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ABSTRACT 

The potential human health issues resulting from the continuous consumption of drinking water 

containing low concentration levels of persistent emerging pollutants has raised some concerns. 

The presence of emerging pollutants in surface water bodies and ground-water in Canada 

together with absence of proper drinking water treatment processes in remote places has created 

the need for an effective and simple process for removal of emerging pollutants from drinking 

water. Low seasonal temperatures in regions such as Saskatchewan demand a removal process 

that is effective at temperatures lower than room temperature. Adsorption with granular activated 

carbon is a well-established and effective method for removal of organic compounds from 

drinking water. There are a large number of reports on removal of organic compounds by 

activated carbon in literature however, the effectiveness of adsorption of emerging pollutants 

with granular activated carbon is not clear.  Effectiveness of ozone treatment for oxidation of 

emerging pollutants is reported in literature however, effectiveness of regeneration of adsorbents 

saturated with emerging pollutants with ozone has not been investigated extensively. 

In the present work, effectiveness of adsorption with granular activated carbon for removal of 

emerging pollutants is investigated. Three model compounds of Ibuprofen, 2,4-

dichlorophenoxyacetic acid, and Bisphenol A reported at considerable concentration levels in 

Saskatchewan water bodies were selected as model compounds. Bituminous coal based and 

coconut shell based granular activated carbons with basic point of zero charge were selected as 

adsorbents. Isotherm adsorption of model compounds on adsorbents was conducted at 280, 288, 

and 296 K. The Gibbs free energy, enthalpy, and entropy of adsorption were calculated using 

isotherm model parameters. Nitric acid pre-treatment was applied to reduce the point of zero 

charge of adsorbents. Adsorption isotherms were conducted with the acid treated adsorbents. 
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Adsorption removal of model compounds in tap water was studied. Effectiveness of regeneration 

of saturated adsorbents with ozone was investigated. 

In terms of quality of fit to the isotherm adsorption data, Langmuir model was better than 

Freundlich model indicating monolayer adsorption of model compounds in all experiments. 

Higher Langmuir monolayer adsorption capacity (Qmax) of bituminous coal based adsorbent than 

coconut shell adsorbent for adsorption of model compounds was attributed to the higher porosity 

of bituminous coal based adsorbent. Adsorption of model compounds (i.e.  IBP and BPA) 

present in molecular form in the pH condition of the experiments were more dependent on 

adsorbent surface functional groups e.g. carboxyl and carbonyl groups. The Qmax of adsorption of 

2,4-D present in anionic form was proportional with the specific surface area of adsorbent. 

Adsorption at temperatures lower than room temperature was effective. Adsorbent with acidic 

point of zero charge was more effective in removal of model compounds than adsorbent with 

basic point of zero charge. Adsorption of BPA was higher in tap water in comparison to 

Millipore water due to the more neutral surface of adsorbent in tap water. Higher pH of tap water 

than Millipore water and the ionic interaction between the adsorbent and dissolved solids present 

in tap water caused the more neutral surface of adsorbent. Regeneration of adsorbents with ozone 

failed in restoration of adsorption capacity of adsorbents and excessive ozonation destroyed the 

pore structure of adsorbents. 
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CHAPTER ONE 

 

INTRODUCTION 

 

Occurrence of emerging pollutants (EPs) in surface water bodies and ground-waters has been 

reported in the past decades [1]. Long term consumption of drinking water containing low 

concentration of these compounds can cause health issues [2]. Surface water bodies and ground 

waters are the resources for drinking water and the influent of the drinking water treatment plants 

[3]. Some of EPs are persistent in nature and hard to remove. Poor removal of these compounds 

in inefficient drinking water treatment plants or lack of drinking water treatment plants in rural 

areas will lead to presence of these compounds in drinking water. The need for development of 

effective process for removal of these emerging pollutants for treatment of tap water is becoming 

a reality. Granular activated carbon (GAC) filtration is an effective and established method for 

removal of organic compounds from drinking water [4-6]. Extent of adsorption of various 

compounds on activated carbon depends on physical and chemical characteristics of adsorbent, 

adsorbate, and water matrix [6]. The EP molecules have complex structures and it is hard to 

predict their adsorption behaviour on GAC. This research aims to clarify effectiveness of 

removal of EPs using GAC. 
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1.1. Research Motivation and Experimental Considerations 

The mixture of EPs in concentration levels up to 35 μg/L in the upstream of South Saskatchewan 

River in Medicine Hat has been reported [7]. EPs pass untreated through secondary stage of 

conventional wastewater treatment plants. Effluent of wastewater treatment plants is released 

into the rivers at upstream and downstream drinking water treatment plants use the same river 

water as the influent. In addition, runoff of farming irrigation in Saskatchewan unavoidably 

releases agrochemicals into surface waters and ground waters [8]. EPs present in sewage leak 

into aquifers from stabilization lagoons and septic tanks. Rural communities usually are not 

served by sophisticated drinking water treatments plants or they directly consume ground water 

using water wells. Thus, removal of the EPs present in the water before consumption is 

necessary to avoid the consequent health issues. 

Considering the low average temperature of tap water in cold regions such as 283 K for 

Saskatoon and the effect of temperature on water treatment processes [9], it is necessary to have 

a treatment process that is efficient in removal of EPs at temperatures ranging from below the 

room temperature to close to freezing temperature of water.  GAC filtration is a well-established 

method for removal of organic compounds. On the other hand, EP molecules often contain 

aromatic rings [10] in their structure which is favourable for adsorption on GAC. However, 

removal of EPs at temperatures in the range of 280 to 296 K is not reported in the literature. To 

gain a better understanding of the effect of temperature on adsorption of the model compounds 

of this research on GAC, determining thermodynamic parameters is important [11]. 

Coconut shell based and bituminous coal based GACs are commonly used in water treatment 

processes. There is more research done on removal of EPs using bituminous coal based carbons 

in literature than coconut shell based carbons [12]. While, coconut shell based carbons are 
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extensively used in water treatment and they are cheaper than bituminous coal based carbons 

[13]. Calgon Carbon Corporation produces high quality bituminous coal based carbons and 

Jacobi Carbons Company produces high quality coconut shell based carbons. Therefore, 

FILTRASORB®400 a bituminous coal based GAC from Calgon Carbon and AquaSorb®CS a 

coconut shell based GAC from Jacobi Carbons were chosen for this study. For more convenience 

the acronyms of BC and CS will be used to name these two adsorbents instead of bituminous 

coal based and coconut shell based, respectively. Both carbons are steam activated and 

recommended for removal of organic compounds from drinking water by suppliers [14, 15]. 

In order to study the effectiveness of removal of EPs using GAC, model compound EPs are 

needed to be chosen. Reviewing the occurrence of EPs reported in literature and regional reports, 

Ibuprofen an anti-inflammatory drug (IBP) [7, 16], 2,4-dichlorophenoxyacetic acid a herbicide 

(2,4-D) [6, 8], and Bisphenol A, a chemical used in production of plastics (BPA) [7, 17], are 

among the most frequently detected compounds. Sosiak et al. [7] reported IBP concentration 

levels up to 1.7 μg/L at upstream of North Saskatchewan River. The same study reported BPA 

concentration levels up to 1.5 μg/L in the upstream of Oldman River in Alberta. These three EPs 

were chosen as model compounds to study their adsorption on GAC, representing three different 

categories of EPs. 

It is difficult to predict adsorption behaviour of complex molecules of EPs. Different functional 

groups influence adsorption of the molecule differently [18] therefore; it is more practical to 

consider the most influencing parameter in adsorption characteristics of the molecule and relate 

the adsorption behaviour to those major parameters. One of the most influencing parameters on 

adsorption of organic compounds on GAC is the electrostatic charge of the adsorbent and 

adsorbate [19]. Comparing the adsorption uptake of an adsorbent with the same porosity and 
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different surface electrostatic charge will help with the better understanding of the effect of 

activated carbon surface charge and the adsorbate molecule charge on adsorption. Nitric acid 

pre-treatment is a popular pre-treatment method to oxidize the surface of the activated carbon 

and consequently change the surface charge of the activated carbon [20]. 

Presence of compounds other than the adsorbate in solution influences adsorption of the 

adsorbate [4]. Removal of the EPs for drinking water usage occurs in tap water matrix. 

Adsorption of organic compounds on GAC in pure water has been investigated in literature to 

some extent [6, 21, 22]. However; effect of tap water matrix of Saskatoon on adsorption has not 

been investigated adequately. To have a better insight into the adsorption of EPs on GAC in 

operating conditions with tap water, there is a need to compare the adsorption behaviour of these 

compounds on the same adsorbents but with different water matrices. 

Regeneration of saturated adsorbent can restore the adsorption capacity of the adsorbent. Various 

regeneration methods have different levels of effectiveness in restoration of adsorption capacity 

of the adsorbents. Literature confirms effectiveness of mineralization and degradation of EPs 

with ozone [23-25]. Literature also reports effective catalytic activity of GAC in ozonative 

removal of EPs present in pure water [26]. However, effect of ozonation in regeneration of GAC 

saturated with EPs is not clear and needs to be investigated [27]. It is helpful to investigate the 

effectiveness of ozonation in regeneration of GAC saturated with model compounds of this 

research representing different categories of EPs. 

1.2. Research Objectives 

Based on motivation of this research, the main objective of the research was identified. The main 

objective of this research is to study the applicability of adsorption with GAC for removal of EPs 
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from drinking water using mentioned model compounds and adsorbents and to evaluate the 

effectiveness of ozonation for regeneration of saturated GAC. In order to achieve this goal 

following sub-objectives were identified: 

 to conduct batch adsorption of IBP, 2,4-D, and BPA on BC and CS in Milli-Q water at 

temperatures ranging from 280 to 296 K, to determine the best isotherm model of 

adsorption, and subsequently determine thermodynamic parameters using isotherm model 

parameters 

 to investigate the effect of point of zero charge of adsorbents, pre-treated with nitric acid 

on adsorption of selected model compounds in Milli-Q water 

 to study adsorption of model compounds in tap water at 296 K 

 to investigate the effectiveness of ozonation regeneration of spent activated carbon, 

saturated with the selected model compounds 

 

1.3. Scope of This Research 

This thesis contains seven chapters with the contents explained as below: 

 Background: This chapter presents the occurrence of EPs in surface waters and their 

negative effects on human health. This chapter also presents the utilization of GAC 

adsorption process in water treatment, reviews literature for usage of GAC in removal of 

similar contaminants, and briefly reviews the thermodynamics of adsorption of organic 

compounds on GAC in literature. The derivation of formulas and isotherm models of this 

research are presented as well. Acid pre-treatment of activated carbon and regeneration of 

spent activated carbon with ozone are also reviewed. 
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 Experimental: This chapter describes the materials used in this research and the 

procedures used. The experimental procedures and methods of analysis are provided 

thereafter. Repeatability of the experiments comes at the end of this chapter. 

 Characterization of Adsorbents: This chapter provides the results of porosity 

characterizations carried out and the point of zero charges of adsorbents measured. In 

addition the author summarizes the most relevant physic-chemical properties of 

adsorbents that are going to be used in the next chapters. 

 Adsorption of Model Compounds on Fresh Adsorbents: This chapter presents the results 

of adsorption of model compounds of this research on fresh adsorbents at three 

temperatures of 280, 288, and 296 K in Milli-Q water. Afterward it presents the 

thermodynamic analysis based on the isotherm parameters acquired. 

 Adsorption of Model Compounds on Pre-treated Adsorbents: This chapter presents the 

analysis of the results of adsorption of model compounds on nitric acid pre-treated 

adsorbents at 296 K in Milli-Q water. 

 Semi-batch Regeneration of Adsorbents with Ozone: This chapter presents the results of 

regeneration of adsorbents saturated with model compounds. 

 General Conclusions and Recommendations for Future Works: This chapter summarizes 

the most important findings of this research and proposes the recommendations for future 

work. 

 

1.4. Contribution of This Work 

This research studies adsorption of three model compounds on two GACs commonly used in 

water treatment industry. Thermodynamic analysis of adsorption at temperature range of 280 to 
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296 K indicated that effect of entropy of adsorption on spontaneity of adsorption is more 

pronounced than the exothermic or endothermic nature of the adsorption. 

Adsorption of model compounds on adsorbents with lower point of zero charge but the same 

porosity in Milli-Q water was examined. The pronounced difference among the maximum 

adsorption capacity of model compounds with different acid dissociation constants indicated the 

significant effect of electrostatic forces on adsorption of model compounds on GAC. It is 

believed that the presence of oxygen containing surface functional groups of adsorbents, formed 

during the acid pre-treatment of the adsorbents affected the adsorption of model compounds in 

molecular form drastically. This indicates the importance of presence of functional groups in the 

structure of model compounds. 

Adsorption of model compounds in tap water with the same adsorbents was studied. It was seen 

that adsorption of the deprotonated model compounds decreased in comparison with the 

adsorption in Milli-Q water. However, maximum adsorption capacity of model compound in 

molecular form did not decrease drastically. This showed that the effect of electrostatic forces is 

the dominant controlling factor in adsorption in tap water. 

GACs were saturated with the model compounds. Saturated adsorbents were regenerated with 

ozone. Adsorption of model compounds on ozone treated samples was examined. Nearly no 

uptake of the model compounds on both saturated adsorbents was observed. This indicated that 

aside from the type of model compound and source of GAC, the regeneration of the saturated 

adsorbent with ozone has the same effect and is not successful in restoration of the adsorption 

capacity of the adsorbent. 
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CHAPTER TWO 

 

BACKGROUND 

 

This chapter will explain the theoretical concepts of the models and formulas used in this 

research while reviewing the literature and presenting the related research. Next chapters will be 

referenced to this chapter for the derivation of formulas and/or definitions of concepts are 

explained in detail. 

2.1. Occurrence of Emerging Pollutants in Surface Waters 

Presence of emerging pollutants (EPs) in surface waters and sources of drinking water has raised 

health concerns. Presence of EPs even at low concentration levels over a long period of time can 

have detrimental effects on human health. EPs are persistent compounds and can readily pass 

through various drinking water treatment processes. A large number of EPs exist in surface 

waters due to discharge of waste stream of industrial processes, municipal conventional 

secondary treated  effluents (containing; pharmaceuticals, personal care products, and household 

cleaning chemicals), stabilization lagoons and septic tanks leakages, and farming irrigation 

runoff (containing; pesticides and herbicides) [28]. Natural and synthetic organic contaminants 

were detected in samples taken from two rivers studied in South Saskatchewan River basin [29]. 

Three model compounds representing different categories of EPs were selected for this research. 

Ibuprofen is a non-steroidal anti-inflammatory drug, commonly found in surface waters at high 
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concentrations [7]. 2,4-dichlorophenoxyacetic acid is a herbicide applied to control broad-leaved 

weeds in gardens and farming and is commonly preferred in the world because of its low cost 

and selectivity. It is poorly biodegradable and is present in high concentration levels in surface 

waters coming from irrigation runoff of farming operations [6]. Bisphenol A is a chemical 

widely used in production of polycarbonates, epoxy resins, and other plastics. BPA is an 

antioxidant, non-biodegradable, and highly resistant to chemical degradation and is reported at 

high concentration levels in surface waters [5]. Chemical characteristics of IBP, 2,4-D, and BPA 

are presented in Table 2-1. 

Table 2-1.  Physical and chemical characteristics of IBP, 2,4-D, and BPA molecules. 

Model 

compound 

Molecular 

formula 

Molecular 

weight (g/mol) 

Log 

KOW 
pKa 

Water solubility 

(mg/L) at 298 K 
Reference 

IBP C13H18O2 206.23 3.97 4.9 21 [2, 28, 30, 31] 

2,4-D C8H6Cl2O3 221.04 2.81 2.6 900 [32-34] 

BPA C15H16O2 228.30 3.32 9.6-10.2 120 [5, 35] 

All three model compounds have relatively similar molecular weights. The Log of octanol-water 

partition coefficient (Log Kow) indicates the hydrophobicity of an organic molecule determined 

with measurement of distribution of the organic solute between a non-polar phase (octanol) and 

polar phase (water) [36]. The logarithm of ratio of concentration of organic solute in octanol to 

concentration of organic solute in water (Equation 2-1) is considered as the partition coefficient 

[37]. 

          
    

    
         (2-1) 

Where Cs,o is concentration of organic solute in octanol and Cs,w is concentration of organic 

solute in water. A molecule with higher Log Kow has more tendency to be adsorbed on non polar 
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surfaces such as activated carbon. The partition coefficient is often related to solubility in 

aqueous phase, as the higher the partition coefficient the lower the solubility of the compound in 

aqueous phase [38]. 

 

                      (a)                                                    (b)                                                (c) 

Figure 2-1.  Molecular structure of IBP (a), 2,4-D (b), and BPA (c). 

IBP has a molecular dimension of 1.03 (length) × 0.52 (width) × 0.43 nm (height) [10]. Length 

of BPA molecule from one hydroxyl group of aromatic ring to another is 0.94 nm, width of the 

molecule is 0.53 nm, and the height of benzenic ring is 0.43 nm [5]. From this information one 

can infer that length of 2,4-D does not exceed 1.1 nm. 

There is an equilibrium associated with dissociation of an acid (equation 2-2). Considering HA 

being the weak acid in equation 2-2, it dissociates into H
+
 and A

-
. Ka in equation 2-3 is the 

equilibrium constant correlating the concentration of dissociated species and the concentration of 

weak acid in aqueous phase. 

                 (2-2) 

   
        

    
          (2-3) 
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pH is defined to be –Log [H]
+
 therefore, it is possible to rewrite equation (2-4) and derive 

equation (2-5). In equation (2-5) in order to have pH = pKa, concentration of A
-
 must be equal to 

concentration of weak acid. This indicates that at pH value equal to pKa, half of the initial 

concentration of weak acid is dissociated and rest of it is still in molecular form. 

               
        

    
       (2-4) 

                
    

    
       

    

    
     (2-5) 

According to literature, the pKa of IBP is associated with the H
+
 of carboxyl group. IBP is in 

molecular form before dissociation and is negatively charged after dissociation [16]. In case of 

2,4-D, pKa is related to H
+
 of carboxyl group as well [39]. Thus, 2,4-D is in molecular form and 

neutral before dissociation but after dissociation it is negatively charged [40]. Deprotonation of 

BPA is attributed to separation of H
+
 of phenolic groups therefore; BPA is in molecular and 

neutral form before deprotonation and negatively charged after dissociation [5]. 

2.2. Granular Activated Carbon Filtration 

Activated carbon filtration is used in water treatment to remove dissolved organic contamination 

by physical separation [13]. It is one of the most established technologies used in purification of 

water contaminated with organic pollutants [32]. This process is relatively inexpensive and 

highly efficient for removal of contamination from drinking water [41]. One of the most 

important advantages of activated carbon filtration over other treatment processes is that it does 

not release by-products into the effluent stream [42]. 

Activated carbon in water treatment is used in forms of powdered and granular activated carbon. 

Powdered activated carbon should be separated from the effluent as residual process solids and 
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cannot be recovered or reactivated while granular activated carbon can be replaced or 

regenerated. GAC treatment is an approach for removal of organic compounds regularly found at 

concentrations of concern. GAC has larger particle size in comparison with powdered activated 

carbon and does not cause a high pressure drop therefore; it is typically used in fixed-bed 

columns [13]. Water treatment companies producing filters for removal of organic contaminant 

from tap water use GAC as the adsorbent. GAC is the practical choice as it can be replaced or 

reactivated, it does not cause a pressure drop in fixed bed columns, and it is not suspended in 

stream and consequently it is not needed to be separated from the effluent. 

GAC is synthesized from carbonaceous material including coal, lignin, coconut shell, and wood 

[42, 43]. Every source has its own advantages and disadvantages. Bituminous coal based and 

coconut shell based GACs are recommended for drinking water treatment [13]. Coconut shell 

based activated carbons are made of coconut shell which is an agricultural by-product and is 

available in large quantities with a lower price than bituminous coal [44]. Coconut shell GACs 

has higher mechanical strength than bituminous coal based GACs [45]. This allows treatment of 

large volume of water with less abrasion in comparison with bituminous coal based GACs. 

Bituminous coal based GACs has higher ash content than coconut shell based GACs [46]. 

Coconut shell based GAC has a more micro-porous structure than the bituminous coal based 

GAC [47]. Tsai et al. [48] stated that bituminous coal based carbons have higher amounts of 

acidic groups in their structure than the coconut shell based GAC. The literature does not 

adequately investigate the effectiveness of adsorption of one EP on two GAC of coconut shell 

based and bituminous based with the same experimental conditions. This knowledge gap 

represents a challenge to evaluate the effectiveness of various characteristics of these two GAC 

on adsorption of EPs. 



13 

 

 

Batch Adsorption Isotherm Modeling 

Adsorption isotherm modeling can be used to compare the adsorption of model compounds on 

different adsorbents and to find thermodynamic parameters of adsorption. When an aqueous 

phase containing a dissolved organic compound (solute) comes in contact with GAC pellets 

(adsorbent), transfer of the solute from aqueous phase to the surface of adsorbent (and also the 

reverse process) occurs (equation 2-6), due to the higher affinity of the organic compound to the 

surface of GAC than water and the higher concentration of solute in bulk of the liquid. Solute 

molecules will be transferred between the interface of the adsorbent and the bulk of the liquid 

until an equilibrium is attained. At equilibrium, equal amounts of solute will be adsorbed and 

desorbed; consequently the concentration of solute in bulk of aqueous phase and on GAC surface 

will remain constant. 

solute in aqueous phase   solute on GAC surface     (2-6) 

  
  

                                      

                                           
      (2-7) 

K

c is the apparent equilibrium constant, for each equilibrium concentration of solute in liquid 

phase. The correlation showing the concentration of solute on GAC as a function of 

concentration of solute in bulk of the aqueous phase, at constant temperature, is called the 

adsorption isotherm [9]. 

Adsorption isotherm modeling allows comparison of adsorption using model parameters. 

Adsorption isotherm model parameters give information about the maximum adsorption 

capacity, surface and energy sites distribution heterogeneity, and adsorption intensity. Freundlich 
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and Langmuir adsorption isotherm models describe the adsorption of organic compounds on 

GAC in water better than other models [10, 48, 49]. These two models are: 

Freundlich model:         

 
        (2-8) 

Langmuir model:     
       

     
      (2-9) 

In Equation (2-8) KF (mg 
(n-1)/n

.L
1/n

.g
-1

) is Freundlich relative adsorption maximum capacity and 

1/n indicates adsorption affinity or surface heterogeneity. In Equation (2-9); Qmax (mg/g) is the 

Langmuir monolayer maximum adsorption capacity and b (L/mg) is a direct measure of 

adsorption intensity [6, 10, 48, 50]. The uptake of the solute on adsorbent is calculated using 

equation (2-9). 

   
         

 
          (2-10) 

Where C0 and Ce (mg/L) are the initial and equilibrium concentration of the solute, respectively, 

V (L) is the volume of the solution, and W (g) is weight of the adsorbent. qe is found in mg of 

solute per gram of adsorbent (mg/g) [10].  

There are differences between these two models. The Freundlich model better simulates 

adsorption processes on heterogeneous adsorbent surface; where the lower the value of 1/n the 

higher the heterogeneity of the surface of adsorbent [16, 51]. While the Langmuir is a better fit 

for monolayer adsorption on adsorption sites with uniform energy [49]. The Freundlich model is 

more applicable for adsorption at high concentration range while the Langmuir is more 

applicable at low concentration ranges [52]. In a Freundlich isotherm, the uptake approaches 

infinity with the increase in solute concentration. The adsorption processes observed in practical 
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systems do not follow this behaviour, but rather the uptake capacity exhibit a limited value.[51]. 

In order to fit the models to experimental data and find the model parameters, the model can be 

written in linear form: 

Linear Langmuir model: 
  

  
 

 

     
 

  

    
     (2-11) 

Linear Freundlich model:           
 

 
        (2-12) 

The Ce/qe is plotted against Ce and the slope of the straight line fit to the data represents 1/Qmax. 

Having Qmax it is possible to find b from the intercept of the line. To find the Freundlich 

parameters from the equilibrium experimental data, ln qe is plotted against ln Ce. The slope of the 

straight line fitted to the data will be 1/n and the intercept will be ln KF. 

Parameters Influencing Adsorption of EPs on GAC 

There are a variety of factors that affect the adsorption of a solute in aqueous phase on GAC. The 

characteristics of the adsorbent, solution, and EP affect the adsorption process at a constant 

temperature [6]. There are some parameters that influence adsorption more than others. 

According to literature attractive (London) dispersion forces and donor-acceptor interactions 

[53], adsorbent porosity [47, 54], and electrostatic forces [53] are among the most influencing 

parameters affecting the adsorption of EPs on GAC at a constant temperature. Major water 

component species and temperature are also influencing parameters on adsorption in operating 

conditions relevant to this research. Effect of dispersion forces and donor-acceptor interactions, 

adsorbent porosity, and electrostatic forces on adsorption of EPs is briefly reviewed below. 

Effect of tap water major components and temperature will be reviewed afterwards. 
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Effect of Attractive London Dispersive Forces and Donor-acceptor Interactions on 

Adsorption of EPs on GAC 

London dispersive forces are Van der Waals forces between non-polar species. Bigger London 

dispersive forces are exerted to larger size molecules such as EPs [55]. Therefore, attraction 

forces between large uncharged EP molecules and non-polar graphene layers of GAC can be 

attributed to London dispersion forces [56]. Adsorption of EPs on GAC is influenced by 

dispersion forces through π-π electron interactions of aromatic rings [57]. Presence of polar 

functional groups on the surface of graphene layers of GAC or in structure of the organic 

molecules of EPs can increase or decrease the dispersion forces [5, 28]. Guedidi et al. indicate 

that oxygen-containing functional groups on the surface of graphene layers withdraw electrons 

from the aromatic rings resulting in less dispersive forces [28]. 

Oxygen atoms of oxygen-containing functional groups of graphene layers have lone pair 

electrons in their valance orbital. Oxygen atoms (electron donor) of oxygen-containing 

functional groups such as carbonyl groups [28] can donate the lone pair electrons to an EP 

(electron acceptor) molecule with electron deficiency in their structure [58]. This indicates that 

presence of oxygen-containing functional groups on GAC surface can decrease dispersive 

interactions and at the same time increase adsorption through formation of donor-acceptor 

complexes with the solute molecules. To find out the effect of dispersive forces and electron 

donor-acceptor interactions on model compounds of this research, literature needs to be reviewed 

and experiments need to be conducted. 

Guedidi et al. [28] attributed the adsorption of IBP at pH 3 to formation of donor-acceptor 

complexes of IBP with carbonyl groups of the GAC surface; however, they reject adsorption of 

IBP through π-π interaction of IBP aromatic ring and graphene layers. Guedidi et al. related 
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higher uptake of IBP to the higher amount of carbonyl, quinone, and lactonic groups on GAC 

surface. 

Guifang et al. [59] studied adsorption of BPA on nitric acid treated activated carbons. They 

observed significant reduction in uptake of BPA after nitric acid treatment of adsorbents. They 

mentioned that formation of carboxylic and hydroxyl groups on surface of carbon during nitric 

acid treatment withdrew the electrons from basal planes of graphene. They speculated that this 

decreased π-π dispersion interactions. Bautista et al. [60] found that adsorption of BPA on their 

three activated carbon adsorbents followed the π-π interaction as the most dominant mechanism. 

Zhu et al. [61] stated that phenolic compounds can be adsorbed to the carboxylic groups of the 

carbon surface through formation of hydrogen bonds which is believed to be the primary reason 

for adsorption of BPA and not the π-π interactions. 

Effect of Adsorbent Porosity on adsorption of EPs on GAC 

EP molecules have high molecular weights and consequently large molecular structures. 

Therefore, the pore size of adsorbent can influence adsorption of EPs. Higher pore volume and 

surface area of adsorbent lead to higher adsorption capacity thus pore volume and surface area of 

an adsorbent play key role in adsorption of a compound. Microporous or mesoporous structure of 

an adsorbent affects the adsorption uptake. It has been observed that mesoporous carbons are 

effective adsorbents for the removal of bulky molecules [47], on the other hand it has been 

observed that microporous adsorbents have higher adsorption uptake for several EPs [28]. Effect 

of porosity of GAC on adsorption of EPs of this research is briefly reviewed below. 

Mestre et al. [10] indicated that activated carbons with a higher pore volume exhibited a higher 

IBP adsorption capacity. They noted that carbons with smaller mean micropore half-width 
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yielded a higher adsorption affinity. Guedid et al. noted that IBP adsorption occurred in 

micropores with a diameter below 0.6 nm. Gun'ko et al. [18] mentioned that IBP molecules form 

dimmers with the carboxylic groups in their structure that hinder entering micropores. However, 

adsorption of those dimmers in pores with diameter larger than 1 nm was completely possible. 

They [18] also found that IBP was adsorbed in a monomer form at low concentrations while in 

higher concentrations the formation of a dimmer contributed to the uptake of IBP. 

Sui et al. [62] studied the adsorption of BPA on a mesoporous carbon and a commercial 

powdered activated carbon. The mesoprous GAC and powdered activated carbon had a Barrett-

Joyner-Halenda (BJH) average pore diameters of 4.87 and 3.06 nm, respectively. The mesopore 

volume and surface area of mesoporous carbon was higher than the powdered carbon. They 

indicated that the higher pore volume and surface area of the mesoporous carbon were the most 

important factors influencing the uptake of BPA. Tsai et al. [48] reported lower uptake of BPA 

on an activated carbon of their own, compared to a different activated carbon, indicating that the 

difference was due to the pore volume. 

Effect of Electrostatic Interactions on Adsorption of EPs on GAC 

The surface polarity of the graphene layers together with the positive or negative charge of solute 

molecule can cause attraction or repulsion of solute molecules. The charge of an adsorption site 

of GAC in aqueous phase may be represented as: 

     
                    (2-13) 

Where ‒XOH2
+
 represents protonated adsorption site, ‒XOH a neutral adsorption site and ‒XO

‒
 

a deprotonated adsorption site. Protonated and deprotonated adsorption sites determine the 

surface charge of the adsorbent. There is a pH value at which the concentration of these two 
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groups is equal. This pH value is known as point of zero charge (PZC), where the total charge on 

the surface becomes zero [63]. With an increase in solution pH, polar adsorption sites lose 

protons and the surface of the adsorbent will be more negatively charged. Depending on the pH 

of the solution and the pKa of the solute, the solute can be positive, neutral, or negatively 

charged. Having the same charge for the solute and adsorbent or the opposite charges, repulsion 

or attraction forces would be present between the solute and adsorbent [64]. When either the 

adsorbent or the solute, or both are in neutral condition, the electrostatic forces are minimal [34]. 

Exposure of activated carbon to atmosphere will cause the oxidation of the carbon surface. This 

phenomenon is called ‘aging’ [65]. Aging mainly increases the carbonyl functional groups while 

simultaneously decreases the amount of basic groups which causes reduction in PZC of carbon 

[28]. Boehm et al. [65] also emphasized that surface oxides formed through aging of GAC have 

acidic characteristics. 

Mestre et al. [10] studied adsorption of IBP on a GAC. They indicated that the carbon with lower 

PZC has a larger number of oxygen containing functional groups. A reduction of 3-5% in 

maximum adsorption capacity of IBP was observed with increase of pH from 5 to 6 for their 

activated carbon with PZC of 9.9. They attributed this observation to the increase in negatively 

charged adsorption sites on the GAC surface. This reduction was accentuated for an activated 

carbon with a PZC equal to 7.5 due to repulsive forces between the more negatively charged 

surface of the carbon and deprotonated IBP molecules. Dubey et al. [16] studied adsorption of 

IBP on a GAC. They indicated the adsorption to be physisorption. The maximum uptake of IBP 

occurred at pH 2 mainly involving the carboxylic group in the IBP molecule. 
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Bakhtiari et al. [40] studied dissociation of 2,4-D. They reported that about 50% of 2,4-D was 

dissociated at pH of about 3 and 2,4-D was completely dissociated at pH 5. At approximate pH 

3.5 close to 90% of 2,4-D was dissociated. Gupta et al. [66] studied the effect of pH on 

adsorption of 2,4-D on the GAC of their research. They observed that the maximum adsorption 

uptake decreased 1-2% when the pH increased from pH 3 to 8. Salman and Hameed [50] 

observed a reduction of about 10 mg/g in the maximum uptake of 2,4-D on bituminous coal 

based GAC of their research with pH increase from 3 to 8. Aksu and Kabasakal [6] indicated that 

adsorption of 2,4-D on GAC was highly dependent on the pH of the solution. They observed the 

uptake of 2,4-D to be constant from pH 2 to 3; however it decreased from 98.1 to 83.0 mg/g by 

increasing the pH from 2 to 8 when the PZC of the GAC was 8.2. They observed that 2,4-D was 

completely dissociated between pH 4 and 8. 

Sui et al. [62] studied adsorption of BPA on a mesoporous activated carbon. Adsorption of BPA 

was to a high degree constant between pH 2 to 10 due to the pKa of BPA being 9.6 to 10.2. BPA 

was deprotonated at pH values higher than 10 and formed bisphenolate anions. Bautista et al. [5] 

observed that the first deprotonation of BPA starts at pH 8 and the second one at pH 9. The most 

favourable condition for adsorption of BPA was noted to be when the surface of the carbon is in 

neutral condition and the BPA molecule is not deprotonated. 

Effect of Major Components of Tap Water on Adsorption of EPs on GAC 

Adsorption of EPs in operating conditions of a drinking water treatment plant occurs in tap 

water. There are species present in the tap water. These species compete with EPs in adsorption 

on GAC [42]. This competition in adsorption reduces the maximum adsorption capacity of EPs. 

The major components of tap water can also affect the ionic strength of the solution and 
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consequently affects the adsorption of EPs [5]. It is necessary to know the effect of major species 

of tap water on adsorption of the target solute. 

Bautista et al. [5] noted that a presence of electrolytes in solution has a positive effect on 

adsorption of organic molecules in molecular form, due to the positively charged surface of the 

carbon. They observed an uptake increase of molecular BPA on GAC in presence of sodium 

hydroxide to be due to the aforesaid reason. Pastrana-Martinez et al. [67] studied adsorption of 

Fluroxypyr on GAC in absence and presence of water hardness. Maximum uptake of Fluroxypyr 

on GAC was lower in the presence of hardness in comparison with pure water, however, 

maximum uptake increased with increasing hardness when the equilibrium concentration of 

Fluroxypyr was below 6 mg/L. They observed that water salinity screens the electrostatic 

repulsion forces between charged Fluroxypyr molecules, when non-electrostatic solute-adsorbent 

was predominant. 

2.3. Thermodynamics of Adsorption 

Finding thermodynamic parameters of adsorption helps differentiating the physical adsorption 

from chemical adsorption, and helps predicting the adsorption behaviour in relevant conditions 

and different temperatures. Finding the equilibrium constants at different temperatures allows 

calculation of change in standard Gibbs free energy, standard entropy, and standard enthalpy. 

Adsorption of model compounds on adsorbent can be represented with the reversible equilibrium 

function of Equation (2-6). The apparent equilibrium constant of K

c in Equation (2-7) is defined 

as the concentration of solute on adsorbent divided by the concentration of solute in liquid phase. 

In order to obtain the standard thermodynamic equilibrium constant (K
°
c) the activity should be 

used instead of concentration of model compound (Equation 2-14). 
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         (2-14) 

In Equation (2-14) as and ae are the activity of solute on adsorbent and in solution respectively, vs 

and ve are activity coefficients of solute on adsorbent and in solution respectively, and Cs and Ce 

are the concentrations of solute on adsorbent and in solution. For this purpose, the apparent 

equilibrium constant (K

c) values for different initial concentrations of the model compounds are 

obtained by extrapolation when the initial concentration of model compound in solution at 

equilibrium approaches zero. This value is equal to the inverse of the intercept of Cs/Ce versus Ce 

curve, and in turn is the intercept of the linear form of the Langmuir model. Knowing the 

intercept of the linear form of the Langmuir curve to be 1/(Qmax.b), the standard equilibrium 

constant (K
°
c) will be Qmax.b [6, 67-69]. Finding the standard equilibrium constant for any 

temperature, the standard free energy (ΔG°) will be calculated from Equation 2-15. 

ΔG° = - RT . ln K
°
c         (2-15) 

ΔG° = ΔH° - TΔS°         (2-16) 

R in Equation (2-15) is the gas constant 0.008314 (kJ/K.mol) and T is the absolute temperature 

in Kelvin. Knowing the relationship between standard Gibbs free energy, standard enthalpy, and 

standard entropy and substituting Equation (2-15) in Equation (2-16) the values for ΔH° and ΔS° 

of adsorption can be calculated from the slope and intercept of the Van’t Hoff plot of ln K
°
c 

versus 1/T [28, 70]. 

    
  

   

 
 

   

  
         (2-17) 
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From Equation (2-17), the standard enthalpy change ΔH° (kJ/mol) is negative of the slope of the 

trend-line, multiplied by R; and the standard entropy ΔS° (kJ/mol.K) is intercept of the trend-line 

multiplied by R. 

Thermodynamics of Adsorption of EPs 

Guedidi et al. [28] determined the thermodynamic parameters of adsorption of IBP at qe=100 

mg/g and pH=3 on fresh microporous-mesoporous commercial GAC, GAC treated with 

hydrogen peroxide with simultaneous sonication, and GAC thermally treated at 973 K (Table 2-

2). Adsorption of IBP on all three activated carbons had a positive ΔH° indicating endothermic 

adsorption. The ΔH° values were lower for adsorbents with higher surface oxygen-containing 

groups, which was attributed to the effect of exothermic interaction of some of surface oxygen-

containing groups with IBP. The small negative ΔG° value for three carbons indicated a 

spontaneous physisorption [71]. Guedidi et al. attributed the more negative ΔG° value for 

adsorption of IBP on the sonicated sample to the presence of high energy adsorption sites of 

particular oxygenated groups formed by sonication of adsorbent. Guedidi et al. assumed those 

oxygenated groups to be carbonyl or lactonic groups. The positive ΔS° indicated increase of 

disorder at solid-liquid interface because of probable desorption of water and methanol 

molecules from IBP molecules before adsorption of IBP on adsorbent. They also concluded the 

competition in adsorption on GAC between solvent and IBP molecules, due to a positive value of 

standard entropy. 

Mestre et al. [10] observed a slight increase in adsorption uptake of IBP by GAC when the 

temperature increased from 298 to 313 K, which confirms the endothermic adsorption process 

and consequently a positive value for ΔH°. Dubey et al. [16] determined the thermodynamic 

parameters of adsorption of IBP on a novel mesoporous activated carbon, synthesized from an 
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invasive weed. They found the adsorption to be endothermic with increase in randomness on 

surface of adsorbent. 

Gupta et al. [66] estimated thermodynamic parameters of adsorption of 2,4-D on a carbonaceous 

adsorbent prepared from raw material procured from industrial waste slurry. The negative ΔG° 

and ΔH° indicated the spontaneous and exothermic nature of adsorption, respectively. They 

deduced the physical adsorption in the presence of weak attraction forces was due to the low 

enthalpy value. They assumed that the negative value of entropy indicating the decrease in 

disorder to be due to binding of molecules with the surface of adsorbent. Aksu and Kabasakal [6, 

69] found the thermodynamic parameters of adsorption of 2,4-D on a H-type bituminous coal 

based GAC (Table 2-2). They described the adsorption to be feasible and spontaneous because of 

negative ΔG°. They suggested the endothermic nature of adsorption and the increase in 

randomness due to the positive values for enthalpy and entropy, respectively. They concluded 

the higher adsorption at higher temperature to be due to enlargement of pore size or activation of 

surface of adsorbent or creation of new adsorption sites as a result of bond rupture. They also 

assumed the increase in intraparticle diffusion enhanced the mobility and penetration of 2,4-D 

into pores at higher temperature. Adsorption of 2,4-D on a mineral clay was carried out by Nejati 

et al. [72] and the thermodynamic parameters were determined (Table 2-2). Negative values of 

ΔG° and ΔH° were mentioned to indicate the spontaneous adsorption and exothermic process, 

respectively suggesting physisorption with weak attraction forces. They related the positive value 

of entropy to increase in randomness at the interface of the solid and liquid phases. 

Liu et al. [59] studied the adsorption of BPA on fresh activated carbon (Westvaco Corp., 

America) and the nitric acid treated form of the same carbon. They found the adsorption on both 

carbons to have a physisorption mechanism due to an activation energy less than 40 kJ/mol. 
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They mentioned the physisorption to be an exothermic process. The experiments at temperatures 

from 288 to 318 K indicated the reduction in uptake and logically an exothermic adsorption, 

which was in agreement with their induction about the exothermic nature of physisorption. Sui et 

al. [62] studied adsorption of BPA on a mesoporous carbon prepared from hexagonal SBA-15 

mesoporous silica. They observed a decrease in adsorption of BPA with increase of the 

temperature from 283 to 313 K, confirming an exothermic process. 

Table 2-2.  Thermodynamic parameters of adsorption of model compounds on various 

adsorbents 

Model 

compound 
Adsorbent Temperature range ΔG° (kJ/mol) ΔS° (J/mol.K) ΔH° (kJ/mol) Reference 

IBP Activated Carbon 298-318 -3 198 57 [16] 

2,4-D 
Carbonaceous 

adsorbent 
298-318 -21 -60 -2 [66] 

2,4-D GAC 298-318 -7 73 15 [6] 

2,4-D 
Layered double 

hydroxide 
298-333 -5 2 -5 [72] 

2.4. Acid Pre-treatment of Activated Carbon 

In order to create acidic oxide groups on GAC surface, various liquid oxidants are used in this 

investigation. Among the liquid oxidants, nitric acid is often used since its oxidizing properties 

can be controlled by temperature and concentration [65]. Nitric acid treatment increases the 

amount of acidic surface oxygen-containing functional groups leading to reduction of PZC of 

GAC [73]. Nitric acid treatment of GAC at room temperature does not have a significant 

influence on porosity of GAC and is a suitable method for reduction of PZC without influencing 

GAC porosity [74]. 

Yu et al. [74] investigated nitric acid treatment of coconut shell base GAC. They treated fresh 

GAC with 65% concentrated nitric acid at 303 K for 3 hours. They did not observe a significant 
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difference in morphology of carbon after treatment in SEM images except removal of inorganic 

fine particles or ashes. Ash content analysis indicated close to 50% reduction of ash after acid 

treatment which confirmed the SEM results. Acid treatment caused about 20% decrease of pore 

volume and surface area of micropores, and the total surface area. They concluded that moderate 

change of temperature up to 363 K does not have a significant influence on pore structure 

modification. They mentioned that nitric acid oxidation increased the amount of oxygen-

containing functional groups. Acid treatment at room temperature decreased the amount of 

carbonyl or phenol groups on surface of GAC while it increased the amount of carboxylic 

groups. 

Chen et al. [75] treated a coal based GAC with different concentrations of nitric acid at 363 K for 

10 hours. They found that amount of carboxylic groups increase monotonically with the increase 

of concentration of nitric acid. It was also found that the amount of carbonyl groups increases 

and reaches their maximums when the nitric acid concentration is 2 N and decreases with further 

increase in concentration of nitric acid. It was observed that the amount of surface oxygen-

containing functional groups increases significantly after treatment and has the same trend as 

carboxyl functional groups. A slight increase in total surface area was observed after 0.1 N nitric 

acid treatment. This was explained to be due to pore opening caused by removal of ashes and 

impurities. They also explained the increase in microporous surface area and volume due to 

anchoring of oxygen-containing functional groups inside the larger pores by oxidation with nitric 

acid. However, decrease in total surface area was observed with further increase in nitric acid 

concentration. They described the decrease in micropore surface area and volume by collapse of 

pore walls and carboxylic groups stretching to the walls of slit-shaped pores and consequently 

lack of access to them. The presence of oxygen-containing surface groups makes the surface of 
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carbon more hydrophilic, causing it to attract water clusters that block the pore entrances. This 

represents an example when the structure of microporous activated carbons is usually made up of 

slit-shaped pores [10]. 

Houshmand and Daud [76] studied nitric acid treatment of palm-shell-based GAC at 298 K with 

2 and 8 N nitric acid and 2 and 8 hours of treatment. Total surface area and micropore volume of 

all oxidized samples decreased in comparison with the fresh sample. They identified pore 

destruction and pore blockage to be the main reasons for the reduction in surface area and pore 

volume of the samples. They concluded that decrease in surface area must have occurred due to 

increase in concentration of surface oxygen-containing functional groups. Liu et al. [77] 

investigated the nitric acid treatment of coconut shell GAC. They treated the carbon at 363 K 

with 6 N nitric acid for 12 hours. Result of their experiments indicated a slight reduction in total 

surface area. Studying surface chemistry of the acid treated sample showed that increase in 

acidity is mainly due to formation of carboxylic acid and phenolic functional groups on surface 

of carbon. Oxidation processes including nitric acid treatment not only introduced acidic surface 

functional groups but also destroyed basic functional groups [28]. Shamsi Jazeyi et al. [20] 

studied treatment of a commercial GAC with 6 N boiling nitric acid for 3 hours. Results of their 

analysis indicated a slight increase in total surface area, total pore volume, and micropore 

volume and reduction of ash content to almost half of the ash content of the fresh carbon. They 

briefly concluded that nitric acid treatment at that temperature introduced carboxylic acid groups 

into the surface of GAC. 

2.5. Activated Carbon Regeneration with Ozone 

Ozone has a high oxidation potential which makes it a good choice for oxidation of organics in 

aqueous phase. The effectiveness of ozonation in removal of EPs in water has been confirmed in 
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literature [2, 78]. Ozone regeneration therefore could be a good candidate for GAC regeneration 

as ozone can be injected to packed bed columns of GAC and it is capable of driving oxidation of 

organic molecules in aqueous phase. 

The effect of regeneration of GAC with ozone has not been investigated extensively and needs to 

be clarified and examined for more adsorbents and a larger number of adsorbates, so that its 

effectiveness of the regeneration with ozone is clarified [27, 79-81]. Ozonative regeneration of 

GAC saturated with IBP, 2,4-D, and BPA has not been reported in the literature. Regeneration of 

coconut shell based GAC has not been investigated; however there are a number of reports on 

GAC regeneration and pre-treatment with ozone which give an insight into the regeneration of 

GAC with ozone. 

Alvarez et al. [79] used in situ ozone injection for regeneration of bituminous coal based GAC. 

One sample saturated with secondary effluent of wastewater treatment plant and another sample 

saturated with gallic acid (phenolic compound present in wastewater effluents of food processing 

plants). They found that regeneration of GAC saturated with gallic acid was not successful. It 

was observed that regeneration with ozone failed to remove all the gallic acid from the GAC and 

it destroyed adsorption sites and plugged the pores. They found that excessive ozone treatment 

caused significant reduction in surface area and pore volume. Increase in mesopore volume also 

suggested that ozone has widened the micropores. The ozone reacted mainly with the GAC itself 

and oxidized the surface and destroyed the porosity. 

Alvarez et al. [27] in another research compared ozone regeneration with thermal regeneration of 

GAC exhausted with phenol. They applied ozone treatment to fresh GAC. It was found that 

longer ozone treatment time decreased the phenol uptake. A significant increase in carboxylic 
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group concentration was observed after ozone treatment. They indicated that formation of 

surface oxygen-containing groups was the reason behind the inhibition of adsorption of phenol. 

The surface area was restored to some extent; however extended ozone treatment decreased the 

surface area. Ozone treatment of phenol saturated samples led to removal of physically adsorbed 

phenol molecules in the first 20 minutes. 

Yaghmaeian et al. [81] used in situ ozone treatment for regeneration of amoxicillin saturated 

NH4Cl pre-treated activated carbon. They observed that ozone regeneration with low dosage of 

1.4 mg-O3/min can completely restored the adsorption capacity of the NH4Cl pre-treated 

activated carbon saturated with amoxicillin. 

Valdes and Zaror [80] utilized ozone treatment as a pre-treatment method and indicated 

reduction in BET surface area of fresh GAC pre-treated with 5 g/h of ozone. Ozone pre-

treatment slightly increased the mesopore surface area. The extended oxidation led to destruction 

of pore walls. A 20-30% reduction of mass was also observed after 60 min of 5 g/h ozone 

treatment. The same behaviour was observed for benzothiazole saturated GAC. Pre-treated GAC 

showed a reduction in adsorption maximum capacity and intensity for adsorption of 

benzothiazole which was explained to be due to reduction in π-electron density on graphene 

layers. They mentioned high concentration of oxygenated acidic surface groups near the π-

electron sites decreased the surface Lewis basicity causing electron withdrawing effect. They 

believed that this weakened the π-π dispersive interactions between the π-electrons of aromatic 

ring of benzothiazole, and π-electrons of carbon basal plane and consequently reduced the 

adsorption capacity. 
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Rivera-Utrilla and Sanchez-Polo [53] pre-treated a bituminous coal based GAC with 5 g/h of 

ozone. They reported a significant reduction in adsorption capacity of naphthalenesulphonic 

acids on ozone treated bituminous coal based activated carbon. This was described to be due to 

the decrease in π-π dispersive interactions between the basal planes of carbon and aromatic rings 

of adsorbate molecules. They also mentioned the repulsive forces at pH values close to the point 

of zero charge of carbon, as a reason for the reduction of capacity of adsorption, as the PZC of 

carbon decreased with ozone treatment. 
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CHAPTER THREE 

 

EXPERIMENTAL 

 

This chapter presents the materials used in this research and their characteristics, either provided 

by the supplier or being measured with experimental works. Experimental procedures are 

explained in detail and equipment used in this research is introduced. Analytical methods used to 

measure the characteristics of the adsorbents and other parameters involved in this research are 

explained in the last part of this chapter. 

3.1. Materials 

Model Compounds 

All chemicals were ordered in high purity and used as received in experiments. BPA and IBP 

were obtained from Sigma-Aldrich Company with purity of ≥98% and ≥99%, respectively. 2,4-

D was supplied by Alfa Aesar with purity of 98%. Stock solutions were prepared with Milli-Q 

water in 1 L volumetric flasks, for Milli-Q water experiments. For experiments with tap water 

matrix, tap water with characteristics presented in Table 3-1 was used for preparation of stock 

solutions. For the case of IBP, in order to increase the solubility and achieve higher 

concentrations 75 mL of methanol (7% w/w; methanol/Milli-Q water) was used in preparation of 

stock solution both for Milli-Q water matrix and tap water matrix [10]. Stock solutions were 

prepared fresh for every batch of experiments the day prior to the experiments. To avoid 
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introduction of any electrolyte and changing the ionic strength of the solution buffer or acid/base 

was not added to the stock solutions and pH was not adjusted [82]. For more consistency the new 

stock solution initial concentration were measured and if it was in an acceptable range of 

concentration (±0.5 mg/L), it was mixed with the remaining of the previous stock solution to 

keep the concentration of the stock solutions as accurate and consistent as possible. 

Adsorbents 

Filtrasorb®400 was supplied by Calgon Carbon Corporation. Filtrasorb®400 comes in 12×40 

mesh size. Supplier recommends the BC for removal of dissolved organic compounds from 

water and wastewater. Filtrasorb®400 is made from bituminous coal through a process known as 

re-agglomeration. Activation of Filtrasorb®400 is controlled to produce a significant volume of 

both low and high energy adsorption sites for effective adsorption of a broad range of high and 

low molecular weight organic contaminants [14]. Filtrasorb®400 was washed with distilled 

water and dried in oven at 383 K overnight. Dried Filtrasorb®400 was labelled ‘BC’ and it was 

kept in desiccator to be used in experiments. 

AquaSorb®CS granular activated carbon is manufactured from coconut shell based charcoal. 

The AquaSorb®CS used was the mesh size of 8×30. In order to keep the conformity between the 

sizes of adsorbents used in this research, this product was sieved with 12×40 mesh to have the 

same size as BC activated carbon. The final product was washed with distilled water and dried in 

oven at 383 K overnight. The dried AquaSorb®CS was labelled ‘CS’ and kept in desiccator to be 

used in experiments. 
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Water Matrices 

Milli-Q water with resistivity of 18.2 MΩ.cm or conductivity of 0.055 micro-Siemens/cm at 298 

K was used as Milli-Q water in experiments to prepare stock solutions. Tap water from 

laboratory tap water supply was used as drinking water matrix. It was collected over the time for 

more conformity. Major characteristics of tap water influencing the adsorption process were 

obtained from Saskatoon water treatment plant website (Table 3-1). 

Table 3-1.  Characteristics of Saskatoon tap water and tap limits [83] 

Typical Characteristic Tap water Tap water limits 

Other characteristics   

Colour (Apparent Colour Unit) 2 15 

Conductivity (micro-Siemens/cm) 438 none 

pH 7.94 9 

Temperature (°C) 10.1 none 

Turbidity (Nephelometric Turbidity Unit) 0.2 1 

Inorganic Constituents   

Aluminum (mg Al/L) 0.013 0.2 

Arsenic (mg As/L) 0.0002 0.010 

Barium (mg Ba/L) 0.046 1.0 

Boron (mg B/L) 0.02 5.0 

Cadmium (mg Cd/L) 0.00001 0.005 

Calcium (mg Ca/L) 40 none 

M-Alkalinity (mg CaCO3/L) 130 500 

P-Alkalinity (mg CaCO3/L) <1 none 

Carbonate (mg CO3/L) <1 none 

Bicarbonate (mg HCO3/L) 159 none 

Total Hardness (mg CaCO3/L) 168 800 

Chloride (mg Cl/L) 11 250 

Chlorine Residual (mg Cl2/L) 1.96 3.0
A
 

Chromium (mg Cr/L) <0.0005 0.05 

Copper (mg Cu/L) 0.0017 1.0 

Cyanide (mg CN/L) <0.001 0.2 

Fluoride (mg F/L) 0.61 1.5 

Iron (mg Fe/L) 0.0035 0.3 

Lead (mg Pb/L) <0.0001 0.01 

Magnesium (mg Mg/L) 17 200 

Manganese (mg Mn/L) <0.0008 0.05 

                                                      
A As chloramine 
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Mercury (mg Hg/L) <0.00001 0.001 

Potassium (mg K/L) 3.2 none 

Selenium (mg Se/L) 0.0005 0.01 

Silver (mg Ag/L) <0.00005 none 

Sodium (mg Na/L) 24 300 

Sulphate (mg SO4/L) 84 500 

Uranium (mg U/L) 0.0012 0.02 

Zinc (mg Zn/L) 0.0008 5.0 

Nutrient Constituents   

Ammonia (mg N/L) 0.30 none 

Nitrate & Nitrite (mg NO3/L) 1.10 45 

Total Kjeldahl Nitrogen (mg N/L) 0.62 none 

Soluble Ortho Phosphate (mg P/L) <0.01 none 

Total Phosphate (mg P/L) <0.01 none 

Organic Constituents   

Biological oxygen demand 5 days (mg/L) NR
*
 none 

Dissolved organic carbon (mg C/L) 3.0 none 

Total dissolved solids (mg/L) 340 1500 

Total suspended solids (mg/L) <1 none 

Volatile suspended solids (mg/L) <1 none 

Total trihalomethanes (μg/L) 36 100 

3.2. Experimental Procedures 

Isotherm Studies at 296 K 

Isotherm experiments were the major part of experimental works for this research. Isotherm 

experiments at 296 K were carried out in the laboratory where the temperature is controlled at 

296 K. The temperature was also measured with mercury thermometer to verify temperature 

fluctuations. Samples were prepared in 250 mL conical flasks (Erlenmeyer) with a rubber 

stopper to prevent any loss of samples due to evaporation. 200 mL of solution containing the 

model compound was added to the conical flasks with 50 mL of headspace for better mixing. 

The solution was prepared by diluting with the same water matrix of the stock solution. An 

orbital shaker was used to carry out isotherm experiments. The speed was set to 130 rpm for all 

                                                      
* not required or not applicable by provincial permit to operate 
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isotherm experiments. The same amount of adsorbent was used for the entire experiments to 

keep conformity throughout isotherm adsorption experiments. 

The concentration of model compounds in contact with adsorbents at equilibrium should not 

reach zero because it does not allow fitting the data to the models. In order to determine the right 

amount of adsorbent applicable to all the isotherm experiments, an experiment with the 

minimum concentrations considered for IBP, 2,4-D, and BPA was conducted. In this experiment 

40 mg (0.2 mg/L) of BC and CS was used for each adsorption sample. The maximum uptake of 

this amount of activated carbon at equilibrium for adsorption of IBP, 2,4-D, and BPA according 

to literature had to be lower than the amount of IBP, 2,4-D, and BPA available in solution [6, 10, 

59, 82]. In each conical flask 200 mL of solutions (10 mg/L for IBP and 15 mg/L for 2,4-D and 

BPA) was put in contact with 40 mg of BC and CS. The equilibrium concentration of model 

compounds was measured until the change in concentration of model compounds was less than 

2% of initial concentration of model compound in solution. Figure 3-1 shows the concentration 

of each model compound in solution at equilibrium (Ce). Results show that model compounds 

concentrations chosen and adsorbent concentration (0.2 g/L) are applicable as the lowest limit for 

concentration range of model compound and concentration of adsorbents, respectively in 

isotherm adsorption experiments. 
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Figure 3-1.  Equilibrium concentration of model compounds in contact with 0.2 g/L (40 mg) of 

BC and CS 

To ensure that the samples have reached the equilibrium and no more significant adsorption will 

occur, several samples were prepared for each model compound and each adsorbent. The time 

when the change in concentration of model compound in liquid phase became less than 2% of 

the initial concentration of model compound was considered as equilibrium time. Samples were 

prepared in the same condition as other isotherm samples. This experiment was duplicated and 

the average of the concentrations versus time is shown in Figure 3-2 and Figure 3-3. 
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Figure 3-2.  Profile of concentration of model compounds in solution as a function of time for 

adsorption on BC 

 

Figure 3-3.  Profile of concentration of model compounds in solution as a function of time for 

adsorption on CS 

According to the results of concentration profile, 11 days was chosen as time to reach 

equilibrium for the entire experiments to keep conformity and consistency. 
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Adsorption Isotherm Studies at 288 and 280 K 

Isotherm studies at 280 and 288 K were conducted to measure the thermodynamic parameters of 

adsorption including Gibbs free energy, enthalpy, and entropy of adsorption. For this purpose the 

model parameters of the appropriate isotherm model at 296 K must be obtained. For this 

purpose, four concentrations of each model compound that covered the entire range of 

concentration at 296 K were chosen for isotherm experiments. Concentrations of 100, 80, 60, and 

30 mg/L were chosen for 2,4-D and BPA. The concentrations of 50, 40, 25, and 10 mg/L were 

chosen for IBP. In order to use temperatures close to those in cold regions (e.g., Saskatchewan), 

for thermodynamic analysis two temperatures of 280 and 288 K were chosen. The same 

glassware as the ones used at 296 K isotherm experiments were used for experiments at 280 and 

288 K. A shaker was placed inside a temperature controlled chamber to provide mechanical 

mixing of samples. The same speed of 130 rpm was set on this shaker. Milli-Q water and stock 

solution of pollutants were placed in chamber one day prior to preparation of samples to reach 

the temperature of the chamber. Necessary tools and glassware were carried to the chamber 

every time to prepare the samples inside the chamber to avoid the fluctuations in temperature of 

samples. After preparation of samples inside chamber, samples were put on shaker for 11 days 

until the equilibrium was reached. Samples were moved to the lab for immediate measurement of 

concentration. 

Point of Zero Charge Measurement 

Mass titration method was used to measure the point of zero charge (PZC) of adsorbents [64]. 

Three pH values, assumed to bracket the PZC, were selected. A pH meter was calibrated at the 

beginning of the experiments. 300 mL of Milli-Q water was added to a beaker. The pH of the 

solution was adjusted to the desirable pH using NaOH and HNO3.  Five solutions with 
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concentration of 0.2, 1, 3, 10, and 15% (w/w%; carbon/water) were prepared. For this purpose 

30, 150, 450, 1500 and 2250 mg of carbon were weighed and added to test tubes for each pH. 15 

mL of solution was measured and transferred using a micropipette to each test tube containing a 

specific weight of adsorbent. The test tube was quite full and it was immediately sealed with 

Parafilm® to avoid reaction of the solution with CO2 present in the air [82]. Samples were 

shaken for 24 hours. pH meter was calibrated again and pH of each sample was measured 

immediately after removal of the seal while the pH meter was tightly fitting the test tube 

diameter (16 mm) and immersed, as there were no air to react with the solution. The pH was 

recorded and plots were prepared. The pH of the plateau of the plots indicates the PZC [10]. 

Indigo Method for Liquid Ozone Concentration Measurement 

Liquid ozone concentration measurement in regeneration experiments was carried out using an 

ozone microsensor probe. The Indigo Method was employed to calibrate the microsensor. The 

minimum detectable concentration with the indigo method is 10-20 µg/L using a 

spectrophotometer which makes this method a suitable choice for the experiments in the mg/L 

concentration level. In acidic solution, ozone rapidly decolorizes indigo and the decrease in 

absorbance of solution is linear with the increase in concentration of ozone in solution, with a 

proportionality constant of 0.42±0.01 (1/cm.mg.L) [84]. To conduct the Indigo Method, indigo 

stock solution was prepared by adding 1 mL of concentrated phosphoric acid to 500 mL of 

distilled water in a 1 L volumetric flask. 770 mg of potassium indigo trisulfonate 

(C16H7N2O11S3K3) was added to the solution while stirring. The flask was filled to the mark with 

Milli-Q water. Indigo reagent was prepared using a 1 L volumetric flask filled with 100 mL of 

indigo stock solution, 7 mL of concentrated phosphoric acid, and 10 g of sodium dihydrogen 

phosphate (NaH2PO4). 
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Milli-Q water was ozonated in a reactor and samples were taken from the bottom spigot to 

measure the concentration of ozone and calibrate the probe. For this purpose, a method for 

concentrations higher than 0.3 mg/L of O3 was employed. 40 mL of indigo reagent was added to 

two 100 mL volumetric flasks. One of the flasks was filled to the mark with Milli-Q water 

considered as blank sample, and the other one was filled to the mark with ozonated water. At the 

same time, the concentration of ozone measured with the probe was recorded to prepare the 

calibration curve. Absorbance of each sample at 600±10 nm was measured using the sample with 

Milli-Q water as blank. The difference in absorbance of the blank sample and the sample 

containing indigo and ozone was named ΔA. Using f=0.42 (1/cm.mg.L), Indicating b as the path 

length of spectrophotometer cell to be 1 cm and V as the volume of ozonated water to be 60 mL 

in this experiment [84]. The actual concentration of ozone was calculated with following 

formula: 

    
  

 
   

    Δ 

     
         (3.1) 

Using this method and changing the liquid ozone concentration the calibration curve was 

prepared (Figure 3-8). 

Adsorbents Acid Pre-treatment 

10 g of each adsorbent (BC and CS) was weighed and soaked in 2 N nitric acid for three days at 

296 K. The acid solution was replaced with distilled water in the third day [74]. Samples were 

washed with distilled water every day until the pH of the solutions became stable [76]. 

The samples were filtered and washed with distilled water. Acid treated samples were dried in 

oven at 383 K for 12 hours [75]. Acid treated samples were bottled immediately and the bottles 
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were sealed and placed inside desiccators for future use. BC and CS acid treated samples were 

labelled N-BC and N-CS, respectively. 

Adsorbent Regeneration with Ozone 

Initially 1 g of BC and CS was weighed. 200 mg of each model compound was added to two 1 L 

beakers resulting in 600 mg/L of the model compounds in each bottle. 1 L of Milli-Q water was 

added to each beaker. 75 mL of methanol was added to each solution to increase the solubility of 

model compounds. The solution was stirred for 10 days. On the 10
th

 day adsorbents were filtered 

and dried at 296 K for 2 days. The adsorbent was not heated so that the model compounds were 

not evaporated. 100 mg of each adsorbent was used per test isotherm experiment to make sure 

that the adsorbent does not have any uptake of the pollution and prove the saturation of the 

adsorbents. Three samples each one containing 100 mg of adsorbent and a solution containing 

one model compound was prepared. 10 days after preparation of samples, the concentration of 

the model compounds was measured and there was no change in the concentration of model 

compounds in solution, verifying the saturation of adsorbents. Saturated adsorbents were 

weighed. Each adsorbent was divided into 3 equal aliquots. Each aliquot had a weight of about 

0.3 g. Each aliquot was ozonated in Milli-Q water for a specific period of time. A mixture of 

oxygen and ozone with flow rate of 0.5 L/min and ozone concentration of 18 g/m
3
 was bubbled 

into the liquid. Dissolved liquid ozone concentration of 3.5 to 4.5 mg/L was achieved and set for 

all experiments, and ozonation times of 15, 30, and 60 min were chosen for ozonation 

regeneration [27, 79, 80]. Ozonated samples were filtered immediately and dried at 383 K 

overnight and kept in a desiccator. 
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3.3. Analytical Methods 

Model Compounds Concentration Measurement 

Concentration of IBP, 2,4-D, and BPA was determined by UV-Vis spectrometry. For this 

purpose a MECASYS Optizen POP spectrophotometer was used. Literature reports detection of 

IBP, 2,4-D, and BPA at 222, 282, and 275.5 nm wavelength, respectively in Milli-Q water [5, 6, 

28, 69]. In order to find the precise wavelength attributed to maximum absorbance under the 

condition of this research a short range of wavelength (190-300 nm) for absorbance of solutions 

containing model compounds was scanned. The desirable peaks were detected at the expected 

wavelength with a minor shift. To make sure that the shift in wavelength of peak will not affect 

the results for all experiments a short neighbourhood of the peak was scanned and the maximum 

was considered. This scan was also repeated for lower concentrations that were supposed to be 

used for calibration lines, for conversion of absorbance of model compounds to their 

concentration. Absorbance curves of model compounds are available in Appendix A. The 

absorbance curves for different of dilutions of IBP with Milli-Q water are presented in Figure 3-

4. 
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Figure 3-4.  Absorbance curve of IBP (7%, w/w; Methanol/Milli-Q water), maximum 

absorbance occurring at 222 nm 

For samples with tap water, the blank sample was also tap water so that the right difference in 

absorbance was measured. Maximum absorbance of IBP in tap water was higher than in Milli-Q 

water. Therefore, a different calibration curve was used to convert the absorbance of IBP to its 

concentration in tap water. The maximum absorbance wavelength for IBP shifted from 222 nm 

in Milli-Q water to 223 nm in tap water matrix. 

For 2,4-D and BPA the absorbance of the solution prepared with tap water matrix had quite the 

same absorbance as the solution prepared with Milli-Q water matrix. 

Model Compounds Concentration Measurement Calibration Lines 

Four calibration curves were prepared based on the maximum absorbance curves of the model 

compounds. IBP had two calibration curves because the absorbance of IBP was different in tap 

water matrix than in Milli-Q water. The calibration curves showed a linear relationship between 

the absorbance and the concentration of the model compounds. Therefore the equation of the 
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linear trend-line obtained using Microsoft Excel, was used to convert the absorbance to 

concentration. Calibration curves are available in Appendix A. A calibration curve for IBP in 

Milli-Q water is presented in Figure 3-5. 

 

Figure 3-5.  IBP (7%, w/w; Methanol/Milli-Q water) concentration measurement calibration line 

pH and Temperature Measurement 

The pH of the samples was measured using a double-junction Cole-Parmer 12-mm glass body 

pH electrode. Depending on the range of pH of the samples standard buffers of 4, 7, and 10 

bracketing the target range of pH were used for each experiment to calibrate the pH meter before 

measurements. The room controlled temperature was setup at 296 K and it was also measured 

with a mercury thermometer. For the lower temperatures of 288 K and 280 K the experiments 

were carried out in environmental chamber from Conviron Company. The chamber was able to 
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maintain the temperature in the range of 278-318 K. The chamber was equipped with CMP4030 

temperature controller (software version of 5.0). 

Liquid Ozone Concentration Measurement and Calibration 

In order to measure the concentration of ozone in liquid phase for adsorbent regeneration 

experiments, dissolved ozone concentration was measured using an ozone microsensor (MS-O3, 

AMT Analysenmesstechnik GmbH) with a response time of less than 5 seconds. The Indigo 

Method was employed to measure the actual concentration of ozone in liquid phase and calibrate 

the microsensor. This method is explained in detailed previously. Using the results of this 

method and the concentration obtained by the microsensor a calibration curve (Figure 3-6) was 

prepared. 

 
Figure 3-6.  Liquid ozone measurement microsensor calibration curve obtained using Indigo 

Method 
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Adsorbent Characterization 

Surface area and pore volume of adsorbents were measured using a Micromeritics ASAP 2020 

equipment. Physisorption of N2 at 77 K was performed at different partial pressures to plot the 

isotherm of adsorption and desorption of N2 on adsorbent. Point of zero charge (PZC) of the 

adsorbents was measured using mass titration method. 

3.4. Repeatability of Experimental Measurements and Procedures 

The concentration of fresh stock solutions was measured every time a stock solution was 

prepared. The standard deviation of the stock solutions divided by the target initial concentration 

was calculated to be 0.7%, 1.12%, and 0.58% for IBP, 2,4-D, and BPA stock solutions, 

respectively. The weight of adsorbent for each isotherm experiment was between 40-41mg (0.2-

0.205 mg/L) considering all model compound present in solution adsorbed, it can affect the 

maximum adsorption capacity of model compounds about 2.5%. Several isotherm samples were 

repeated by random. The standard deviation of the results was in the range of 5% of 

concentration of the stock solutions. The chamber temperature controller exhibited an accuracy 

of ±0.1. The ozone microsensor presented a tolerance of ±0.1 mg/L. The pH meter possessed a 

tolerance of ±0.1. The repetition of absorbance of the same sample with different vials at 

different time with spectrophotometer exhibited a standard deviation of 0.005. 

Isotherm experiments samples were duplicated and the average of the concentrations was used to 

find the model parameters. Triplicate of the samples were prepared in case the average of 

concentration of the first sample and the duplicate did not provide a good fit to the model. 

Duplicate of the PZC measurement samples were also prepared to verify the results. 

  



47 

 

 

 

CHAPTER FOUR 

 

CHARACTERIZATION OF ADSORBENTS 

 

The adsorbents porosity and point of zero charge (PZC) were characterized, following the 

experimental procedures described in chapter three. In this chapter results of characterization of 

adsorbents are presented. The techniques used to analyze the results are also presented. 

4.1. Measurement of Adsorbent Surface Area and Pore Volume 

In order to characterize the porosity of the BC, N-BC, CS, and N-CS, N2 physical adsorption and 

desorption at 77 K was carried out using ASAP 2020 system. The micro, meso, and 

macroporosity of the adsorbents in this research are classified as 0.4-2 nm micropore in 

conformity to literature [85], 2-50 nm as mesopore, and >50 nm to be the macropore range [5, 

49]. Before characterization with N2, samples were dried overnight at 383 K in an oven to 

remove moisture from the pores. About 0.2 g of each adsorbent was used for characterization. 

The degassing of sample was carried out to remove physisorbed species from the surface of 

sample including, moisture and contamination. This step is also called activation, as it prepares 

the surface of the adsorbent for adsorption of N2 molecules [85]. 

Adsorption and desorption of N2 on the surface of adsorbent occurs at different partial pressures 

(p/p0) of nitrogen, where p0 is the saturation vapour pressure of N2. The adsorption of N2 starts 

when the relative pressure is 0 until the saturation pressure of N2 occurs. Afterwards desorption 
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takes place until the relative pressure reaches 0. Isotherm data for adsorption and desorption of 

N2 on adsorbents are present in the Appendix B. The isotherm data at predetermined relative 

pressures for the adsorption and desorption of N2 on CS is presented in Figure 4-1. 

 
Figure 4-1.  Isotherm data of adsorption and desorption of N2 on CS at 77 K 

Calculation of Specific Surface Area and Single-Point Pore Volume by BET Equation 

Specific surface area and pore volume of adsorbents were calculated using the Brunauer-

Emmett-Teller (BET) equation. This equation is a well-established model commonly used for the 

calculation of specific surface area using isotherm data [86]. The BET equation is based on a 

multilayer adsorption. The BET equation after the assumption of number of layers approaching 

infinity is simplified as below: 
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         (4-1) 

The equation is valid for p/p0<0.35 to estimate the monolayer [87]. In equation 4-1 n
a
 (cm

3
/g) is 

the amount adsorbed, n
a
m (cm

3
/g) is the amount adsorbed at the statistical monolayer, and C is a 

constant related to energy of adsorption. Plotting (p/p0)/[n
a 
(1-p/p0)] against p/p0 for the range of 

0.05<p/p0<0.35, C and n
a
m can be found from the slope and intercept of the resulting straight line 

[85]. The linear plot for BC using isotherm data is presented in Figure 4-2. The trend-lines fitting 

the data for adsorption on CS, N-BC, and N-CS are available in Appendix B. 

 
Figure 4-2.  Linear trend-line fit to the isotherm data from adsorption of N2 on BC using BET 

equation 

Using the trend-line equation slope and intercept the C and co n
a
m were determined for all 

adsorbents. Having the n
a
m (cm

3
/g) as the monolayer maximum capacity and using the cross-

y = 0.004199x - 0.000065 

R² = 0.99 

0 

0.0002 

0.0004 

0.0006 

0.0008 

0.001 

0.0012 

0.0014 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

(p
/p

0
)/

[n
a

 (
1
-p

/p
0
)]

  

p/p0 



50 

 

sectional area of a N2 molecule when it is adsorbed on the surface of carbon in monolayer to be 

σm equal to 0.162 (nm
2
/molecule) [87] it is possible to calculate the specific surface area of 

adsorbent. The number of molecules in a mole (Avogardro’s number) equals to 6.03 × 10
23

 and 

the volume of one mole of gas at standard temperature and pressure is 22,400 cm
3
 [13] therefore, 

the specific surface area for the adsorbents can be calculated from the equation below: 

     
  

 

       
                            

       (4-2) 

The molecular weight of N2 is 28.02 (g/mol) and the density of N2 at 77 K is 0.809 (g/cm
3
) [85]. 

At standard temperature and pressure, one mole of an ideal gas has a volume of 22,400 cm
3
. 

Using this information, the single point pore volumes of adsorbents were calculated using the 

isotherm data at p/p0=0.984, using the equation 4-3: 

          
  

 

      
                    (4-3) 

Assuming the shape of pores to be cylinders with diameter of D and length of L, the average 

diameter of pores will be calculated using specific surface area and pore volume of the 

adsorbents with the equation (4-4). 

         
   

 
       (4-4) 

The average pore diameter is calculated using equation 4-4, with the single point pore volume 

(cm
3
/g) at p/p0=0.984 and specific surface area (m

2
/g) obtained from the BET equatio. K in 

equation 4-4 is a constant equal to 1000 to convert the units. Results of calculation of specific 

surface area, single point pore volume, and average pore diameter for all adsorbents (BC, N-BC, 

CS, and N-CS) are presented in Table 4-1. 
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Table 4-1.  BET specific surface area and single point pore volume of adsorbents 

Adsorbent BC N-BC CS N-CS 

SBET (m
2
/g) 1053 1085 982 1001 

VBET at p/p0=0.984 (cm
3
/g) 0.63 0.65 0.52 0.53 

Dave (nm) 2.39 2.41 2.13 2.11 

Comparing the specific surface area and pore volume of acid treated adsorbents with fresh 

samples indicates that pre-treatment of adsorbents with nitric acid has not affected the specific 

surface area and pore volume of adsorbents. The change in Dave of acid treated samples compared 

with fresh ones is small indicating that the shift in average pore width has been very small or 

change in pore volume has been evenly distributed. 

Calculation of Micropore and External Surface Area by the t-method 

The EPs have bulky molecules [88] and adsorption of bulky molecules is affected by size 

exclusion effect [47] therefore; it is helpful to estimate the amount of micropores present in an 

adsorbent. For this purpose the t-method was employed, to distinguish the external surface area 

of adsorbents from the surface area attributed to the micropores. This method assumes that the 

monolayer of N2 being adsorbed on the surface of adsorbent fills the micropores and any further 

adsorption occurs on the external surface area [89]. The Harkins-Jura equation (Equation 4-4) 

relates the partial pressure of the isotherm adsorption of N2 to the thickness of the adsorption 

layer [89]. 

      
     

                
 
   

       (4-4) 

Using equation 4-4, the thickness of the adsorbed layer can be calculated. The ratio of increase in 

adsorption capacity of N2 on adsorbent is proportional to the external surface area of the 

adsorbent, when the thickness of the N2 layer is equal to the monolayer thickness (3.54 Ǻ). To 
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find this ratio, it is required to find the slope of the trend-line in the plot of the volume of gas 

adsorbed against thickness of adsorbed layer. 

 
Figure 4-3.  Linear trend-line fit to the thickness plot of adsorption of N2 on BC (find the trend-

line for N-BC, CS, and N-CS in Appendix B) 

The external surface area is calculated using the following equation: 

           
                           

 

      
       

 

     
  (4-5) 

In equation 4-5 , 22,400 (cm
3
/mole) is the volume of one mole of ideal gas at standard 

temperature and pressure, 28.02 (g/mole) is the molecular weight of N2, and 0.809 (g/cm
3
) is the 

density of N2 at 77 K [85]. Using equation 4-5, the external surface area of each adsorbent was 

calculated. Subtracting the external surface area from the specific surface area, the micropore 

surface area is calculated. 

y = 265x + 218.9 

R² = 0.9863 

310 

315 

320 

325 

330 

335 

340 

0.34 0.36 0.38 0.4 0.42 0.44 0.46 

V
o
lu

m
e 

o
f 

N
2
 a

d
so

rb
ed

 (
cm

3
/g

) 

Thickness of adsorbed layer of N2 (nm) 



53 

 

Table 4-2.  External surface area (SExternal) and micropore surface area (SMicro) calculated using t-

method 

Adsorbent BC N-BC CS N-CS 

SExternal (m
2
/g) 410 455 166 159 

SMicro (m
2
/g) = SBET - SExternal 643 630 816 842 

The results of the t-method shows that 80-85% of CS and N-CS surface area were micropores, 

while approximately 60% for BC and N-BC. This observation indicates that the CS and N-CS 

have more micropores in their structure than BC and N-BC, and that this is in agreement with the 

literature that coconut shell based carbons have more microporous structure than bituminous 

based carbons [47]. The results indicate that acid pre-treatment decreased the external surface 

area of the CS and increased the microporosity. This occurred due to  micropore opening through 

the removal of impurities [20, 75]. The acid pre-treatment increased the external surface area of 

BC and decreased the microporosity. This is explained due to the formation of oxygen-

containing functional groups stretching to the walls of slit-shaped pores [10, 20]. 

Pore Size Distribution of the Adsorbents in Mesopore range 

According to the literature, mesoporosity of an adsorbent affects the uptake of bulky molecules 

[47]. In order to characterize the size distribution of mesopore of the adsorbents, the Barrett-

Joyner-Halenda (BJH) method of isotherm analysis is suitable for mesopore size distribution 

analysis [90]. In the method, the shape of pores is assumed to be cylindrical. The desorption 

isotherm data was used for analysis [91]. The results of incremental pore volume and surface 

area distribution of mesopore range (2 to 50 nm) were plotted in Figures 4-4 and 4-5 

respectively. 
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Figure 4-4.  Incremental BJH pore volume versus pore size in mesopore range (2-50 nm) 

According to the BJH pore volume analysis, the CS exhibited most of its meso-pore volume in 

the range of 2 to 8 nm. Whereas BC has a wider range of distribution of pore volume, up to 50 

nm, which is in agreement with literature describing the bituminous based activated carbons to 

be have a wide range of mesoporosity [92]. The BJH meso-pore volume results indicate that the 

73% of CS meso-pore volume is in range of 2 to 8 nm, while about 56% of the BC meso-pore 

volume is in the 2 to 8 nm range, which represents a narrow pore size distribution of CS. 

However the BJH surface area and pore size volume ranged 2 to 8 nm (SBJH, 2 to 8 nm and VBJH, 2 to 8 

nm) for BC, representing 2.80 and 2.79 times the same parameters for CS, respectively. This 

means that the BC exhibits a high porosity compared to the CS. 
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Figure 4-5.  Incremental BJH surface area versus pore size in mesopore range (2-50 nm) 

The BC and CS surface area and pore volume (BET results represent micro-, mess- and macro-

pore surface area, SBET and VBET of BC) are 1.07 and 1.21 times the same parameters for CS, 

respectively. However, the BJH analysis representing the meso-pore range, SBJH and VBJH of BC 

are 2.88 and 3.41 times SBJH and VBJH of CS, respectively. Considering SBET and VBET values of 

BC and CS it can be concluded that both have increased after acid treatment, while the SBJH and 

VBJH have increased for N-BC and decreased for N-CS. This indicates that the BET analysis does 

not give reliable parameters to evaluate the change in the meso-pore surface area and pore 

volume. From this point of the document SBET and VBET represent the specific surface area and 

pore volume of the micro-, meso-, and macro-pore (Covering pore size 0f 0.4 to 50< nm) and 

SBJH and VBJH represent meso-pore (covering pore size of 2 to 50 nm). 
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4.2. Measurement of Point of Zero Charge 

The point of zero charge (PZC) of BC, CS, and their acid treated samples (N-BC and N-CS) 

were determined using mass titration method, which is explained in chapter three. In case the pH 

diagrams did not converge, experiments were repeated to achieve the convergence of the pH 

diagram plateaus. The PZC diagrams were plotted (Figure 4-6) and the corresponding values 

were estimated (Table 4-3). 

 
 Figure 4-6.  Determination of point of zero charge of BC (find diagrams for CS, N-CS, and N-

BC in Appendix B) 

The point of zero charge of BC was lower than the value that the company catalogue states. This 

could be due to surface oxidation of carbon in contact with air, or “aging” [65] which has made 

the surface of carbon more acidic than the fresh adsorbent. The PZC of CS is close to one unit 

higher than BC. This difference is also observed in PZC of acid-treated samples where PZC of 

N-BC is close to one unit less than N-CS (Table 4-3). The surface of adsorbents is more 

positively charged at pH values lower than the PZC and more negatively charged at pH values 
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higher than the PZC. This surface charge can induce repulsive and attractive electrostatic forces 

to the charged solute molecules and reduce or increase the adsorption. 

Table 4-3.  Point of zero charge values measured for adsorbents 

Adsorbent BC N-BC CS N-CS 

Point of zero charge 9.0 3.1 9.6 4.0 
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CHAPTER FIVE 

 

ADSORPTION OF MODEL COMPOUNDS ON FRESH 

ADSORBENTS 

 

This chapter presents results of adsorption of the model compounds on fresh adsorbents. Results 

of isotherm adsorption of model compounds in Milli-Q water at 280, 288, and 296 K are 

presented, the isotherm models are fit to the data and the best fit model parameters are found. 

Results of analysis are discussed. Thermodynamics of adsorption of model compounds on fresh 

adsorbents in Milli-Q water is studied using the results of isotherm experiments at 280, 288, and 

296 K. The results of adsorption of model compounds on fresh adsorbents in tap water matrix are 

presented, model parameters are found and results are discussed. 

5.1. Adsorption of Model Compounds on Fresh Adsorbents in Milli-Q Water 

Adsorption experiments of IBP, 2,4-D, and BPA on BC and CS in Milli-Q Water were 

conducted following the experimental procedure explained in chapter three. Absorbance of 

isotherm samples containing model compounds was measured at equilibrium with a 

spectrophotometer at the wavelengths for each EP stated in chapter three. Absorbance of samples 

was converted to the concentration of model compounds using the calibration curves prepared 

and presented in chapter three. Equilibrium concentration of model compounds on adsorbents 

was calculated using equation (2-10). Isotherm equilibrium data was fit to the linear form of 
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Langmuir and Freundlich models (Equations 2-11 and 2-12, respectively). The trend-line fitted 

to the linear Langmuir model for adsorption of 2,4-D on BC in Milli-Q Water at 296 K is 

presented in Figure 5-1, showing Ce/qe versus Ce. The trend-line fit the linear Freundlich model 

for adsorption of 2,4-D on BC in Milli-Q Water at 296 K is presented in Figure 5-2, showing Ln 

qe versus LnCe. Trend-lines fit the linear Langmuir model for other adsorption isotherms are 

available in Appendix C. 

 
Figure 5-1.  Linear Langmuir model fit to the equilibrium isotherm data of adsorption of 2,4-D 

on BC in Milli-Q Water at 296 K and pH=3.5-5.5 
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Figure 5-2.  Linear Freundlich model fit to the equilibrium isotherm data of adsorption of 2,4-D 

on BC in Milli-Q water at 296 K and pH=3.5-5.5 

Adsorption isotherm equilibrium data was collected for adsorption of IBP, 2,4-D, and BPA on 

BC and CS in Milli-Q water at 296, 288, and 280 K. For adsorption isotherm at 280 K higher 

concentration of 2,4-D and BPA than samples at 296 K were considered because of higher 

uptake at lower temperatures. For all three model compounds of this research isotherm 

equilibrium data was fitted to the linear form of Langmuir and Freundlich models. The trend-line 

with higher linear regression coefficient (R
2
) showed the best fit model. 

Maximum adsorption capacity and intensity of adsorption was calculated for both isotherm 

models of Langmuir and Freundlich. The calculated model parameters and the linear regression 

coefficients of the trend-lines for the experimental data are presented in Table 5-1. The model 

parameters obtained at 288 and 280 K are presented in Table 5-2 and Table 5-3, respectively. 
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Table 5-1.  Langmuir and Freundlich isotherm model parameters for adsorption of model 

compounds on BC and CS in Milli-Q water at 296 K, Units: Qmax (mg/g), b (L/mg), and KF 

(mg
(n-1)/n

.L
1/n

.g
-1

) 

  Langmuir  Freundlich 

 Adsorbent Qmax b R
2
  KF 1/n R

2
 

IBP 

BC 

249 1.322 0.99  114 0.29 0.76 

2,4-D 446 0.094 0.99  91 0.35 0.94 

BPA 238 0.049 0.98  31 0.41 0.93 

IBP 

CS 

144 0.272 0.94  57 0.23 0.90 

2,4-D 377 0.025 0.94  23 0.54 0.92 

BPA 79 0.057 0.99  17 0.30 0.83 

The Langmuir model was the best model, by comparing the regression coefficients of the trend-

lines fit to the experimental data, listed in Table 5-1, for all three model compounds on BC and 

CS in the concentration range of the experiments. However, the Freundlich model parameters 

relatively followed the same trend as the Langmuir model parameters. Since the Langmuir model 

is the best fit for the isotherm adsorption data, Langmuir model parameters are used for the rest 

of the analysis. According to literature, a better fit of the Langmuir model to the adsorption 

isotherm data than Freundlich model is an indication of a monolayer adsorption of the solute on 

adsorbent and the uniform distribution of adsorption sites on the adsorbent [49]. The Langmuir 

model fitted to the experimental data together with the experimental data for adsorption of three 

model compounds on BC and CS is plotted in Figure 5-3 and Figure 5-4, respectively. 
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Figure 5-3.  Isotherm experimental data and Langmuir model fit to the data for adsorption of 

model compounds in Milli-Q water on BC at 296 K (Please see pH of samples in Figure 5-5) 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

0 20 40 60 80 100 120 140 160 

q
e 

(m
g
/g

) 

Ce (mg/L) 

IBP Experimental data IBP Langmuir 

2,4-D Experimental data 2,4-D Langmuir 

BPA Experimental data BPA Langmuir 



63 

 

 
Figure 5-4.  Isotherm experimental data and Langmuir model fit to the data for adsorption of 

model compounds in Milli-Q water on CS at 296 K (Please see pH of samples in Figure 5-5) 
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Electrostatic charge of model compounds and adsorbents in equilibrium and pH range of 

adsorption samples in Milli-Q water is shown in Figure 5-5. 

 

Figure 5-5.  Electrostatic charge of BC, CS, and model compounds at equilibrium in adsorption 

on fresh adsorbents in Milli-Q water at 280, 288, and 296 K (pH range of samples are shown 

with up-down arrows) 
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two model compounds have lower pH than the isotherm samples with lower concentrations. 
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concentration levels of more than 30 mg/L are mostly not deprotonated and in neutral form. 2,4-

D molecules were completely dissociated and in anionic form, and BPA molecules were not 

deprotonated and in neutral form. 

The definition of London dispersion forces (chapter two) refers to the Van der Waals forces 

between the non-polar species [55]. Therefore, effect of these forces is dominant when the model 

compounds are in molecular form. Based on the pH of the solutions at equilibrium and pKa of 

the model compounds, most of the IBP molecules in isotherm samples with initial concentration 

levels higher than 30 mg/L are in molecular form. 2,4-D molecules in the pH range of isotherm 

experiments were in anionic form, and all of the BPA molecules were in molecular form. 

IBP samples with initial concentration levels higher than 30 mg/L were located on the plateau of 

Langmuir curve and this part of curve indicates the Qmax. Therefore, IBP molecules in neutral 

form determine the Qmax of adsorption of IBP in Langmuir model more effectively than 

deprotonated IBP molecules. Qmax of IBP on BC was very close to Qmax of BPA on BC while 

Qmax of IBP on CS is about 2 times Qmax of BPA on CS. Since the only difference between 

adsorption experiments on BC and CS is the adsorbent and the rest of parameters are the same, it 

can be inferred that the higher ratio of Qmax of IBP to BPA on CS than on BC can be related to 

the characteristics of CS and BC. Because of dominance of London dispersion forces and donor-

acceptor forces it can be speculated that specific surface functional groups on BC or CS caused 

this difference in Qmax ratios. According to the structure of IBP (Figure 2-1) and reports from 

literature [16] the higher Qmax of IBP for adsorption on BC than CS can be attributed to 

carboxylic group of IBP molecule interacting with carboxylic groups of BC surface. 
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According to the size of IBP, 2,4-D, and BPA molecules mentioned in chapter two, the longest 

dimension of the model compounds is about 1 nm and it does not exceed 1.1 nm. Therefore, it is 

reasonable to consider that IBP, 2,4-D, and BPA molecules have similar molecular sizes. The 

same molecular size will result in access to pores with the same diameter. Thus the size 

exclusion effect influencing any difference in maximum adsorption capacity of model 

compounds on the same adsorbent can be rejected. 

Comparing the Qmax of the model compounds in Table 5-1, it can be observed that the Qmax of 

the model compounds for adsorption on BC is higher than for adsorption on CS. Comparing the 

order of magnitude of the Qmax for adsorption on each adsorbent, the same order of 2,4-

D>IBP>BPA is observed for adsorption on both BC and CS. Since this order is the same on both 

BC and CS it can be inferred that this order is attributed to the characteristics of each model 

compound. Because each model compound has a different Qmax and contains different functional 

groups in their structure, it is more reasonable to compare adsorption of each of model 

compound on BC and CS. 

Adsorption of IBP on both adsorbents at concentration levels higher than 30 mg/L is more 

dependent on the Van der Waals interactions between the IBP molecule and the GAC surface. It 

was observed that the presence of specific surface oxygen containing functional groups such as 

carboxylic groups [16] can be responsible for the adsorption of IBP on both adsorbents. The ratio 

of Qmax for adsorption of IBP on BC to CS is equal to 1.7, and this ratio is higher than the ratio of 

specific surface area of BC to CS which is equal to 1.1. This higher ratio can be attributed to the 

difference between the amount of the specific functional groups responsible for adsorption of 

IBP on BC and CS. Ratio of micro-pore surface area of BC to CS using the results of t-test is 
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0.79. This indicates that the assumption of adsorption of IBP through micro-pore trapping as the 

major mechanism of adsorption of IBP [28] is not valid. 

The 2,4-D molecule is in anionic form in the pH range of adsorption on both BC and CS. The 

ratio of specific surface area of BC to CS was 1.1, and this ratio is close to the ratio of Qmax of 

adsorption of 2,4-D on BC to CS which is equal to 1.2. Based on the comparable ratios of 

specific surface area and Qmax, it can be speculated that the total surface area of the adsorbents 

are responsible for the adsorption of 2,4-D. 

The BPA molecule was not deprotonated and was in neutral form. The ratio of Qmax for 

adsorption of BPA on BC to CS was equal to 3.0, and this ratio was considerably higher than the 

ratio of specific surface area of BC to CS equal to 1.1. This observation indicates that the 

adsorption of BPA should be dependent on the specific surface functional groups and it is not 

proportional to the surface area available for adsorption of BPA. Although BC exhibited a higher 

pore volume and specific surface area than CS, the intensity of adsorption of BPA on CS was 

higher than that on BC. This corroborates the idea that adsorption of BPA was more dependent 

on surface chemistry of adsorbents [5] than the porosity of adsorbents. 

Electrostatic interactions were present between the charged molecules and the charged surface of 

the adsorbent. Surface of the BC and CS was more positively charged in the pH range of the 

experiments because the pH of solution was less than the point of zero charge of both BC and 

CS. Among IBP, 2,4-D, and BPA,  the 2,4-D molecule was the only molecule that had an 

electrostatic charge in the pH range of adsorption experiments. The 2,4-D was completely 

deprotonated, thus in anionic form. The deprotonation as it was mentioned in chapter two is 

related to the hydrogen of the carboxylic group of 2,4-D [39]. IBP adsorption isotherm samples 
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with initial concentration levels of less than 30 mg/L have a pH higher than the pKa of IBP at 

equilibrium and consequently IBP molecules in samples with initial concentration levels less 

than 30 mg/L were in anionic from. The deprotonation of IBP was related to the dissociation of 

the hydrogen of carboxyl group [16]. 

The positively charged surface of BC and CS exerts attractive forces on the anionic 2,4-D 

molecules at all concentration levels and to the IBP molecules in samples with the IBP initial 

concentration levels of  less than 30 mg/L. This attractive force is speculated to be the dominant 

force in adsorption of 2,4-D on both BC and CS. The surface charge of adsorbents was not 

exclusively attributed to the external surface area of the adsorbents or the internal surface area of 

the pores [65]. Therefore it can be assumed that the entire surface area of adsorbents was 

involved in adsorption of 2,4-D. The proportionality of ratio of Qmax of adsorption of 2,4-D on 

BC and CS with the ratio of specific surface area of BC and confirms this point. 

5.2. Thermodynamics of Adsorption of Model Compounds in Milli-Q Water 

The results of adsorption of IBP, 2,4-D, and BPA on BC and CS at 296, 288, and 280 K were 

used to calculate the thermodynamic parameters of adsorption. Experiments at 288 and 280 K 

were conducted under the same experimental conditions than those for 296 K, as explained in 

chapter three. The Langmuir and Freundlich models were fit to the data and the model 

parameters were calculated. The model parameters for 288 and 280 K are presented in Tables 5-2 

and 5-3, respectively. 
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Table 5-2.  Langmuir and Freundlich isotherm model parameters for adsorption of model 

compounds on BC and CS in Milli-Q water at 288 K, Units: Qmax (mg/g), b (L/mg), and KF 

(mg
(n-1)/n

.L
1/n

.g
-1

) 

  Langmuir  Freundlich 

 Adsorbent Qmax b R
2
  KF 1/n R

2
 

IBP 

BC 

239 0.939 0.99  124 0.27 0.99 

2,4-D 459 0.131 0.99  77 0.49 0.97 

BPA 233 0.190 0.99  105 0.17 0.99 

IBP 

CS 

173 0.212 0.99  40 0.43 0.99 

2,4-D 407 0.044 0.99  33 0.57 0.98 

BPA 74 0.093 0.99  28 0.19 0.97 

 

Table 5-3.  Langmuir and Freundlich isotherm model parameters for adsorption of model 

compounds on BC and CS in Milli-Q water at 280 K, Units: Qmax (mg/g), b (L/mg), and KF 

(mg
(n-1)/n

.L
1/n

.g
-1

) 

  Langmuir  Freundlich 

 Adsorbent Qmax b R
2
  KF 1/n R

2
 

IBP 

BC 

234 0.909 0.95  100 0.39 0.98 

2,4-D 472 0.318 0.99  156 0.31 0.94 

BPA 243 1.19 0.99  147 0.13 0.87 

IBP 

CS 

134 0.242 0.95  40 0.34 0.92 

2,4-D 410 0.047 0.97  45 0.48 0.96 

BPA 69 0.272 0.99  42 0.108 0.82 

To estimate the standard Gibbs free energy of adsorption one needs to determine standard 

equilibrium constant (K
°
c) which was found in chapter two to be equal to the product of Qmax and 

b from the Langmuir model [68]. Having the K
°
c for each temperature, using Equation 2-15 it is 

possible to calculate the standard Gibbs free energy of adsorption at such temperature. The 

standard Gibbs free energy for 280 and 296 K were calculated and presented in Table 5-4. 

To find the standard enthalpy and standard entropy of adsorption, ln(Qmax.b) at different 

temperatures was plotted against 1/T. This plot is called the “Van’t Hoff Plot”. A trend-line was 

fitted to the data. Slope and intercept of the trend-line were used according to Equation 2-16 to 

calculate the standard enthalpy and standard entropy of adsorption. The data and the Van’t Hoff 
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Plot fitted to the data for adsorption of BPA on BC were used to calculate the standard enthalpy 

and standard entropy of adsorption of BPA as presented in Figure 5-6. 

 
Figure 5-6.  Van’t Hoff Plot for thermodynamic analysis of adsorption of BPA on BC in 

temperature range of 280-296 K (please find rest of the Van’t Hoff Plots in Appendix D) 

Using the slope and intercept of Van’t Hoff Plots, the standard enthalpy and standard entropy of 

adsorption of model compounds on BC and CS were calculated. The standard enthalpy and 

standard entropy of adsorption are present in Table 5-4. 
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Table 5-4.  Thermodynamic parameters of adsorption of model compounds on BC and CS in 

temperature range of 280-296 K (ΔG° at 280 and 296 K, respectively) 

Model compound Adsorbent ΔG° (kJ/mol) ΔS° (J/mol.K) ΔH° (kJ/mol) R
2
 of Vant Hoff Plot 

IBP 

BC 

-12.5 and -14.3 110 18.6 0.83 

2,4-D -11.7 and -9.2 -156 -55 0.95 

BPA -13.2 and -6 -450 -139 0.99 

IBP 

CS 

-8 and -9 59 8.4 0.98 

2,4-D -6.9 and -5.6 -81.5 -30 0.82 

BPA -6.8 and -3.7 -195 -61 0.96 

Negative values of ΔG° indicate the spontaneous nature of the adsorption process for all three 

model compounds on both BC and CS [6, 59, 62, 69, 71, 72]. Comparing the difference between 

the ΔG° at 280 K and 296 K shows that magnitude of change in spontaneity of adsorption of 

model compounds with the increase in temperature from 280 to 296 K is in order of BPA>2,4-

D>IBP which is the same for adsorption on both BC and CS. 

Paying closer attention to the Equation 2-15 used for calculation of ΔG° it can be observed that 

the magnitude of the Gibbs free energy is a function of Langmuir maximum capacity (Qmax) and 

the Langmuir intensity (b). Therefore it is apparent that an adsorbent with higher pore volume 

and surface area will yield in a higher value of ΔG°, which consequently affects the value of ΔH° 

and ΔS°. This is observed in the results of the thermodynamic parameters in Table 5-4, 

indicating that ΔG° and ΔH° of adsorption of all three model compounds on BC are about double 

the values for adsorption on CS. Therefore it can be inferred that, the magnitude of the enthalpy 

of adsorption of a compound are surface area dependent and not a key parameter to compare the 

chemical interaction and strength of bonds. However, it is useful in comparing the adsorption of 

different model compounds on one adsorbent. 

The ΔH° and ΔS° of adsorption of IBP on both adsorbents have a positive value indicating an 

endothermic adsorption and increase in randomness on the surface of adsorbent. The positive 
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value of enthalpy is in agreement with the slight increase in adsorption of IBP with the increase 

in temperature in Mestre et al [10] experiments. It also confirms the endothermic adsorption of 

IBP on a novel mesoporous GAC in Dubey et al [16] experiments. Positive enthalpy yields less 

adsorption at low temperatures. The positive value of entropy compensates the negative effect of 

enthalpy on adsorption and maintains the spontaneity of adsorption of IBP on GAC by reduction 

in temperature. Low value of ΔH° describes the physical nature of adsorption. The positive value 

of entropy of adsorption of IBP on both adsorbents indicates an increase in randomness on 

surface of adsorbent. It is assumed to be due to desorption of water and methanol molecules from 

IBP molecule and competition in adsorption among IBP, methanol, and water molecules for 

adsorption on adsorbent surface [28]. 

The ΔH° of adsorption of both 2,4-D and BPA have negative values indicating the exothermic 

nature of adsorption and as a result increase in uptake with decrease in temperature for 

adsorption of 2,4-D. The exothermic nature of adsorption was in conformity with the results of 

Gupta et al. [66] analysis for adsorption of 2,4-D on a carbonaceous adsorbent. The negative 

value of enthalpy for adsorption of BPA on both GAC is in agreement with the decrease in 

adsorption with increase in temperature in Sui et al. [62] analysis. This shows that adsorption is 

an ideal process for removal of these compounds in regions with temperatures close to the 

freezing temperature of water. The largest negative value for entropy of adsorption of BPA on 

both BC and CS indicates the large decrease in randomness on the surface of the adsorbent 

which is not favorable for adsorption of BPA. Although BPA adsorption is exothermic and the 

tendency of adsorption is higher at 280 K than at 296 K, the Qmax of adsorption on CS decreases 

with decrease in temperature. This could be due to the large entropy of adsorption of BPA. 
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Gibbs free energy of adsorption of three model compounds at 296 K for both BC and CS is in the 

order of IBP>2,4-D>BPA. Whereas this order changes at 280 to BPA>IBP>2,4-D for BC while 

remaining the same for CS. This indicates that results of thermodynamic analysis for adsorption 

of a solute on two adsorbents with very similar characteristics cannot be generalized. That also 

indicates that the order of tendency of adsorption of compounds may change at a different 

temperature. 

5.3. Adsorption of Model Compounds on BC and CS in Tap Water Matrix at 296 K 

 Adsorption of IBP, 2,4-D, and BPA on BC and CS in tap water matrix was studied with all 

experimental conditions the same as the adsorption in Milli-Q water. The results of adsorption of 

model compounds in tap water at equilibrium were fit to the linear form of Langmuir and 

Freundlich models. Langmuir model performed better in fitting most of experimental data except 

the adsorption of BPA on BC and adsorption of 2,4-D on CS. The model parameters were 

calculated and are present in Table 5-5. 

Table 5-5.  Langmuir and Freundlich isotherm model parameters for adsorption of model 

compounds on BC and CS in tap water at 296 K, Units: Qmax (mg/g), b (L/mg), and KF (mg
(n-

1)/n
.L

1/n
.g

-1
) 

   Langmuir   Freundlich   

 Adsorbent Qmax b R
2
  KF 1/n R

2
 

IBP 

BC 

174 0.696 0.99  69 0.32 0.97 

2,4-D 262 0.366 0.996  115 0.25 0.99 

BPA 260 0.046 0.83  39 0.39 0.89 

IBP 

CS 

110 0.056 0.97  10 0.58 0.96 

2,4-D 178 0.043 0.96  26 0.39 0.98 

BPA 68 0.139 0.98  29 0.18 0.67 

Comparing the regression coefficients of the Freundlich models for adsorption in tap water and 

in Milli-Q water, it can be observed that Freundlich model fits the data in tap water better than 

the data for Milli-Q water except the case of adsorption of BPA on CS. The better fit of 
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Freundlich model in tap water matrix than in Milli-Q water in the first place indicates that 

adsorption of model compounds is happening in competition with other species present in tap 

water. Secondly it shows that adsorption is happening in more than monolayer and adsorption of 

species present in tap water has caused the heterogeneity of the adsorbent surface [51]. 

The pH of the samples was not adjusted in experiments to avoid the introduction of ions [10] and 

change in the ionic strength of the tap water as it is one of the characteristic of tap water that 

influences the adsorption of model compounds on the adsorbents in real condition [5]. The pH of 

the samples for these set of experiments were very close to the pH of tap water (See Table 3-1). 

 
Figure 5-7.  Electrostatic charge of BC, CS, and model compounds at equilibrium in adsorption 

on fresh adsorbents in tap water at 296 K (pH range of samples are shown with up-down arrows) 

According to the pH of samples and pKa of model compounds (Table 2-1); IBP molecules were 
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anionic form. BPA molecules were in molecular form and neutral. Surface of BC and CS were 

positively charged however, were less positively charged than in experiments with Milli-Q 

water. 

Because of the dominance of London dispersion forces in adsorption of solute molecules in 

neutral condition, adsorption of BPA molecules was mainly controlled by this force in the 

adsorption experiments with tap water matrix. According to previous reports in literature, highest 

uptake of BPA occurs when BPA is in neutral condition and net charge of GAC surface is zero 

[5]. Qmax of adsorption of BPA on BC increased in comparison with adsorption in Milli-Q water 

while Qmax of adsorption of BPA on CS in tap water decreased insignificantly in comparison 

with Qmax of adsorption of BPA in Milli-Q water. This can be due to the lower PZC of BC than 

CS and more neutral surface of BC than CS. The adsorption of ions on adsorption sites with 

electrostatic charge also increased the neutrality of the surface of adsorbents and consequently 

has increased the Qmax of adsorption of BPA on BC and did not allow the significant decrease of 

Qmax of adsorption of BPA on CS [67] in comparison with the Milli-Q water. 

Competition in adsorption between the species present in tap water matrix and the model 

compounds in adsorption on the surface of adsorbents can reduce the uptake of model 

compounds by filling the pores and reducing the surface area and pore volume available for 

adsorption of model compounds [93]. By comparing the Qmax of adsorption of model compounds 

on BC with CS presented in Table 5-5, it can be observed that all three model compounds 

exhibited a higher Qmax in adsorption on BC than CS. This indicates that adsorbent with higher 

porosity will maintain its higher capacity in presence of species present in tap water. Although 

CS exhibited lower porosity than BC it is still effective in adsorption of model compounds in tap 

water matrix. 
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Electrostatic forces between the model compounds and surface of adsorbents can influence 

adsorption of model compounds by attractive or repulsive forces. In the pH range of adsorption 

of model compounds in tap water matrix, IBP and 2,4-D were deprotonated and were in anionic 

form while BPA molecule were in neutral form. Therefore, IBP and 2,4-D will be interacting 

with the charged surface of BC and CS. Surface of BC and CS were more positively charged and 

attractive forces were present between anionic form of IBP and 2,4-D and the surface of BC and 

CS. The Qmax of adsorption of IBP in Milli-Q water was larger than Qmax of adsorption in tap 

water matrix. This is when IBP molecules were in anionic form in adsorption in Milli-Q water 

and in anionic form in adsorption in tap water. This indicates that dispersive and donor-acceptor 

forces were more effective forces in adsorption of IBP than electrostatic forces. 
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CHAPTER SIX 

 

ADSORPTION OF MODEL COMPOUNDS ON PRE-

TREATED ADSORBENTS 

 

This chapter presents results of  adsorption of IBP, 2,4-D, and BPA on acid pre-treated BC (N-

BC) and acid pre-treated CS (N-CS) at 296 K. Results of isotherm adsorption experiments were 

fit to the Langmuir and Freundlich models and model parameters were calculated. Best fit model 

to equilibrium data was used to discuss the effect of point of zero charge (PZC) of acid pre-

treated adsorbents on removal of micro-pollutants. 

6.1.  Acid Pre-treatment of BC and CS for Reduction of Point of Zero Charge 

Acid pre-treatment of BC and CS was carried out with the purpose of reduction of PZC, using 2 

N nitric acid performed at 296 K through the experimental procedure explained in chapter three. 

During the acid treatment variation of pH of the distilled water, tap water, and Milli-Q water was 

plotted (Figure 6-1). 
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Figure 6-1. Variation of pH of Tap, Distilled, and Milli-Q water 

 Samples were washed with distilled water every day until the pH of the solutions became stable 

[76]. The pH of the solution was measured after the samples were washed with distilled water. 

The pH of distilled water was also measured, so that the average pH of the distilled water during 

the experiments was recorded. Figure 6-2 indicates the variation of pH of acid washed solution 

versus the volume of distilled water consumed. 
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Figure 6-2. Variation of pH of solution of acid washed carbons, using distilled water 

The acid pre-treated BC and CS were named N-BC and N-CS, respectively. Change in porosity 

of the adsorbents was not the purpose of the acid pre-treatment, therefore acid treatment was 

carried out with 2 N nitric acid and at room temperature [74] to be able to control the oxidation 

level of acid pre-treatment [65] and not to modify the porosity of adsorbents [74]. Results of 

porosity characterization of adsorbents presented in chapter four confirmed that porosity of 

adsorbents has not changed significantly and porosity characteristics of acid pre-treated 

adsorbents were identical to the porosity characteristics of fresh adsorbents. Results of PZC 

measurements presented in chapter four also indicated that the PZC of fresh adsorbent decreased 

with nitric acid pre-treatment at 296 K and the desirable acidic PZC was achieved. 
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carbonyl groups [75] and carboxyl groups [20, 74, 76]. Chen et al. [75] treated a GAC with 

different concentrations of nitric acid in range of 0.1 to 16 N at 363 K. They observed that the 

highest concentration of carbonyl groups occurred when the concentration of nitric acid used for 

acid treatment was 2 N. Based on literature reports it is assumed that the acidic surface 

functional groups formed on surface of N-BC and N-CS causing the reduction in PZC of BC and 

CS to be mainly carbonyl and carboxyl groups. 

6.2. Adsorption of Model Compounds on N-BC and N-CS in Milli-Q Water 

Isotherm adsorption experiments with the same experimental condition as adsorption in Milli-Q 

water were carried out while N-BC and N-CS as adsorbents at 296 K. The data from the isotherm 

experiments was fitted to the Langmuir and Freundlich models. The isotherm model parameters 

were calculated and are present in Table 6-1. The best fitted model based on the higher 

regression coefficient was chosen. The regression coefficients are presented in Table 6-1. 

Table 6-1.  Langmuir and Freundlich isotherm model parameters for adsorption of model 

compounds on N-BC and N-CS in Milli-Q water at 296 K, Units: Qmax (mg/g), b (L/mg), and KF 

(mg
(n-1)/n

.L
1/n

.g
-1

) 

   Langmuir   Freundlich   

 Adsorbent Qmax b R
2
  KF 1/n R

2
 

IBP 

N-BC 

310 1.238 0.98  156 0.57 0.89 

2,4-D 368 0.089 0.99  58 0.45 0.99 

BPA 274 0.050 0.98  28 0.51 0.90 

IBP 

N-CS 

213 0.225 0.98  44 0.52 0.88 

2,4-D 347 0.052 0.99  38 0.49 0.99 

BPA 115 0.067 0.96  26 0.31 0.86 

Comparing the regression coefficients of the Langmuir and Freundlich models, it can be 

observed that the Langmuir model fitted the data better because of higher or equal coefficients of 

determination in comparison with Freundlich model for all cases. The better fit of adsorption 

data to Langmuir model indicates that adsorption is occurring in monolayer [49]. 
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The pH of isotherm adsorption samples was not adjusted to avoid introduction of electrolytes to 

the solution [5, 82]. In order to determine the range of pH of the samples, pH of some of the 

samples with different concentrations of model compounds was recorded at equilibrium 

condition. The equilibrium pH of samples of adsorption of model compounds on N-BC and N-

CS is presented in Figure 6-3. 

 
Figure 6-3.  Electrostatic charge of N-BC, N-CS, and model compounds at equilibrium in 

adsorption on pretreated adsorbents in Milli-Q water at 296 K (pH range of samples are shown 

with up-down arrows) 
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adsorption of IBP molecules were more negatively charged while surface of N-CS exhibited a 

net zero charge. The surface of N-BC in adsorption of 2,4-D was more negatively charged and 

the surface of N-CS was more positively charged. Surface of N-BC for adsorption of BPA was 

more negatively charged while surface of N-CS exhibited a net zero charge. 

In the pH range of experiments IBP and BPA were in molecular form therefore, London 

dispersion forces were the dominant forces in adsorption for these two compounds [55]. The 

Qmax of adsorption of IBP on N-BC was 1.2 times Qmax of adsorption of IBP on BC and Qmax of 

adsorption of IBP on N-CS was 1.5 time Qmax of adsorption of IBP on the CS. This shows that 

nitric acid pre-treatment increased adsorption of IBP on CS more than BC. The higher maximum 

adsorption capacity of IBP on nitric acid treated samples indicates that the presence of acidic 

functional groups on the surface of nitric acid pre-treated adsorbents most probably carbonyl 

[28] and carboxyl groups favored adsorption of IBP. Qmax of adsorption of BPA on N-BC was 

1.2 times Qmax of adsorption of BPA on BC and Qmax of adsorption of BPA on N-CS was 1.5 

times Qmax of adsorption of BPA on CS. The higher maximum adsorption capacity on nitric acid 

pre-treated BC and CS shows that nitric acid pre-treatment favored adsorption BPA. This can be 

due to introduction of acidic functional groups on the surface of adsorbents. The higher increase 

of Qmax of adsorption of IBP and BPA on N-CS than on N-BC supports the idea of existence of 

more acidic functional groups on BC than on CS. The lower PZC of BC than CS corroborates 

this speculation. 

The modification of porosity of adsorbents was not the purpose of the nitric acid pre-treatment 

and results of characterization of porosity of adsorbents presented in chapter four confirms that 

the porosity of adsorbents did not change significantly. The ratio of Qmax of adsorption of model 

compounds on N-BC to N-CS was close to the ratio of Qmax of adsorption of model compounds 
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on BC to CS. This is in conformity with the same porosity of fresh adsorbents and nitric pre-

treated adsorbents. Intensity of adsorption of model compounds on nitric acid pre-treated 

samples present in Table 6-1 was very close to the intensity of adsorption of model compounds 

on fresh adsorbents presented in Table 5-1. Because of the same porosity of fresh and nitric acid 

pre-treated adsorbents, it can be inferred that the intensity of adsorption was mainly related to the 

porosity of adsorbents. 

The 2,4-D was the only model compound that was not in molecular form in the adsorption 

experiments with nitric acid pre-treated adsorbents. The pH of 2,4-D adsorption isotherm 

samples were higher than the pKa of 2,4-D which is equal to 2.6. Therefore, 2,4-D was present in 

solution in anionic form. Qmax of adsorption of 2,4-D on nitric acid pre-treated adsorbents was 

lower than the Qmax of adsorption of 2,4-D on fresh adsorbents. This can be explained by the 

more negatively charged surface of nitric acid pre-treated adsorbents than fresh adsorbents, 

creating more repulsive forces. The ratio of Qmax of adsorption of 2,4-D on BC to N-BC was 1.2 

and the ratio of Qmax of adsorption of 2,4-D on CS to N-CS was 1.1. This indicates that nitric 

acid pre-treatment reduced the adsorption capacity of BC for adsorption of 2,4-D more than CS. 

This can be because of lower PZC of N-BC than N-CS and more negatively charged surface of 

N-BC than N-CS. 
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CHAPTER SEVEN 

 

SEMI-BATCH REGENERATION OF ADSORBETS WITH 

OZONE 

 

This chapter presents the procedure and results of regeneration of BC and CS saturated with IBP, 

2,4-D, and BPA with ozone. The effectiveness of regeneration of saturated BC and CS was 

studied. The results of assessment of effectiveness of regeneration is presented and discussed. 

7.1. Saturation of BC and CS with The Mixture of IBP, 2,4-D, and BPA 

The operation of an adsorption system will eventually result in saturated adsorbent that do not 

have more capacity. Saturated adsorbents can be regenerated to restore their adsorption capacity. 

To study the regeneration of BC and CS with ozone, it is required to saturate the BC and CS with 

model compounds and then study the regeneration of saturated BC and CS. In order to saturate 

the BC and CS as it was explained in chapter three; 1 g of each of BC and CS was placed in 

contact with a mixture of model compounds containing 200 mg/L of each model compound. The 

mixture of model compounds contained 75 mL of ethanol to increase the solubility of model 

compounds. The mixture was stirred and concentration of model compounds in solution was 

measured until the change in concentration of model compounds became less than 5 % of the 

initial concentration. At this point adsorbents were considered saturated. Saturated adsorbents 
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were filtered, washed, and dried with the experimental procedure explained in chapter three. 

Saturated BC and CS were named S-BC and S-CS, respectively. 

7.2. Regeneration of S-BC and S-CS with Ozone 

In order to evaluate the effectiveness of the regeneration time with ozone, three times of 15, 30, 

and 60 minutes were selected, and identical to the regeneration times experiments with ozone 

reported in the literature [80, 94]. The saturated adsorbents were divided into three equal 

aliquots, each aliquot weighting approximately 0.3 g. Each aliquot was ozonated for a period of 

time. Concentration of ozone used for ozonation regeneration experiments was selected to be 18 

g/m
3
 in gas phase, close to the concentration of ozone reported to be effective in removal of EPs 

in literature [78, 80, 95]. Ozone was produced from pure oxygen using ozone generator. The 

dissolved ozone in solution reacted with organic matter in solution. Concentration of ozone 

dissolved in solution was measured to be in range of 3.5-4.5 mg/L. Unreacted ozone left the 

reactor, passed through ozone destruction unit and then it was vented to the environment. 

Ozonated S-BC and S-CS were collected and dried at 383 K. The schematic of the regeneration 

setup [78] is shown in Figure 7-1. 
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Figure 7-1.  Semi-batch regeneration setup [78] used for regeneration of saturated adsorbents 

7.3. Assessment of Effectiveness of Regeneration of Ozone Treated S-BC and S-CS 

In order to determine the effectiveness of regeneration with ozone, adsorption capacity of ozone 

regenerated adsorbents for each model compound was determined. 40 mg of each adsorbent was 

contacted with 200 mL of solution containing the model compound. To have an identical initial 

concentration for IBP, 2,4-D, and BPA, maximum achievable concentration of IBP for isotherm 

experiments in Milli-Q water (50 mg/L) were chosen for all three model compounds. Samples 

were shaken until the change in concentration of model compounds in solution became less than 

5 % of initial concentration. Concentration of model compounds at equilibrium conditions in 
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solution and on adsorbent was measured. Concentration of model compound on each adsorbent 

at equilibrium was calculated and presented in Figure 7-2 and 7-3. 

 
Figure 7-2.  Concentration of IBP, 2,4-D, and BPA on ozone treated S-BC regenerated for 15, 30 

and 60 minutes (Trend-lines are added for better illustration of results) 
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Figure 7-3.  Concentration of IBP, 2,4-D, and BPA on ozone treated S-CS regenerated for 15, 30 

and 60 minutes (Trend-lines are added for better illustration of results) 
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[79]. Although ozone treatment could not restore the adsorption capacity of adsorbents, 

conventional regeneration methods such as acid back wash as an in-situ regeneration method or 

thermal regeneration can be used to regenerate the saturated adsorbents [96]. 

Adsorption uptake of S-BC and S-CS adsorbents regenerated after 30 minutes of ozonation 

shows a slight improvement in restoration of the adsorption capacity of adsorbents [27] while, 

results of uptake of S-BC and S-CS regenerated with 60 minutes of ozonation indicates that more 

oxidation of the saturated adsorbents has a detrimental effect on restoration of capacity of 

adsorbents. Reports in the literature attribute this phenomenon to destruction of the porosity of 

adsorbents as a result of excessive oxidation [79]. Results show that ozone does not restore the 

adsorption capacity of saturated adsorbents and excessive ozone treatment destroys the porosity 

of adsorbents through oxidation of adsorbent. 

  



90 

 

 

 

CHAPTER EIGHT 

 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE WORKS 

 

The effectiveness of adsorption for removal of emerging pollutants with granular activated 

carbon for drinking water treatment was studied. For this purpose adsorption of IBP, 2,4-D, and 

BPA as model compounds on bituminous and coconut shell based GACs was studied. 

Thermodynamic of adsorption in temperature ranges lower than room temperature was 

calculated and discussed. Effect of PZC of adsorbent and tap water matrix on adsorption of 

model compounds was investigated. The effectiveness of regeneration of saturated adsorbents 

with ozone was studied. 

General Conclusions 

Based on the findings of experiments and discussions, the following aspects are concluded:  

 Isotherm adsorption experiments were employed to study the adsorption of three model 

compounds on BC and CS at 296, 288, and 280 K in Milli-Q water. Freundlich and 

Langmuir models were used to fit to the isotherm adsorption data and the model 

parameters were calculated. Langmuir model provided a better fit for the data in all 

experimental conditions in Milli-Q water indicating monolayer adsorption of model 

compounds on BC and CS. It was concluded that Qmax of adsorption of emerging 
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pollutants in anionic form in the pH range of adsorption was proportional to the total 

surface area of adsorbents. Higher porosity of bituminous based adsorbent together with 

its more acidic surface most probably due to the aging resulted in higher Qmax for 

adsorption of all three model compounds than adsorption on CS. 

 The Gibbs free energy, entropy, and enthalpy of adsorption of model compounds in 

temperature range of 280 to 296 K were determined using Langmuir model parameters of 

isotherm experiments at 296, 288, and 280 K. The negative value of Gibbs free energy for 

adsorption of all three model compounds indicated the spontaneous adsorption of model 

compounds on BC and CS. This suggests that adsorption is an ideal candidate for removal 

of model compounds from drinking water in regions with the temperature range of 280 to 

296 K such as Canada. Insignificant decrease in spontaneity of adsorption of IBP with 

reduction of temperature from 296 K to 280 K was observed. This indicated the 

significant effect of entropy of adsorption on spontaneity of adsorption. Although 

adsorption of 2,4-D and BPA were found to be exothermic, the increase of Qmax with the 

reduction of temperature from 296 K to 280 K was not significant. The insignificant 

change in Qmax of adsorption of model compounds on both adsorbents with reduction of 

temperature from 296 K to 280 K indicates that adsorption is an effective method for 

removal of emerging pollutants even at temperatures as low as 280 K. The change in Qmax 

of model compounds with the reduction of temperature from 296 K to 280 K was in range 

of 2 to 13% of the Qmax at 296 K. This small change in Qmax indicates the insignificant 

effect of temperature on removal of EPs with GAC. 

 Nitric acid pre-treatment of BC and CS for the purpose of reduction of PZC was carried 

out. Nitric acid pre-treatment increased the amount of acidic functional groups on the 
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surface of both BC and CS and reduced the PZC of both BC and CS. Nitric acid pre-

treatment of bituminous coal based carbon at room temperature removed the high ash 

content and slightly increased the pore volume and surface area. Whereas nitric acid pre-

treatment of coconut shell based carbon at room temperature reduced the surface area and 

pore volume which is assumed to be due to the formation of oxygen containing functional 

groups at the entrance of slit shaped pores. 46 and 48% increase in Qmax of adsorption of 

BPA and IBP on N-CS in comparison to CS corroborated the idea that presence of 

specific acidic surface functional groups most probably carbonyl and carboxylic groups 

are responsible for adsorption of solute molecules present in molecular form. The identical 

ratio of Qmax of adsorption of 2,4-D on N-BC to N-CS with the ratio of total surface area 

of N-BC to N-CS supports the possibility that Qmax of adsorption of solutes present in 

anionic form in pH range of adsorption is proportional to the total surface area of 

adsorbent. Comparing the Qmax of adsorption of model compounds on adsorbents with 

acidic PZC with adsorbents with basic PZC, it is concluded that adsorbent with acidic 

PZC was a better adsorbent for removal of emerging pollutants in drinking water. 

 Isotherm adsorption of model compounds on BC and CS in tap water at 296 K was 

conducted. It was observed that presence of species as components of tap water in general 

reduced the capacity of adsorbents for adsorption of model compounds. It was inferred 

that interaction of ions present in tap water matrix with the charged adsorption sites of 

adsorbent could increase the neutrality of the surface of adsorbent. It was concluded that 

adsorption in tap water favored adsorption of emerging pollutants, that neutral surface of 

adsorbent is a desirable condition for their adsorption. 
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 Regeneration of activated carbon saturated with model compounds was conducted using a 

semi-batch reactor with continuous flow of gaseous ozone. Regenerated adsorbents had a 

weak uptake of the model compounds after regeneration. The results showed a poor 

regeneration with ozone in restoration of adsorption capacity of saturated activated 

carbon. Excessive ozone treatment was observed to damage the porosity of adsorbent as a 

result of oxidation of adsorbent. 

According to the results, it is concluded that adsorption with granular activated carbon is a 

feasible and effective method for removal of emerging pollutants from drinking water. 

Recommendations for Future Works 

The effectiveness of removal of organics from drinking water together with the promising results 

of this research for removal of emerging pollutants from drinking water opens the possibility of 

additional research on removal of emerging pollutants using granular activated carbons. For 

more research on removal of emerging pollutants with GAC following recommendations are 

suggested: 

 Granular activated carbon used for filtration in treatment of drinking water is used in 

continuous mode and kinetics of adsorption plays an important role in adsorption process 

in continuous mode therefore, it is necessary to measure the kinetics of adsorption 

 Reduction of PZC of adsorbents with nitric acid pre-treatment results in introduction of 

acidic surface functional groups. Presence of these acidic functional groups affects 

adsorption of compounds in molecular form with reactive functional groups in their 

structure thus, it is recommended to characterize the type and amount of those functional 

groups created on surface of adsorbent and study the effect of those functional groups on 

adsorption of emerging pollutants in specific 
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 Promising results of removal of emerging pollutants in tap water matrix as the water 

matrix in real condition warrants more research with a synthetic tap water matrix 

containing major components of tap water matrix and investigation of effect of those 

major components of tap water matrix on adsorption of emerging pollutants 

 Since the costs of a treatment process is an important factor in choosing a process, it is 

recommended to run a pilot adsorption tests and plot breakthrough curves for adsorption 

of emerging pollutants in tap water matrix. The results will contribute to determining the 

adsorption behaviour of model compounds in real conditions and conducting accurate cost 

evaluations 
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APPENDIX A. Absorbance and Calibration Curves of 

Model Compounds 

Absorbance curves were plotted to find the maximum absorbance of a model compound at 

different concentration levels of compound. Absorbance is the difference between absorbance of 

the sample containing the model compound with the absorbance of the water matrix with no 

model compound present in it considered as blank. Absorbance curve of different dilutions of 

IBP stock solution containing 7% of methanol in Milli-Q water was presented in chapter three, 

Figure 3-6. Absorbance curves for IBP in tap water matrix, 2,4-D, and BPA is presented below: 

 
Figure A-1.  Absorbance Curve of IBP (7%, w/w; Methanol/Tap water), maximum absorbance 

occurring at 223 nm 
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Figure A-2.  Absorbance Curve of 2,4-D, maximum absorbance occurring at 284 nm 

 
Figure A-3.  Absorbance Curve of BPA, maximum absorbance occurring at 277 nm 
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Maximum absorbance of model compounds found for each concentration level in Appendix A-1 

was plotted against the concentrations. Trend-lines fitting to the data were used to convert the 

absorbance to concentrations. A calibration line to convert the concentration of IBP in Milli-Q 

water was presented in chapter three, Figure 3-7. Calibration lines for the conversion of 

absorbance to concentration for IBP in tap water matrix, 2,4-D, and BPA are presented below:  

 
Figure A-4.  IBP, 2,4-D, and BPA concentration measurement calibration lines 
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APPENDIX B. Characterization of Adsorbents 

Adsorption and desorption of N2 on adsorbents at 77 K was carried out. Isotherm data for 

adsorption and desorption of N2 on CS was presented in Figure 4-1. Adsorption and desorption 

isotherm data for BC, N-CS and N-BC are presented below: 

 
Figure B-1.  Isotherm data of adsorption and desorption of N2 on BC at 77 K 
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Figure B-2.  Isotherm data of adsorption and desorption of N2 on N-CS at 77 K 
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Figure B-3.  Isotherm data of adsorption and desorption of N2 on N-BC at 77 K 
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Figure B-4.  Linear trend-line fitted to the isotherm data from adsorption of N2 on CS, N-BC, and 

N-CS using BET equation 

 
Figure B-5.  Linear trend-line fitted to the thickness plot of adsorption of N2 on N-BC, CS, N-CS 
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Point of zero charge measurement curves for BC was presented in chapter four Figure 4-6. The 

convergence of the plateau of the curves indicates the point of zero charge of the adsorbent. 

Point of zero charge measurement curves for N-BC, CS, and N-CS are presented below: 

 
Figure B-6.  Determination of point of zero charge of N-BC 
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Figure B-8.  Determination of point of zero charge of N-CS  
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APPENDIX C. Linear Langmuir Model Fit to the 

Experimental Adsorption Isotherm Data 

The experimental adsorption isotherm data for adsorption of model compounds was collected. 

The Langmuir model fitted the data better than the Freundlich model therefore, the Langmuir 

model parameters were used for analysis. Calculation of model parameters using the linear 

Langmuir trend-line equation is explained in detail in chapter two. The linear Langmuir model fit 

to the experimental adsorption isotherm data for adsorption of model compounds is presented 

below: 

 
Figure C-1.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of IBP on BC in Milli-Q water at 280, 288, and 296 K 
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Figure C-2.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of 2,4-D on BC in Milli-Q water at 280, 288, and 296 K 

 
Figure C-3.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of BPA on BC in Milli-Q water at 280, 288, and 296 K 
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Figure C-4.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of IBP on CS in Milli-Q water at 280, 288, and 296 K 

 
Figure C-5.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of 2,4-D on CS in Milli-Q water at 280, 288, and 296 K 
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Figure C-6.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of BPA on CS in Milli-Q water at 280, 288, and 296 K 

 
Figure C-7.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of IBP, 2,4-D, and BPA on BC in tap water matrix at 296 K 
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Figure C-8.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of IBP, 2,4-D, and BPA on CS in tap water matrix at 296 K 

 
Figure C-9.  Isotherm experimental data and linear Langmuir model fit to the data for adsorption 

of IBP, 2,4-D, and BPA on N-BC in Milli-Q water at 296 K 
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Figure C-10.  Isotherm experimental data and linear Langmuir model fit to the data for 

adsorption of IBP, 2,4-D, and BPA on N-CS in Milli-Q water at 296 K  
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APPENDIX D. Van’t Hoff Plot for Thermodynamic Analysis 

of Adsorption 

In order to calculate the Gibbs free energy, enthalpy, and entropy of adsorption of model 

compounds on BC and CS in Milli-Q water, Langmuir model parameters for isotherm data of 

adsorption at 296, 288, and 296 K were used. Van’t Hoff Plot for adsorption of BPA on BC 

using Langmuir model parameters for isotherm data of adsorption at 280, 288, and 296 K was 

presented in Figure 5-6. Van’t Hoff Plot for adsorption of IBP, 2,4-D, and BPA on BC and CS in 

Milli-Q water using Langmuir model parameters for isotherm data of adsorption at 280, 288, and 

296 K is presented below: 

 
Figure D-1.  Van’t Hoff Plot for thermodynamic analysis of adsorption of IBP, 2,4-D, and BPA 

on BC in temperature range of 280-296 K 
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Figure D-2.  Van’t Hoff Plot for thermodynamic analysis of adsorption of IBP, 2,4-D, and BPA 

on CS in temperature range of 280-296 K 
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