon, they 

found that Pb2+ had greater accessibility to the surface of certain pores than the other metal ions.  

Table 6.3 Separation factor for multicomponent adsorption onto DSB550-3  

 

Co
* (mM) 

 

Binary system Ternary system 

𝛂𝐍𝐢
𝐏𝐛 𝛂𝐂𝐮

𝐏𝐛 

 

𝛂𝐍𝐢
𝐂𝐮 𝛂𝐍𝐢

𝐏𝐛 𝛂𝐂𝐮
𝐏𝐛 𝛂𝐍𝐢

𝐂𝐮 

0.3 2.966 3.174 1.427 7.908  0.649 12.16 

0.5 2.642 2.385 4.066 4.044 0.250 16.15 

1.0 2.599 2.763 1.525 1.578 0.578 2.728 

1.5 3.404 1.455 1.148 2.309 2.175 1.061 

3.0 5.020 1.665 1.362 1.937 2.390 0.810 

3.5 4.097 2.054 1.491 1.672 2.882 0.580 

4.0 3.732 2.036 1.444 1.535 3.138 0.490 

* Co, initial concentration of each metal in mixture solutions (concentration in equimolar ratio) 
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The apparent discrepancies observed on metal selectivity sequences may be attributed to several 

factors including electronegativity, ionic radii, hydrated radii, hard and soft acid–base theory or 

covalent indices (Kadirvelu et al., 2008, Agbenin and Olojo, 2004). For example, metal ions with 

higher electronegativity will be more strongly attracted to the negatively charged biochar surface. 

The electronegativity of Pb2+ (2.33) is larger than Cu2+ (1.90) and Ni2+ (1.91). Therefore, 

adsorption capacity of Pb2+ is slightly higher than Cu2+ and Ni2+ and the same trend is shown by 

their respective electronegativities.  

Even though Pb2+, Cu2+, and Ni2+ have the same number of charges, the ionic radius of Pb2+ is 

larger than those of Cu2+ and Ni2+. The ionic radius for Pb2+ is 1.20 and for Cu2+ and Ni2+ were 

0.72 and 0.69, respectively. Accordingly, Pb2+ is preferably accumulated at the interface due to the 

fact that larger ion could fit into a binding site and bind to several functional groups simultaneously 

(Al Hawari 2004). The ionic radius of Pb2+ is approximately twice that of Cu2+ and Ni2+ and thus 

it may lead to the above results. 

Furthermore, the observed adsorption uptake in the multicomponent system of Pb2+, Cu2+, and Ni2+ 

could be also attributed to the difference in their hydrated radius. The hydrated radius of Pb2+ (4.01 

Å) is smaller than that of Cu2+ (4.19 Å) or Ni2+ (4.04 Å) suggesting that Pb2+ showed a greater 

affinity for most functional groups in the adsorbent, including carboxylic and phenolic groups 

(hard Lewis bases) (Park et al., 2015).  

6.4 Effect of Solution pH 

Figure 6.3 shows the effect of solution pH on the binary and ternary adsorption of Pb2+, Cu2+ and 

Ni2+ onto date seed biochar. As seen from Figure 6.3, the amount of metal adsorbed increases as 

the solution pH increase, and all the metals displayed maximal or near maximal removal at pH 6.0. 
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This can be attributed to the fact that the adsorption of the metal ion is strongly influenced by the 

proton activity in aqueous solution (Kavand et al., 2016).  

At lower pH, the lower adsorption of Pb2+, Ni2+, and Cu2+ was apparently due to the increased 

concentration of hydrogen (H+) and hydronium (H3O
+) competing with the counter ions for 

binding sites (Kavand et al., 2016). For instance, in Pb2+- Cu2+ system, as shown in Figure 6.3 (b), 

the uptakes increased from 0.012 mmol/g and 0.003 mmol/g at pH 3 to 0.021 mmol/g and 0.013 

mmol/g at pH 6 for Pb2+ and Cu2+, respectively. Similarly, in Cu2+- Ni2+ system, as shown in Figure 

6.3 (c), the uptakes increased from 0.003 mmol/g and 0.005 mmol/g at pH 3 to 0.011 mmol/g and 

0.008 mmol/g at pH 6 for Ni2+ and Cu2+, respectively. For Pb2+- Ni2+ system, as shown in Figure 

6.3 (a), the uptakes increased from 0.012 mmol/g and 0.004 mmol/g at pH 3 to 0.02 mmol/g and 

0.011 mmol/g at pH 6 for Pb2+ and Ni2+, respectively. However, for Pb2+-Cu2+- Ni2+ system, as 

shown in Figure 6.3 (d), the uptakes increased from 0.002 mmol/g, 0.002 mmol/g, and 

0.001mmol/g at pH 3 to 0.012 mmol/g, 0.013 mmol/g and 0.011 mmol/g at pH 6 for Ni2+ and Cu2+, 

respectively. Moreover, the smaller adsorption capacities observed at low pH may also can be due 

to competition between the protons and other cations such as Na+, Mg2+, and Ca2+ released from 

the biochar into the solution (Mohan et al., 2006). 

Higher pH (pH > 6) was avoided to prevent potential precipitation which might occur due to the 

formation of M(OH)2(S). Generally, divalent metal species are present in deionized water as M2+, 

M(OH)+, M(OH)2
0, M(OH)2(S), etc. (Srivastava et al., 2009). At solution pH about 6.0, the 

solubility of the M(OH)2(S) is high, so the M2+ is the main species. However, with increasing 

pH≈10.0, the solubility of M(OH)2(S) is much smaller and therefore, at such pH, the main species 

in the solution is M(OH)2(S) (Srivastava et al., 2009).  
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Furthermore, as seen from Figure 6.3, the measurement of the solution pH after metal adsorption 

onto biochar showed that the final pH increases with increasing initial pH, in acidic pHs suggesting 

that both neutralization and adsorption are parallel processes (Mohan et al., 2006). However, after 

an initial pH of 6.0 is reached, the final pH values of mixtures remained almost constant suggesting 

that most of the Pb2+, Cu2+, and Ni2+ were present in their free ionic forms.  
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Figure 6.3 Effect of solution pH on amount adsorbed (a) Pb2+-Ni2+; (b) Pb2+-Cu2+; (c) Cu2+-Ni2+; 

and (d) Pb2+-Cu2+-Ni2+. 
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complexation, ion exchange, electrostatic interaction, and physical adsorption. These mechanisms 

are explored in further detail. 

6.5.1 Ion Exchange Mechanism  

Ion exchange mechanism represents one of the most predominant mechanisms involved in heavy 

metal adsorption from aqueous solutions. The DSB550-3 biochar exhibits a high ash content 

(12.67%) with CEC of 1.897 meq L-1 suggesting that the biochar may exhibit a high tendency to 

adsorb Pb2+, Cu2+ and Ni2+ by releasing other cations such as Na+, Ca2+, Mg2+, and K+ from the 

adsorbent. The ion exchange mechanism during the adsorption of Pb2+, Cu2+ and Ni2+ onto biochar 

in this work was studied by measuring the amount of Na+, K+, Ca2+, and Mg2+ released from 

adsorbent (Table 6.4). The total amount of Pb2+ and Cu2+ adsorbed in the binary system was 1.483 

meq L-1 and the amount of the total cations released was 0.608 meq L-1, thus suggesting that ion 

exchange accounted for about 41% of the total adsorption. For Pb2+ and Ni2+ system, the amount 

of ions adsorbed was 1.323 meq L-1 and the amount of the cations released was 0.543 meq L-1 

suggesting that ion exchange accounted for about 39% of the total adsorption process. While, For 

Cu2+ - Ni2+ system, the amount of Ni2+ and Cu2+ adsorbed in the binary system was 1.265 meq L-1 

and the amount of the cations released was 0.477 meq L-1, thus suggesting that ion exchange 

accounted for about 38% of the total adsorption (Table 6.4).  

Similarly, for ternary system of Pb2+- Cu2+ - Ni2+, the amount of metal ions adsorbed was 1.402 

meq L-1 and the amount of the cations released was 0.513 meq L-1, thus suggesting that ion 

exchange accounted for about 37% of the total adsorption. In this study, it was noticed that ion 

exchange for the multicomponent systems accounted less than ion exchange for the single system 

of the three tested metals (57%, 69%, and 72%) for Pb2+, Cu2+, and Ni2+, respectively. However, 
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the results indicate that ion exchange could be playing a minor mechanism for the competitive 

adsorption of the metal ions by date seed biochar. 

Table 6.4 Release amounts of earth cations due to adsorption of Pb2+, Cu2+ and Ni2+ onto 

DSB550-3 biochar 

System 

Amount of metal 

adsorbed (meq L-1) 
Total metal 

ion adsorbed 

(meq L-1) 

Amount of cation released (meq L-1)  Total 

cations 

meq L-1 

R % 

Pb2+ Cu2+ Ni2+ Na+ K+ Ca2+ Mg2+ 

Pb2+-Cu2+ 0.832 0.651 - 1.483 0.0761 0.0520 0.3926 0.0442 0.608 40.97 

Pb2+-Ni2+ 0.782 - 0.601 1.383 0.0555 0.0209 0.3743 0.0944 0.543 39.25 

Cu2+-Ni2+ - 0.761 0.504 1.265 0.0511 0.0134 0.3659 0.0631 0.477 37.66 

 

6.5.2. FTIR Characterization of Functional Groups and Their Role in Metal Adsorption 

FTIR analysis of date seed biochar before and after metals adsorption was carried; the results are 

shown in Figure 6.4. The FTIR spectrum of the date seed biochar displays number of absorption 

peaks suggesting the complex nature of the biochar examined. The broad absorption peak at 3100-

3300 cm−1 is indicative of O-H groups stretching present in the adsorbent. The observed peaks in 

the range of 2920 cm−1 and 2850 cm−1 could be attributed to aliphatic CHn stretching groups. The 

bands in the range of 2000–1000 cm−1 indicated C=C stretching within the aromatic rings, whereas 

the peaks between 1000 and 400 cm−1 indicated C-H stretching within the aromatic rings. 

Comparing the FTIR spectra of metal (Pb2+, Cu2+ and Ni2+)-laden biochar to that of the pristine 

biochar (Figure 6.4), the peaks at 1110, 1380, 1563, 1650 cm−1 were shifted after adsorption, 

indicating that functional groups such as C-O, C=O, O-H and COO− groups were involved in the 

adsorption process of Pb2+, Cu2+ and Ni2+. A new peak around 3100 cm−1 (Figure 6.4), which was 

significantly observed for Pb2+-Cu2+ and Pb2+-Ni2+ systems, was probably due to new bond 

formation between Pb2+ and hydroxyl groups. Moreover, a new peak at 1740-1750 cm−1 for the C-
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O bond of carboxyl groups and their esters is appeared after Pb2+-Cu2+ adsorption indicating the 

possibility of some contribution from carboxylic acid to the adsorption. Another new peak around 

∼1152 cm−1 for stretching of the C-O group was observed for metal laden biochar.  

The earlier parts of the spectra (i.e., wave numbers 1000-700 cm−1) are shifted in all the metal 

laden biochar. This part represents various configurations of C and H bonds within the aromatic 

rings in the biochar. It can be concluded from FTIR spectra that the adsorption of metal ions 

(particularly Pb2+) onto DSB is mediated through complexation with surface functional groups 

(especially carboxyl groups). Generally, the results show that acidic functional groups are mainly 

involved in Pb2+, Cu2+, and Ni2+ adsorption. However, the number of cations released during metal 

ions binding is low compared to the metal uptake. Therefore, ion exchange between cations and 

metal ions played a minor role under the experimental conditions. 

Figure 6.4 FTIR spectra of DSB550-3 biochar before and after Pb2+, Cu2+ and Ni2+ ions 

adsorption. 
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6.5.3. Electrostatic Attraction Mechanism  

Electrostatic attraction is dependent on the solution pH and biochar point of zero charge (pHPZC). 

The pHpzc value of the DSB550-3 biochar was approximately 6.35, suggesting that basic groups 

were dominant on the biochar surface (Febrianto et al., 2009). When the solution pH is less than 

pHPZC, the surface of biochar is positively charged and electrostatic repulsion between metal ions 

and functional groups might occur (Kavand et al., 2016). However, when pH solution is lower than 

pHPZC of biochar, the Pb2+, Cu2+ and Ni2+ adsorption on biochar still occurs with the optimal initial 

pH value of 6.0 (Figure 6.3) suggesting that electrostatic attraction plays a negligible role in the 

Pb2+, Cu2+ and Ni2+ adsorption onto the biochar. Based on the results obtained from adsorption of 

Pb2+, Cu2+, and Ni2+ onto biochar from binary and ternary solute system, it is likely that ion 

exchange, surface complexation with various functional groups, and physical adsorption are the 

primary adsorption mechanisms. 

6.6 Adsorption of Multicomponent Solutions (Pb2+, Cu2+, and Ni2+) in a Fixed Bed  

Fixed bed column packed with DSB was designed to operate as a continuous down flow system 

for the adsorption of Pb2+, Cu2+, and Ni2+ from binary and ternary solute systems. The successful 

design of a fixed bed adsorption requires the prediction of the breakthrough curve for the effluent 

as function of normalized concentration (Ct/Co) with time (Figure 6.5). The breakthrough times 

(tb, min), exhaustion time (ts, min), and removal efficiency (RE%) for binary and ternary systems 

are shown in Table 6.5. 

(i) Binary system 

Competitive adsorption of Pb2+, Cu2+, and Ni2+ in binary system onto the biochar in fixed-bed 

experiments with influent pH 6 was conducted. The results are shown in Figure 6.5. The 
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breakthrough curves obtained at flow rate of 1 mL min-1. As seen from Table 6.5, both Ni2+ and 

Cu2+ broke through earlier than Pb2+ ion indicating that the functional groups on the biochar had a 

relatively stronger affinity for Pb2+ ion than Cu2+ and Ni2+ ions. Pb2+ breakthrough curves in Pb2+-

Cu2+ and Pb2+-Ni2+ systems were similar (Figure 6.5 a and b). Pb2+ adsorption was reduced by the 

presence of Cu2+ and Ni2+ in binary systems compared to single solute system as shown in Table 

6.5.  

The competition between Ni2+ and other metal ions (Cu2+ and Pb2+) was significant. The adsorption 

uptake of the biochar for Ni2+ was highly inhibited by the presence of the Pb2+ and Cu2+ ions in the 

system (Table 6.5). Therefore, metal adsorption sequences in the fixed bed of multicomponent 

system follow the order of Pb2+ > Cu2+ > Ni2+.   

Table 6.5 Fixed bed adsorption parameters of single, binary and ternary systems 

System tb (min) ts (min) % RE 

Single system  

Pb2+ 

Cu2+ 

Ni2+ 

 

50 

120 

130 

 

420 

440 

450 

 

97.0 

70.3 

56.0 

Binary system 

(i) Pb2+-Cu2+ 

Pb2+ 

Cu2+ 

 

(ii) Pb2+-Ni2+ 

Pb2+ 

Ni2+ 

 

(iii) Cu2+-Ni2+ 

Cu2+ 

Ni2+ 

 

 

45 

40 

 

 

45 

30 

 

 

120 

30 

 

 

380 

320 

 

 

370 

220 

 

 

460 

220 

 

 

40.2 

33.3 

 

 

36.4 

33.0 

 

 

62.9 

23.0 

Ternary system  

Pb2+ 

Cu2+ 

Ni2+ 

 

40 

30 

20 

 

200 

160 

120 

 

23.5 

25.3 

23.1 
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Furthermore, the normalized concentration (Ct/Co) for Pb2+, Cu2+ and Ni2+ ions in the binary system 

continued rising above 1.0 (Figure 6.5) suggesting the occurrence of ion exchange between metal 

ions in the system (Han et al., 2006a). For example, for Cu2+-Ni2+ system, Cu2+ displaced Ni2+ 

bound to the biochar (Figure 6.5 b). When the biochar become saturated with the lower affinity 

metal ion (Ni2+), the ion with higher affinity (Cu2+) displaces the adsorbed lower affinity ion, this 

selective displacement of adsorbed metal ion with other ion of greater affinity leads to the 

overshoot phenomenon observed in this experiment (Kaewsarn, 2000). Therefore, it could be 

concluded that ion exchange is one of the adsorption mechanisms of biochar in fixed bed column 

system. Similarly, for Pb2+-Ni2+ system, Pb2+ displaced Ni2+ bound to the biochar (Figure 6.5 c). 

Furthermore, the pattern plotted of Figures 6.5 a and c of the breakthrough curves were slightly 

different from Figure 6.5 b which is expected probably due to the different in metal ions properties 

since both Cu2+ and Ni2+ show almost same ionic properties as shown in Table 2.7.  
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Figure 6.5 The experimental breakthrough curves for adsorption of binary system (a) Pb2+-Cu2+; 

(b) Cu2+-Ni2+; and (c) Pb2+-Ni2+ onto date seed biochar (Q =1.0 mL min-1; pH=6; temperature= 

23 oC). 
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(ii) Ternary system  

The breakthrough curve of Pb2+-Cu2+-Ni2+ system is presented by plotting the normalized 

concentration (Ct/Co) as a function of time as shown in Figure 6.6. From this figure, nickel breaks 

through the fixed bed column first (20 min), followed by copper (30 min) and finally lead (40 

min). However, there is a difference in the breakthrough behaviour of the ternary system compared 

to the binary systems. This may be attributed to the fact in the multi-solute system, different 

adsorbates travel with different velocities through the adsorbent bed causing individual mass 

transfer zones for the all components (Worch, 2012). Furthermore, by integrating the breakthrough 

curves, the removal efficiencies of Cu2+, Pb2+, and Ni2+, were about 25.32%, 23.53%, and 23.13%, 

respectively which were less than the removal efficiency of each ion (copper, lead, and nickel) in 

the binary systems (Table 6.5). However, the overall adsorption capacity of the column for all 

three ions were reduced by approximately 55% (on mil-equivalence basis) when compared to the 

single adsorption capacity of Pb2+ but only marginally when compared to Ni2+ and Cu2+. This 

possibly due to the fact that in the multi-solute systems, sites which were available and accessible 

to the lead ion (which had smaller hydrated radius) became blocked by the other ions; thus, 

preventing the lead ion from reaching them. 

In addition, the results illustrated that Pb2+, Cu2+, and Ni2+ removal in the fixed bed were lower 

than their respective values for the single solute system (Table 6.5). This can be attributed to the 

fact that the adsorption process in the fixed-bed is a dynamic process in an unstable state and the 

equilibrium might not have been attained, because the contact time in the column is limited, 

causing a decrease in adsorption capacity (Huang et al., 2009). Generally, fixed bed for competitive 

adsorption is a complicated process due to the nonlinearities in the equilibrium isotherms, 
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interference effects of ions competition for adsorbent sites, mass transfer resistance between solid 

and liquid phases, and fluid-dynamics dispersion phenomena (Sulaymon and Ahmed, 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 The experimental breakthrough curves for adsorption of ternary system of Pb2+-Cu2+-

Ni2+ onto date seed biochar (Q =1.0 mL min-1; pH=6; temperature= 23 oC). 
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ions was strongly solution pH dependent. Equilibrium isotherms were obtained and analysed using 
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preferentially adsorbed followed by Cu2+ then Ni2+ with an increase in the amount of solute in 

solution. The results showed that the metal ions exhibited competitive behaviour on binding active 

sites of the biochar. Optimal adsorption was achieved around pH 6. Compared to single component 

capacities, a reduction ranged from 48 to 75% was observed for multi-component systems due to 

the competitive behaviour of the ions. For fixed bed competitive adsorption, the removal efficiency 

of the biochar followed the order of Pb2+ > Cu2+ > Ni2+. Compared to other adsorbents reported in 

the literature, the date seed biochar in this study showed good adsorption capacities for 

simultaneous removal of Pb2+, Cu2+, and Ni2+ ions. However, because of the selectivity of the 

biochar, it is recommended that it should be used in multi-column arrangement in order to avoid 

immature exhaustion of the column. Additional work is also needed to investigate biochar 

adsorption/desorption cycles and regeneration potential. 
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CHAPTER SEVEN: HEAVY METAL ADSORPTION ONTO 

MODIFIED BIOCHAR AND ELECTRO-ASSISTED 

ADSORPTION  

 

7.1 Introduction  

In this chapter, the adsorption of modified biochar for Pb2+, Cu2+, and Ni2+ removal from aqueous 

solution has been investigated. The modification included pre-treatment of date seed biomass prior 

to pyrolysis using an alkali (DSB-PB) and acid (DSB-PA) as well a post–treatment with alkali and 

acid of biochar pyrolyzed at 550 oC for 3 h (DSB-BW and DSB-AW, respectively). Electro-

assisted adsorption of Pb2+, Cu2+, and Ni2+ onto untreated biochar was also investigated.  

7.2 Characterization of Modified Biochar Surface 

Table 7.1 shows the pH and surface area of modified biochar samples compared to unmodified 

biochar. The DSB-PA and DSB-AW were acidic (Table 7.1) compared to the pH of the DSB-550-

3 (8.58), which could be attributed to the acidic nature of the created carboxyl surface functional 

groups (Ding et al., 2016). However, the alkali modification had no significant effects on the pH 

of biochar (Table 7.1).  

There was negligible difference between the measured surface area of the DSB-PA, DSB-BW, and 

DSB-PB compared to the DSB550-3 biochar (Table 7.1). Jin et al., (2014) found that the KOH 

modification increased the surface area (from 14.4 to 49.1 m2g-1) of municipal solid waste derived 

biochar. However, Sun et al., (2015) reported that KOH modification decreased the surface area 

of wheat straw derived biochar (from 4.4 to 0.69 m2g-1). Fan et al., (2010) showed that NaOH 
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modification had no effect on the surface area of bamboo derived biochar. It is thus suggested that 

the effect of acid or alkaline modification on the surface area of biochar was also affected by the 

types of feedstock and preparation methods.  

 Table 7.1 pH and surface area of modified and unmodified biochar samples 

Biochar pH 

 

Specific surface area, m2 g-1 

 

DSB550-3 

DSB-PA 

DSB-AW 

DSB-PB 

DSB-BW 

8.58 

5.45 

5.74 

8.58 

8.61 

104.2 

119.1 

89.1 

101.7 

106.2 

 

The surface area of DSB-AW biochar was lower than DSB550-3. This might be due to the 

corrosive nature of strong acids which may have caused destruction in the mesoporous structure 

on the surface of biochar which may consequently cause a loss in the structure and surface area of 

the biochar (Zhang et al., 2018). Similarly, Yakout et al., (2015) found that the surface area of rice 

straw derived biochar decreased from 71.35 to 56.9 m2g-1 after treatment by sulfuric acid. 

However, Peng et al., (2016) found that the surface area of reed derived biochar increased from 

58.75 to 88.35 m2g-1 after 1 M of HCl treatment. 

7.3 Spectroscopy Analysis of Biochar Surface 

SEM images of biochar before and after modification were obtained to show visual clues of the 

structural changes which occurred due to surface modification (Figure 7.1). Based on the SEM 

image shown in Figure 7.1 (a), it is evident that the unmodified biochar has a rough porous surface 

structure. The formation of such a porous structure could have been caused by the release of volatile 

matter from the core of the biomass during pyrolysis (Sarkar et al., 2019). Comparing SEM images 
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before (Figure 7.1 a) and after modification (Figure 7.1 b, c, d, and e), the images revealed that the 

modified biochar has a more developed micro-porous structure due to the removal of impurities.  

 

 

Figure 7.1 SEM images of biochar before and after surface modification (a) DSB550-3; (b) 

DSB-PA; (c) DSB-PB; (d) DSB-AW; (e) DSB-BW. 

 

The functional groups present in unmodified and modified biochar samples were analyzed from 

the FTIR spectra to identify the groups that could participate in the adsorption of heavy metals 

(Figure 7.2). As shown in Figure 7.2, the spectra of the DSB550-3, DSB-PA and DSB-AW, DSB-
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PB, DSB-BW displays several oxygen-containing surface groups (C=O, C-O, -OH), as well as 

others (C≡C, C=C, -CH2, -CH3, aromatic rings). Figure 7.2 shows that the modified biochar is 

richer with surface functional groups. For example, compared to the unmodified biochar, the DSB-

AW has new peaks at 3368 cm-1 and at 1608 cm-1 which correspond to hydroxyl as well carboxyl 

groups, respectively (Figure 7.2 a). In addition, new peaks were observed at 1250 cm−1 and 1072 

cm-1 which may be due to the C-O stretching of phenols, or carboxyl groups. 

The intense and broad peak within the 1560-1608 bands in DSB-PA and DSB-AW biochar 

samples is representative to the C=O (carboxylic acid group) and C=O stretching in aromatic ring 

overlapped with the aromatic C=C bonds (Sarkar et al., 2019). New peaks were also observed at 

1127 cm−1 and 1068.9 cm-1 in the spectrum of DSB-PA, which may be due to the C-O stretching 

of phenols or carboxyl groups. The peak of 1127 cm−1 in DSB-PA and DSB-AW can be observed 

due to the incorporation of phenolic and alcoholic –OH bonds into the sample due to the vigorous 

acid functionalization process (Sarkar et al., 2019). The peaks at 800-700 cm−1 for pristine and the 

modified biochar samples roots from the aromatic C–H out of the plane vibration (Lee et al., 2010). 

However, there were no significant differences between unmodified and modified biochars with 

alkali (Figure 7.2 b). Similar observation was reported by Regmi et al. (2012) who found that both 

unmodified and modified biochar with KOH have similar peaks suggesting that the functional 

groups mostly remained intact during modification with KOH.  
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Figure 7.2 (a) FTIR spectra of DSB-PA and DSB-AW biochars compared to unmodified one; 

and (b) FTIR spectra of DSB-PB and DSB-BW biochars compared to unmodified one.  
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7.4 Preliminary Evaluation of Adsorption Performance of Modified Biochar 

Figures 7.3 to 7.5 show the adsorption capacities of Pb2+, Cu2+ and Ni2+ ions from the aqueous 

solutions by the different modified biochar samples (DSB-PA, DSB-PB, DSB-BW, and DSB-

AW). The capacity of the unmodified biochar (DSB550-3) is also presented for comparison. All 

experiments were conducted at controlled initial pH value (pH= 6). As seen from the Figures 7.3 

to 7.5, the modified biochars improved the adsorption capacities for Pb2+, Cu2+, and Ni2+ to varying 

degrees (except DSB-BW for Pb2+ removal). Of the four modified biochars investigated, DSB-PA 

biochar showed the highest adsorption capacities to bind Pb2+, Cu2+, and Ni2+ ions with adsorption 

capacities of 0.911, 0.705, and 0.692 mmol g-1, respectively. In comparison to the DSB550-3, the 

adsorption capacity of DSB-PA biochar for Pb+2, Cu2+, and Ni2+ increased by 27%, 66% and 98%, 

respectively.  

The order of the efficiency of treatment type depended on the targeted ion. For example, in the 

case of Pb2+, there were only marginal differences between the four treatments with the order of 

effectiveness being DSB-PA >DSB-PB >DSB-AW >DSB-BW, in other words, pre-treatment was 

more effective than post treatment. However, the order of treatment effectiveness for Cu2+ and 

Ni2+ adsorption was more dependent on the type of chemical used for modification, with 

preference to acid over alkali treatment (DSB-PA>DSB-AW >DSB-PB >DSB-BW).   
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Figure 7.3 Maximum Langmuir adsorption capacities of modified and unmodified biochars for 

Pb2+. 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Maximum Langmuir adsorption capacities of modified and unmodified biochars for 

Cu2+. 
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Figure 7.5 Maximum Langmuir adsorption capacities of modified biochars and unmodified for 

Ni2+. 
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can open the bio-matrix structure of biomass (Figure 7.6) as well as enhances the digestibility of 

the lignocellulosic biomass and solubilizes the hemicellulose (Hendriks and Zeeman, 2009). 

Additionally, the size and structure of biomass can be altered due to the separation of cellulose 

from the bio-matrix and break of the lignin seal and the disruption of the crystalline structure of 

0

0.2

0.4

0.6

0.8

DSB550-3 DSB-PA DSB-PB DSB-AW DSB-BW

q
m

ax
(m

m
o

l g
-1

)

Biochar 



171 

cellulose which increases the accessible surface area and the porosity (Chang et al., 1998, Mosier 

et al., 2005). Alkali pre-treatment can be performed at low temperatures but with a relatively 

long time and high concentration of the base. However, acid pre-treatment can be performed 

either in short retention time (e.g. 5 min) at high temperature (e.g. 180 °C) or in a relatively 

long retention time (e.g. 30–90 min) at lower temperatures (e.g. 120 °C) (Taherzadeh and 

Karimi, 2008).  

 

 

 

 

 

 

 

 

 

 

Figure 7.6 Schematic of goals of pre-treatment on lignocellulosic material adapted from (Mosier 

et al., 2005). 

 

As seen from Figures 7.3 to 7.5 that DSB-PA biochar showed the highest Langmuir adsorption 

capacities to bind Pb2+, Cu2+, and Ni2+ ions. In this study, DSB-PA biochar was prepared by pre-

treating biomass with 1 M HCl solution and stirred constantly on hot plate for two minutes at 
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90 °C. Therefore, from an operational point of view, simple and time-saving approach to upgrade 

the biochar properties and to enhance its removal efficiency is more beneficial method.  

Pre-treatment of biomass with 1 M NaOH prior to pyrolysis, DSB-PB, also shows improved 

adsorption capacities of Pb2+, Cu2+, and Ni2+ comparing to DSB550-3 (Table 7.2). For example, 

the adsorption capacity of DSB-PB for Pb2+ removal increased from 0.718 mmol g-1 for 

unmodified biochar (DSB550-3) to 0.897 mmol g-1. Furthermore, according to Carvalho and 

Virgens (2018), biomass treatment with NaOH is able to partially remove lignin, an amorphous 

component of the lignocellulosic matrix, thus making it most crystalline. Several studies reported 

that biochar contains various crystalline structure such as such as calcium oxalate (CaC2O4), calcite 

(CaCO3), sylvite (KCl), quartz (SiO2) (Qian et al., 2016). Sprynskyy et al., (2006) reported that 

the differentiation of adsorption kinetics of the tested metals is conditioned mainly by the specific 

crystalline structure of the adsorbent. They found that a fast adsorption corresponds to ion 

exchange in micropores on the microcrystal’s surface of the adsorbent. 

In the case of post-treatment of DSB550-3 with 1 M HCl, the adsorption capacity of DSB-AW 

increased by 17%, 35%, and 90% over unmodified biochar, for Pb2+, Cu2+, and Ni2+ respectively. 

Several studies reported that surface modification of biochar using acids enhance surface acidities, 

modify the porous structure of biochar by introducing more heterogeneous pores (Lin et al., 2012). 

As a result, the adsorption capacity of acid modified biochar increases (Zhang et al., 2018b, Li et 

al., 2016). For example, acid washed biochar with H2O2 enhanced Pb2+ adsorption from 6.5 mg 

g−1 (unmodified biochar) to 25 mg g−1 (Wongrod et al., 2018). Xue et al. (2012) explained that the 

Pb2+ adsorption capacity of H2O2 treated biochar was 20 times more than the untreated biochar 

due to increased oxygen containing functional groups, thus providing more cation exchange sites 

for surface complexation of Pb2+. 
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Acid wash of biochar can decompose lignocellulosic, aliphatic, and aromatic materials. 

Furthermore, inorganic/metal impurities can also be effectively removed by acid washing 

(Rajapaksha et al., 2016). However, due to the corrosive nature of strong acids, a destruction in 

the mesoporous structure on the surface of biochar might occur which may cause loss in the 

structure and surface area of biochar (Zhang et al., 2018b).  

Post-treatment of biochar with 1 M NaOH solution, DSB-BW, increased adsorption capacities of 

Cu2+, and Ni2+ by almost 27% and 30%, respectively. On the other hand, it had almost no effect 

on Pb2+ adsorption. It is recognized that biochar modification with alkali enhances oxygen-

containing functional groups and surface basicity and increase specific surface area and pore 

structure (Zhang et al., 2018a). Zhang et al. (2018a) found that KOH modification of biochar 

enhanced Cd2+ adsorption capacity by 49% compared to the unmodified biochar.  

However, DSB-BW biochar showed less adsorption capacity of Pb2+ removal compared to 

unmodified biochar which may presumably be attributed to some difference in the characteristics 

(possibly speciation and or size) of metal ion affecting the differential transport of metal ions into 

adsorption sites (Regmi et al. 2012). Similar observation was reported in the literature (Wongrod 

et al., 2018). Wongrod et al. found that biochar treatment with KOH decreased Pb2+ adsorption 

due to the release of organic matter from the modified biochar such as phosphate, (bi) carbonate 

and other organic matter. This organic matter may interact in solution with Pb2+, resulting in an 

inhibition of its adsorption onto the biochar surface.  

Pb2+, Cu2+, and Ni2+ adsorption onto unmodified and modified biochar samples were statistically 

analyzed with the t-test and one-way ANOVA with a significance level of 0.05 (p < 0.05). The 

results showed that the maximum adsorption capacities (qmax) of Pb2+, Cu2+, and Ni2+ onto 

modified biochar were statistically significant compared to the unmodified one (p < 0.05).  
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The adsorption capacities of the modified biochar produced in this study were compared with other 

types of biochar; Table 7.2 presents a summary of the comparison. Table 7.2 shows that 

modification increases the adsorption capacities of biochar. The modified biochar produced in this 

study showed a high adsorption potential for heavy metal compared to other biochars reported in 

the literature. For example, our results showed that date seed biochar treated with NaOH solution 

exhibited higher adsorption capacity for Pb2+, Cu2+, and Ni2+ than Hickory biochar treated with 

NaOH.  

However, the comparisons should be performed with a caution as the adsorption capacity is 

obtained under specific experimental conditions including type of modification method, method 

of preparation, solution pH, temperature, initial metal concentration, and particle size. 
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Table 7.2 Adsorption capacity of unmodified and modified biochars for heavy metal removal   

Biochar Pyrolysis 

temperature (oC) 

pH Ion qmax (mmol g-1) References 

Hickory  

 

 

 

Hickory treated with NaOH 

600 5.0 Pb2+ 

Cu2+ 

Ni2+ 

 

Pb2+ 

Cu2+ 

Ni2+ 

0.016 

0.041 

0.004 

 

0.092 

0.281 

0.015 

(Ding et al., 2016) 

Peanut hull 

Peanut hull treated with H2O2 

300 - Pb2+ 0.005 

0.110 

(Xue et al., 2012) 

Corn straw  

Corn straw treated with MnOx  

600 6.0 Cu2+ 

 

0.308 

0.291-2.526 

(Song et al., 2014) 

Switchgrass 

Switchgrass treated with KOH  

300 5.0 Cu2+ 

 

0.063 

0.487 

(Regmi et al., 

2012) 

Date seed biochar 

 

 

 

DSB-AW 

 

 

 

DSB-PA 

 

 

 

DSB-PB 

 

 

 

DSB-BW 

 

550 6.0   Pb2+ 

Cu2+ 

Ni2+ 

      

  Pb2+ 

Cu2+ 

Ni2+ 

 

Pb2+ 

Cu2+ 

Ni2+ 

 

Pb2+ 

Cu2+ 

Ni2+ 

 

Pb2+ 

Cu2+ 

Ni2+ 

        0.718 

0.421 

0.333 

 

0.836 

0.575 

0.635 

 

0.911 

0.705 

0.664 

 

0.897 

0.550 

0.436 

 

0.693 

0.532 

0.434 

       This study 

 

7.5 Spectroscopy Analysis of Biochar Surface after Metal Ion Adsorption 

SEM images of the best performed modified biochar (i.e. DSB-PA) before and after metal ions 

adsorption were also examined to obtain visual clues of the active adsorptive areas on the biochar 

surface. Comparing SEM images before (Figure 7.7 a) and after adsorption (Figure 7.7 b, c and d) 

revealed metal deposition onto the biochar particles. Particularly, the deposition occurred in the 
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mesopores which can provide channels for the adsorbates to reach the active adsorption sites and 

promote the rapid adsorption to reach equilibrium (Aydin et al., 2008) 

        

        

  

Figure 7.7 SEM images of modified biochar before and after metal ions (a) DSB-PA before 

adsorption; (b) after Cu2+adsorption; (c) after Ni2+ adsorption; and (d) after Pb2+ adsorption. 

 

Comparing the FTIR spectra of modified biochar (DSB-PA) and unmodified biochar (DSB550-

3), after adsorption of metals (Pb2+, Cu2+ and Ni2+), Figure 7.8  shows that the peaks at 1153.38, 

1524, 1750 cm−1 were shifted after adsorption, indicating that functional groups such as C-O, O-

H and COO− groups were involved in the adsorption process of Pb2+, Cu2+ and Ni2+. The peak 

around 3000 cm−1 (Figure 7.8) was significantly observed for Pb2+, Cu2+ and Ni2+ adsorption, was 

probably due to new bond formation between metal ions and hydroxyl groups. Another new peak 

around 1153 cm−1 for stretching of the C-O group was observed after metal ions adsorption.   

a b 

c d
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The earlier parts of the spectra (i.e., wave numbers 400-900 cm−1) are shifted in all the metal-

biochar. This part represents various configurations of C and H bonds within the aromatic rings in 

the biochar. It can be concluded from FTIR spectra that the adsorption of metal ions onto DSB-

PA was, at least partially, mediated by complexation with surface functional groups (especially 

carboxyl and hydroxyl groups). These results agree with other observations found in the literature. 

Researches have suggested that chemical modification could increase the number of free carboxyl 

and hydroxyl groups on the surfaces of biochar and enhance metals adsorption capacity 

(Rojjanateeranaj et al., 2017, Xue et al., 2012) which also was underpinned by this experiment.  

 

Figure 7.8 FTIR spectra of DSB-PA biochar before and after Pb2+, Cu2+, and Ni2+ adsorption. 
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7.6 Equilibrium Isotherms of Modified Biochar          

Equilibrium isotherm for any adsorption system is important to figure out how the adsorbate 

distribute between the solid phase (adsorbent) and liquid phase (adsorbate) under equilibrium state. 

Figures 7.9 to 7.11 show equilibrium isotherms of the adsorption of the DSB-PA biochar as 

functions of metal ion equilibrium concentration. The results of adsorption onto unmodified 

biochar were also presented for comparison. The isotherm experiment results, as shown in Figures 

7.9 to 7.11, indicated modified biochar (DSB-PA) greatly enhanced the metal ions adsorption 

ability of the biochar by 27%, 66% and 98% for Pb2+, Cu2+, and Ni2+ respectively compared to the 

unmodified biochar. The results suggest that acid pre-treatment modification improved the metal 

removal ability of the modified biochar.  

The enhanced adsorption of heavy metal ions by the chemically modified biochar can be attributed 

to the facts that modified biochar showed much porous structure and more oxygen containing 

surface functional groups as indicated by the characterization experiments. Several previous 

studies have confirmed that surface structure and surface chemistry play important roles in 

controlling the adsorption of heavy metals onto modified biochar (Regmi et al., 2012, Xue et al., 

2012, Ding et al., 2016) 
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Figure 7.9 Adsorption isotherms of Pb2+ onto unmodified and modified biochar (biochar: 

solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols represent experimental data. Solid and 

dashed lines represent isotherm models (a) Langmuir isotherm; (b) Freundlich isotherm; and (c) 

Sips isotherm.  
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Figure 7.10 Adsorption isotherms of Cu2+ onto unmodified and modified biochar (biochar: 

solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols represent experimental data. Solid and 

dashed lines represent isotherm models (a) Langmuir isotherm; (b) Freundlich isotherm; and (c) 

Sips isotherm. 
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Figure 7.11 Adsorption isotherms of Ni2+ onto unmodified raw and modified biochar (biochar: 

solution = 10 g L-1; Co= 0.3-4.0 mM; pH = 6). Symbols represent experimental data. Solid and 

dashed lines represent isotherm models (a) Langmuir isotherm; (b) Freundlich isotherm; and (c) 

Sips isotherm.  
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(0.329, 0.169, and 0.141) for Pb2+, Cu2+, and Ni2+, respectively. Larger KF values for modified 

biochar indicate that the adsorption capacity of the modified biochar was larger than unmodified 

ones (Jung and Ahn, 2016, Tan et al., 2016a). Judging by the adsorption intensity (n) obtained 

from the Freundlich isotherm, all values of n were more than 1 indicating the adsorption of Pb2+, 

Cu2+ and Ni2+ ions by DSB-PA is favourable in the studied concentration range. 

Table 7.3 Adsorption isotherms constants for the adsorption of Pb2+, Ni2+ and Cu2+ ions onto 

modified biochar (DSB-PA) 

Model Pb2+  Cu2+  Ni2+  

Langmuir  

KL (L mmol -1) 

qmax (mmol g-1) 

R2 

SE 

 

0.678 

0.911 

0.991 

0.014 

 

0.989 

0.705 

0.930 

0.045 

 

0.962 

0.664 

0.923 

0.037 

Freundlich  

KF (mmol g-1) (L mmol-1)1/n 

n 

R2 

SE 

 

0.382 

1.324 

0.992 

0.013 

 

0.371 

1.262 

0.910 

0.051 

 

0.382 

1.324 

0.925 

0.039 

Sips  

as (L mmol-1) 

Ks (L g-1) 

βs 

R2 

SE 

 

0.005 

0.386 

0.768 

0.996 

0.012 

 

4.000 

1.788 

1.450 

0.943 

0.046 

 

112.1 

37.19 

4.716 

0.997 

0.011 

 

7.7 Adsorption Kinetics of Modified Biochar 

Figures 7.12 to 7.14 show the adsorbed amount of metal ions as a function of contact time (0–

24 h). The adsorption uptake by the modified biochar (i.e. DSB-PA) increased with time and then 

plateaued as equilibrium was reached. The kinetics data showed a rapid initial uptake within the 

first hour followed by smooth increase, with equilibrium reached in 24 h. as seen in the Figures 

7.12 to 7.14, it took almost 1 h for Pb2+, Cu2+, and Ni2+ adsorption onto DSB-PA biochar to reach 
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94% of its adsorption equilibrium whereas adsorption equilibrium on the unmodified biochar was 

reached between 3 to 6 h. The results suggest that heavy metal ions adsorption on the modified 

biochar, DSB-PA, was faster than the unmodified biochar. The ability of DSB-PA to reach fast 

and efficient adsorption equilibrium demonstrates that it is more extensively applicable to the 

treatment of heavy metal-contaminated water, especially in an emergency situation (Li et al., 

2017). 

The adsorption pattern for unmodified biochar for Pb2+ and Ni2+ showed a multi-stage adsorption 

as shown in Figure 7.12 to 7.14. However, this was not the case for modified biochars. This can 

be presumably explained as unmodified biochar has adsorption sites that are difficult to reach and 

therefore required longer time for the ions to reach them through diffusion and thus diffusion 

problems might occur and become a limiting factor. However, after modification, those sites have 

become more accessible as pores were enlarged and the structure was enhanced leading to 

enhanced adsorption rates.  

The faster adsorption of metal ions by the modified biochar obtained in this study agrees with 

observations reported by other researchers (Wang et al., 2015a, Xue et al., 2012). For example, 

Xue et al. (2012) found that Pb2+ adsorption onto H2O2 modified biochar occurred much faster 

than unmodified biochar. Similarly, Tan et al. (2016) reported faster adsorption rateds of Hg2+ onto 

Na2S modified biochar and KOH modified biochar. Likewise, Wang et al. (2015b) reported that 

the adsorption kinetics of As5+ and Pb2+ by modified biochars was faster than unmodified biochar 

at initial phase. Wang et al. (2015b) assumed that the rapid adsorption process might be attributed 

to the rapid occupation of easily accessible external surface adsorption sites via physical 

adsorption.  
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Figure 7.12 Adsorption kinetics of Pb2+onto unmodified and modified biochar (biochar: solution 

= 10 g L-1; Co= 0.5 mM; pH = 6). Symbols represent experimental data while lines represent (a) 

Pseudo first order model; (b) Pseudo second order model. 
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Figure 7.13 Adsorption kinetics of Ni2+ onto unmodified and modified biochar (biochar: solution 

= 10 g L-1; Co= 1.5 mM; pH = 6). Symbols represent experimental data while lines 

represent (a) Pseudo first order; (b) Pseudo second order. 
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Figure 7.14 Adsorption kinetics of Cu2+ onto unmodified and modified biochar (biochar: solution 

= 10 g L-1; Co= 1.5 mM; pH = 6). Symbols represent experimental data while lines 

represent (a) Pseudo first order; (b) Pseudo second order. 
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The adsorption kinetic data were fitted by the pseudo first order and pseudo second order models 

as shown in Table 7.4. Plots of qt against t are shown in Figures 7.12 to 7.14 for the kinetic data 

and nonlinear fits for pseudo first and second order kinetic models. As presented in the Table 7.4, 

the pseudo second order model gives a better fit (R2 ≥ 0.99) for Pb2+, Cu2+, and Ni2+ than pseudo 

first order model as well as by the values of qcalc, which adequately matched the experimental 

value of qexp. The description of the adsorption kinetics by the pseudo-second order model, 

indicates that for all the tested systems, chemisorption might be one of the adsorption mechanisms 

primarily involving valence forces through sharing or exchange of electrons between the adsorbent 

and the adsorbate (Mayakaduwa et al., 2016). By considering the parameter k2, adsorption rate 

constant, for the modified biochar (33.13, 30.47, and 13.28 g mmol-1 min-1) was much higher than 

for unmodified one (0.676, 10.35, and 0.232 g mmol-1 min-1) for Pb2+, Cu2+, and Ni2+ 

Table 7.4 Kinetics parameters for pseudo first order and pseudo second order for Pb2+, Cu2+, and 

Ni2+ onto DSB-PA biochar 

Model  Pb2+ Cu2+ Ni2+ 

Pseudo first order  

qexp (mmol g-1)    

qcalc (mmol g-1)   

k1 (min-1)      

R2      

SE     

 

0.049 

0.047 

0.728 

0.987 

0.002 

 

0.140 

0.137 

0.422 

0.989 

0.001 

 

0.109 

0.105 

0.286 

0.987 

0.002 

Pseudo second order  

qexp (mmol g-1)     

qcalc (mmol g-1)      

k2 (g mmol-1 min-1)          

R2     

SE 

 

0.049 

0.049 

33.13 

1.000 

0.001 

 

0.140 

0.139 

30.47 

1.000 

0.001 

 

0.109 

0.108 

13.28 

0.998 

0.002 
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7.8 Electro-Assisted Adsorption of Biochar for Heavy Metal Removal 

7.8.1 Equilibrium Isotherms      

Adsorption isotherms of Pb2+, Cu2+, and Ni2+ on the unmodified and electro-assisted biochar 

(DSB-Electro) are shown in Figures 7.15 to 7.17. As shown from the figures that the equilibrium 

adsorption uptakes of the electro-assisted biochar to the heavy metals were higher than that of the 

unmodified (DSB550-3). The adsorption capacity (qmax mmol g−1) of electro-assisted biochar was 

determined to be 0.867, 0.572, and 0.646, which is higher than that of unmodified one (0.718, 

0.421, and 0.333) for Pb2+, Cu2+, and Ni2+, respectively. These results indicate that electro-assisted 

adsorption of biochar improved Pb2+, Cu2+, and Ni2+ removal. Han et al. (2006c) found that the 

enhancement of adsorption capacity for the adsorbate onto the adsorbent surface under electrical 

field was mainly due to the high affinity between the surface of adsorbent and adsorbate which 

enhanced by the polarization under electric field. 

The adsorption isotherms of Pb2+, Cu2+, and Ni2+ on the electro-assisted biochar were determined 

using the Langmuir, Sips and Freundlich isotherm models. The experimental results and fitting 

curves from the three isotherms are shown in Figure 7.15 to 7.17, and the estimated model 

parameters for the two models are listed in Table 7.5. The experimental data were better fitted by 

the Sips isotherm than Langmuir and Freundlich isotherms. The constant KF ((mmol g-1) (L mmol-

1)1/n) obtained from the Freundlich isotherms for electro-assisted adsorption (0.463, 0.219, and 

0.250) were higher than unmodified biochar (0.329, 0.169, and 0.141) for Pb2+, Cu2+, and Ni2+, 

respectively. Furthermore, the adsorption of Pb2+, Cu2+ and Ni2+ by electro-assisted biochar was 

favourable in the studied concentration as the adsorption intensity obtained from the Freundlich 
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isotherm (n) was higher than 1.0 suggesting that an effective interaction process occurred between 

metal ions and the adsorbent (Table 7.5). 

Table 7.5 Adsorption isotherm parameters for the adsorption of Pb2+, Ni2+ and Cu2+ ions onto 

modified biochar (DSB-Electro) 

Isotherm Pb2+ Cu2+ Ni2+ 

Langmuir  

KL (L mmol -1) 

qmax (mmol g-1) 

R2 

SSE 

 

0.969 

0.867 

0.990 

0.020 

 

0.638 

0.572 

0.987 

0.011 

 

1.226 

0.646 

0.976 

0.026 

Freundlich  

KF (mmol g-1) (L mmol-1)1/n 

n 

R2 

SSE 

 

0.463 

1.363 

0.987 

0.022 

 

0.219 

1.513 

0.987 

0.018 

 

0.250 

1.629 

0.950 

0.033 

Sips  

as (L mmol-1) 

Ks (L g-1) 

βs 

R2 

SE  

 

0.234 

0.555 

0.807 

0.990 

0.020 

 

0.001 

0.219 

0.661 

0.992 

0.011 

 

16.50 

4.583 

2.446 

0.992 

0.011 
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Figure 7.15 Electro-assisted adsorption of Pb2+ ion onto date seed biochar. Symbols represent 

experimental data. Solid and dashed lines represent isotherm models (a) Langmuir model; (b) 

Freundlich model; and (c) Sips model. 
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Figure 7.16 Electro-assisted adsorption of Cu2+ ion onto biochar. Symbols represent 

experimental data. Solid and dashed lines represent isotherm models (a) Langmuir model; (b) 

Freundlich model; and (c) Sips model. 
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Figure 7.17 Electro- assisted adsorption of Ni2+ ion onto biochar. Symbols represent 

experimental data. Solid and dashed lines represent isotherm models (a) Langmuir model; (b) 

Freundlich model; and (c) Sips model. 
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The enhanced adsorption of Pb2+, Cu2+, and Ni2+ during electro-assisted adsorption could be 

attributed to the electrostatic interaction. The working principle of electro-adsorption is based on 

imposing an external electric field in order to force charged species such as metal ions to move 

toward oppositely charged electrodes (Ania and Béguin, 2007, Probstein and Hicks, 1993). It was 

noticed that the solution pH at equilibrium decreased from 6.0 to value of ≈ 5±0.1 after Pb2+, Cu2+, 

and Ni2+ adsorption during the electro-assisted experiments. This could be explained by the release 

of H+ from the biochar surface where metal ions are adsorbed, consequently decreasing the 

solution pH. This phenomenon was also noted by Probstein and Hicks (1993).  

7.8.2 Adsorption Kinetics  

Figures 7.18 to 7.20 show the time profiles of the adsorbed amount of Pb2+, Cu2+, and Ni2+ as a 

function of contact time. As clearly presented, the metal ions adsorption onto electrode occurred 

rapidly, for example; around 88% of Pb2+ and Ni2+ ions adsorbed within the first 3 h, while 96% 

of total adsorption of Cu2+ ion occurred at the first hour contact time. The fast adsorption at initial 

stage can be attributed to rapid external mass transfer and surface adsorption associated with the 

availability of large number of vacant surface sites for adsorption. Thus, the amount of adsorbate 

accumulated on the biochar surface rapidly increases. However, the subsequent gradual adsorption 

is due to the rate-limited intraparticle diffusion, associated with fewer metal ions that accumulated 

onto the adsorption sites. 

The adsorption kinetic data were determined using pseudo first order and pseudo second order 

models. Pseudo second order model gives a better fit for heavy metal ions adsorption (R2 ≥ 0.99) 

for Pb2+, Cu2+, and Ni2+ than pseudo first order model (Table 7.6). Furthermore, the calculated qcalc 

value (mmol g−1) obtained from pseudo second order was considerably close to the experimental 



198 

qexp value (mmol g−1) as seen in Table 7.6. Pseudo second order model also confirms the observed 

behaviour of faster adsorption as the parameter k2, adsorption rate constant, for the modified 

biochar (5.733, 33.78, and 7.098 g mmol-1 min-1) is much higher than for unmodified one (0.676, 

10.35, and 0.232 g mmol-1 min-1) for Pb2+, Cu2+, and Ni2+ implying faster adsorption rate. 

Table 7.6 Kinetics parameters of heavy metal removal onto DSB-Electro biochar 

Model  Pb2+ Cu2+ Ni2+ 

Pseudo first order  

qexp (mmol g-1)    

qcalc (mmol g-1)   

k1 (min-1)      

R2      

SE     

 

 

0.042 

0.194 

0.900 

0.007 

 

 

0.149 

0.717 

0.980 

0.002 

 

 

0.104 

2.871 

0.960 

0.010 

Pseudo second order  

qexp (mmol g-1)     

qcalc (mmol g-1)      

k2 (g mmol-1 min-1)          

R2     

SE 

 

 

0.044 

5.773 

0.930 

0.006 

 

 

0.148 

33.78 

1.000 

0.002 

 

 

0.109 

7.098 

0.980 

0.006 
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Figure 7.18 Electro-assisted adsorption kinetics of Pb2+ ion. Symbols represent experimental data 

while lines represent (a) Pseudo first order; (b) Pseudo second order. 
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Figure 7.19 Electro-assisted adsorption kinetics of Cu2+ ion. Symbols represent experimental 

data while lines represent (a) Pseudo first order; (b) Pseudo second order. 

 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0.180

0 200 400 600 800 1000 1200 1400 1600

q
t

(m
m

o
l g

-1
)

Time (min)

(b)

DSB550-3

DSB-Electro

DSB550-3 PS 2 nd order

DSB-Electro PS 2 nd order

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0.180

0 200 400 600 800 1000 1200 1400 1600

q
t

(m
m

o
l g

-1
)

Time (min)

(a)

DSB550-3

DSB-Electro

DSB550-3 PS 1 st order

DSB-Electro PS 1 st order



201 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.20 Electro-assisted adsorption kinetics of Ni2+ ion. Symbols represent experimental data 

while lines represent (a) Pseudo first order; (b) Pseudo second order. 
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7.9 Spectroscopy Analysis of Electro-assisted Biochar Surface 

SEM images of electro-assisted adsorption (DSB-Electro) before and after metal ions adsorption 

were analysed. As can be seen from Figure 7.21, the SEM image of the untreated biochar (i.e. 

DSB550-3) (Figure 7.21 a) shows less apparent pores on the surface in comparison to DSB-Electro 

one (Figure 7.21 b, c, and d). The surface morphological structure of DSB-Electro biochar showed 

a rough and porous structure which can provide channels for the adsorbates to reach the active 

adsorption sites and promote the rapid adsorption to reach equilibrium faster (Aydin et al., 2008). 

The increasing in pores structure might be attributed to the effect of the electric current which 

caused some of the negatively charged impurities to repel thus opening the pores which were 

blocked by the impurities (ash and minerals).  

SEM images confirm that biochar electrode is highly porous material and thus physical adsorption 

is considered as one of the mechanisms responsible for heavy metal adsorption onto the biochar 

electrode (Haro et al., 2011). Based on SEM images, the pores structures of biochar were packed 

with metal ions (Figure 7.21 b, c, and d).  
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Figure 7.21 SEM images of electro-assisted biochar (DSB-Electro) before after metal ions 

adsorption (a) beforse adsorption; (b) after Cu2+ adsorption; (c) after Ni2+ adsorption; (d) after 

Pb2+ adsorption. 

 

The enhanced adsorption of aqueous Pb2+, Cu2+, and Ni2+ during electro-assisted adsorption can 

be also related to the oxygen containing surface functional groups presented onto biochar surface 

as indicated by the FTIR spectra (Figure 7.22). As shown in Figure 7.22 that the spectral analysis 

of the DSB-Electro biochar after Pb2+ adsorption is almost similar to the unmodified biochar 

(DSB550-3) since all contain the same biochar chemical structure. However, significant 

differences at the peaks 2325, 2652.37, 1979.97 were observed for both biochars after Pb2+ 

adsorption confirming that functional groups such as C≡C, O–H, C=O participated in binding ions 

onto the biochar. The peaks at 1564.4, 1127, and 1070.83 cm-1 between both biochars after Pb2+ 

b 

c 
d 

a 
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adsorption was also observed confirming that functional groups such as C–O, N–O, O-H and 

COO− groups were involved in binding ions onto the biochar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.22 FTIR spectra of before and after Pb2+ adsorption onto unmodified biochar (DSB550-

3) and electro-assisted biochar (DSB-Electro). 
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significant desorption of the adsorbed metals from the biochar. The amount released from 

reversing polarity of Pb2+, Cu2+, and Ni2+ were 28.5%, 37%, and 34%, respectively.  

As the electro-assisted adsorption process relies on electrostatic attraction, it would expect that the 

process could be a fully reversible (Haro et al., 2011). However, the experimental results showed 

that a fraction of the metal ions is not leached out upon the reversing of the polarization and 

remained inside the porous structure of the biochar electrode. This indicates that the only a small 

fraction of the ions were held by the electrostatic charge introduced by the current. It is likely that 

the enhanced charged facilitated other adsorption mechanisms by bringing the ions in contact with 

biochar initially via electrostatic force. 

7.11 Summary   

For any adsorption system, the adsorption rate and capacity are two important factors affecting the 

performance of the process. In this chapter, the adsorption of Pb2+, Cu2+, and Ni2+ using modified 

biochar has been investigated. Two modification methods including pre-treatment and post-

treatment using HCl and NaOH treatment were employed. Modified biochar had higher adsorption 

capacity than unmodified biochar. The increase in the adsorption capacity was statistically 

significant (p>0.05; paired t-test) and the adsorption rate was faster resulting in higher removal 

efficiency within shorter period of time.  

Statistical testing (t-test) confirmed that the differences in the maximum adsorption between the 

pre-treatment and post-treatment methods were not statistically significant. Nevertheless, from an 

operational and economic point of view, pre-treatment of biomass (DSB-PA) might be a better 

option because it is a simple and time-saving approach to upgrade the biochar properties to enhance 



206 

its removal. It entails the treatment of biomass with HCl solution and stirred constantly on hot 

plate for short period time.  

As biochar is known to be a highly stable porous carbonaceous material, therefore; recently, few 

attempts have showed that biochar can be used to prepare a renewable electrode with a reliable 

adsorption capacity (Stephanie, 2017). Furthermore, electro-assisted adsorption provides several 

advantages by eliminating the need to use acids, bases, or salt solutions, thereby substantially 

reducing the amount of any potential secondary waste (Zou et al., 2008a, Zou et al., 2008b). Thus, 

electro-assisted adsorption of metal ions was also investigated.  

Electro-adsorption is a kind of surface adsorption induced by electrical charges. The results 

confirmed that electro-assisted adsorption enhanced the adsorption rate as well as capacity of 

biochar for heavy metals. The enhanced adsorption of aqueous Pb2+, Cu2+, and Ni2+ during electro-

assisted adsorption can be attributed to the various interactions such as electrostatic interaction, 

surface complexation, and surface adsorption. Electro-assisted adsorption is believed to be suitable 

for heavy metal adsorption for industrial purposes to enhance the rate and capacity of adsorption 

with low chemical and labour requirements. Recent advances in the electro-assisted adsorption 

process have motivated the present research and make it possible to develop an innovative method 

for high adsorption of heavy metal removal onto biochar. 
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CHAPTER EIGHT: CONCLUSIONS AND 

RECOMMENDATIONS FOR FUTURE STUDIES 

 

In this chapter, general conclusions are drawn from this study. In addition, recommendations and 

suggestions for further research are also outlined. 

8.1 General Conclusions  

The outcomes of this study suggested that pyrolysis can be used as aa effective method to produce 

value-added material, biochar, from agricultural wastes. The date seed biochar produced in this 

study and used for Pb2+, Cu2+, and Ni2+ adsorption appeared to be technically simple and non-

laborious, and economically attractive for the treatment of heavy metal-contaminated solutions. 

Thus, date seed biochar could make a successful commercial application in the market due to its 

particulate and porous structure, high metal uptake capacities, and fast adsorption kinetics.  

Nine biochars were prepared from date seed by varying the final pyrolysis temperature (350, 450, 

and 550 °C) and heating times (1, 2, and 3 h). The results showed that the physiochemical 

properties of biochar varied significantly with pyrolysis temperature and heating time. An inverse 

relation between yield and both pyrolysis temperature and heating time was observed. On the other 

hand, positive correlation between carbon content, ash content, pH, and surface area of the biochar 

and pyrolysis temperature and time were observed.  

The nine biochars were first screened for their potential for heavy metal removal from aqueous 

solution. The adsorption uptake of metal ions is positively correlated with the pyrolysis 

temperature and heating time which are also correlated with the physiochemical properties of the 
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biochar. Optimal adsorption was achieved using biochar prepared at 550 °C and 3 h heating time 

with a particle size range of 0.6–1.4 mm at pH 6 and room temperature.  

 The adsorption capacities, kinetics and mechanisms of Pb2+, Cu2+, and Ni2+ by the optimal date 

seed biochar for single and multicomponent aqueous systems. Compared to biochars prepared 

from other agricultural waste and woody biomass, date seed derived biochar has higher adsorption 

capacities for Pb2+, Ni2+ and Cu2+, making it a promising low-cost alternative to other adsorbents 

for wastewater treatment. The maximum adsorption capacities of date seed biochar were 0.718, 

0.421, and 0.333 mmol g-1 for Pb2+, Cu2+, and Ni2+, respectively. These values were found to be 

higher than those of hickory wood biochar (0.016 for Pb2+, 0.041 for Cu2+, and 0.004 for Ni2+) 

mmol g-1 and Salisbury biochar (0.230 for Pb2+, 0.101 for Cu2+, 0.105 for Ni2+) mmol g-1. The lead 

uptake capacities were also found to be higher than those of powdered activated carbon (0.100 

mmol g-1), almond shell biochar (0.066 mmol g-1), and dairy manure compost (0.46 mmol g-1). 

Various parameters that affect the equilibrium and kinetics behaviour of heavy metal uptake by 

biochar were studied. The solution pH strongly affected the adsorption uptake of biochar. The 

uptake capacity increased as the pH increased and reached a plateau at around pH 6. Temperature 

had an effect on the uptake capacity and a change of 18-38% in uptake capacity within the 

temperature range of 25 and 45 oC was observed. The negative values of free Gibbs ΔGo for Pb2+, 

Cu2+ and Ni2+ indicated that the metal ion adsorption onto DSB550-3 was a thermodynamically 

favourable and spontaneous process. The values of enthalpy change ΔH° for Pb2+, Cu2+ and Ni2+ 

were positive indicating that adsorption process was an endothermic process. The positive values 

of entropy change ΔS° for Pb2+, Cu2+ and Ni2+ confirmed an increase in the degree of disorder 

during the adsorption process at the adsorbent-adsorbate interface during the adsorption process.  
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Equilibrium isotherms of Pb2+, Cu2+, and Ni2+ adsorption in single component systems were well 

described by Sips isotherm model. By comparing qmax values for different solutes, metal ion 

sequences are found to be in the order of Pb2+ > Cu2+ > Ni2+. The difference in adsorption capacities 

between Pb2+, Cu2+ and Ni2+ under the same experimental conditions could be attributed to the 

differences in the ionic characteristics of the metal ions such as electronegativity, ionic radii, 

hydrated radii, and ion covalent index.  

Significant differences were observed between the adsorption rates of Pb2+ and Cu2+ compared to 

Ni2+. Nearly 95% of the Cu2+ ion was adsorbed within the first hour of contact while Pb2+ 

adsorption reached equilibrium within 6 h. In the case of Ni2+ adsorption, unlike Pb2+ and Cu2+ a 

multi-stage adsorption was observed. This can be attributed to the mass transfer of Ni2+ ion to the 

unoccupied binding sites as well as diffusion of metal ion into pores which continued until 

saturation of the active sites. Moreover, it is also assumed that some of the very small pores could 

not be accessible to Ni2+ion and thus diffusion problems might occur and become a limiting factor. 

The kinetics for Pb2+ and Cu2+ and Ni2+ showed good agreement with the pseudo second order 

kinetic model.  

A combination of adsorption and spectroscopic studies were used to study the adsorption 

mechanism. The results indicated that ion exchanges, metal complexation with carboxyl and 

hydroxyl groups of the biochar were involved. The contributions of different adsorption 

mechanisms to the overall metal adsorption were different in single solute and multi-component 

systems. Batch equilibrium studies showed that ion exchange mechanism with Na+, K+, Mg2+, and 

Ca2+ was the predominate mechanism for the adsorption of Pb2+, Cu2+, and Ni2+ by the biochar. 

Ion exchange was accounted for 57%, 69%, and 72%, of the total heavy methal ion adsorption, 
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respetively in single component systems while accounting for 37-40% of the total adsorption in 

multicomponent systems. 

The remaining portion of the total amount adsorbed was attributed to other mechanisms such as 

metal comlexation, and surface adsorption. FTIR studies showed that the main functional groups 

on the biochar surface are carboxyl and hydroxyl forming metal complexes. SEM spectra of 

biochar before and after metal adsorption indicated that the biochar has highly heterogeneous pores 

and well-defined structures. After adsorption, the pores of the biochar were occupied with metal 

ions particularly, the deposition occurred in the mesopores which can provide channels for the 

adsorbates to reach the active adsorption sites and promote the rapid adsorption to reach 

equilibrium.   

High surface area of DSB550-3 biochar (104.2 m2 g-1) is also one of the criterions for efficient 

removal capacity of heavy metal via mass transfer of metal ion into the biochar pores. Furthermore, 

no evidence for precipitation mechanism might occur as the solubility product constant Qsp of 

M(OH)2(s) were less than their corresponding Ksp values. However, as the pH of DSB550-3 biochar 

is high (8.58), some localised surface precipitation in the form of M(OH)2 might have taken place 

particularly inside the biochar pores due to the potential increasing of pH to more than 6.  

Fixed bed adsorption studies indicated that the DSB550-3 biochar effectively reduced the total 

amount of Pb2+, Cu2+ and Ni2+ ions by 97%, 70.3%, and 56%, respectively. There was no overshoot 

of Pb2+ suggesting that Pb2+ ion has higher affinity to the biochar compared with other two metal 

ions. The pH profile shows that the pH has fluctuated and at times was higher than 6 increasing 

the chances of precipitation. Ion exchange has been identified as the major mechanism responsible 

for Pb2+, Cu2+ and Ni2+ removal displacing alkaline light metals such as Na+, K+, Ca2+ and Mg2+ 
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which can increase the pH value initially and then decrease as these ions get flushed out of the 

system and the adsorbent bed gets saturated.  

Industrial effluents seldom contain single metal species, thus competitive adsorption behaviour 

was observed in adsorption of Pb2+, Cu2+, and Ni2+ in binary and ternary solute systems by the 

biochar. The isotherms indicated that Pb2+ being preferentially adsorbed followed by Cu2+ then 

Ni2+. Compared to single component capacities, a reduction between 48 and 75% was observed 

for multicomponent systems due to the competitive behaviour of the ions.  

For fixed bed competitive adsorption, the removal efficiency of the biochar followed the order of 

Pb2+ > Cu2+ > Ni2+. Both Ni2+ and Cu2+ broke through earlier than Pb2+ ion indicating that the 

functional groups on the biochar had a relatively stronger affinity for Pb2+ ion than Cu2+ and Ni2+ 

ions. Adsorption uptakes were halved in fixed bed binary systems while in ternary systems they 

reduced to a third of their single system capacities. The overall adsorption capacities of the column 

for all three ions were reduced by approximately 55% (on mil-equivalence basis) when compared 

to the single adsorption capacity of Pb2+ but only marginally when compared to Ni2+ and Cu2+. 

This is possibly due to the fact that in the multicomponent systems, sites which were available and 

accessible to lead ion (which had smaller hydrated radius) became blocked by the other ions; thus, 

preventing the lead ion from reaching them.  

Desorption experiments showed that using deionized water as eluent solution resulted in small 

amount of metal ion desorption (<15%) while 0.1 M HCl had the maximum desorption efficiency 

of 57.3% for Cu2+ and 68.8% for Ni2+ from the metal-laden biochars. Among the eluting agents 

evaluated, 0.1 M mixture of (HCl and CaCl2) was found to be efficient in desorption of Pb2+-laden 

biochar with desorption efficiency of 57%.  



212 

The re-usability of biochar for repeated applications were investigated in four consecutives 

regeneration cycles by using 0.5 M HCl as eluent agent. The adsorbent showed good re-use potential 

with only marginal reduction in uptake capacity over the first 3 cycles. This has an important 

economic significance as the re-usability makes the material more comparable to the commercial 

adsorbents such as commercial activated carbon. 

Biomass or DSB550-3 biochar was chemically modified to improve the adsorption properties of 

the biochar. The modification techniques included pre-treatment and post-treatment by using 1.0 

M HCl and 1.0 M NaOH treatment. Among all the modification techniques studied, pre-treatment 

of biomass with 1 M HCl followed by pyrolysis at 550 oC for 3 h (DSB-PA) resulted in better 

adsorption capacity and adsorption rate. In comparison with unmodified biochar (DSB550-3), the 

adsorption capacity of DSB-PA biochar for Pb+2, Cu2+, and Ni2+ increased by 27%, 66% and 98%, 

respectively. 

Adsorption kinetics of unmodified biochar (DSB550-3) differed from the modified biochar (DSB-

PA). Adsorption kinetics of the modified biochar (DSB-PA) showed that the adsorption process 

was faster than the unmodified biochar. It took 1 h for Pb2+, Cu2+, and Ni2+ to reach 94% of its 

adsorption equilibrium capacity whereas adsorption equilibrium was reached in 3 to 6 h in the case 

of the unmodified biochar. Another difference observed was in the shape of the uptake curve. The 

uptake curve for unmodified biochar for Pb2+ and Ni2+ showed a multi-stage adsorption. However, 

this was not observed for modified biochars.  

Electro-assisted adsorption of Pb2+, Cu2+, and Ni2+ onto untreated biochar was also investigated. 

The results showed that an electro-assisted adsorption of biochar showed high heavy metal 

removal ability. The adsorption capacity of electro-assisted biochar was determined to be 0.867, 
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0.572, and 0.646 mmol g-1, which was higher than those of unmodified biochar by 21%, 36%, and 

94% for Pb2+, Cu2+, and Ni2+, respectively. The enhanced adsorption of aqueous Pb2+, Cu2+, and 

Ni2+ during electro-assisted adsorption might be attributed to the electrostatic interaction as metal 

ions are positively charged and the adsorption is enhanced by the electro-migration of these cations 

to the negative surface charge.  

Metal ions adsorption onto electrode occurred rapidly, for example; around 88% of Pb2+ and Ni2+ 

ions adsorbed within the first 3 h, while 96% of total adsorption of Cu2+ ion occurred at the first 

hour of contact time. From the reversing the electrical charge, it was discovered that adsorbed ions 

were not completely desorbed, and a large fraction of the ions were retained in the biochar 

electrode. This indicates that the only a small fraction of the ions were held by the electrostatic 

charge introduced by the current. It is likely that the enhanced charged facilitated other adsorption 

mechanisms by bringing the ions in contact with biochar initially via electrostatic force. 

It was noticed that the solution pH at equilibrium decreased from 6.0 to value of ≈ 5±0.1 after Pb2+, 

Cu2+, and Ni2+ adsorption during the electro-assisted experiments. This could be explained by the 

release of H+ from the biochar surface where metal ions are adsorbed, consequently decreasing the 

solution pH. Adsorption of Pb2+, Cu2+, and Ni2+ by electro-assisted adsorption was likely 

influenced by multiple mechanisms such as surface adsorption, electrostatic attraction, and 

complexation.   

Overall, the outcomes of this research indicated that date seed biochar effectively removed heavy 

metal ions from single and multi-component solutions in comparison with other adsorbents. 

Findings of this study can provide a basis for preparing modified biochar to produce innovative 

and effective adsorbents for various environmental applications.  
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8.2 RECOMMENDATION FOR FUTURE STUDIES   

Although many research topics on biochar adsorption have been investigated, a number of research 

gaps and uncertainties still exist and are not fully examined. Based on the findings of the present 

study, additional works are still required and recommended for further work:   

1. The practical applications of biochar adsorption are still not proven at commercial scale. 

Therefore, using real wastewater from various industrial activities to test the practicality of 

biochar at pilot scale is recommended.  

2. Very little information is available regarding the cost effectiveness of biochar adsorption 

at commercial scale. Therefore, a cost-benefit analysis to compare biochar adsorption to 

other adsorbents is recommended. This should also include a life cycle cost of the material, 

the process as well as potential environmental costs. 

3. The harmless disposal of biochar contaminated with heavy metals remains a challenge. 

Therefore, more studies on biochar desorption and regeneration are still required.  

4. More studies on modification procedures should be conducted with the aim to reduce the 

overall cost and improve the eco-efficiency of the resulting product. 
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