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ABSTRACT 

 

The regeneration of the saturated GAC then needs to be carried out to lengthen the GAC bed life. The 

presence of weakly adsorbable pesticides, such as metaldehyde, in raw water continues to challenge 

granular activated carbon (GAC) performance, by causing an early GAC filter beds exhaustion. The 

accelerated exhaustion leads to the need for frequent off-site thermal regeneration, which is the most 

common practiced carbon regeneration technique, representing a significant operational cost and 

environmental (energy/CO2) burden to water utilities. An alternative approach is to conduct in situ GAC 

regeneration by alternative chemical means. In this research, a systematic investigation of chemical 

regeneration in batch and column tests was conducted in order to find and evaluate the most suitable 

regenerant solution for GAC exhausted by particular target contaminants, namely phenol, nitrobenzene, 

isoproturon, clopyralid and metaldehyde. 

 

Based on the findings of this research, it is concluded that the sodium hydroxide and ethanol mixture 

(NaOH/CH3CH2OH) was effective as a regenerant solution with desorption efficiencies in a range of 

31.8 – 89.0%, depending the target contaminants. The sequence adsorption and chemical regeneration 

cycles in column tests showed that the chemical regeneration may be more beneficial to be applied for 

carbon exhausted by poorly adsorbed pesticide, such as metaldehyde, compared to thermal 

regeneration. The RSSCTs study also suggested that the regenerant solution can be re-used up to four 

times, but with a decreasing performance. The results of the carbon characterization tests showed that 

the NaOH/CH3CH2OH regenerant did not cause any significant changes in the term of carbon physico-

chemical properties, indicating the benign nature of the regenerant. 

 

Overall, the findings of this research contribute to future development of chemical regeneration 

application in water treatment, and at the same time helping water utilities in considering new and 

improved methods to the current GAC filter bed practice. 
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DTG Derivative thermogravimetry  

EBCT Empty bed contact time 

EBCTLC Empty bed contact time for large column 

EBCTSC Empty bed contact time for small column 

EDB Ethylene dibromide  

EDX Energy-Dispersive X-ray  

ESI Electrospray ionization  



15 

 

EU European Union 

F400 
Filtrasorb 400, a brand product of granular activated carbon by Chemviron 
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QL Quantification limit 
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RR Re-used regenerant 
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TSS Total suspended solid 

UHPLC Ultra-high performance/pressure liquid chromatography 

UK United Kingdom 

US United States 

UV Ultraviolet 

UV-vis Ultraviolet-visible 

v/v Ratio of volume per volume 

V-C Virgin carbon 

VOC Volatile organic content 

WTW Water treatment work 

Wt. Weight 
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Symbol 

Ce Adsorbate concentration in solution phase at equilibrium 

Co Initial adsorbate concentration in solution phase 

Ct Adsorbate concentration in solution phase at time 

D Column diameter 

De  Axial dispersion 

Dp Pore diffusivity 

DS  Surface diffusivity 

e.g. For example 

εp Pore fraction 

ε Void fraction 

H Column length 

H+  Hydrogen ion 

HO2• Perhydroxyl radical 

i.e. In other words 

k1 The pseudo-first order adsorption rate constant 

k2 The pseudo-second order adsorption rate constant 

Ka Binding constant 

kf Film transfer coefficient 

kF The Freundlich constant 

kL The Langmuir constant 

kow Octanol water partition coefficient 

kTH The Thomas adsorption rate constant  

n Dimensionless constant related to the Freundlich model 

n Number of replicates 

O3• Superoxide ion 

OH- Hydroxyl ion 

OH• Hydroxyl radical 

Pe Peclet number, represents the ratio of heat transfer by motion of a fluid   

pH Logarithm (base 10) of the hydrogen ion concentration 

pHpzc pH at point of zero charge 

pKa Symbol used for acid dissociation constant at logarithmic scale 

ρa Carbon density 

q Carbon adsorption capacity 

Q Flowrate 
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q0 Adsorption capacity projected from the Thomas model 

q1 Initial carbon adsorption capacity using virgin carbon 

q2 Regenerated carbon adsorption capacity 

qads Initial carbon adsorption capacity  

qdes The amount of contaminant desorbed  

qe Adsorption uptake at equilibrium 

qexp Adsorption uptake derived from laboratory experiment 

qm Adsorption uptake to completely form a monolayer on an adsorbent surface 

R Carbon particle radii 

R2 Coefficient of determination 

Re Reynolds number, to describe flow patterns in different fluid flor situation 

Sc Schmidt number, a ratio of kinematic viscosity and mass diffusivity 

Sh 
Sherwood number, represents the ration of convective mass transfer to the rate 

of diffusive mass transport rate 

St 
Stanton number, a ratio of heat transferred into a fluid to the thermal capacity 

of fluid 

T Symbol for temperature 

t Symbol for time 

τ Fluid residence time in GAC bed 

ΔGads Gibbs free energy 

ΔHads Enthalpy or heat of adsorption 

ΔSads Entropy 
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1. INTRODUCTION 

 

1.1  Research Motivation 

 

Pesticides are used in agriculture to control insects, weeds, slugs, and snails. Sometimes, in their 

application, unwanted residues can be washed into water bodies by rainfall or surface runoff (Autin, 

2012). The widespread use of pesticides in the UK results in their presence in raw water. Water utilities 

use granular activated carbon (GAC) adsorbers to reduce the pesticide concentrations during water 

treatment processes to achieve drinking water regulation requirements. Apart from removing pesticide, 

GAC adsorption is also used for the removal of natural organic matter, taste and odour compounds  in 

water (UK Water Industry Research, 2017). During operation, these contaminants are adsorbed within 

the pores of GAC, which gradually become saturated with time. At saturation, or earlier if the filtrate 

quality is unacceptable, the GAC operation can no longer continue, and regeneration is carried out; this 

is a more cost-effective option to lengthen the carbon life rather than disposal and carbon replacement 

(Chiang and Wu, 1989). 

 

The presence of problematic, weakly adsorbable pesticides, such as metaldehyde (Castle et al., 2017) 

and clopyralid (Cosgrove et al., 2019) (in the UK), causes an early GAC bed exhaustion for these 

compounds, thus requiring more frequent GAC regeneration. Although the use of metaldehyde was 

officially banned in 2018 (for use after 2020) (Allison, 2018), the ban was overturned in July 2019 

(Jones, 2019) and its occurrence in raw waters remains a challenge to water utilities. With the pressure 

to fulfil the European Union (EU) regulatory limits for drinking water quality of 0.1 µg L-1 for single 

pesticides and 0.5 µg L-1 for total pesticides, water companies in the UK are forced to regenerate their 

carbon more frequently in order to effectively remove these contaminants and minimise the threat they 

may pose to the public.  

 

The most common GAC regeneration technique practised is thermal regeneration (UK Water Industry 

Research, 2017). This technique has a disadvantage, whereby the spent GAC needs to be transported 

off-site to a specialized facility for regeneration. Frequent regeneration increases operational costs due 

to high carbon usage and reduced carbon services. During thermal regeneration, at least 5-10% of the 

carbon is lost due to attrition and excessive burn-off (Guymont, 1980), and the lost carbon must be 

made up with virgin carbon. For these reasons, several in situ or on-site regeneration studies have been 

reported in the last 40 years, seeking to find alternatives to off-site thermal regeneration. One of these 

alternatives is chemical regeneration, which is a technique that can be performed on-site, either in situ 

or off-line, by exposing the spent GAC to a selected chemical, or combination of chemicals, to remove 

the adsorbed contaminants (Tamon et al., 1990; Matheickal et al., 1998; Kanpirom, 2005), where the 
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efficiency of chemical regeneration depends on the solvent used and the contaminants adsorbed. 

Previously, it was speculated that a partial chemical regeneration may prolong carbon life between 

thermal regeneration operations, or prior to disposal and carbon replacement (Johnson et al., 1964). 

Additionally, chemical regeneration usually does not require high temperatures (Salvador et al., 2015a), 

which may otherwise damage the porosity of the carbon. 

 

Prior research on chemical regeneration has been limited in extent, but has considered both organic and 

inorganic solutions. Despite this, only a small number of publications has been produced to date 

concerned with this area of research. Currently, the most suitable regenerant solutions for desorbing a 

wide range of aqueous contaminants have not been identified. Also, the occurrence of weakly 

adsorbable pesticides, such as clopyralid and metaldehyde, in raw waters presents different challenges 

in determining the most suitable solution for regeneration. The adsorption and desorption mechanisms 

for these pesticides with GAC have not been systematically investigated. Although earlier studies 

(Martin and Ng, 1984; Leng and Pinto, 1996) have reported regeneration efficiencies, the desorption 

ratio achieved during chemical regeneration was not mentioned. It is therefore unclear whether a higher 

degree of the regeneration efficiency achieved was because of the adsorbed compound desorption, 

and/or the result of changes in the GAC properties which increased the adsorbate uptake in the 

subsequent adsorption process. Nevertheless, these previous studies provided an insight into the 

potential of regenerant solutions that can be used.  

 

Additional effort has also been made by water companies in investigating the removal of these 

problematic pesticides using technologies other than GAC adsorption, such as advanced oxidation 

processes (AOPs) and ozone in combination with GAC in order to find an alternative solution to the 

frequent regeneration of GAC (UK Water Industry Research, 2017). Additionally, since 2001, the UK 

Government had launched catchment management initiatives to reduce the occurrence of these 

pesticides in raw water. Nevertheless, the role of GAC in addressing future challenges in water 

treatment processes is still relevant and crucial, assuming that some of the low molecular weight (MW) 

organic contaminants may not be able to be removed using advanced processes, which in some cases 

can be costly. As the GAC will continue to play an important role in water treatment, further 

investigation to improve GAC management, including GAC regeneration, is recommended.    

 

In this study, a systematic investigation of chemical regeneration of GAC for target contaminants in 

batch and column tests has been conducted. The adsorption and desorption behaviour of particular target 

contaminants, and their desorption performance using different regenerant solutions have been 

investigated in batch tests. From these, the performance of a selected regenerant solution that has the 

ability to desorb the target contaminants was investigated in small-scale column tests. As part of the 

evaluation of the chemical regeneration performance, the adsorption thermodynamics of virgin and 
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chemically regenerated carbons for selected compounds have been determined. Calorimetric analyses 

can provide important information relating to the adsorption mechanisms of the target contaminants on 

GAC (Tran et al., 2016). A series of carbon characterization tests was therefore conducted to identify 

whether the chemical regeneration may alter the surface area, pore size distribution and surface 

chemistry of the carbon. 

 

1.2 Research Aim and Objectives 

 

The overall aim of this study was to find an optimal regeneration solution to chemically regenerate 

spent carbon exhausted by current and future pollutants in water treatment, with the chemical 

regeneration process to be conducted on-site (either in situ or off-line). 

 

The specific objectives of this study were set as follows: 

1. To find a feasible yet practical regeneration solution that is safe for the water treatment 

infrastructure and causes no harm to operators and consumers. The regenerant solution should 

have an ability to regenerate spent carbon exhausted by current and future water pollutants 

through the desorption of the contaminants. This was achieved by conducting adsorption-

desorption batch tests using various chemicals and target contaminants. 

2. To identify optimum conditions for the regeneration process. This was achieved by assessing 

the performance of the selected regenerant solution in small-scale column tests.  

3. To identify any deleterious effects caused by the regenerant solution to the carbon surface. 

This was achieved by conducting a series of laboratory tests of the physical and chemical 

properties of the carbon upon the exposure of the selected regenerant solution and re-

conditioning at the end of the regeneration process.  

4. To investigate the adsorption and desorption phenomena of the selected target contaminants 

on activated carbon. This was achieved by conducting a thermodynamic study and by 

assessing the adsorption and desorption behaviour of the target contaminants.  

5. To evaluate the nature and disposal of waste chemical generated by the chemical regeneration 

process. This aspect was studied by investigating the characteristics of the selected regenerant 

used and by determining any suitable treatment options for the waste chemical.  

 

1.3 Thesis Structure 

 

After this introductory chapter, which comprises the research motivation, aim, objectives and a brief 

description of the thesis structure, a literature review detailing the specific pesticides used and a 

summary of the previous studies of chemical regeneration and carbon regeneration in general is 
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presented in Chapter 2. Chapter 3 presents all the materials and methods used during the experimental 

programme of work. The following three chapters describe the results of the three major components 

of the laboratory work. Thus, Chapter 4 describes the batch test results, some of which have been 

published in the scientific literature (Larasati, A, Fowler, G. D. and Graham, N. J. D. (2020). Chemical 

regeneration of granular activated carbon: preliminary evaluation of alternative regenerant solutions. 

Environmental Science: Water Science and Technology, 6: 2043-2056) and formally presented 

(American Water Works Association (AWWA) Water Quality Technology Conference 2019 in Dallas, 

Texas). The main objective of this chapter was to identify a suitable regenerant solution from a range 

of possible alternatives. Using the regenerant solution identified in Chapter 4, its performance was 

investigated in more detail via small-scale columns tests and the results described in Chapter 5. A 

manuscript detailing the column tests results (Extending granular activated carbon (GAC) bed life: A 

column study of in-situ chemical regeneration of pesticide loaded activated carbon for water treatment) 

is currently under review in a peer-reviewed journal. Chapter 6 describes the fundamentals of the 

adsorption and desorption behaviour of target contaminants by discussing all the findings of Chapter 4 

and Chapter 5, together with the results of the thermodynamic tests and the fate of the contaminants in 

the regenerant solution. Some of the results of the thermodynamic tests and fate of the contaminant 

studies in the Chapter 6 have been published together with part of Chapter 4 in the journal paper 

(Larasati et al., 2020) mentioned previously. 

 

The contribution of this study to scientific knowledge, the implications of the results to water utilities 

and recommendation for future research opportunities are addressed in Chapter 7. Brief conclusions are 

drawn in Chapter 8, and at the end of this thesis, references and appendices can be found, presenting 

supporting information and data.  

 

In conclusion, some aspects of the research were included in two poster presentations that were given 

at the 16th International Water Association (IWA) Leading Edge Conference on Water and Wastewater 

Technologies 2019 in Edinburgh, UK and at the 2019 the Institute of Water (IoW) Annual Conference 

and Exhibition in Belfast, UK (received the best poster award). 
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2. LITERATURE REVIEW 

 

2.1  Granular Activated Carbon (GAC) 

 

Activated carbon is a material with a highly porous structure produced through activation processes; 

either physical/thermal and/or chemical activation. The activation process enhances the porosity within 

the carbon, making the carbon efficient to adsorb small molecular compounds (Marsh and Rodríguez-

Reinoso, 2006). There are two principal types of activated carbon used in water treatment processes, 

which differ in their morphology and particle size. These are granular activated carbon (GAC) and 

powdered activated carbon (PAC) (Bansal and Goyal, 2005). GAC has a typical particle size of 0.297 

– 2.38 mm (AWWA, 2006), while activated carbon with a smaller particle size may be classified as 

PAC. 

 

The most commonly used activated carbon in water treatment processes is a GAC made from 

bituminous coal with a typical surface area of 950 – 1050 m2 g-1 and a particle size of 12 x 40 mesh 

(0.420 – 1.680 mm) or 8 x 30 mesh (0.590 – 2.380 mm) (Hung et al., 2005). The physical (surface area 

and pore structure) and chemical properties of GAC are two important factors for any compound’s 

adsorption on GAC. These properties are varied with the type of activated carbon and depend on its 

source material and the activation process employed. GAC adsorption has found wide application as a 

treatment process for the removal of natural organic matter, pesticides, taste and odour, and/or any small 

organic contaminants in water over many years (UK Water Industry Research, 2017). 

 

2.1.1  GAC Physical Properties 

 

The physical properties of GAC are usually limited to the surface area and pore structure of the carbon. 

The surface area represents active sites where contaminants can be adsorbed and, in some cases, react 

chemically. In general cases of organic compound adsorption on carbon, the higher the surface area, the 

higher its adsorption ability towards the compound (Demarco et al., 1983). The size of GAC pores 

limits the size of the contaminants that can be adsorbed (Li et al., 2002). According to their size, the 

carbon pores are categorized as follows (Newcombe, 2006): (i) micropores < 2 nm (20 angstrom); (ii) 

mesopores, 2 – 50 nm (20 – 500 angstrom); and (iii) macropores > 50 nm (500 angstrom). The 

micropores contribute the majority of the total internal surface area of activated carbon, which provides 

the majority of active adsorption sites for organic compounds (Newcombe, 2006; Çeçen and Aktaş, 

2011).  
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2.1.2  GAC Chemical Properties 

 

Various types of functional groups which commonly consist of oxygen at the edges of the carbon planes 

define the chemical properties of GAC (Snoeyink and Weber, 1967). Oxygen may attach to the carbon 

during the activation process. The existence of these oxygen-containing functional groups affects the 

adsorptive capacity of GAC, such as increasing the polarity of the carbon surface and/or controlling the 

pH-dependent surface charge of the carbon or their pH  at the point of zero charge (pHpzc) (Knappe, 

2006). GAC may exhibit an acidic or basic character because of these functional groups. The acidic 

character of the GAC is attributed primarily to surface oxygen functional groups, such as carboxylic 

acid, lactone, phenol, lactones and/or carbonyl functional groups (Boehm, 1966). Compared to acidic 

surface functional groups, basic surface functional groups are not yet generally known (Fuente et al., 

2003). The basicity of a GAC may be associated with nitrogen containing functional groups, organic 

impurities (metal oxides) or delocalized π-electrons on the basal planes of the carbon, and/or chromene- 

or pyrone-type structures on the carbon (Knappe, 2006). An illustration of acidic and basic oxygen 

functional groups on carbon surfaces is shown in Figure 2.1. 

 

Figure 2.1 Illustration of acidic and potential basic oxygen-containing functional groups on GAC 

surfaces (Adopted from Boehm, 1994; Fuente et al., 2003). 

 

2.2  GAC Adsorption and Desorption 

 

Adsorption is a separation method to remove certain substances from a liquid or gas phase using an 

adsorbent or a solid material. Adsorption processes are classified as either physical or chemical 

adsorption. Physical adsorption or physisorption is an exothermic process and is considered to be 

reversible (Dabrowski, 2001). The physisorption is primarily associated with van der Waal’s forces 

(Hung et al., 2005) and is considered to be the most common type of adsorption process in the case of 
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organic compounds adsorption on GAC. The heat of adsorption (∆𝐻𝑎𝑑𝑠) for physisorption is usually in 

a range of 10 – 20 kJ mol-1 or similar to the heat of condensation (Bansal and Goyal, 2005). In chemical 

adsorption, or chemisorption, chemical reactions occur between adsorbate and adsorbent which leads 

to the adsorbate bonding permanently to the adsorbent’s surface, making it irreversible to some extent. 

The ∆𝐻𝑎𝑑𝑠 of chemisorption is usually in a range of 40 – 400 kJ mol-1 (Bansal and Goyal, 2005). 

However, it was mentioned that most of the time in some cases, the ∆𝐻𝑎𝑑𝑠 of chemisorption does not 

differ significantly compared to physisorption (Bansal and Goyal, 2005). The ∆𝐻𝑎𝑑𝑠 values highly 

depend on the type of the interactions between the adsorbate and adsorbent and heat of physisorption is 

generally lower than the heat of chemisorption (Dabrowski, 1998). 

 

Desorption is the reverse of adsorption, where any previously adsorbed compounds detach from the 

adsorbent. The desorption of compounds depends on the strength of their interaction with the carbon 

and the type of disturbance to the carbon, which affects the equilibrium process and later may facilitate 

the desorption. Even though physisorption is usually reversible in practice, in some cases, desorption 

can be difficult to be achieved to some extent (Marsh and Rodríguez-Reinoso, 2006). 

 

2.3  GAC Regeneration Methods 

 

In water treatment processes, certain compounds are adsorbed within the pores of GAC, which 

gradually become saturated with time. At saturation, or earlier if the filtrate quality is unacceptable, the 

GAC operation can no longer continue, and necessary treatment of the GAC is required. There are three 

options that can be considered for treating the exhausted or saturated carbon, namely: (i) disposal; (ii) 

regeneration; and (iii) reuse with necessary pre-treatments (Nahm et al., 2012). Among these, 

regeneration is a more cost-effective option to lengthen the carbon life rather than disposal (e.g. 

landfills) and carbon replacement (Chiang and Wu, 1989). The two latter options are disadvantageous 

in terms of the environment and economic aspects. A concern with regeneration of the carbon is that 

the regeneration process may produce undesirable by-products or may change the properties of the 

carbon (Marsh and Rodríguez-Reinoso, 2006).  

 

There are four main methods of carbon regeneration based on the mechanism and the type of agent 

involved in the regeneration process: (i) thermal regeneration; (ii) chemical regeneration; (iii) 

microbiological regeneration; and (iv) vacuum regeneration (Kow et al., 2016). Other methods that have 

also been applied were electric and electrochemical treatment and supercritical fluid treatment (Nahm 

et al., 2012). The mechanisms of regeneration describe the processes involved in the desorption of the 

adsorbate from the carbon. The type of agent refers to the primary substance that induces the 

regeneration process (Salvador et al., 2015b). Table 2.1 summarizes the carbon regeneration methods 

based on the mechanism and the regeneration agents required. 
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Table 2.1 A classification of activated carbon regeneration methods (Adopted from Salvador et al., 

2015b). 

  

  

  

  

Type of regeneration mechanism 

Extraction 
pH 

changes 

Reaction/ 

degradation 

Thermal 

desorption 
Vacuum 

T
y

p
e 

o
f 

re
g

en
er

a
ti

o
n

 a
g

en
t 

Hot gases 

  

  

  

  

Thermal 

regeneration 

  

  

  

  

  

  

Physical waves  

(e.g. microwave and 

ultrasound) 

Electrical currents 
Chemical 

regeneration 
  

  

  

  

 

Chemical reagents   

  

  

  

Supercritical fluids 

Microorganism 
  

  

Microbiological 

regeneration 

Not require special 

agent 

  

  

   

Vacuum 

regeneration 

Note: Table reproduced with permission of the rights holder, Elsevier. 

 

2.3.1  Thermal Regeneration 

 

The most common industrial scale regeneration technique practiced for spent carbon is thermal 

regeneration with the use of hot gases (Samonin et al., 2013). In thermal regeneration, there are two 

main processes involved: pyrolysis and oxidation (San Miguel et al., 2002). Before spent carbon is 

ready for regeneration, the carbon is usually dried at 105 °C to remove any moisture content (Zanella 

et al., 2014). At the first stage, pyrolysis, the dried carbon is heated at high temperatures ranging 

between 700 – 1000 °C. At this condition, any volatile materials adsorbed on the carbon are eliminated 

and/or organic matters are decomposed. The second stage is oxidation, which involves a gasification 

process, where non-volatile materials and char residues produced from the pyrolysis stage are exposed 

to an oxidizing gas, such as steam, carbon dioxide, or a mixture of both (San Miguel et al., 2002). After 

this process, the pore structure of the carbon is expected to be very similar to its initial condition, thus 

can be re-used. 

 

Even though thermal regeneration has been proven to be the most practically feasible method, it has 

some significant drawbacks. Thermal regeneration causes 5 – 10% loss of carbon capacity due to 

attrition and as the process requires high temperatures, it is associated with a high energy cost (Zhang 

et al., 2002). Additionally, most water utilities do not have the necessary infrastructure to perform the 
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thermal regeneration on-site, thereby requiring the spent carbon to be transported to specialized 

facilities that perform the regeneration, and this is a time-consuming process. Furthermore, gas 

emissions produced from the thermal regeneration process have potential hazards for the environment.  

 

Besides the use of steam and hot gases, there are also new types of thermal regeneration that have been 

developed, such as electromagnetic (microwave) radiation and ultrasound waves (Salvador et al., 

2015b).  The use of microwave irradiation as a regeneration agent has been found to be effective for 

regenerating field spent carbon thermally (Xin-hui et al., 2012). The effectiveness of this method 

depends on several conditions, such as regeneration temperatures, contact time and electromagnetic 

properties of the adsorbent and adsorbate. The regeneration mechanism by microwaves is similar to that 

by conventional hot gases, but in comparison, the microwave regeneration method can provide a fast 

and sometimes a homogeneous heating process due to the agitation of molecules from the energy 

induced by microwaves (Salvador et al., 2015b). Despite such advantages, the application of microwave 

regeneration requires high investment costs and its application is limited due to the lack of fundamental 

knowledge of the design of the microwave properties to date (Yuen and Hameed, 2009). Additionally, 

hotspots and thermal events are some of major problems found in a microwave reactor heating carbon. 

 

Alternatively, spent carbon can also be exposed to ultrasound waves at frequencies above 19 kHz 

(Bathen, 2003). Ultrasound is commonly used in cleaning processes and/or degradation and extraction 

of compounds in solution. Ultrasound can induce high energy acoustic cavitation, where micro-bubbles 

are formed, grow, and then collapse within the solution. These phenomena induce extreme 

thermodynamic conditions, such as high temperatures and pressures. Under these conditions, water 

molecules dissociate and produce powerful chemical radical species (e.g. OH•) (Lim and Okada, 2005). 

The high pressures, high temperatures and the radical effects generated by the ultrasound may loosen 

or even break the adsorbent and adsorbate interactions, which eventually lead to desorption of the 

adsorbate (Salvador et al., 2015a; Wang et al., 2017). A drawback of this technique is the limited 

penetration depth of ultrasound in the solid-liquid system in GAC filter bed, which makes it difficult to 

be applied at a large bed scale (Bathen, 2003).  

 

In summary, although thermal regeneration using hot gases is well known as an effective process to 

regenerate spent carbon, this approach suffers from having high investment and operational cost 

drawbacks, as well as its practical inconvenience (process downtime), especially if the frequency of 

regeneration is high. Alternative methods involving microwaves and ultrasound may offer some 

advantages over conventional methods, but these methods require a high investment cost and appear to 

have limitations when applied in full-scale systems. 
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2.3.2  Chemical Regeneration 

 

Chemical regeneration was studied extensively during 1970 – 1990 (Mattson et al. 1969; Himmelstein 

et al. 1973; Pahl et al. 1973; Cooney et al. 1983; Martin & Ng 1984), but there has been limited research 

for the past 30 years. The basic concept of chemical regeneration relates to the nature of the adsorbed 

contaminant through acid-base or redox chemical reactions, where the application of a chemical agent 

can disturb the equilibrium of the adsorption process, or even affect the chemical composition of the 

adsorbed contaminants (Loven, 1973). In chemical regeneration, the regeneration agents used are 

grouped into two main categories (Martin and Ng, 1984): (i) inorganic regenerants with oxidizing 

powers; and (ii) organic regenerants with solubilizing powers. Martin and Ng (1984) found that 

inorganic regenerants with oxidizing powers provided low regeneration efficiencies for spent carbon, 

but inorganic regenerants which have an ability to create acidic or alkaline conditions could cause the 

desorption of several small organic substances from spent carbon (e.g. phenol, aniline and benzoic acid). 

On the other hand, organic regenerants with solubilizing power appeared to be more effective. The 

regeneration mechanism using the organic regenerants was physical displacement and solubilization 

(Martin and Ng, 1985). Details concerning the types of regenerant solution will be discussed in section 

2.5. 

 

The main principle in chemical regeneration is that it is highly dependent on the regenerant solution 

chosen for the process and on the operation variables, such as effective solution temperature (Babcock 

et al., 1998). Thus, further investigation concerning the most effective solution to regenerate spent 

carbon is needed. The chemical regeneration is thought to have some advantages, such as ease of 

operation (possibility of avoiding the removal of the GAC media from the filter tank), carbon attrition 

does not occur, and recovery of both adsorbate and regenerant is possible (Cooney et al., 1983). In 

choosing the regenerant, there are many properties of regenerant to be considered. These properties 

include their solubility, adsorbate mixture, hydrophobicity, molecular weight, boiling point and toxicity 

(Sutikno and Himmelstein, 1983; Martin and Ng, 1984). A recent study of the in situ cleaning of rapid 

gravity filter (RGF) media was conducted using a mixture of inorganic acid and organic solution, with 

the objective of dissolving biofouling materials on RGF (Pantonite, 2018).  

 

Some recent research has also included supercritical fluid regeneration. This technique has been 

developed from conventional chemical regeneration. The most common fluid used is carbon dioxide 

(CO2). Carbon dioxide has an ability to dissolve and extract some organic compounds (Babcock et al., 

1998). A study conducted by Salvador et al. (2013) showed that this method is efficient in regenerating 

spent carbon several times. In a period of 10 minutes, it was found that a carbon saturated by phenol 

was able to be regenerated completely, and thus this technique is potentially fast and efficient. However, 

the main drawback of this technique is the high capital cost needed for its infrastructure (vessels and 
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compressors). Most of the research done on this regeneration method has been conducted at laboratory-

scale, where its efficiency was shown to be highly dependent on the temperature and pressure of the 

system (Humayun et al., 1998; Liang et al., 2012). 

 

The application of Fenton reagent as a regeneration solvent has also been investigated in the past decade. 

Some studies have demonstrated that the Fenton-driven oxidative mechanism was found to be effective 

in regenerating spent carbon (Casas et al., 2006; Huling et al., 2012; Chen et al., 2017).  Fenton’s 

reaction is an advanced oxidation process that involves a reaction of hydrogen peroxide and iron, 

usually at low pH, and produces radical species (i.e. OH• and HO2•/O2•-) (Casas, 2006). These radicals 

have the ability to oxidize adsorbed organic contaminants and degrade them, leaving available 

adsorption sites (Toledo et al., 2003).  The advantage of using Fenton’s reagent is that the process did 

not cause any changes on the carbon properties e.g. its porous structure, surface area and/or surface 

chemical properties (Toledo et al., 2003). However, this type of advanced oxidation process may be 

prohibitively expensive, as it requires a relatively large quantity of chemicals such as ferrous salt, 

hydrogen peroxide and acid (Casas et al., 2006), which are costly. 

 

A current development of an electrochemical process to regenerate carbon materials has shown 

promising results as it can degrade metaldehyde (Mohammed et al., 2011). However, the process is 

suitable for specific or certain carbon materials, such as Nyex™, which has a relatively high electrical 

conductivity compared to commercial GAC, making Nyex™ specifically suitable to be used for 

electrochemical processes.  

 

2.3.3  Other Regeneration Methods 

 

Other carbon regeneration methods include microbiological and vacuum regeneration. In the case of 

microbiological regeneration, there are two different techniques, namely biological activated carbon 

(BAC) and bio-regeneration. BAC is a type of activated carbon that has been inoculated with 

microorganisms at an initial stage, so in a fresh BAC, the microorganisms are already present and form 

a biofilm on the activated carbon surfaces. The advantage of using this type of activated carbon is that 

both bio-degradation and bio-regeneration processes occur during the treatment process. However, the 

disadvantage of BAC is that the biofilm formed can hinder the adsorption process by blocking the pore 

structure of the activated carbon (Salvador et al. 2015a). In addition, BAC is commonly used in a 

secondary treatment process in wastewater treatment, in trickling filter units, therefore it may not be 

suitable as a tertiary process or for treating water that contains low concentrations of organic matter in 

drinking water treatment works. The second method is bio-regeneration, which is done by contacting 

the spent carbon with microorganisms that are compatible with the adsorbed compounds (Nath and 

Bhakhar, 2011). In performing these methods, some microbiological and physio-chemical pre-
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conditions are required, such as how to maintain the optimal pH and temperature, as well as to maintain 

the existence of substrate and minerals, which enable microorganisms to multiply and survive to work 

optimally. 

 

The proposed mechanisms involved in microbial regeneration are based on microorganism metabolism, 

including: (i) consumption of the adsorbed compound (mainly organic matter) by the microorganisms 

as their source of energy; (ii) microbes produce exo-enzymes that can diffuse to the micropores of the 

carbon and induce hydrolysis, thereby resulting in products that have a lower adsorption affinity and 

are easily desorbed from the micropores and biofilm of the carbon; and (iii) the development of a 

concentration gradient because of the microbial degradation process, which can lead to a desorption 

process (Nath and Bhakhar, 2011). Microbial regeneration offers a low-cost regeneration technique, but 

the slow desorption rates and the presence of microbes are significant limitations that make it 

comparatively less attractive as a method of carbon regeneration in drinking water treatment 

applications (Hutchinson and Robinson, 1990a). 

 

Vacuum regeneration has been shown to be feasible to desorb and recover highly volatile compounds 

from spent carbon in gaseous flow applications (Ramalingam et al., 2011). However, vacuum 

regeneration has not been investigated so far for liquid phase adsorption-desorption processes. In 

vacuum regeneration, a reduction in the pressure to the carbon beds affects the adsorbent and adsorbate 

interactions, which leads to the desorption process (Salvador et al. 2015a). Vacuum regeneration is 

similar to thermal regeneration in some ways, as in this process, an inert gas (e.g. nitrogen) is used. As 

distinct to other hot gases, this inert gas does not leave any moisture on the surfaces of the carbon, thus 

a drying process after the regeneration is not needed (Ramalingam et al., 2011).   

 

2.3.4  Comparisons of Carbon Regeneration Methods 

 

Based on the previous literature review of the various regeneration methods, a comparison of each 

method is summarized in Table 2.2. The information available at present suggests that chemical 

regeneration is potentially applicable for in situ regeneration, but there are some disadvantages and 

limitations which need to be further investigated, as described in this study. 
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Table 2.2 Comparison of carbon regeneration methods. 

  
Thermal regeneration 

Chemical 

regeneration 

Microbiological 

regeneration 

Vacuum 

regeneration 

Advantages 

• The current most 

feasible method which 

provides regenerated 

carbon quality similar to 

fresh carbon (currently 

used) 

• Its application is well 

defined and understood 

• Many companies 

provide thermal 

regeneration services 

• Low investment cost 

• No carbon attrition 

occurs 

• No degradation of 

the carbon properties 

(depending on the 

chemical) 

• Possibillity of a 

specific adsorbate 

recovery 

• Low-cost 

approach 

• No additional 

chemicals 

• Applicable for 

highly volatile 

compounds 

Disadvantages 

• Loss of carbon 

• Time-consuming 

process 

• High energy cost 

• Water utilities do not 

have the regeneration 

facilities; thus, the work 

needs to be outsourced 

• Expensive if the 

regeneration is frequent 

(e.g. for weakly 

adsorbable 

contaminants) 

• Needs to be proved 

cost-effective for 

selected chemicals 

• Choice of chemicals 

is limited to those 

acceptable for 

drinking water 

treatment 

• Waste stream may 

be problematic; 

needs to be treated 

and disposed 

• Regeneration 

process may 

be slow and 

takes a long 

time  

• The use of 

microbes in 

water 

treatment 

processes is 

undesirable 

• Not considered 

yet for liquid 

phase 

adsorption-

desorption 

processes and 

may be 

unsuitable 

Practicability 

for in situ or 

on-site 

regeneration 

• Not applicable, special 

infrastructures are 

needed, or carbon needs 

to be transported to the 

commercial 

regeneration site 

• Has a potential to be 

applied 

• Applicable • Applicable for 

gas phase 

adsorption-

desorption 

Fate of the 

contaminants 

• Partially or fully 

degraded 

• Not degraded and/or 

partially transformed 

• Degraded 

and/or 

decomposed 

• Not degraded 

Notes: Information was taken from different sources (Cooney et al., 1983; Hutchinson and Robinson, 

1990b; Berenguer et al., 2010; Salvador et al., 2015b, 2015a) 
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2.4  Target Contaminants  

 

A key feature of chemical regeneration is the possibility of chemical interactions between adsorbed 

molecules and regenerant solutions, and thus the type of adsorbates and regenerants used in this study 

are important aspects that need to be considered. These are discussed in more detail in this section. 

 

In this study, five target compounds or contaminants, compromising pesticides and general substrates 

were investigated and are listed, alongside important physical and chemical properties, in Table 2.3. 

All the listed chemicals represent potentially undesirable compounds that may be present in the final 

stages of water treatment prior to disinfection.  

 

Table 2.3 Physico-chemical properties of target contaminants. 

Properties Phenol Nitrobenzene Isoproturon Clopyralid Metaldehyde 

Chemical structure  

 
   

 

Molecular mass  

(g mol-1) 
94.1 123.1 206.3 191.9 176.2 

Solubility in water 

at 20 °C (g L-1) 
80 1.90 0.07 7.85 0.22 

Solubility in ethanol 

at 20 °C (g L-1)* 
> 80 > 5 > 1.4 > 15 1.6 – 1.7 

Hydrophobicity  

(Log kow) 
1.46 1.85 2.50 1.06 0.12 

Acid dissociation 

constant (pKa)  

9.99 

(T=25 °C) 

3.98 

(T=0 °C) 
NA 

2.32 

(T=25 °C) 
NA 

Polar surface area 

(Å²) 
20.23 45.82 32.30 50.19 36.92 

Notes:  *Values for the contaminant solubility in ethanol were derived from solubility tests conducted 

in the laboratory, otherwise are values reported by PubChem, T3DB, and CRC Handbook of 

Chemistry and Physics (Lide, 2003); NA = Not applicable 

 

Since GAC in water treatment is designed to remove pesticides and small organic contaminants in 

general, it was decided to use a representative pollutant in water as an adsorbate in order to initially test 

the chemical regeneration method. Phenol has been extensively used as a model adsorbate or a target 

compound in many previous adsorption studies, including with activated carbon since it is a relatively 

well characterized molecule and well represents compounds used as pesticides and herbicides (Sutikno 

and Himmelstein, 1983; Velasco and Ania, 2011).  
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Another contaminant of interest as a potential target compound is nitrobenzene. Nitrobenzene has been 

used previously as an adsorbate for activated carbon regeneration experiments (Mattson et al., 1969; 

Martin and Al-Bahrani, 1978; Martin and Ng, 1984). It is a weak base, in contrast to phenol, which is 

a weak acid, and this opposite characteristic can provide further information about the performance of 

the proposed chemical regeneration process. The adsorption mechanism of phenol and nitrobenzene 

onto activated carbon was expected to be different, thereby affecting their desorbability. Physisorption 

and hydrogen bonding are potentially the dominant mechanisms of phenol adsorption (Velasco and 

Ania, 2011), while for nitrobenzene, the adsorption process has been reported to be controlled through 

dispersive/repulsive interactions (Franz et al., 2000). By its nature, H-bonding is expected to have a 

higher strength of interaction compared to dispersive/repulsive interactions. This notion suggests that 

desorption of nitrobenzene from the activated carbon is potentially easier than that of phenol. However, 

nitrobenzene has been found to be difficult to desorb from activated carbon (Leng and Pinto, 1996). 

The surface acidity and basicity of activated carbon and adsorbates also affect the adsorption-desorption 

processes (Coughlin and Ezra, 1968). This phenomenon is an important aspect of this research, which 

needs to be explored. A study on the carbon chemical regeneration with nitrobenzene as an adsorbate 

had been conducted extensively by using 28 different chemicals as regenerant solvents (Martin and Ng, 

1984).  

 

In order to show that chemical regeneration can successfully regenerate a wide range of contaminants, 

specific pesticides were included as target contaminants for further study since some of these are poorly 

adsorbed by GAC, such as metaldehyde and clopyralid. These weakly adsorbable pesticides, 

metaldehyde (Castle et al., 2017) and clopyralid (Cosgrove et al., 2019), result in early GAC bed 

exhaustion by these compounds (in UK practice), requiring more frequent GAC regeneration. Thus, 

activated carbon bed exhaustion has been reported to be as short as 44 days as determined by 

metaldehyde breakthrough (Hall, 2010 in Rolph, 2016), while under a normal operation, the activated 

carbon is regenerated at a frequency of 24 – 60 months (UK Water Industry Research, 2017) 

 

Metaldehyde is a selective molluscicide used to control slugs and snails. This molluscicide can enter 

raw water sources directly during application or by run-off during rainfall events (WaterUK, 2013). 

Metaldehyde is a stable chemical and is categorized as a cyclic tetramer of acetaldehyde, and this makes 

chlorination and/or ozonation processes ineffective for treating this pesticide (Semitsoglou-Tsiapou et 

al., 2016). Because of this, metaldehyde is currently causing problems for existing water treatment 

processes. Furthermore, metaldehyde has been found to exceed the EU pesticides regulatory standard 

of 0.1 μg L-1 during autumn and winter seasons (Kay and Grayson, 2014) and has also been detected in 

treated drinking water (WaterUK, 2013). The European Union (EU) regulation obliges water utilities 

to comply with the pesticide maximum level of 0.1 μg L-1 for a single pesticide and 0.5 μg L-1 for total 

pesticides. Metaldehyde is known to be volatile (Rolph et al., 2018) and may degrade in acidic solution 
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(Salvestrini et al., 2017). Clopyralid is also a soluble pesticide in water, which makes it similar to 

metaldehyde as a current concern for water utilities.  

 

Another pesticide, isoproturon, is a herbicide that is also commonly found in water bodies in the UK 

and Europe in general (Eurostat, 2013). Isoproturon is a water-soluble compound and moderately 

hydrophobic, giving it high affinity to GAC (Sotelo et al., 2012), and like metaldehyde, does not 

dissociate in water. The hydrophobic character of isoproturon makes it a potentially useful compound 

to be investigated in this study, as it can represent the behaviour of a well-adsorbed and non-ionic 

compound in the adsorption and regeneration processes. It is of importantce to study whether chemical 

regeneration has an ability to regenerate carbon exhausted by well-adsorbed contaminants, such as 

isoproturon.  

 

2.5  Regenerant Solutions 

 

In this study, the type of chemical used as a regeneration agent is limited to those that are soluble and/or 

miscible in/with water, since after being used, the chemical will need to be rinsed away by water. There 

are broadly two types of chemicals which may serve as a regenerant: (i) inorganic solvents with 

oxidizing powers; and (ii) organic solvents with solubilizing powers. The regeneration mechanism by 

inorganic solvents is commonly based on the effects of pH (Leng and Pinto, 1996), while physical 

displacement is a major regeneration mechanism of organic solvents (Martin and Ng, 1984). Examples 

of inorganic solvents are sodium hydroxide, hydrochloric acid and water, while examples of organic 

solvents are methanol, ethanol and toluene. 

 

In choosing a suitable solvent for chemical regeneration, there are important properties of the solvent 

that need to be considered, principally: (i) chemical polarity; (ii) hydrophobicity; (iii) solubility; (iv) 

molecular weight; (v) boiling point; and (vi) toxicity.  

 

Chemical polarity is often described as a separation of an electric charge that cause a molecule or its 

chemical groups to have an electric dipole. Polar molecules can interact through dipole-dipole 

intermolecular forces and hydrogen bonds due to a difference in their electronegativity and/or an 

asymmetrical arrangement of a compound’s structure. Molecules with a similar electronegativity 

between atoms in a compound which make them lack partial charges and have a symmetrical structure 

are classified as non-polar molecules. Non-polar molecules interact with each other by London 

dispersion forces caused by a spontaneous dipole. Polar molecules will tend to react with polar 

molecules and non-polar molecules will react with non-polar molecules. It is also well known that 

activated carbon is non-polar to some extent (Goto et al., 2015), thus by choosing a polar solvent would 



35 

 

be advantageous as it is unlikely to be adsorbed significantly onto the activated carbon. Additionally, a 

polar solvent is expected to be easily removed from the system by water-rinsing after the regeneration. 

 

Hydrophobicity is a property of a compound which causes it to interact poorly with water (low 

affinity). This parameter is associated with polarity. Hydrophobic compounds tend to be non-polar in 

nature, while hydrophilic compounds tend to be polar because they can dissolve in and have an affinity 

for water. The degree of hydrophobicity is expressed by the octanol-water partition coefficient (kow); 

this is usually reported as log kow. Compounds with high positive values of log kow are hydrophobic and 

tend to be adsorbed on to the surfaces of organic particles (Michelic, 1999). Based on this description, 

it is better to choose a regeneration solvent that is more hydrophilic with low kow, so that the used solvent 

will not be adsorbed to the activated carbon and can be easily removed from the system. Thus, if a 

solvent has a likelihood of adsorbing to the carbon media, there would be a potential decrease of the 

carbon active adsorption sites, thereby decreasing its adsorption ability in the subsequent adsorption 

cycle, and there would be a potential requirement for an additional treatment to remove it from the 

carbon (Cooney et al., 1983). Hydrophobicity is an important parameter to be considered in the 

adsorption process as some contaminants in water, such as hydrophobic compounds are adsorbed 

because their affinity with activated carbon is stronger than with water. 

 

Solubility. A high solubility indicates a strong affinity between a solute and a solvent. The fundamental 

step of chemical regeneration is based on solubility, such that when the adsorbate possesses a high 

solubility in a solvent, the adsorbate tends to desorb and remain in the solvent (Salvador et al. 2015a). 

The presence of a solvent in the adsorption system will disturb the liquid-solid equilibrium and leads to 

desorption because the adsorbate is displaced by the solvent or mixes with it (Sutikno and Himmelstein, 

1983).  

 

Molecular weight of the solvent is a property that may also affect the regeneration efficiency (RE). A 

previous study has shown that as the molecular weight of solvent decreased, the RE increased (Martin 

and Ng, 1984). A solvent with a lower molecular weight than the adsorbate molecule and/or the pores 

of the carbon is desirable as it will have a better access to the small pores of the carbon. Solvent with 

smaller molecular size than carbon pores are expected to have a faster diffusion rate to pass through the 

carbon pores and thus facilitate the displacement of the adsorbate molecules (Srivastava and Tyagi, 

1995).  

 

Boiling point. A solvent with a low boiling point may be desirable if the solvent is to be recovered by 

evaporation before re-use (Zanella et al., 2014). As a potential means of regenerating activated carbon, 

it is important to decide how to treat and/or dispose of the used solvent. Recovering or treating the 

solvent are options that have to be taken into account, and an important factor in this will be the cost of 
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the solvent and its impact on the environment, which ultimately will affect its practicality (Cooney et 

al., 1983).  

 

Toxicity. Since the activated carbon adsorption process investigated in this study is to be implemented 

towards the end of the water treatment process, the use of a solvent with a high toxicity risk is 

undesirable, as the water could be contaminated by concentrations representing a health risk in the water 

supplied to the consumers. The solvent is also expected to possess a minimal impact on the environment. 

Therefore, the choice of solvent is limited, and the use of a potentially toxic solvent should be avoided.    

 

As explained previously, the effectiveness and choice of a solvent for chemical regeneration will be 

dependent on the adsorbate. Since the focus in this study is the removal of small organic compounds by 

GAC adsorbers, the type of solvent considered should have a potential to desorb a broad range of 

organic contaminants from the carbon. Table 2.4 shows the findings of previous studies in which 

different solvents were found to be effective in regenerating spent carbon. The potential candidates of 

regenerant solutions listed here are generally soluble in water and polar in nature. 
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Table 2.4 Physico-chemical properties of different types of potential candidate regenerant solutions*. 

Regenerant 

solution 

candidate 

Molecular 

mass  

(g mol-1) 

Solubility in 

water 20 oC 

(g L-1) 

Boiling 

point 

(oC) 

Log 

kow 

Toxicity at 

low conc. 
Study Findings 

Dimethylform

amide (DMF) 
73.10 

> 100 

(miscible) 

152 - 

154 
-1.01 Toxic 

(Cooney et al., 

1983) 

The study showed that DMF was effective to desorb phenol 

from GAC with a desorption efficiency (DE) of 95% in batch 

tests.  

(Grant and 

King, 1990) 

The study showed that 88.6% of phenol was able to be 

recovered from GAC using DMF in batch tests. 

Methanol 32.04 
> 100 

(miscible) 
64.7 -0.77 Toxic 

(Martin and 

Ng, 1984) 

Methanol performed with regeneration efficiency (RE) of 73 – 

97% for carbon exhausted by aniline, phenol, benzyl alcohol, 

benzaldehyde and nitrobenzene in batch tests. The presence of 

water in methanol adversely affected the RE values. 

(Chiang and 

Wu, 1989) 

A mixture of methanol, ethanol and sodium hypochlorite was 

able to chemically regenerate carbon exhausted by phenol and 

aniline with RE > 80% and carbon exhausted by 2-

chlorophenol, chlorobenzene and α-naphthylamine with RE of 

~50%. However, the mixture was not able to regenerate carbon 

exhausted by naphthalene with RE < 16%. 

Ethanol 46.07 
> 100 

(miscible) 
78.29 -0.31 

Low 

toxicity 

(Martin and 

Ng, 1984) 

Ethanol showed an almost similar performance to methanol 

with RE of 70 – 93%. 

(Matheickal et 

al., 1998) 

The study was performed in batch and column studies. The RE 

achieved for carbon exhausted by phenol was 85 – 98% and the 

regeneration process was done in 30 min.  

Acetone 58.08 
> 100 

(miscible) 
56.08 -0.24 

Low 

toxicity 

(Sutikno and 

Himmelstein, 

1983) 

Adsorption capacities of acetone-regenerated carbon dropped 

by ~20% in the second adsorption cycle and remained stable 

for seven adsorption-regeneration cycles.  

Notes:  *The properties of regenerant solutions reported by PubChem; low conc. = low concentrations; NA = not applicable.
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Table 2.4 (Continued) Physico-chemical properties of different types of potential candidate regenerant solutions*. 

Regenerant 

solution 

candidate 

Molecular 

mass  

(g mol-1) 

Solubility in 

water 20 oC 

(g L-1) 

Boiling 

point 

(oC) 

Log 

kow 

Toxicity at 

low conc. 
Study Findings 

Sodium 

hydroxide 
40.00 

109 (highly 

soluble) 
140 NA Not toxic 

(Leng and 

Pinto, 1996) 

A different concentration of sodium hydroxide solution of 

0.125 – 1 M was tested to regenerate carbon exhausted by 

phenol, aniline, benzoic acid and nitrobenzene. The solution 

yielded RE of 69 – 78% for carbon exhausted by phenol and 

benzoic acid, owing to the ability of phenol and benzoic acid to 

react with sodium hydroxide to form soluble salts. However, 

the solution has a limited regeneration ability for carbon 

exhausted by aniline and nitrobenzene. The phenol RE 

increased with the increase of sodium hydroxide concentration. 

(Himmelstein, 

1973, 1976) 

A US Patent was created for a method to regenerate carbon 

exhausted by phenol in industrial wastewater treatment. A 

regenerant solution of 4% or 1 M of sodium hydroxide was 

used. Solvent regeneration and phenol recovery were feasible 

through separation of solvent by distillation, extraction, 

decantation, or precipitation processes. 

Hydrochloric 

acid 
36.46 

720 (highly 

soluble) 
50.5 NA Not toxic 

(Leng and 

Pinto, 1996) 

Hydrochloric acid of 1.5 and 9 M were tested and the RE 

yielded was 99% for carbon exhausted by aniline. However, 

phenol, benzoic acid and nitrobenzene were not able to desorb 

using this solution with RE < 23%. 

(Martin and 

Ng, 1984) 

Interestingly, hydrochloric acid 10% (w/w) produced a higher 

RE of 53% for carbon exhausted by phenol than sodium 

hydroxide with RE of 44%.  

Notes:  *The properties of regenerant solutions reported by PubChem; low conc. = low concentrations; NA = not applicable.
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Table 2.4 (Continued) Physico-chemical properties of different types of potential candidate regenerant solutions*. 

Regenerant 

solution 

candidate 

Molecular 

mass  

(g mol-1) 

Solubility in 

water 20 oC 

(g L-1) 

Boiling 

point 

(oC) 

Log 

kow 

Toxicity at 

low conc. 
Study Findings 

Formic acid 46.03 
1000 

(miscible) 
101 -0.54 

Low 

toxicity 

(Martin and 

Ng, 1984) 

Various concentrations of formic acid in water were 

investigated and the results suggested that the RE decreased 

with the decrease of formic acid concentration. Formic acid was 

able to regenerate carbon exhausted by aniline, phenol, benzyl 

alcohol, benzaldehyde and nitrobenzene with RE > 84%. 

(Babcock et al., 

1998) 

Pure formic acid was able to regenerate carbon exhausted by 

aliphatic compounds of ethylene dibromide (EDB) and 1,2,3 - 

trichloropropane (TCP), with RE of 99% and 98%, 

respectively. However, formic acid showed a low RE for 1,2 - 

dibromo - 3 - chloropropane (DBCP) with RE of 14%.  

Acetic acid 60.05 
1000 

(miscible) 
117.9 -0.17 Not toxic 

(Martin and 

Ng, 1984) 

Similar to formic acid, acetic acid also was capable of 

regenerating carbon exhausted by the contaminants, but with 

lower RE approximately by 10%. 

(Babcock et al., 

1998) 

Pure acetic acid regenerated carbon exhausted with EDB and 

TCP with RE 81% and 71%, respectively. Acetic acid 

regenerated carbon exhausted by DBCP with RE of 48%, 

higher than formic acid.  

Distilled 

water 
18.00 NA 100 NA Not toxic 

(Leng and 

Pinto, 1996) 

The REs achieved using distilled water at 23 °C were < 7% for 

carbon exhausted by phenol and aniline, and < 0.3% for carbon 

exhausted by benzoic acid and nitrobenzene. 

(Bhatia et al., 

1990) 

Distilled water with temperature in a range of 30 – 90 °C was 

able to desorb phenol with DE ~85 – 90 %. 

Notes:  *The properties of regenerant solutions reported by PubChem; low conc. = low concentrations; NA = not applicable.
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2.5.1 Water 

 

The simplest option of using water only as a regenerant solution is worth considering since some of the 

target contaminants studied are hydrophilic in nature. Though extensive research has been conducted 

previously using organic and aggressive solvents, little work has been reported concerning the 

application of hot water in regenerating spent carbon. The use of boiling water was performed by Martin 

and Ng (1984) and the RE of using boiling water (approximately at 90 °C) for carbon exhausted by 

phenol was approximately 90%, though the result was not thoroughly discussed in their report. 

Additionally, a study on phenol desorption using water at high temperatures (30 – 80 °C) was carried 

out by Bhatia et al. (1990). This study revealed that high temperatures were favourable for phenol 

desorption from PAC in a batch system. Another consideration of using blank water at high temperature 

was that metaldehyde was expected to be degraded in water at a temperature > 60 °C (Rolph et al., 

2018), which was expected to aid the metaldehyde desorption from the carbon. 

 

2.5.2  Acid and Basic Solutions: Hydrochloric Acid (HCl) and Sodium Hydroxide (NaOH) 

 

Several studies have considered acid and basic solutions to achieve a high RE for the carbon exhausted 

by aromatic compounds, such as phenol, aniline and benzoic acid. In these cases, the change of pH of 

the solution may affect the surface charge of the adsorbent, and chemical reactions between adsorbate 

contaminants and regenerant solutions may occur which later facilitate desorption (Martin and Ng, 

1984; Leng and Pinto, 1996). The dissociation of the acid and alkali molecules in the solution can 

compete for adsorption sites, and the adsorption of H+ and OH- ions may alter the surface of the carbon, 

thereby affecting the nature of the equilibrium system (Martin and Al-Bahrani, 1978). This is 

particularly true for adsorption and desorption processes that occur due to electrostatic interactions 

between the adsorbent and adsorbate. However, the changes to the GAC surface properties by the acid 

or base may affect the subsequent adsorption of the contaminant after the regeneration process, which 

may be beneficial or detrimental to contaminant removal. Nevertheless, the advantage of using acid 

and/or basic solutions as a solvent is that these chemicals are commonly used in water treatment for pH 

correction or softening, and thus may only present minimum practical difficulties, such as the need to 

change or coat the materials used in existing tanks and pipe works. 

 

Several studies have considered the use of hydrochloric acid (HCl) as a regeneration solvent. Martin 

and Ng (1984) tested 10% (w/w) HCl (3.2 M) on activated carbon exhausted with phenol. The RE 

obtained was 53%. The low RE was attributed to the absence of any significant chemical reaction 

between phenol and HCl. However, the relatively high water-solubility of phenol can encourage its 

desorption (Martin and Ng, 1984). A lower RE has also been reported by Leng and Pinto (1996), which 

might be due to the difference in the adsorbent-solvent ratio used; Martin and Ng (1984) and Leng and 
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Pinto (1996) used adsorbent-solvent ratios of 0.15 g : 25 mL and 0.25 g : 20 mL, respectively. This acid 

was used as regenerant solution which later is presented in this study (Chapter 4, section 4.5.1). A 

consideration of using HCl was because metaldehyde, one of the target contaminants, may undergo acid 

hydrolysis to acetaldehyde under acidic conditions (Brutlag and Puschner, 2013; Li et al., 2019), thus 

it was suspected that metaldehyde may degrade, thereby resulting in a high desorption and/or 

regeneration efficiency. 

 

In the work completed by Martin and Ng (1984), another inorganic solution that has been considered 

was sodium hydroxide (NaOH). NaOH was found to be relatively effective as a regenerant solution 

(Himmelstein, 1976; Martin and Ng, 1985), as described in Table 2.4. In principle, NaOH was 

anticipated to produce a high RE for the carbon exhausted by phenol. NaOH reacts with phenol to give 

soluble salts which are easier to desorb from carbon (Özkaya, 2006). Martin and Ng (1984) used 6 M 

NaOH and reported a RE for phenol of 44%, while a higher RE (up to 70%) was obtained by Leng and 

Pinto (1996) using 0.5, 1, 2, and 4% (w/v) (0.125, 0.25, 0.5, and 1 M) of NaOH. An interesting 

observation was that the efficiency of using 1% (w/v) NaOH was slightly greater (71.9%) than using 

4% (w/v) NaOH (71.3%). The dependence of the RE on the concentration of NaOH might be due to an 

adsorption of OH- on to the carbon surface at higher NaOH concentrations, which then hinders the 

desorption process (Martin and Ng, 1984).  

 

2.5.3  Organic Solvent: Ethanol (CH3CH2OH) 

 

In previous research, it has been found that organic regenerants with solubilizing power, such as 

carboxylic acid, benzene, chloroform and alcohol, or solvents with a lower molecular weight than the 

adsorbate were found to be the most effective regenerants (Streat and Sweetland, 1998). A previous 

study by Cooney et al. (1983) showed that dimethylformamide (DMF) was able to desorb phenol to a 

high degree, but based on the calculation of a ratio of solvent:percentage of phenol desorbed, DMF was 

found to not be cost-effective. Also, DMF is a toxic substance (Kim and Kim, 2004), suggesting that it  

is not suitable as a solvent for a practical application in drinking water treatment. Acetone has also been 

found to be effective in regenerating activated carbon, but may have its drawbacks since, for example, 

metaldehyde, as a current contaminant of interest, is insoluble in acetone (PubChem). Thus, acetone 

may not be suitable as a solvent for certain types of contaminant. On the other hand, methanol and 

ethanol are known as solvents for a wide range of chemicals. A number of studies (Martin and Ng, 

1984; Chiang et al., 1997; Matheickal et al., 1998) showed that alcohols were able to desorb phenol to 

a high degree. It was found that methanol was advantageous to be used as a regenerant solution for 

activated carbon loaded by phenol (Cooney et al., 1983), as it yielded a high RE, could be recovered 

and could be easily rinsed by water. However, methanol carries health concerns, owing to the formation 

of formaldehyde if digested, which represents a major disadvantage to its application in drinking water 
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treatment. As an alternative, ethanol that has a similar performance to methanol as a regenerant (Magne 

and Walker, 1986; Matheickal et al., 1998) as mentioned in Table 2.4, but with a much lower potential 

toxicity is considered. 

 

2.5.4  A Mixture of Alkaline and Organic Solvent: Sodium Hydroxide (NaOH) in Ethanol 

(CH3CH2OH) 

 

A mixture of sodium hydroxide in methanol was previously studied by Leng and Pinto (1996). Their 

study showed that by using this combination, there were substantial increases in the RE for phenol, 

aniline, benzoic acid and nitrobenzene, when compared to using only methanol. However, the reason 

for the increases was unclear. A study conducted by Rovel (1972) showed that the use of a 10% soda 

solution at 100 °C and pure isopropanol at 80 °C (for both cases were heated to vapour) in sequence 

was able to regenerate spent carbon. However, this technique was shown to be an energy intensive 

process. A patent to regenerate carbon using a mixture of ethanol, sodium hydroxide and hydrogen 

peroxide as an oxidant was made by Bento and Rein (2008) to remove colorant from GAC used in the 

sugar industry. Hydrogen peroxide was used specifically in that patent because of its bleaching 

properties. However, questions regarding the mechanisms of the desorption using the mixture or 

whether the mixture was capable in desorbing a wide range of contaminants remained. A mixture of an 

alkali in alcohol is commonly used as a base bath to clean organic contaminants on glassware in 

laboratories.  

 

2.5.5  Other Regenerant Solution Candidates 

 

Other types of acid were tested in the extensive studies of Martin and Ng (1984), namely, formic acid 

and acetic acid. Both of these acids provided high REs (>98%) for carbon exhausted with phenol and 

some pesticides as mentioned in Table 2.4. Other advantages of using these carboxyl acids are that they 

are miscible with water and categorized as polar solvents. Furthermore, at low concentrations, these 

carboxylic acids could be considered as regenerant solutions since they are readily metabolized and 

eliminated by the body. However, there are drawbacks of using acetic acid, such as metaldehyde is 

known to be insoluble in this acid, as reported by PubChem. In addition, these carboxylic acids were 

reported to not remove any adsorbed compound from the carbon even though a high RE was obtained 

(Martin and Ng, 1987). The reason for this was because of the charge effects caused by the change of 

the carbon pH from 9 to 3 after regeneration (Newcombe et al., 1993). The changes to the carbon 

chemical properties after regeneration may affect, would be beneficial or detrimental, to the subsequent 

adsorption process. A regeneration process which has an ability to remove the adsorbed contaminant 

out from the carbon without changing the carbon properties will be more beneficial as it will provide 
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readily available sites for the subsequent adsorption process. For these reasons, carboxylic acids were 

not considered in this study. 

 

2.6  The Effects of Temperature 

 

Adsorption is a thermodynamic phenomenon, which depends on the state variables, i.e. temperature 

and pressure. The effect of temperature may differ depending on the mechanism of adsorption. In 

physical adsorption, an increase of temperature decreases the adsorption capacity of the adsorbent 

(Fletcher et al., 2006). Since the process of physical adsorption is commonly found to be exothermic 

(Dabrowski, 1998), as described by Le Chatelier’s principle, additional stress to the system will 

eventually disturb the equilibrium, causing it to shift towards the direction that reduces the stress of  the 

process (Crittenden et al. 2012). The increasing of temperature in the system also decreases the 

residence time of adsorbate on the adsorbent surface, as well as having an effect on the molecular 

movement (especially for larger adsorbate molecules) in the system (Polanyi, 1932; Bercic et al., 1996).  

 

The effect of water at high temperatures was previously reported to be effective in regenerating carbon 

exhausted by perfluorooctanesulfonic acid (PFOS) (Wang et al., 2018) and other aromatic compounds. 

Increases in the temperature were not only found to enhance the desorption process, it also increases 

the solubility of organic compounds in water (Martin and Ng, 1984; Salvador et al., 2015a) by 

increasing their molecular kinetic energy. High temperature also reduces solution viscosity, which 

consequently increases the diffusion rate of an adsorbate through the porous structure of the carbon 

during the desorption process (Bhatia et al., 1990). For these reasons, the effects of the regenerant 

solution temperature were also investigated in Chapter 4, section 4.5.5.   

 

2.7  Adsorption Study: Isotherm and Kinetics 

 

Adsorption kinetics were analysed using pseudo-first order and pseudo-second order kinetic models to 

describe the adsorption of the target contaminants. Numerous studies have been reported using these 

two types of kinetic models for the adsorption of pesticides on carbon (Salman and Hameed, 2010; Tan 

and Hameed, 2017; Tao and Fletcher, 2013).  

 

The pseudo-first order kinetic model proposed by Lagergren (1898) assumes that the rate of adsorption 

is proportional to the difference between the adsorbed quantity of the contaminant at equilibrium and 

the quantity adsorbed at a given time, as follows: 

 

𝑑𝑞

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞)  (Eq. 2.1) 
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- where 𝑞 and 𝑞𝑒 are the adsorption uptake (mg g-1) at time 𝑡 (min), and at equilibrium, respectively, 

and 𝑘1 is the pseudo-first order adsorption rate constant (min-1). Integration of (Eq. 2.1), with the initial 

conditions of 𝑡 = 0, and 𝑞 = 0, gives the following explicit expression: 

 

𝑞 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (Eq. 2.2) 

 

The pseudo-second order kinetic model, as proposed by Ho and Mckay (1999), assumes that the rate of 

adsorption is proportional to the square of the difference between the adsorbed quantity of the 

contaminant at equilibrium and the quantity adsorbed at a given time, and the model is expressed as: 

 

𝑑𝑞

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞)2 (Eq. 2.3) 

 

- where 𝑘2 is the pseudo-second order adsorption rate constant (g mg-1 min-1). Integration of (Eq. 2.3), 

with the initial conditions of 𝑡 = 0, and 𝑞 = 0, results in the following expression: 

 

𝑡

𝑞
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒
  (Eq. 2.4) 

 

For adsorption isotherm data analysis, both Langmuir and Freundlich isotherm models were fitted to 

the experimental data. These models are widely used to describe the adsorption equilibrium between an 

organic adsorbate and activated carbon (Efremenko and Sheintuch, 2006; Bolster and Hornberger, 

2008). In the Langmuir isotherm model, the adsorbate is assumed to form a monolayer on the adsorbent 

surface (Aksu, 2005). The Langmuir model is expressed as: 

 

𝑞𝑒 =
𝑞𝑚𝑘𝐿𝐶𝑒

1 + 𝑘𝐿𝐶𝑒
  (Eq. 2.5) 

 

- where 𝑞𝑒 is the adsorbate uptake at equilibrium (mg g-1), 𝑞𝑚 is the adsorbate uptake to completely 

form a monolayer on the adsorbent surface (mg g-1), 𝑘𝐿 is the Langmuir constant related to the affinity 

of the binding sites (L mg-1) and 𝐶𝑒 is the adsorbate concentration in the solution at equilibrium (mg L-

1). In contrast to the Langmuir model, the Freundlich isotherm model is an empirical relationship that 

represents a multilayer adsorption process on heterogenous surfaces (Kaur et al., 2018), and is expressed 

as: 

 

𝑞𝑒 = 𝑘𝐹𝐶𝑒
1/𝑛  (Eq. 2.6) 
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- where 𝑘𝐹 is the Freundlich constant, related to the favourability of the adsorption process (mg g-1 (L 

mg-1)1/n) and 𝑛 is a dimensionless constant related to the adsorption driving force or the surface 

heterogeneity (Tran et al., 2017). 

 

During the experiment, the contaminant uptake per unit mass of carbon, 𝑞 (mg g-1) was calculated by: 

 

𝑞 =
(𝐶0 − 𝐶𝑒)𝑉

𝑚
 (Eq. 2.7) 

 

- where 𝐶0 is the initial contaminant concentration in solution (mg L-1), 𝐶𝑒 is the contaminant 

concentration at equilibrium (mg L-1), 𝑉 is the volume of the target contaminant solution (L) and 𝑚 is 

the mass of the carbon (g). 

 

2.8  Assessing the Desorption and Regeneration Performance  

 

In the batch tests, the efficiency of the chemical regeneration can be quantified based on the ability of 

a regenerant solution to recover the adsorbed contaminant, and calculated as the desorption efficiency 

(DE), as follows: 

 

𝐷𝐸(%) =
𝑞𝑑𝑒𝑠

𝑞𝑎𝑑𝑠
× 100%  (Eq. 2.8) 

 

- where DE is the ratio of the amount of contaminant desorbed per gram of carbon during the 

regeneration process (𝑞𝑑𝑒𝑠) to the initial carbon adsorption capacity of the target contaminant (𝑞𝑎𝑑𝑠). 

 

In the column tests, where the adsorption and regeneration were performed cyclically, the performance 

of the regeneration was evaluated as the regeneration efficiency (RE), as follows: 

 

𝑅𝐸(%) =
𝑞2

𝑞1
× 100%  (Eq. 2.9) 

 

- where RE is the ratio of the regenerated carbon adsorption capacity, 𝑞2 (mg g-1), to the initial carbon 

adsorption capacity, 𝑞1 (mg g-1), for a target contaminant. 
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2.9  Rapid Small-Scale Column Tests (RSSCTs)  

 

Rapid small-scale column tests (RSSCTs) are widely used to predict the GAC performance at full-scale 

(Crittenden et al., 2012), and thus will be helpful in predicting the behaviour of the carbon and 

contaminants during the adsorption and desorption cycles, and in the presence of competing substrates 

(e.g. natural organic matter – NOM), under quasi-realistic process operation. There are three primary 

advantages of using small column studies (Crittenden et al., 1986, 1987, 2012): (i) RSSCTs may be 

conducted in a fraction of the time and cost required to conduct pilot and full-scale studies; (ii) isotherm 

and kinetic studies parameters are not necessary to obtain a full-scale performance prediction from 

RSSCTs; and (iii) only small volumes of water are required to conduct RSSCTs compared to pilot and 

full-scale studies, allowing the tests to be done in a laboratory setting.   

 

The mathematical model used to scale-down a full-scale GAC bed to RSSCTs is the dispersed flow 

pore surface diffusion model (DFPSDM). This model contains phenomena that occur at a full-scale 

GAC bed adsorber, namely advective flow, axial dispersion and diffusion, liquid-phase mass transfer 

resistance, local adsorption equilibrium (at the external surface of the carbon), surface and pore 

diffusion (Crittenden et al., 1986). To maintain the adsorption process similarity in a full-scale GAC 

bed and RSSCTs, dimensionless numbers that describe adsorbate transport in RSSCTs to those in a 

full-scale were used. Important dimensionless numbers (Table 2.5) used in the model include pore and 

surface solute distribution parameters as representatives for describing local equilibrium phenomena, 

pore and surface diffusion moduli to explain the intraparticle mass transfer phenomena, the Peclet 

number represents axial dispersion, and the Stanton number represents film mass transfer. Additionally, 

the small-scale and full-scale models must have an identical Reynold’s number (representing the 

mechanical dispersion region or the type of water flow) as described in ASTM D28: D6586 – 03 (ASTM 

International, 2014). 
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Table 2.5 Dimensionless numbers used in RSSCTs scaling process (Smith, 2011; Harada, 2014) 

Dimensionless number Equation Equation number 

Pore solute distribution parameter (Dgp) 𝐷𝑔𝑝 =
𝜀𝑝(1 − 𝜀)

𝜀
 

(Eq. 2.10) 

 

Surface solute distribution parameter (Dgs) 𝐷𝑔𝑠 =
𝜌𝑎𝑞𝑒(1 − 𝜀)

𝜀𝐶𝑜
 (Eq. 2.11) 

Pore diffusion modulus  (Edp) 𝐸𝑑𝑝 =
𝐷𝑝𝐷𝑔𝑝𝜏

𝑅2
 (Eq. 2.12) 

Surface diffusion modulus (Eds) 𝐸𝑑𝑠 =
𝐷𝑠𝐷𝑔𝑠𝜏

𝑅2
 (Eq. 2.13) 

Peclet number (Pe) 𝑃𝑒 = 𝐿
𝑣𝑠

𝜀
𝐷𝑒⁄  (Eq. 2.14) 

Stanton number (St) 𝑆𝑡 =
𝑘𝑓𝜏(1 − 𝜀)

𝑅𝜀
 (Eq. 2.15) 

- where, εp = pore fraction 

 ε = void fraction or the porosity of bed 

 ρa = carbon density (g mL-1) 

 qe = Freundlich adsorption capacity (mg g-1) 

 Co = initial bulk phase concentration (mg L-1) 

 Dp = pore diffusivity (m2 s-1) 

 DS = surface diffusivity (m2 s-1) 

 τ = fluid residence time in bed (s) 

 R = carbon particle radius (m) 

 L = bed length (m) 

 vs = interstitial velocity (approach velocity per porosity of bed) (m s-1) 

 De = axial dispersivity (m2 s-1) 

 kf = film transfer coefficient (m s-1) 

 

The ASTM D28: D6586 – 03 (ASTM International, 2014) method incorporated the use of the constant 

diffusivity (CD) model as a standard for RSSCTs. Tests conducted by Crittenden et al. (1991) showed 

that the CD model was suitable to be used to design a small column to remove synthetic organic 

chemicals (SOCs), such as pesticides. However, this model was found to be less accurate in simulating 

the adsorption process of SOCs in the presence of interfering macromolecules, such as NOM. The 

proportional diffusivity (PD) model is an appropriate approach to be used in designing a small column 

with NOM. This is because the adsorption capacity of macromolecular contaminants, such as in 

particular high-SUVA NOM, depends on the carbon particle size (Ando et al., 2010; Matsui et al., 

2015). A previous study has hypothesised that the NOM adsorption onto the carbon depends on the 

outer surface or external surface area of the carbon particles (Matsui et al., 2015). During the adsorption 

process, the NOM accumulates on the outer surface of the carbon particles and does not diffuse further 
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into the internal pores of the carbon. However, the selection of the appropriate model also depends on 

the main target contaminant of interest and the concentration of each contaminants.  

 

In this research, the CD model was used as the basis for determining the small column design parameters 

as the main objective of the research in order to investigate the behaviour of the target contaminants, 

e.g. pesticides. The background organic matter (BOM) used in this research was the organic matter 

present in tap water that is dominated by compounds with smaller molecular size compared to typical 

raw water NOM (Nissinen, 2001) and had a similar concentration (< 3 mg L-1, this concentration was 

measured during the column tests as presented in Chapter 5) to that of the pesticides (~1 mg L-1) used 

in the study. 

   

Berrigan (1986) and Crittenden et al. (1986) stated that to maintain the similarity of the dimensionless 

numbers in Table 2.5 for a small and large column, the surface diffusivity must be independent of the 

carbon particle size. By equating Edp and Eds of small and large columns and with an assumption that 

the bed porosity in the small and large columns are the same, the relationship between large and small 

column empty-bed contact time (EBCT) may be determined. 

 

(𝐸𝑑𝑠)𝑆𝐶 = (𝐸𝑑𝑠)𝐿𝐶 (Eq. 2.16) 

(𝐷𝑠)𝑆𝐶(𝐷𝑔𝑠)𝑆𝐶𝜏𝑆𝐶

𝑅𝑆𝐶
2 =

(𝐷𝑠)𝐿𝐶(𝐷𝑔𝑠)𝐿𝐶𝜏𝐿𝐶

𝑅𝐿𝐶
2  (Eq. 2.17) 

𝜏𝑆𝐶

𝜏𝐿𝐶
=

𝐸𝐵𝐶𝑇𝑆𝐶

𝐸𝐵𝐶𝑇𝐿𝐶
= (

𝑅𝑆𝐶

𝑅𝐿𝐶
)

2

×
(𝐷𝑔𝑠)𝐿𝐶(𝐷𝑠)𝐿𝐶

(𝐷𝑔𝑠)𝑆𝐶(𝐷𝑠)𝑆𝐶
 (Eq. 2.18) 

 

As the diffusivities for small and large columns are equal, thus 𝐷𝐿𝐶 = 𝐷𝑆𝐶 and 𝐷𝑔𝐿𝐶 = 𝐷𝑔𝑆𝐶. 

 

𝐸𝐵𝐶𝑇𝑆𝐶

𝐸𝐵𝐶𝑇𝐿𝐶
= (

𝑅𝑆𝐶

𝑅𝐿𝐶
)

2

 (Eq. 2.19) 

 

(Eq. 2.19) is commonly used to describe the relationship between a small and large column (ASTM 

D28: D6586 – 03, Crittenden et al., 1991, 1986). 

 

The relationship between the hydraulic loading of a large and a small column is obtained by equating 

the Stanton (St) numbers as below. 

 

𝑆𝑡𝑆𝐶 = 𝑆𝑡𝐿𝐶 (Eq. 2.20) 

𝑘𝑓𝑆𝐶𝜏𝑆𝐶(1 − 𝜀)

𝑅𝑆𝐶𝜀
=

𝑘𝑓𝐿𝐶𝜏𝐿𝐶(1 − 𝜀)

𝑅𝐿𝐶𝜀
 (Eq. 2.21) 
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𝑘𝑓𝑆𝐶𝐸𝐵𝐶𝑇𝑆𝐶

𝑅𝑆𝐶
=

𝑘𝑓𝐿𝐶𝐸𝐵𝐶𝑇𝐿𝐶

𝑅𝐿𝐶
 (Eq. 2.22) 

 

Substituting (Eq. 2.19) to (Eq. 2.22), the following equation is obtained. 

 

𝑘𝑓𝑆𝐶𝑅𝑆𝐶 = 𝑘𝑓𝐿𝐶𝑅𝐿𝐶 (Eq. 2.23) 

 

To satisfy the constraints of (Eq. 2.23), the Sherwood (Sh) number, which represents the ratio of the 

convective mass transfer to the rate of diffusive mass transport rate, must be identical for a small and 

large column. The Sherwood number depends on the Reynolds (Re) number and Schmidt (Sc) numbers 

(a ratio of momentum diffusivity (kinematic viscosity) and mass diffusivity) as shown below. 

 

𝑆ℎ = 𝑓(𝑅𝑒, 𝑆𝑐) (Eq. 2.24) 

 

If the Reynolds (Re) numbers for a small and large column are set to be identical, then the Sherwood 

numbers are also identical. Therefore, the interstitial velocity of a small column can be determined by 

the following equations. 

 

𝑅𝑒𝑆𝐶 = 𝑅𝑒𝐿𝐶 (Eq. 2.25) 

𝜌𝑙𝑣𝑆𝐶𝑑𝑆𝐶

𝜇𝑙
=

𝜌𝑙𝑣𝐿𝐶𝑑𝐿𝐶

𝜇𝑙
 (Eq. 2.26) 

𝑣𝑆𝐶

𝑣𝐿𝐶
=

𝑑𝐿𝐶

𝑑𝑆𝐶
=

𝑅𝐿𝐶

𝑅𝑆𝐶
 (Eq. 2.27) 

  

- where 𝜌𝑙 is the specific density (g mL-1), and 𝜇𝑙 is the dynamic viscosity (mPa-s), of the adsorbate 

solution. The Peclet number (Pe) depends upon the Re and Sc. (Eq. 2.27) also validates that Pe numbers 

for a small and large column are equal. 

 

When scaling down a large column, (Eq. 2.28) should be used to calculate the mass of carbon (M)  used 

in a small column to reduce the impact of bulk density and void fraction differences between a small 

and large column (Crittenden et al., 2012). The commercial F400 carbon was ground to obtain the 

desired particle size for the small-column. Patni et al. (2008) conducted a study to compare the physical 

and chemical characteristics of an un-ground and ground GAC. The study indicated that the physical 

characteristics (e.g. total surface area, total pore volume, pore size distribution and hardness) and 

chemical characteristics (e.g. surface functional groups) of un-ground and ground GAC were similar. 

Thus, it was concluded that the GAC in the RSSCTs was comparable to the carbon in the full-scale 

GAC bed. 
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𝑀𝑆𝐶 = 𝐸𝐵𝐶𝑇𝐿𝐶 (
𝑅𝑆𝐶

𝑅𝐿𝐶
)

2

𝑄𝑆𝐶𝜌𝑆𝐶 (Eq. 2.28) 

 

There are two approaches for calculating the flowrate for RSCCTs: 

1. Based on the hydraulic loading of the full-scale GAC adsorber (vLC), which is typically  5 – 20 

m h-1 (UK Water Industry Research, 2017), the depth of the carbon in the small column is 

calculated using (Eq. 2.29). Finally, the flowrate is calculated using (Eq. 2.30). 

 

𝐿 = 𝑣 × 𝐸𝐵𝐶𝑇𝑆𝐶 (Eq. 2.29) 

𝑄 =

𝐿(𝜋𝐷2)
4

⁄

𝐸𝐵𝐶𝑇𝑆𝐶
 (Eq. 2.30) 

 

- where, v is the hydraulic loading (m h-1), Q is the flowrate (mL min-1), D is the column internal 

diameter (m), EBCTLC is the empty bed contact time for the small column (min) and L is the 

GAC column depth (m). 

 

2. Based on the volume of the small column and a function of the small column depth, the flowrate 

is calculated using (Eq. 2.30). The column hydraulic loading is then calculated using (Eq. 2.31). 

 

𝑣 =
𝑄

(𝜋𝐷2

4⁄ )
 (Eq. 2.31) 

 

The first approach is a more commonly used approach in downscaling the full-scale GAC adsorbers. 

However, this approach results in a greater GAC depth in the small column and requires a higher 

flowrate that may produce a high pressure (head) loss. The column loading rate affects the pressure 

drop through the column (Reed et al., 1996) and this pressure can increase over the operational time. 

The second approach allows for a smaller amount of carbon in the column and a lower flowrate required 

to achieve the desired empty bed contact time, which is the critical parameter in downscaling the column 

(Crittenden et al., 2012).  

  

The data obtained from the RSSCTs can be analysed using the Thomas model  (Thomas, 1944), a widely 

used model to describe adsorption phenomena in a column study (Patel, 2019), which assumes that the 

adsorption occurs via a pseudo second-order reaction and is expressed as follows: 

 

𝐶𝑡

𝐶0
=

1

1 + 𝑒𝑥𝑝 (
𝑘𝑇𝐻𝑞0𝑚

𝑄 − 𝑘𝑇𝐻𝐶0𝑡)
 

(Eq. 2.32) 



51 

 

 

- where 𝐶𝑡 and 𝐶0 are the contaminant concentration (mg L-1) in the effluent at time t and the influent 

concentration, respectively, 𝑘𝑇𝐻 is the Thomas adsorption rate constant (mL min-1 mg-1), 𝑞0 is the 

adsorption capacity of the carbon (mg g-1), 𝑚 is the mass of the carbon inside of the column (mg), 𝑄 is 

the flowrate (mL min-1) and 𝑡 is the time (min). Other kinetic models have also been used to fit the 

column test results, namely Yoon-Nelson and Clark models. Yoon-Nelson model incorporates 

theoretical assumption that the adsorption does not depend on the types of adsorbent and adsorbate, 

whereas Clark model incorporates mass transfer concepts in a combination with Freundlich isotherm 

model (Nouri and Ouederni, 2013; Patel, 2019). Yoon Nelson model is mathematically equivalent to 

Thomas model and is expressed as follows: 

 

ln
𝐶𝑡

𝐶0 − 𝐶𝑡
= 𝑘𝑌𝑁𝑡 − 𝑘𝑌𝑁𝜏 (Eq. 2.33) 

 

- where 𝑘𝑌𝑁 is the Yoon-Nelson rate coefficient (min-1) and 𝜏 is the time required for 50% breakthrough 

(min). The Clark model is expressed as follows: 

 

𝐶𝑡

𝐶0
= (

1

1 + 𝐴𝑒−𝑟𝑡
)

1
𝑛−1

 (Eq. 2.34) 

 

- where 𝐴 and 𝑟 are parameter of Clark kinetic equation and 𝑛 corresponds to the Freundlich isotherm 

constant as previously discussed in (Eq. 2.6).  

 

Another parameter that is useful in monitoring the adsorbent column performance is the mass transfer 

zone (MTZ), which can be calculated using the following equation: 

 

𝑀𝑇𝑍 = 𝐻(1 −
𝑞𝑏

𝑞0
) (Eq. 2.35) 

 

- where 𝐻 is the column length (mm) and 𝑞𝑏 is the carbon adsorption capacity at the point of 

breakthrough (mg g-1). The length of the MTZ depends on the mass transfer rate, and efficient 

adsorption corresponds to a short MTZ. 

 

2.10  Heat of Adsorption 

 

Heat of adsorption may distinguish the mechanisms of contaminants adsorption on activated carbon as 

the nature of the forces or interactions involved in the adsorption process are different. As mentioned 
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previously in section 2.2, physical adsorption usually has a lower heat of adsorption in the range of 10 

– 20 kJ mol-1, while chemisorption has a heat of adsorption in the range of 40 – 400 kJ mol-1 (Bansal 

and Goyal, 2005). However, in some cases, the heat of chemisorption does not differ significantly from 

the heat of physisorption.  

 

Isothermal Titration Calorimetry (ITC) has been used to investigate the thermodynamic properties of 

binding interactions between two reactants in a liquid solution (Karlsen et al., 2010; Chiad, 2011; Huang 

and Keller, 2016). One of the reactants is placed inside a titration syringe and the other one in a reactor 

cell, and typically, a suspension of carbon is placed in the reactor cell and the adsorbate in the syringe. 

The ITC directly measures the heat of interactions of each injection of titration and calculates the 

enthalpy (∆𝐻) as the process takes place at constant pressure and temperature. From the relationship 

between the enthalpy changes for each injection against the amount of adsorbate and carbon, an 

equilibrium binding association constant 𝐾𝑎 is derived (Karlsen et al., 2010).  

 

The adsorption ∆𝑎𝑑𝑠𝐺° (Gibbs free energy) and ∆𝑎𝑑𝑠𝑆° (entropy) were calculated using the equation 

below (Eq. 2.36) where 𝑇 is the temperature of the measurement (K).  

 

∆𝑎𝑑𝑠𝐺° = −𝑅𝑇 ln 𝐾𝑎 = ∆𝑎𝑑𝑠𝐻° − 𝑇∆𝑎𝑑𝑠𝑆° (Eq. 2.36) 

 

2.11  Summary 

 

The literature showed that a number of studies have investigated particular organic and inorganic 

solution for chemical regeneration application, however, a regenerant solution that has an ability to 

desorb a wide range of contaminant has not been identified to date. Based on the literature review 

conducted, there are five regenerant solution candidates, namely: (i) water at a high temperature; (ii) 

HCl; (iii) NaOH; (iv) CH3CH2OH; and (v) a mixture of NaOH in CH3CH3OH. Additionally, six types 

of contaminant, which represent a wide range of contaminant in water are useful to be further 

investigated in this study, namely: (i) phenol to represent general substrate; (ii) nitrobenzene, a 

compound which has a different characteristic to phenol; (iii) isoproturon to represent a well-adsorbed 

pesticide; (iv) clopyralid, an aromatic compound which is weakly adsorbed to GAC; (v) metaldehyde, 

a pesticide which causes a GAC bed early exhaustion; and (vi) NOM to represent background organic 

contaminant in water.   

 

A further study using RSSCTs will be conducted using the CD approach by downsizing the column 

based on the EBCTLC. The column hydraulic loading was used to calculate the flowrate of the RSSCTs 

in this study because it has the minimal negative effects. 
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There is also a lack of systematic investigation and in-depth fundamental studies on chemical 

regeneration of GAC. These aspects are important to be considered, since such findings could contribute 

to the basic understanding and knowledge on chemical regeneration. A thermodynamic experiment, 

using ITC, is seen to be an informative test to be conducted to elucidate the adsorption and desorption 

mechanisms of the target contaminants on the GAC. 
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3. MATERIALS AND METHODS 

 

This chapter describes the activated carbon, the chemicals, analytical methods and experimental 

methods used throughout the research. The research programme was divided into four sub-categories 

based on the five objectives (O: 1-5) as shown in Figure 3.1. The first sub-category was a batch study 

to identify the most suitable chemicals for the regeneration process, while the second was a column 

study to assess the applicability of chemical regeneration, including an assessment of the possible 

effects of the regenerant solution on the granular activated carbon (GAC). The third sub-category was 

a study of the fundamental adsorption and desorption mechanisms, and the fourth was an evaluation of 

the possible environmental and economic implications of the chemical regeneration application to water 

industries.  

 

 

Figure 3.1 Research flowchart. 

 

3.1  Materials  

 

The GAC used throughout this project was Filtrasorb 400 (F400) with a granular size of 12 x 40 mesh 

or 0.42 – 1.68 mm, supplied by Chemviron Carbon Ltd. (Ashton-in-Makerfield, UK). The effective size 

of the GAC was 0.55 – 0.75 mm and maximum uniformity coefficient of 1.9 (Chemviron Carbon, 

2015). The GAC F400 is a commercial carbon that is widely used as an adsorbent in water treatment 

works. In the initial stage of tests, batch tests, virgin GAC F400, with granular size of 0.42 – 1.68 mm, 

was used since the presence of previously adsorbed material on field-spent carbon could cause 

complications in the analysis and interpretation of the adsorption and desorption mechanisms.  

 

In addition to virgin carbon, a thermally regenerated carbon was used in the column tests, which was 

more representative of GAC in practice. Samples of a thermally regenerated F400 carbon were obtained 

Objective 1  Objective 2-3 Objective 4 Objective 5

CARBON CHARACTERISATION

Physical and chemical properties of

virgin and chemically regenerated

carbon.

COLUMN STUDY

Assessing the performance of

chemical regeneration cyclically of:

• Single target contaminant.

• Mixture target contaminants with

background organic matter.

• Comparison study of chemical

regeneration performance between

virgin and thermally regenerated

carbon.

BATCH STUDY

Finding the most suitable regenerant

solutions by assessing the desorption

by varying:

• Types of regenerant solution.

• Target contaminants.

• Temperature.

FUNDAMENTAL STUDY

Confirming the possible adsorption and

desorption mechanisms.

INDUSTRIAL IMPLICATIONS

Waste chemicals treatment and disposal

and economy impacts of chemical

regeneration.
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from the Whitacre Water Treatment Works (WTW) of Severn Trent Water, UK. The carbon is thermally 

regenerated approximately every two years and the samples obtained had been regenerated 3 times since 

2013, with an average bed life in the range of 24 – 29 months prior to each regeneration. Whitacre 

WTW uses raw water derived from the River Blythe and River Bourne. The process for the thermal 

regeneration included pre-acid washing and post-pH conditioning of the regenerated carbon.  

 

For both types of the carbon samples, and prior to use, a conditioning step was conducted, as follows: 

the carbon was washed with laboratory-grade reverse osmosis (RO) water until its pH was stable, 

freeze-dried to constant weight, and stored in a desiccator. 

 

Six types of target contaminants were used in the regeneration tests, namely: phenol (FSA Laboratory 

Supplies) and nitrobenzene (Honeywell) to represent aromatic compounds in water; isoproturon (1,1-

dimethyl-3-(4-propan-2-ylphenyl)urea, Sigma-Aldrich), clopyralid (3,6-Dichloropyridine-2-carboxylic 

acid, Sigma-Aldrich) and metaldehyde (2,4,6,8-tetramethyl-1,3,5,7-tetroxocane, Acros Organics) to 

represent pesticides in water; and natural organic matter (NOM) represented by humic acid (synthetic 

origin, supplied by Sigma-Aldrich) and a naturally-derived organic material from raw water at Chellow 

Heights Water Treatment Plant, near Bradford, UK (extracted by the reverse-osmosis (RO) 

lyphopilization procedure by Lambert, 1993). The target contaminants were tested against five types of 

regenerant solution, which were as follows: laboratory grade RO water in the Roger Perry Laboratory, 

Imperial College London; sodium hydroxide (Fisher Chemical); hydrochloric acid (Fisher Chemical); 

ethanol  (Fisher Chemical) and a mixture of sodium hydroxide and ethanol.  

 

3.2  Analytical Methods 

 

The concentrations of phenol, nitrobenzene, isoproturon and clopyralid were determined by ultraviolet-

visible (UV-visible) spectrophotometry (Shimadzu UV-2401PC UV-Vis Spectrophotometer), and 

metaldehyde and isoproturon (for the column tests) concentrations were determined by Ultra-High 

Performance/Pressure Liquid Chromatography (UHPLC) tandem Quadruple-Time of Flight (Q-TOF) 

spectrometry (Waters Synapt G2-Si High Definition Mass Spectrometry). Metaldehyde and isoproturon 

were determined by a different method than by UV-visible spectrometry because metaldehyde does not 

have any peak absorbance at the range of UV-visible light (200 – 800 nm) as presented in Appendix 1, 

Part 1.1 and the mass spectrometry method has a lower detection and quantification limit, which makes 

it more suitable for the column tests, where a lower concentration of both of pesticides was used. The 

target contaminant of natural organic matter (NOM) was quantified as dissolved organic carbon (DOC) 

and measured as non-purgeable organic carbon (NPOC) by a total organic carbon (TOC) analysis 

instrument (Shimadzu TOC-V).  
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3.2.1  Ultraviolet-visible (UV-vis) Spectrophotometry 

 

The optimal detection wavelengths used for phenol, nitrobenzene, isoproturon and clopyralid analysis 

were 269, 268, 240 and 280 nm, respectively, corresponding to their peak absorbances (Appendix 1, 

Part 1.1). Prior to analysis, the pH of the sample solutions was adjusted to lie in the range of 6–8 using 

either 0.1 M NaOH or 0.1 M H3PO4, and the solutions were filtered using a filter paper grade 1 with a 

pore diameter of 11 μm (Whatman, UK). The absorbance measurement using UV-vis spectrometry was 

done once for each sample. A couple of tests were done in order to investigate whether the filter paper 

would adsorb or retain the target contaminant. As presented in the Appendix 2, Part 2.1, the filter paper 

used did not seem to affect the target contaminants measurement.  

 

The detection limit (DL) and quantification limit (QL) of the UV-vis method for phenol were 89 µg L-

1 and 298 µg L-1, respectively, and the corresponding values for the other compounds were as follows: 

22 µg L-1 and 72 µg L-1, nitrobenzene; 17 µg L -1 and 57 µg L -1, isoproturon; 69 µg L -1 and 229 µg L -

1, clopyralid. The DL and QL were determined using standard procedures using linear calibration curve 

(Shrivastava and Gupta, 2011), where the DL and QL were estimated 3 and 10 times of the noise level, 

respectively. The noise level was determined based on the standard deviation of blank sample 

absorbance for five replicates with the lowest concentration measured in the calibration curves divided 

by the slope yielded from the calibration curve. An example of calibration curves of the target 

contaminants is given in Appendix 2, Part 2.2. 

 

3.2.2  Ultra-High Performance Liquid Chromatography (UHPLC) Tandem Quadruple and Time of 

Flight Mass Spectrometry (Q-TOF MS)  

 

Metaldehyde and isoproturon (for the column tests) were detected and quantified by UHPLC Q-TOF 

(Waters Synapt G2-Si High Definition Mass Spectrometry), using an Electrospray ionization (ESI) 

technique. The analysis was conducted in the ESI positive mode, following a previous method by Li et 

al. (2010). The metaldehyde and isoproturon measurement conditions are summarised in Table 3.1. 

The chromatograms of metaldehyde and isoproturon are presented in Appendix 1, Part 1.2. 

Additionally, leucine enkephalin solution at 20 pg nL-1 (Waters Ltd), prepared in 50:50 acetonitrile/LC-

MS grade water and 0.1% of formic acid, with mass of 556.27 m/z was used as a reference mass using 

LockSpray automatic option in the mass spectrometry.  
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Table 3.1 The detection and quantification methods used for the analysis of metaldehyde and 

isoproturon for the column tests using UHPLC Q-TOF. 

Parameter Metaldehyde Isoproturon 

Detected ions 

(MS/MS mode) 
199>67 m/z 72>207.3 m/z 

Retention time 2.45 min 3.75 min 

Column 
Acquity UPLC BEH C18 column, 2.1 x 100 mm and 1.7 µm particle size 

(Waters Ltd.) 

Column 

Temperature 
40 °C 

Mobile phase 
A: LC-MS grade water (Fisher Chemical) and 0.1% of formic acid (VWR) 

B: LC-MS grade acetonitrile (Honeywell) 

Gradient  

0 – 0.5 min isocratic of 30% B (v/v) 

0.5 – 4 min linear from 30 – 80% B (v/v) 

4 – 5 min isocratic of 80% B (v/v) 

5 – 7 min linear from 80 – 30% B (v/v) 

7 – 10 min isocratic of 30% B (v/v) 

Total analysis time was 10 min. 

Flowrate 0.2 mL min-1 

Injection volume 
5 µL  

Each sample was injected in duplicate (minimum) 

 

Solid phase extraction (SPE) was carried out for sample preparation using a pre-made SPE cartridge 

(Sep-Pak C18, 55 – 105 µm particle size, Waters Ltd.) prior to injection. A 5 mL volume of methanol 

(Honeywell), and 5 mL of LC-MS grade water, were used consecutively for the activation of the SPE 

cartridge. The sample was then passed through the cartridge and rinsed with 2 mL of LC-MS water. 

The cartridge was then air dried for 30 min. A 2.5 mL glass vial (Waters Ltd.) was placed under the 

cartridge to collect the sample and then 2 mL of acetonitrile was added to eluate the metaldehyde and/or 

isoproturon. Prior to SPE, the pH of the sample solutions was adjusted to lie in the range of 6–8 using 

0.1 M NaOH or 0.1 M H3PO4 and the solutions were filtered using a nylon membrane syringe filter 

(Gilson Scientific Ltd, 0.2 μm pore diameter). The Appendix 2, Part 2.1 showed that the filter used 

did not seem to affect the target contaminants measurement. The SPE recovery rate depended on the 

pH of the sample solution, and for this reason, the pH of the sample was adjusted prior to SPE. At pH 

6 – 8, the SPE recovery rate for metaldehyde and isoproturon were 96 – 100% and 99 – 101%, 

respectively. At pH > 13. The recovery rate for metaldehyde and isoproturon were 69 – 72% and 75 – 

81%, respectively.  For instrument control and data analysis, Masslynx and UNIFI software were 

employed. 

 

The DL and QL of the method were 1.2 µg L-1 and 4 µg L -1 for metaldehyde, respectively, and 0.8 µg 

L -1 and 2.6 µg L -1 for isoproturon, respectively. An example of calibration curves for metaldehyde and 

isoproturon are given in Appendix 2, Part 2.2. 
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3.2.3  Natural Organic Matter (NOM) Characterisations 

 

3.2.3.1  Dissolved Organic Carbon (DOC) 

 

The DOC concentration of the NOM was expressed as non-purgeable organic carbon (NPOC) and was 

measured using a Shimadzu TOC-V instrument based on the UV-persulphate oxidation method. The 

instrument was calibrated daily using freshly prepared standards of potassium hydrogen phthalate 

(Fisher Chemical). Samples were filtered using 0.45 µm cellulose nitrate membrane (Whatman, UK) 

prior to analysis. Each sample was analysed in triplicate (minimum). The DL and QL of the method 

were 28 µg-C L-1 and 92 µg-C L-1, respectively. 

 

3.2.3.2  Zeta Potential 

 

The zeta potential of NOM is a measure of the electrostatic charge on the surface of NOM particles or 

colloidal materials in water. The zeta potential was measured using a Zetasizer Nano ZS (Malvern 

Panalytical). The pH of the samples was adjusted to 7.0 + 0.1 prior to measurement using either 0.01 

M HCl or 0.01 M NaOH.  

 

3.3  Batch Tests 

 

Adsorption and desorption tests of the target contaminants were carried out in a batch configuration, as 

described in the following section. Initial studies of the adsorption kinetics and isotherms were carried 

out to investigate the adsorption behaviour of each target contaminant and to determine the contact time 

required for the contaminants to reach equilibrium during the adsorption and desorption tests. The 

isotherms and kinetics data can contribute to interpreting the behaviour of the target contaminants 

toward the carbon (Tran et al., 2017). Each test was conducted in duplicates. 

 

3.3.1  Adsorption and Desorption Kinetics 

 

The adsorption kinetics of the different contaminants were conducted with a GAC mass of 1 g and a 

contaminant solution volume of 100 mL, which were agitated at 120 rpm, and samples were taken for 

analysis at designated contact times of 0, 5, 10, 15, 30, 45, 60, 90, 120, 240, 350, 480, 1440, 2160 and 

2880 min. Single target contaminant adsorption and desorption kinetics were studied in order to 

determine the time required for the contaminants to reach equilibrium and the optimum desorption time, 

respectively.  Adsorption kinetics were analysed using pseudo-first order and pseudo-second order 

kinetics models to describe the adsorption of the target contaminants as described in Chapter 2, section 
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2.7. Numerous studies have been reported using these two types of kinetic models for the adsorption of 

pesticides on carbon (Salman and Hameed, 2010; Tao and Fletcher, 2013; Tan and Hameed, 2017). 

 

The initial concentration of each target contaminant of phenol, nitrobenzene, isoproturon, clopyralid 

and metaldehyde was 2000, 400, 20, 20 and 20 mg L-1, respectively; these initial concentrations were 

based on the aqueous solubility of the target contaminants and to enable their accurate determination in 

samples following adsorption and desorption.  

 

3.3.2  Adsorption Isotherms 

 

Adsorption isotherm tests were carried out based on a standard method, ASTM D28: D3860 – 98 

(ASTM International, 2004). In summary, a varied amount of GAC F400 (0.01 – 1 g) and 100 mL of a 

target contaminant solution were transferred into a borosilicate glass bottle and agitated on a platform 

shaker at 120 rpm for a predetermined time to reach equilibrium at room temperature (20 + 1 °C). The 

solutions of target contaminants were prepared at initial concentrations of 2000, 400, 50, 100 and 100 

mg L-1 for phenol, nitrobenzene, isoproturon, clopyralid and metaldehyde at pH 7.0 + 0.1, respectively. 

The target contaminant concentrations in the solution before and after adsorption were determined using 

the analytical methods described in section 3.2. Adsorption isotherms were analysed using Freundlich 

and Langmuir isotherm models to describe the adsorption of the target contaminants as described in 

Chapter 2, section 2.7. 

 

3.3.3  Adsorption and Desorption Efficiency 

 

Initially, contaminant adsorption was carried out by adding 1 g of GAC to 100 mL of a contaminant 

solution at pH 7.0 + 0.1 in a borosilicate glass bottle. The bottle was agitated using a platform shaker at 

120 rpm for a predetermined time until the adsorption process reached equilibrium. The contaminant 

solution then was fully decanted, and the concentration of the target contaminant was measured. 

Approximately 2 mL of solution remained on the carbon surface and bottle walls. The initial 

concentration of each target contaminant of phenol, nitrobenzene, isoproturon, clopyralid, metaldehyde 

and NOM was 2000, 400, 20, 20, 20 mg L-1, and ~8 – 13 mg-C L-1, respectively. 

 

Upon completion of the adsorption tests, 100 mL of a selected regenerant solution was added to the 

bottle, which contained the exhausted GAC, and agitated for a predetermined time to enable desorption. 

The solution was then decanted and filtered, and the pH adjusted to lie in the range of 6 – 8 using either 

0.1 M NaOH or 0.1 M H3PO4, prior to the detection and quantification of the desorbed contaminant.  
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As an initial desorption test, it was aimed to investigate the effect of pH of the regenerant solution to 

the target contaminants desorption from the carbon because it was known that some of the contaminants 

may transform at high pH, such as phenol, or even degrade in acidic solutions, such as metaldehyde as 

previously described in Chapter 2, section 2.4, which potentially aid the desorption process. The tests 

were conducted using hydrochloric acid (HCl) 0.5 M and 1 M, laboratory grade RO water and sodium 

hydroxide (NaOH) 0.5 M and 1 M. The pH of RO water of 2, 4, 6, 7, 8, 10, 12 was adjusted using either 

0.01 M HCl or 0.01 M NaOH. 

 

Finally, the desorption tests were conducted using four regenerant solutions at three different 

temperatures of 20 (representing room temperature), 50 (representing moderate temperature) and 80 °C 

(representing high temperature or at a temperature of water starts to easily evaporate and at temperature 

of volatile contaminants may degrade), except for ethanol as its boiling point is at 70 °C, so the tests 

for ethanol were conducted only at 20 and 50 °C: 

1. Laboratory grade reverse osmosis (RO) water. 

2. Sodium hydroxide (NaOH) at concentrations of 0.1 M, 0.5 M, 1 M and 2 M. 

3. Ethanol (CH3CH2OH) at concentrations of 80 and 99% (v/v). 

4. A mixture of sodium hydroxide and ethanol (NaOH/CH3CH2OH) at concentrations of NaOH 

in % (v/v) of CH3CH2OH of 0.1 M in 99%, 0.1 M in 80%, 0.25 M in 80%, 0.5 M in 80% and 

1 M in 80%. 

  

The desorption efficiency was calculated based on (Eq. 2.8) in Chapter 2, section 2.8. As mentioned in 

section 3.3.1, a desorption study of the contaminants of each regenerant solution was also carried out 

by taking samples for analysis at designated contact times of 0, 5, 10, 15, 30, 45, 60, 90, 120, 240, 350, 

480, 1440, 2160 and 2880 min. 

 

3.4  Rapid Small-scale Column Tests (RSSCTs)  

 

The RSSCTs employed in this study were dimensioned based on determining the EBCTLC (ASTM D28: 

D6586 – 03). The typical EBCTLC used by water companies in the UK are 10 – 15 min (UK Water 

Industry Research, 2017). The EBCTLC used in this study was selected as the maximum, i.e. 15 min, on 

the basis of metaldehyde as one of the target contaminants that is adsorbed slowly to the carbon 

(Salvestrini et al., 2017). Based on the 15 min of EBCTLC and the calculation using the equations 

described in Chapter 2, section 2.9 for the constant diffusivity (CD) model, the design parameters to 

operate the small column is summarized in Table 3.2. 
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Table 3.2 RSSCTs design parameters. 

Parameters Value 

GAC F400 particle diameter (mm) 0.125 – 0.149 

Bulk density (g mL-1)* 0.54 

Mass of GAC (g) 0.34 

Column diameter (mm) 7 

Column length (mm) 17 

EBCTLC (min) 15 

EBCTSC (min) 0.26 

Flow rate (mL min-1) 2.5 

Note : *Chemviron Carbon (2015)  

 

The column tests were conducted under different experimental conditions, as follows: 

1. A single target contaminant of:  

a. Phenol at 10 mg L-1 to represent general organic contaminants in water, as a benchmark 

to other studies and as an initial test to investigate the performance of the designed 

column. 

b. Metaldehyde at 1 mg L-1 to represent hydrophilic and weakly adsorbable contaminants 

on carbon. 

c. Isoproturon at 1 mg L-1 to represent hydrophobic and well-adsorbed contaminants on 

carbon.  

Relatively high concentrations were used throughout the study in order to achieve a 

breakthrough within 10 – 14 days, thus the performance of regeneration cycles can be evaluated 

in a practical timescale. The tests were carried out using a virgin F400 carbon. 

2. Pesticide solutions of metaldehyde and isoproturon at 1 mg L-1 each, were prepared in tap-water 

from the Roger Perry Laboratory, Imperial College London. The tap-water was used as it 

contains background organic matter (BOM) which may represent types of organic matter that 

occurs at the inlet of GAC bed in WTW. BOM is important to be investigated for its behaviour 

during the chemical regeneration as the presence of BOM may also be adsorbed to the carbon, 

potentially resulting a competition with the pesticides. The tap-water sample required de-

chlorination by leaving the water open to the air overnight, allowing the residual chlorine to 

decay and/or evaporate from the water (Appendix 3). The de-chlorination was necessary as the 

activated carbon has an ability to adsorb and/or react with chlorine (Kaldis, 2017; Meng et al., 

2019), potentially affecting the adsorption of target contaminants on the carbon. The tests were 

carried out using: 

a. A virgin F400 carbon. 
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b. A thermally regenerated F400 carbon, which was obtained from the Whitacre WTW, 

Severn Trent Water. The carbon was thermally regenerated approximately every two 

years and had been regenerated 3 times since 2013. 

 

 

Figure 3.2 The different conditions for the column tests. 

 

3.4.1  The RSSCTs Apparatus Preparation 

 

The apparatus for the tests, including glass carboys, peristaltic pump (Watson Marlow company models 

505S and 502S), peristaltic tubing (Watson Marlow), Buchner flask, plastic tubing (Tygon), magnetic 

stirrer, glass column and suba seals were arranged as shown in Figure 3.3. The illustrations of the 

apparatus arrangement are described in Appendix 4. The experimental procedures for the RSSCTs were 

modified from Kaldis (2017) and ASTM D28: D6586 – 03 (ASTM International, 2014). 
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Figure 3.3 The experimental setup for the RSSCTs. 

 

After assembling the apparatus, the carboys, the tubes and the Buchner flask were rinsed using RO 

water to remove any dust and possible contaminants. The glass column was filled with activated carbon 

following below procedures: 

1. The carbon sample was ground until the particle size was in a range of 0.125 – 0.149 mm (mesh 

100 – 120). The ground sample then was washed using RO water until its pH was stable and 

oven dried at 105 °C to constant weight. 

2. The carbon sample then was weighed to 0.34 g in a beaker glass. 

3. A small volume of RO water, approximately 5 mL, was added to the beaker glass containing 

the carbon sample to form a slurry. 

4. The beaker was then heated on a heating plate at 50 °C for 10 min to replace the air in the 

carbon pores with water. Then the beaker was left to cool at a room temperature (20 – 21 °C). 

5. Compacted glass wool was placed at the bottom side of the glass column in order to retain the 

carbon in the column. 

6. The carbon slurry was then gradually poured into the column and the water passed the glass 

wool, leaving wet carbon in the column.  

7. Additional compacted glass wool was placed at the top of the column and this step was carried 

out carefully to prevent the formation of air bubble.  

8. The top and bottom of the column were then sealed with rubber suba seals which were 

connected to the peristaltic tubes.  

 

Small columns 

Mixing 

container 

Concentrated target 

contaminant 

Water inside carboys 

Peristaltic 

pump 2 

 

Peristaltic 

pump 1 
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Figure 3.4 The glass columns filled with ground carbon and wool glass, capped using suba seals. 

 

The peristaltic pump was adjusted to achieve the desired flowrate of 2.5 mL min-1 and was regularly 

checked and controlled within 1%. The measurement of the flow rate was done by weighing the water 

delivered by pump for a predetermined time. Finally, prior to the tests, the whole system including the 

column was primed with RO water for 1 – 2 h to wash off any possible contaminants, remove air bubbles 

in the system, re-wet the carbon and to ensure that the system was free of leaks.  

 

3.4.2  The RSSCTs: Exhaustion or Adsorption Phase  

 

The carbon packed-bed column was operated up-flow to avoid formation of air bubbles in the system 

and five parallel columns were used: 

1. Column 1: Without carbon to monitor the inlet concentrations. 

2. Column 2: Column was operated for multi-cycle of adsorption and regeneration using fresh 

regenerant solution (replica 1). 

3. Column 3: Column was operated for multi-cycle of adsorption and regeneration using fresh 

regenerant solution (replica 2). 

4. Column 4: Column was operated for multi-cycle of adsorption and regeneration using re-used 

regenerant solution (replica 1). 

5. Column 5: Column was operated for multi-cycle of adsorption and regeneration using re-used 

regenerant solution (replica 2). 

 

A concentrated target contaminant solution was prepared at a concentration of: 100 mg L-1 for phenol, 

25 mg L-1 for metaldehyde and 25 mg L-1 for isoproturon in a RO water that was prepared using 1 mM 

sodium bicarbonate (NaHCO3) and the pH of the solution was adjusted to 7.0 + 0.1 using either 0.01 M 
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hydrochloric acid (HCl) or 0.01 M sodium hydroxide (NaOH). The concentrated contaminant solution 

was stored in an amber bottle. The contaminant and RO water (for the tests with a single contaminant) 

or tap water (for the tests of contaminant mixture) were pumped and mixed in the Buchner flask to 

make a concentration of 10 mg L-1 for phenol and 1 mg L-1 for each pesticide. Samples at the effluent 

of each column were taken periodically each 4 h for tests with phenol and 8 h for the tests with 

pesticides, until the contaminant concentration at the influent and effluent were almost identical 

(𝐶𝑡 𝐶0⁄  ~ 1). 

 

3.4.3  The RSSCTs: Regeneration or Desorption Phase  

 

Once the carbon was exhausted with contaminants, it was subjected to regeneration or desorption 

process. The desorption process was conducted using 10 bed volumes (BV) of regenerant solution of a 

mixture of 0.5 M NaOH in 80% (v/v) of ethanol (NaOH/CH3CH2OH) to the exhausted carbon. The 

illustrations of the apparatus arrangement are described in Appendix 4. The amount of the 10 BV was 

determined based on the initial tests using phenol as a single contaminant and discussed in Chapter 5, 

section 5.3.1. For the initial tests using phenol, 53 BV regenerant solution was tested. This 53 BV 

reflected to the ratio of 1 g : 100 mL of carbon and solution from the batch tests.  

 

The mixture was circulated continuously through the column with a flow rate of 2.5 mL min-1, similar 

to RSSCTs flowrate, to prevent localized equilibrium effects that may occur where flow is stationary, 

and contaminants might concentrate near to the pores of the carbon. The regeneration lasted for 2 h, 

which was an adequate time to reach the maximum desorption of the contaminants (Chapter 4, section 

4.5).  

 

3.4.4  The RSSCTs: Conditioning Steps  

 

Once regeneration was completed, the regenerated carbon was rinsed using 10 BV of 0.025 M sulphuric 

acid (H2SO4) for 15 min in order to lower the column pH followed by a rinsing of 300 BV of RO water 

to remove the remaining chemicals. This conditioning steps were chosen based on preliminary study on 

the acid-rinsing post-regeneration that will be presented in Chapter 5, section 5.3.1. The acid-rinsing of 

post-regeneration was aimed to accelerate the carbon conditioning process after being contacted with 

regenerant solution. As mentioned previously, the acid used was H2SO4 with a concentration of 0.05 N 

or 0.025 M. This acid was chosen because of the fact that H2SO4 is currently being used and available 

in many WTWs in the UK, and H2SO4 at 0.05 N is a fairly low concentration and makes the acid less 

likely to damage the carbon. This range of concentration was also based on a previous study of an acid 

treatment to carbon (Perry et al., 2005). A study on carbon treated with H2SO4 showed that after the 
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acid exposure, the surface area of the carbon was not altered (Van Pelt, 2012). Additionally, compared 

to other acids such as HCl, H2SO4 is cheaper per mole of protons. 

 

The tested acid-rinsing procedures consist of: 

1. Upon regeneration completion, the regenerant solution was drained from the column. 

2. The acid was passed through the column with a flow rate of 2.5 mL min-1, similar to RSSCTs 

flowrate. Two acid-rinsing methods were investigated: 

a. Method 1: 10 BV of acid was recirculated to the column for 15 min. 

b. Method 2: the acid was continuously flowed through the column for 15 min without 

being recirculated, which is equal to approximately 60 BV.  

3. RO water was then passed through the column to remove the remaining acid and regenerant. 

The volume of the RO water needed to re-adjust the carbon pH was recorded. 

 

3.4.5  The RSSCTs: Re-exhaustion or Re-adsorption Phase  

 

Completing the regeneration and the rinsing post-regeneration, the carbon was ready to be used for re-

adsorption. The adsorption – regeneration – post-regeneration rinsing procedures were repeated for 4 

cycles to investigate the performance of fresh and re-used regenerant solution as well as the possible 

declining efficacy of the chemical regeneration process. The regeneration efficiency was calculated 

based on (Eq. 2.9) in Chapter 2, section 2.8. 

 

3.5  Carbon Characterizations 

 

3.5.1 pH  

 

A 10-g sample of carbon and 110 mL of RO water were placed in an Erlenmeyer flask and then the top 

of the flask was closed with a watch glass. The flask was placed to a top of hot plate and heated for 900 

s at 80 °C. The activated carbon then was decanted, and the pH of the solution was measured using a 

calibrated pH meter when the temperature of the filtrate cooled down or at approximately 50 °C. The 

procedure was adopted from ASTM committee D28: D3838-80 (ASTM International, 1999). 

 

3.5.2  Point of Zero Charge (pHpzc)  

 

A 0.1 g sample of carbon was added to 20 mL of 0.1 N of sodium chloride (NaCl) solution with different 

pH in a borosilicate glass bottle. The pH of the NaCl solutions was adjusted using either 0.01 M NaOH 

or 0.01 M HCl. Then, the borosilicate glass bottle was sealed and placed on a shaker for 24 h. After 24 

h, the pH of the solutions was measured using a calibrated pH meter. The pHpzc is at the pH when there 
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is no change in the NaCl solution pH after contact with the carbon sample. These steps followed the 

procedure conducted by Franz et al. (2000). 

 

3.5.3  Surface Area and Pore Volume 

 

The surface area and pore characteristics of carbon can be determined from nitrogen (N2) adsorption-

desorption isotherm data. The N2 adsorption and desorption isotherms were measured using an 

automatic Quantachrome Autosorb iQ3 instrument. The surface area and pore volume of the carbon 

samples were determined using Quantachrome Data Reduction software which utilizes the Brunauer–

Emmett–Teller (BET) equation, whereby most carbon studies still employed this method to report the 

surface area characteristic (ASTM International, 2012). Another method used was the Non-Local 

Density Functional Theory (NLDFT) approach based on a slit-shaped pore equilibrium model, which 

is considered a more realistic calculation approach to measure pore size distribution (Bardestani et al., 

2019), specifically for microporous material compared to the BET method (Kwiatkowski et al., 2019). 

Prior to measurement, 100 mg of activated carbon samples with a size in the range of 0.25 – 0.42 mm 

were degassed at 280 °C for 12 h to remove any moisture and adsorbed oxygen present in the samples. 

 

3.5.4  Oxygen-containing Functional Groups 

 

A standardized Boehm titration was performed to identify the potential changes to the surface functional 

groups of the carbon caused by the chemical regeneration. The standardized procedures of the test 

followed those reported by Goertzen et al. (2009) and Oickle et al. (2010). Firstly, 1.5 g activated carbon 

with a size of 0.25 – 0.42 mm was mixed with 50 mL of 0.05 M solutions of a base (sodium hydroxide 

– NaOH, sodium carbonate – Na2CO3, sodium bicarbonate – NaHCO3 and sodium ethoxide –  

CH3CH2ONa) or an acid (hydrochloric acid – HCl). Then, the sample was shaken for 72 h and decanted 

to remove the carbon. Finally, 20 mL of HCl or NaOH was added to a 10 mL aliquot, and the solution 

was then degassed with nitrogen (N2) for 2 h and immediately back-titrated using either HCl (for base 

extracted samples) or NaOH (for acid extracted samples). The assumptions forming the basis of the 

method were as follows: NaHCO3 reacts with carboxyl groups, Na2CO3 reacts with lactones and 

carboxyl groups, NaOH reacts with carboxyl, lactone and phenolic groups, and CH3CH2ONa reacts 

with carboxyl, lactone, phenolic and carbonyl groups (Boehm, 1994). 

 

3.5.5  Elemental Analysis 

 

Elemental analyses of the carbon samples were conducted using three methods: 

1. Energy-Dispersive X-ray Spectroscopy (EDX) using a Hitachi TM-1000 scanning electron 

microscope at an accelerating voltage of 10 – 15 kV.  
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2. C, H, N, S and O elements analysis performed by MEDAC Ltd, Surrey, UK utilized combustion 

method. 

3. A sodium (Na) analysis was carried out to investigate if any regenerant solution remained on 

the regenerated carbon. A 0.5 mg sample of carbon was acidified in 1 mL of RO water, 2 mL 

of concentrated nitric acid (HNO3) and 6 mL of concentrated hydrochloric acid (HCl) for 4 h. 

Prior to analysis using ICP-OES (Avio 500, PerkinElmer, USA), the digested solutions were 

diluted 5 times in RO water and filtered through 0.45 µm cellulose nitrate membrane 

(Whatman, UK). 

 

3.5.6  Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis (TGA) was conducted in order to determine whether any measurable 

amounts of the target contaminants remained in the carbon samples after chemical regeneration. The 

results might help in explaining the adsorption and desorption phenomena of the target contaminant. 

There were three different carbon samples that were analysed: (i) virgin GAC F400 which was rinsed 

using RO water and freeze dried, (ii) the exhausted GAC F400 which was rinsed using RO water and 

freeze dried, and (iii) the regenerated GAC F400 which was previously exhausted by target 

contaminants, was rinsed using acid and RO water and then freeze dried. 

 

The experiments were carried out using a Rheometric Scientific STA Simultaneous Thermal Analyser 

(Polimer Laboratories, TG/DSC). A 10 – 16 mg quantity of the carbon sample was accurately weighed 

and loaded into an alumina crucible. The crucible was placed on the thermo-balance hang-down, along 

with an inert reference empty alumina crucible. The sample was then heated from 25 °C to 1000 °C at 

a rate of 10 °C min-1 under a continuous flow of nitrogen gas at a flow rate of 50 mL min-1. As well as 

determining the mass change with temperature, the TGA also provides derivative thermogravimetry 

(DTG), which gives the rate of the sample weight changes (in percentage terms). 

 

3.6  Heat of Adsorption  

 

Calorimetric tests were carried out using a VP Isothermal Titration Calorimeter (ITC) from Microcal, 

Inc. The heat exchange between the carbon and target contaminant was measured at 298.15 K (25 °C) 

to determine the thermodynamic parameters during the adsorption process. The ITC has been widely 

used to investigate interactions between molecules as it has the ability to accurately measure the Gibbs 

energy, enthalpy and entropy associated with the interactions (Lewis and Murphy, 2005; Chiad, 2011). 

The target contaminants investigated were: phenol as a representative of common organic contaminants 

and as a contaminant which has been studied extensively of its adsorption mechanisms on activated 
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carbon; isoproturon to represent contaminants that well adsorbed to activated carbon; and metaldehyde 

to represent contaminants that weakly adsorbed to activated carbon.  

 

In this experiment, carbon samples used were virgin carbon and chemically regenerated carbon using 

the mixture of NaOH/CH3CH2OH. A well-dispersed suspension of carbon sample in RO water at pH 

7.0 + 0.1 (immersed for > 24 h) and a concentration of 2 g L-1, and target contaminant solutions at a 

concentration of 0.25 mM, were thoroughly degassed for 5 min prior to each test to remove air bubbles 

from the samples. The suspension was placed in the reaction cell with a volume of 1.4 mL and a target 

contaminant was loaded into the 300 µL injection syringe. The titration was carried out with 1 injection 

of 4 µL, followed by 24 injections of 10 µL aliquots, at 180 – 300 s intervals between two injections, 

with a stirring speed of 300 rpm. The anomaly of 4 µL in the first injection was due to conditioning the 

syringe needle. The first injection usually shows a smaller heat effect than it should because of the 

incorrect volume delivered by the syringe because of the motorized screw mechanism used to drive the 

syringe plunger, and as a protocol, a small first injection volume is necessary, and the first data point 

will be deleted prior to analysis in Origin (MicroCal VP-ITC Operating Instruction, 2017). The test 

procedure followed that used in previous studies of metals and methylene blue adsorption on carbon 

materials (Karlsen et al., 2010; Huang and Keller, 2016; Ortega et al., 2017). The ITC data were 

automatically analysed using the Microcal Origin 7.0 software. The thermodynamic parameters such as 

𝐾𝑎 (binding constant) and ∆𝑎𝑑𝑠𝐻° (enthalpy or heat of adsorption) were predicted as adjustable 

parameters in the fitting procedures of the Origin 7.0 software. Data were fitted using a non-linear least-

squares algorithm (Levenberg-Marquardt algorithm). The calculation was done following the procedure 

in Chapter 2, section 2.10. 

 

All of the ITC thermodynamic data were blank corrected with the heat of dilution of RO water at pH 

7.0 + 0.1 in carbon suspension, and phenol, metaldehyde or isoproturon in water at pH 7.0 + 0.1. 

 

3.7  Fate of the Contaminants  

 

Possible reaction products arising from the regenerant solution and target contaminants were 

investigated by mass spectrometry, where identification was based on the structural information 

obtained from fragmentation and parent compound data (Nassar and Lopez-Anaya, 2004). A direct 

analysis using an Atmospheric Pressure Solid Analysis Probe (ASAP) technique using Q-TOF 

spectrometry (Waters Synapt G2-Si High Definition Mass Spectrometry) was carried out for a rapid 

identification of products from phenol, nitrobenzene, isoproturon and clopyralid, while the ESI 

technique was applied for metaldehyde, as metaldehyde is easily degraded at the high temperature 

required to perform ASAP technique.  
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The mass spectrometry parameter settings were as follows: the source and desolvation temperature were 

set at 120 and 150 oC, respectively; the desolvation and cone gas flows were 400 and 30 L h-1, 

respectively; the corona current was set at 5 µA, and the sampling cone voltage to 35 V. The instrument 

was operated in positive mode. Prior to identification, the capillary glass sample holder was rinsed using 

LC-MS grade methanol (Honeywell), and baked at 400 °C for 3 min.  

 

In addition to mass spectra investigation, UV-visible absorbance of the target contaminants in the 

regenerant solution of a mixture of NaOH/CH3CH2OH, except metaldehyde because metaldehyde does 

not have any distinctive UV and visible lights absorbance at wavelength from 220 – 800 mm, was also 

being investigated. The target contaminants absorbance was measured over the wavelength range 190 

– 800 nm by UV-visible spectrophotometry (Shimadzu UV-2401PC UV-Vis Spectrophotometer). 

Blank correction was done depending on the solution used during the measurement, e.g. RO water at 

pH 7.0 + 0.1, a mixture of NaOH/CH3CH2OH at pH > 12 and a mixture of NaOH/CH3CH2OH with its 

pH adjusted to 7.0 + 0.1 using 0.1 M H3PO4 or 0.1 M NaOH. 

 

3.8  Statistical Analysis 

 

Statistical analyses were performed using SPSS software (IBM Statistic software). The independent t-

test was used to access statistical differences between carbon samples for the carbon characterisation 

tests and for comparing the performance between 10 and 53 BV for the column tests with phenol as a 

target contaminant. Any p-value less than or equal 0.05 (p < 0.0.5) indicates statistically significant 

difference. Regression analysis was conducted to investigate the correlation between predictors (i.e. the 

target contaminant characteristics) with the target contaminant adsorption and desorption from GAC. 

The degree or strength of correlation was assessed based on the coefficient determination (R2). 
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4. RESULTS AND DISCUSSION – BATCH TESTS 

 

4.1  Introduction  

 

The most important aspect that affects the success of chemical regeneration is the type of chemical 

regenerant used (Martin and Ng, 1984). There are a lot of chemicals that can be used as a regenerant 

solution, but only some of them have the ability to desorb certain types of organic contaminants from 

spent carbon. In this study, water at high temperature (Bhatia et al., 1990), basic (Leng and Pinto, 1996) 

and organic solvents (Matheickal et al., 1998) were used due to their historical ability in regenerating 

spent carbon. A series of batch tests was conducted with the aim to determine the most suitable chemical 

to be used as a regenerant based on its ability in desorbing five types of target contaminants that 

represented a wide range of organic compounds occurring at the inlet of granular activated carbon 

(GAC) bed in water treatment works (WTWs). The results of the batch tests are presented and discussed 

in this chapter. In addition, the adsorption behaviour of the target contaminants is discussed based on 

their adsorption kinetics and isotherms analysis in order to gain a better understanding of their behaviour 

on the carbon, which later can help in elucidating the adsorption and desorption mechanisms involved. 

At the end of the chapter, the effect of the regenerant with the highest regeneration efficiency to the 

carbon properties was studied to investigate any possible deleterious effects, limiting its ability as a 

regenerant.   

 

4.2  Methods  

 

The methods of adsorption kinetics and isotherm tests of the target contaminants were described in 

Chapter 3, section 3.3. The target contaminants of study were: phenol, a general substrate and as a 

representative of aromatic contaminants in water; nitrobenzene, a general substrate which has a different 

desorbability and adsorption behaviour to phenol (Mattson et al., 1969); isoproturon, a pesticide with 

aromatic structure to represent well-adsorbed contaminants in water; clopyralid, a pesticide with 

aromatic structure to represent weakly adsorbable contaminants in water; and metaldehyde, a cyclic 

tetramer acetaldehyde and represent weakly adsorbable contaminants in water. The details of the 

quantification of the target contaminants were described in section 3.2. 

 

The desorption study was followed the method described in section 3.3.3. A regeneration study on 

NOM was also carried out to investigate the performance of the chosen regenerant solutions. Natural 

organic matter (NOM) solution was made from commercial humic acid (HA) or a naturally derived 

organic material (details in section 3.1). 
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Prior to the investigation of the carbon characterization, samples of virgin GAC F400 that had been 

previously ground, washed, dried and stored inside a desiccator, were contacted with either reverse 

osmosis (RO) water, or a mixture of 0.5 M of sodium hydroxide in 80% (v/v) of ethanol 

(NaOH/CH3CH2OH), for 2 h, and then conditioned using H2SO4 and RO water to re-adjust its pH. The 

regeneration and conditioning processes were repeated 10 times. The surface area and pore distribution 

profile, surface functional groups and elemental composition of the carbon samples were analysed using 

the methods described in section 3.5. 

 

4.3  Adsorption Kinetics 

 

Adsorption kinetic tests were conducted to determine the contact time required for the contaminants to 

reach equilibrium during the adsorption. The results showed that the adsorption of the contaminants 

reached equilibrium after approximately 24 h (1440 min), except for metaldehyde, which required at 

least 48 h (2880 min) to reach equilibrium. As can be seen in Figure 4.1, the initial adsorption of all 

compounds was rapid, and for phenol, nitrobenzene and isoproturon, the adsorption occurred mostly in 

the first 60 min, owing to the strong affinity between the GAC and these contaminants. In all cases, the 

results were well described by a pseudo-second order (PSO) kinetic model (R2 = 0.99 – 1.00), in 

comparison to a pseudo-first order (PFO) model (Table 4.1 and Figure 4.1). The modelling for PFO 

was done within in the initial 30 minutes of contact time as the PFO equation is commonly appropriate 

only within this timeframe because of the presence of boundary layer or external resistance controlling 

the adsorption process (Ho and McKay, 1998). The inability of PFO model in describing adsorption on 

carbon was described by the low R2 values from this model. In most cases, adsorption on carbon was 

well fitted by the linear form of PSO (Tran et al., 2017). The linear form of the PFO and PSO for each 

target contaminants was illustrated in Appendix 5, Part 5.2. 

 

The kinetic study indicated that the adsorption rate was related to the compound hydrophobicity and 

solubility. For isoproturon, clopyralid and metaldehyde, at the same initial concentration of 20 mg L-1, 

the calculated adsorption rate (k2) and adsorption capacity (qe) decreased in the order of isoproturon > 

clopyralid > metaldehyde, which corresponded directly to their decreasing hydrophobicity as indicated 

by their octanol-water partition coefficient (log kow) (Table 2.3). A similar relationship between log kow 

and organic contaminant adsorption by carbon was also reported previously by Kaur et al. (2018), and 

the low adsorption capacity of metaldehyde by activated carbon also reported in a number of previous 

studies (Tao and Fletcher, 2013; Busquets et al., 2014; Li et al., 2019).  
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Figure 4.1 Target contaminants kinetic removal from water using F400 shown with theoretical 

values obtained by kinetic analysis using pseudo-second order (PSO) model. (Inset figure highlights 

initial period 0-400 min; Error bars represent one standard deviation for duplicate measurements). 

 

Table 4.1 Parameters obtained for fitting target contaminants adsorption kinetic data to the pseudo-first 

(PFO) and pseudo-second (PSO) kinetic models (n=2). 

Target 

contaminant 

Co  

(mg L-1) 

Pseudo-first order (PFO)  Pseudo-second order (PSO)  

qe (mg g-1) k1 (min-1) R2 qe (mg g-1) 
k2 (g mg-1 

min-1) 
R2 

Phenol 2000 
6.35 

6.50 

0.074 

0.078 

0.91 

0.92 

101.0 

101.0 

0.003 

0.004 

1.00 

1.00 

Nitrobenzene 400 
3.99 

3.87 

0.156 

0.096 

0.96 

0.87 

40.2 

40.2 
 

0.045 

0.025 

1.00 

1.00 

Isoproturon 20 
1.26 

1.23 

0.081 

0.074 

0.97 

0.94 

2.18 

2.18 

0.149 

0.144 

1.00 

1.00 

Clopyralid 20 
1.52 

1.46 

0.042 

0.033 

0.89 

0.90 

2.52 

2.33 

0.023 

0.020 

0.99 

0.99 

Metaldehyde 20 
1.30 

1.33 

0.008 

0.010 

0.89 

0.85 

2.01 

2.14 

0.003 

0.004 

0.99 

0.99 

 

4.4  Adsorption Isotherms 

 

The adsorption equilibrium results for the target contaminants are shown in Figure 4.2. The 

corresponding model parameters are summarized in Table 4.2. Comparison with the experimental data 
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indicated that the Langmuir model described the adsorption of the contaminants more closely, based 

visually on the shape of the curves and the determination coefficient (R2) values that are close to 1. 

From the Langmuir model, a GAC monolayer uptake capacity of the target contaminants was derived, 

and the results indicated that the nitrobenzene (qm = 416.7 – 434.8 mg g-1) and isoproturon (qm = 238.1 

– 263.2 mg g-1) had a higher qm value than phenol (qm = 185.2 – 196.1 mg g-1), clopyralid (qm = 140.9 – 

144.9 mg g-1) and metaldehyde (qm = 135.5 – 135.7 mg g-1) which seems to suggest that the affinity of 

the carbon to nitrobenzene and isoproturon were higher than phenol, clopyralid and metaldehyde. 

 

Figure 4.2 Experimental adsorption isotherm data of the target contaminants. (Error bars represent 

one standard deviation for duplicate measurements). 

 

Table 4.2 Parameters obtained for fitting target contaminants adsorption isotherm data to the Langmuir 

and Freundlich isotherm models (n=2).  

Target 

contaminant 

Langmuir Isotherm Freundlich Isotherm 

qm (mg g-1) kL (L mg-1) R2 kF (mg g-1 (L mg-1)1/n) n R2 

Phenol 
185.2 

196.1 

0.17 

0.16 

0.99 

0.98 

30.7 

36.6 

2.39 

2.62 

0.97 

0.90 

Nitrobenzene 
416.7 

434.8 

0.09 

0.09 

0.96 

0.99 

71.9 

77.3 

2.84 

2.92 

0.88 

0.89 

Isoproturon 
238.1 

263.2 

0.50 

0.42 

0.99 

0.99 

69.3 

70.9 

2.59 

2.46 

0.95 

0.98 

Clopyralid 
140.9 

144.9 
 

0.18 

0.17 

0.99 

0.99 

24.8 

30.0 

1.73 

2.32 

0.88 

0.89 

Metaldehyde 
135.5 

135.7 

0.05 

0.07 

0.99 

0.97 

16.2 

18.4 

2.31 

2.41 

0.99 

0.99 
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In the Freundlich model, there is a constant, kF which explains the favourability of the adsorption 

process of contaminants (Tao and Fletcher, 2013). As shown in Table 4.2, the kF values of the target 

contaminants showed a similar trend to the qm values of the Langmuir model. The similarity of kF and 

qm trend values indicated that the greater uptake of nitrobenzene and isoproturon by the carbon is 

attributed to their relatively greater hydrophobic nature, as indicated by their higher octanol-water 

partition coefficients (log kow), compared to the other contaminants.  

 

Linear regression analysis was done using SPSS software (IBM Statistic software) in order to 

investigate the correlation between the properties of the contaminants to the Langmuir and Freundlich 

parameter values. As shown in Figure 4.3, there was no significant correlation between Langmuir qm 

and one of predictors: molecular weight, hydrophobicity described by log kow value or aqueous solubility 

of the contaminants as the R2 values were less than 0.5. However, by conducting multiple regression 

analysis, a strong correlation between Langmuir qm and all of the predictors was observed with R2 = 

0.99. A similar result also observed for Freundlich kF and all of the predictors with R2 = 0.98. These 

correlations further suggested that there was potential of multi-collinearity among predictors and they 

were all almost equally significant in determining the adsorbability of the contaminants on carbon. The 

multilinear regression analysis demonstrated that a lower molecular weight, a more hydrophobic and a 

lower solubility in aqueous solution of a contaminant led to a higher degree of the contaminant’s 

adsorption on a carbon as shown in (Eq. 4.1) and (Eq. 4.2) as below. 

 

𝑞𝑚 = 626.25 − 2.829𝑎 + 83.75𝑏 − 3.997𝑐 (Eq. 4.1) 

𝑘𝐹 = 64.73 − 0.298𝑎 + 26.11𝑏 − 0.556𝑐 (Eq. 4.2) 

 

- where a, b, and c denotates for molecular weight (g mol-1), log kow and aqueous solubility (g L-1) at 25 

°C, respectively.  
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(a)                                                          (b) 

Figure 4.3 Regression analysis between: (a) Langmuir qm or (b) Freundlich kF and the target 

contaminants molecular weight, hydrophobicity and aqueous solubility and their multi-regression 

analysis. 

 

The qm value of 185.2 – 196.1 mg g-1 for phenol was similar to that reported previously by Cañizares et 

al. (2006) which also used GAC F400 as an adsorbent and Villacañas et al. (2006) which was using an 

activated carbon with Brunauer–Emmett–Teller (BET) surface area of 1047 m2 g-1, slightly lower than 
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the BET surface area of F400 used in this study of 1222.6 m2 g-1. Nitrobenzene was found to have the 

highest qm value (416.7 – 434.8 mg g-1) of all the target contaminants, most likely because of the 

combination of a high log kow, low aqueous solubility and low molecular weight as demonstrated in the 

previous multilinear regression analysis (Eq. 4.1); the qm was slightly lower to that reported previously 

by Radovic et al. (1997) of 490 mg g-1 using bituminous coal based carbon and Goto et al. (2015) using 

bead shaped GAC with BET surface area of 1360 m2 g-1. The qm value for nitrobenzene derived in this 

study was higher than that reported by Haghseresht et al., (2002) of 246 mg g-1 which used GAC 

Filtrasorb 100 (F100) made from bituminous coal but with a smaller iodine number, about 20% less 

than that of F400. The results of the adsorption of these general aromatic compounds suggest that their 

adsorption on carbon was directly affected by the surface area properties of the adsorbent material.  

 

Isoproturon has qm of 238.1 – 263.2 mg g-1, which was slightly lower to that reported in an earlier study 

(Sotelo et al., 2012) of 307 mg g-1. The isotherm test of the earlier study was conducted at 30 °C using 

a carbon with BET surface area of 997 m2 g-1, while this test was conducted at a room temperature 20 

+ 1 °C using a carbon with a wider BET surface area of 1222.6 m2 g-1. This comparison seems to imply 

that the adsorption of isoproturon on the carbon was probably slightly affected by the temperature. 

However, it is also important to note that the ratio between the liquid volume and the carbon weight, 

the shape of the container used during the tests and how well the carbon and the adsorbate mixed may 

also affect the overall results of any adsorption experiment, which then explain the different results 

between the studies. 

 

The adsorption performance of clopyralid has received little attention previously in scientific terms; but 

similar to metaldehyde, a significant number of water quality compliance failures have been reported 

in the UK for clopyralid (Cosgrove et al., 2019), which indicates a relatively low adsorption by activated 

carbon. In agreement to this, the GAC uptake of clopyralid in this study was relatively low (qm = 140.9 

– 144.9 mg g-1), and similar to the value of qe of ~150 mg g-1 (for Ce = 50 mg L-1) reported in a recent 

study by Muñoz-Morales et al. (2018).  

 

Lastly, for metaldehyde, the qm  value of 135.5 – 135.7 mg g-1 found in this study was lower than the 

value of 220 – 320 mg g-1 reported by Salvestrini et al. (2017), but greater than the values of 71.1, 32.3, 

28.3 and 14.7 mg g-1 reported in studies conducted from 2013 to 2019 as summarized in Table 4.3. 

These differences may be explained by the differences in GAC properties as shown in Table 4.3. 
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Table 4.3 Comparison of metaldehyde adsorption on activated carbon reported in different studies.  

Study 

qm 

Langmuir 

(mg g-1) 

Carbon 

supplier 

BET surface 

area (m2 g-1) 

Particle size 

(mm) 

Total pore 

volume 

(cm3 g-1) 

This study 136.9 
Chemviron 

Filtrasorb F400 
1222.6 0.42 – 1.68 0.59 

Salvestrini et al. 

(2017) 
220 – 320  

Chemviron 

Carbon – coal 

based 

774 1 – 2 ND 

Tao & Fletcher 

(2013) 
71.1 Sigma Aldrich 560 0.42 – 0.84 0.52 

Li et al. (2017) 32.3 Darco G60 962 
0.149 

(powder) 
ND 

Li et al. (2019) 28.3 Darco 962 
0.149 

(powder) 
0.79 

Busquets et al. 

(2014) 
14.7 Anglian Water 552 0.42 – 0.84 1.04 

Notes: ND = No data. 

 

According to Table 4.3, carbon properties such as carbon BET surface area, pore size distribution and 

particle size did not have a correlation to the qm value of metaldehyde. In addition, Busquets et al. (2014) 

previously reported that there was no correlation between the carbon surface area and metaldehyde 

adsorption, which suggested that the adsorption was governed by more complex effects than simply 

physisorption. A recent theoretical study by Ferino-Perez et al. (2019) suggested that metaldehyde 

adsorption on the carbon was influenced by the presence of surface functional groups, which act as 

hydrophilic sites of the carbon. The metaldehyde adsorption mechanisms on carbon remain rather 

unclear and further study such as thermodynamic study will be crucial to be investigated.      

 

The overall isotherm results showed that the adsorption of these target contaminants were mostly 

governed by their hydrophobicity characteristic, suggesting that hydrophobicity play an important role 

in organic contaminant adsorption on carbon, as well as the adsorbent properties such as surface area 

and surface chemistry. However, isotherm data on its own is not sufficient to elucidate the adsorption 

mechanisms, and need to be complemented by additional tests, such as desorption and thermodynamics 

(Tran et al., 2017); these were carried out in this study and the results are presented in Chapter 6, section 

6.3 of this study.  

 

4.5  Desorption Studies 

 

In this initial or preliminary work to investigate the performance of regenerant solutions, five target 

contaminants and five alternative regenerant solutions were used. The influence of pH, compound 
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solubility and interactions between the contaminant, regenerant and activated carbon during the 

regeneration process were investigated.  

 

4.5.1  Desorption by RO Water and Solution at Different pH 

 

The first attempt to investigate the desorbability of target contaminants was by using pure water. The 

effects of pH on desorption efficiency were investigated by using laboratory grade RO water at room 

temperature at different pH. The desorption efficiency (DE) obtained of five contaminants with these 

solutions are shown in Figure 4.4. 

 

 

(a) 

 

(b) 

Figure 4.4 Desorption efficiency (DE) using solution in RO water at different pH: (a) Phenol; (b) 

Nitrobenzene; (c) Isoproturon; (d) Clopyralid and (e) Metaldehyde, with contact time of 48 h for 

metaldehyde, otherwise 24 h (Error bars represent one standard deviation for duplicate 

measurements).  
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(c) 

 

(d) 

 

(e) 

Figure 4.4 (Continued) Desorption efficiency (DE) using solution in RO water at different pH: (a) 

Phenol; (b) Nitrobenzene; (c) Isoproturon; (d) Clopyralid and (e) Metaldehyde, with contact time of 

48 h for metaldehyde, otherwise 24 h (Error bars represent one standard deviation for duplicate 

measurements). 
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Adsorption of organic contaminants in water is affected by pH because it affects the form of the 

contaminants and can change the nature of surface charge of the carbon (Laszlo et al., 2007; Al-Degs 

et al., 2008). A protonated or deprotonated form of contaminants may create electrostatic attraction and 

repulsion with the carbon surface. In this desorption study, it was found that only phenol was 

significantly affected by the pH changes of the solution. A higher degree of DE (> 50%) was achieved 

using NaOH solution because of the transformation of phenol into phenolate at high pH, which will be 

further explained in section 4.5.2. However, stronger HCl and NaOH solutions were observed to affect 

the desorption of the other contaminants that do not react with both of the solutions. Their DEs were 

observed to be higher in solutions at pH < 4 and > 10, when compared to water at pH 4 – 10. This 

behaviour suggests that the pH can affect the characteristics of the carbon surface, as it can be positively 

or negatively charged, and later drives the desorption of the contaminants (Snoeyink and Weber, 1967; 

Leng and Pinto, 1996). Electrostatic interactions have been identified as one of possible interactions 

between organic contaminants and activated carbon (Silva et al., 1997; Karanfil and Kilduff, 1999; 

Moreno-castilla, 2004; Bansal and Goyal, 2005) and the changes on the surface charge of the carbon 

affect the interactions with the contaminants.  

 

In the case with clopyralid, a different trend of the DEs was observed (Figure 4.4 (d)). Clopyralid is 

predominantly in the dissociated, anionic form at pH > 2.32 (Table 2.3), and since the adsorption 

process was conducted at neutral pH 7.0 + 0.1, the clopyralid was adsorbed with this form. The use of 

solution at pH < 2 yielded lower DE values as the clopyralid will be predominantly in its neutral form 

and the carbon may adsorb H+, rendering the carbon surface positively charged. The neutral form of 

clopyralid and positively charged carbon were not in favour for electrostatic interactions or repulsion 

thus did not aid the desorption of clopyralid. Meanwhile in solution at pH > 2.32, clopyralid is partially 

deprotonated and at pH solution > pHpzc of the carbon (pH > 8.2), an electrostatic repulsion between the 

clopyralid and carbon potentially exist. However, lower DEs yielded for clopyralid at high pH suggest 

that the adsorption mechanisms of this contaminant on the carbon may not simply be governed by 

electrostatic interaction.  

 

Overall, the DE in water depends strongly on the aqueous contaminant solubility and phenol was found 

to have the highest DE at room temperature compared to the other contaminants, as it has the highest 

aqueous solubility (Table 2.3). Vidic et al. (1993) suggested that physisorption is the main adsorption 

mechanism of phenol onto activated carbon. However, the low DE of phenol at 20 °C indicated that 

even though phenol is moderately soluble in water (Pahl et al., 1973; Cooney et al., 1983) at room 

temperature, it was not able to achieve a high degree of desorption.  

 

Metaldehyde may undergo acid hydrolysis to acetaldehyde in acidic condition (Brutlag and Puschner, 

2013; Li et al., 2019), thus it was suspected that metaldehyde may degrade, resulting a higher degree of 
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desorption. However, less than 4% of DE was yielded using acidic solutions (pH < 2) and little 

mineralization was observed (total organic carbon (TOC) measurement < 3.1 mg-C L-1), suggesting that 

acidic solutions did not have a significant impact on the desorption or degradation of adsorbed 

metaldehyde or possibly a high binding affinity between metaldehyde and carbon had occurred. A 

recent study by Salvestrini et al. (2017) suggested that carbon has an inhibitory effect on the hydrolysis 

of metaldehyde. This is possibly because the acid or hydrogen/proton interact with the surface of the 

carbon rather than the metaldehyde.  

 

The low DE by water of nitrobenzene and isoproturon was attributed to their limited water solubility 

and relatively high log kow. Clopyralid and metaldehyde, which were only weakly adsorbed by carbon, 

also had a low desorption efficiency (1.88 – 4.79% and 1.57 – 3.10% for clopyralid and metaldehyde, 

respectively), suggesting that the potential energy of adsorption was strong enough to prevent 

desorption. Although Tao and Fletcher (2013) reported a modest amount (26%) of metaldehyde 

leaching from an exhausted GAC column during a water washing process, no significant leaching was 

observed in this study. A low desorption (< 9%) of metaldehyde using water at room temperature in a 

batch system was also reported by Li et al. (2020). A plausible explanation is that the tests in this study 

were conducted in a batch system where pore blockage may affect the desorption efficiency (Heijman 

and Hopman, 1999). 

 

Generally, the results shown in Figure 4.5 indicate that water was unable to achieve sufficient 

desorption of the target contaminants from exhausted carbon, and may only be effective for desorbing 

highly water-soluble contaminants. The increasing of the DE over 24 h remained insignificant for all of 

the target contaminants using RO water as a regenerant solution.  

 

Figure 4.5 Desorption kinetics for RO water at 20 + 1 °C. (Inset figure highlights initial period 0-

200 min; Error bars represent one standard deviation for duplicate measurements). 
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4.5.2  Desorption by Sodium Hydroxide (NaOH) 

 

As previous desorption tests suggested, solutions at a pH higher than 12 were beneficial in desorbing 

some target contaminants, such as phenol, isoproturon and clopyralid, therefore tests for different 

concentrations of NaOH were conducted and the desorption results are summarized in Table 4.4. For 

phenol, it was evident that irrespective of the NaOH concentration, the high pH of these solutions (> 

13.0) produced a similar DE of approximately 50% (42.5 – 54.5%). Phenol reacts with NaOH to form 

a soluble phenolate salt (Himmelstein, 1976; Martin and Ng, 1984; Leng and Pinto, 1996; Özkaya, 

2006) which is readily removed during the desorption process; this is also facilitated by the electrostatic 

repulsion between the negatively charged carbon surface and phenolate anion. It was noted that the 

phenol desorption efficiency appeared to increase slightly with NaOH concentration, between 0.1 and 

1 M, but decreased at 2 M NaOH. Martin and Ng (1984) suggested that this can be attributed to OH- 

adsorption onto the carbon which may hinder the desorption process. Another plausible explanation is 

that higher NaOH concentrations may reduce the solubility of the target contaminants by a ‘salting out’ 

effect (Wang et al., 2017), where the solution becomes congested and more dense, thus limiting the 

solubility of the contaminants (Bernal et al., 2019). 

 

Table 4.4 Desorption efficiencies for sodium hydroxide at 20 + 1 °C and pH > 12 (n=2). 

Concentration 

(M) 

DE (%) for the carbon exhausted with target compound 

Phenol Nitrobenzene Isoproturon Clopyralid Metaldehyde 

0.1 46.8 – 48.6 0.12 – 0.15 4.17 – 4.44  2.67 – 3.64  4.23 – 4.78 

0.5 47.4 – 51.7 0.13 – 0.15 2.57 – 3.97 2.29 – 3.86 2.99 – 3.37 

1 50.7 – 54.5 0.16 – 0.22 3.15 – 5.34 4.18 – 4.39 3.21 – 6.67 

2 42.5 – 49.1 0.26 – 0.34 4.07 – 5.32 4.23 – 5.27 2.88 – 4.81 

 

For nitrobenzene, isoproturon, clopyralid and metaldehyde, the DE of the NaOH solutions was no 

greater than water at room temperature (Table 4.4). Nitrobenzene is known to have a strong affinity for 

activated carbon (Figure 4.1) and predominantly in its neutral form in the pH range of 2 – 14 (Table 

2.3); an almost negligible DE of nitrobenzene with NaOH was also reported in a previous study 

(Moreno-Castilla, 2004). Isoproturon showed a similar affinity towards activated carbon as 

nitrobenzene and does not dissociate in water at any pH; increase in NaOH concentration did not 

significantly enhance the desorption of either nitrobenzene or isoproturon. 

 

Clopyralid exists almost entirely in a dissociated, anionic form in neutral and high pH solutions and 

therefore a substantial desorption of clopyralid in high pH solution was anticipated, owing to 

electrostatic repulsion between the dissociated compound and the negatively charged carbon surface. 
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However, desorption was found to be poor, suggesting the importance of other factors. Nevertheless, 

the effect of charge interactions was indicated by the small increase in DE with the increase of NaOH 

concentration (Table 4.4) and pH as mentioned previously (Figure 4.4).  

 

The very low desorption efficiency for metaldehyde using NaOH was most likely due to the limited 

solubility of the compound in the regenerant solution. A previous study by Busquets et al. (2014) 

suggested that adsorption capacity of carbon with a negatively charged surface for metaldehyde were 

lower than carbon with a positively charged surface. However, the results from Table 4.4 and Figure 

4.4 showed that the use of NaOH, which changed the carbon surface charge (carbon pHzpc of 8.2) to be 

negatively charged, did not result in a higher degree of desorption for this contaminant, suggesting that 

a more complex interaction between carbon and metaldehyde besides just the electrostatic force was 

governing the adsorption process.  

 

The highest DE from using NaOH at room temperature was achieved within 60 min as shown in Figure 

4.6 as below. 

 

Figure 4.6 Desorption kinetics for sodium hydroxide 1 M at 20 + 1 °C and pH > 12 (Inset figure 

highlights initial period 0-200 min; Error bars represent one standard deviation for duplicate 

measurements). 
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Table 4.5 Desorption efficiencies for ethanol at 20 + 1 °C and pH 7 – 8 (n=2). 

Concentration 

(% v/v) 

DE (%) for the carbon exhausted with target compound 

Phenol Nitrobenzene Isoproturon Clopyralid Metaldehyde 

99 62.1 – 62.6 43.6 – 44.6 67.9* 8.8 – 11.1 9.5 – 14.6 

80 58.9 – 60.1 35 – 37.1 39 – 39.4 3.7 – 3.8 6.8 – 9.9 

Note: *The DE values for duplicate measurements have a standard deviation less than 0.01%.  

 

A high degree of RE was reported for carbon exhausted by phenol and nitrobenzene, previously reported 

by Tamon and Okazaki (1997); however, they also reported a higher regenerate-ability of nitrobenzene 

than phenol. It was suggested that the electrophilicity of the compounds affect their desorbability. 

Electron-donating compounds such as phenol and aniline were found to be more difficult to desorb 

using CH3CH2OH compared to electron-withdrawing compounds such as nitrobenzene and benzoic 

acid, indicating the influence of surface oxide on their adsorption on the carbon. Interestingly, other 

studies on chemical regeneration using CH3CH2OH showed that ethanol and another alcohol, such as 

methanol, was able to regenerate phenol to a higher degree of RE compared to nitrobenzene (Martin 

and Ng, 1984; Leng and Pinto, 1996), which align with the results presented in this study. The difference 

of the RE of the Tamon and Okazaki's (1997) study might be due to the carbon, which was not fully 

saturated prior to regeneration, resulting in unoccupied available sites for contaminants to be adsorbed 

and finally providing a higher RE value. The different type of the carbon used in the experiment also 

may affect the adsorb-ability of contaminants (Cosgrove et al., 2019), for example surface 

functionalities of the carbon contributes to the fraction of chemisorbed organic contaminant (Velasco 

and Ania, 2011).  

 

In addition to hydrophobicity, it was speculated that the DE using CH3CH2OH is related to the solubility 

of the target contaminant in CH3CH2OH. The high DE of phenol, nitrobenzene and isoproturon was 

expected as these contaminants are highly soluble in organic solvents such as CH3CH2OH. However, 

even though the solubility of clopyralid and metaldehyde in CH3CH2OH was greater than in water 

(Table 2.3), this did not result in a significant DE, indicating that the two contaminants preferred to 

remain adsorbed on the activated carbon rather than solvate in CH3CH2OH. The results later suggested 

that the bond between these two contaminants and carbon was strong and hence exhibited a low DE (< 

15%). No prior study has addressed chemical regeneration of carbon exhausted by relatively hydrophilic 

contaminants.  

 

As expected, the DE values for the compounds decreased with the concentration of CH3CH2OH in water 

as shown in Table 4.5. As CH3CH2OH is highly soluble in water, the presence of water adversely 

affected the ability of ethanol to desorb the target contaminants (Martin and Ng, 1984). Water molecules 
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will form a hydration shell around CH3CH2OH because CH3CH2OH has a polar hydroxyl group which 

occupies a major part of the molecule and creates bond with water, making it too large to enter the 

carbon pores. Additionally, the presence of water affects the solubility of the target contaminants in the 

ethanol-water mixture.  

 

The highest DE using ethanol at room temperature was achieved within 8 h (480 min), as shown in 

Figure 4.7 below. 

 

Figure 4.7 Desorption kinetics for ethanol 99% at 20 + 1 °C and pH 7 – 8. (Inset figure highlights 

initial period 0-200 min; Error bars represent one standard deviation for duplicate measurements). 
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In a previous study, a mixture of sodium hydroxide and methanol showed a capability for regenerating 

carbon exhausted by phenol, aniline, benzoic acid and nitrobenzene, and it was postulated that changes 

in the surface properties of the carbon were responsible for the desorption of the contaminants (Leng 

and Pinto, 1996). As mentioned in Chapter 2, section 2.5.4, the potential use of methanol in practice is 

not feasible owing to toxicity concerns, thereby ethanol was used in the mixture for this study. Four 

different mixtures of sodium hydroxide and ethanol were considered, and the results are shown in Table 

4.6. In general, it can be seen that all mixtures achieved substantial degrees of desorption for all the 

contaminants, and particularly for the hydrophilic compounds where the DE values were much greater 

than those for NaOH or CH3CH2OH individually (Table 4.4 and Table 4.5, respectively).  
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Table 4.6 Desorption efficiencies for a mixture of sodium hydroxide and ethanol at 20 + 1 °C (n=2). 

Concentration 

(M of NaOH 

and % (v/v) of 

CH3CH2OH) 

DE (%) for the carbon exhausted with target compound  

Phenol Nitrobenzene Isoproturon Clopyralid Metaldehyde 

0.1 in 99 84.0 – 88.2 35.4 – 46.8 44.6 – 45.0 75.9 – 79.4  50.0 – 53.4  

0.1 in 80 82.1 – 89.0 34.3 – 35.5 35.2* 73.8 – 77.1 60.0 – 68.6 

0.25 in 80 80.7 – 85.0 33.6 – 34.3 30.9 – 32.8 74.5 – 83.0 69.3 – 72.5 

0.5 in 80 78.6 – 82.8 31.4 – 32.8 37.6 – 37.7 80.5 – 83.0 77.6 – 82.4 

Note: *The DE values for duplicate measurements have a standard deviation less than 0.01%.  

 

When NaOH is dissolved in CH3CH2OH, both hydroxide and ethoxide ions are present in solution 

(Caldin and Long, 1954). Firstly, sodium hydroxide in solid form will dissolve in water as sodium and 

hydroxide ions. Then the sodium hydroxide will react with ethanol resulting in a solution which contains 

hydroxide and ethoxide ions in equilibrium. Caldin and Long (1953) conducted a set of tests and found 

that in a solution that is dominated by ethanol, most of the hydroxide ion added is converted into 

ethoxide with an equilibrium constant (Eq. 4.4) that varied based on the ethanol and water content in 

the solution. 

 

𝑁𝑎𝑂𝐻 +  𝐻2𝑂 → 𝑁𝑎+ + 𝑂𝐻− +  𝐻2𝑂 (Eq. 4.3) 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝑁𝑎+ + 𝑂𝐻− ↔ 𝐶𝐻3𝐶𝐻2𝑂−𝑁𝑎+ + 𝐻2𝑂 (Eq. 4.4) 

 

Ethoxide has been shown to be able to neutralize acidic functional groups on carbon surfaces using the 

Boehm titration method, which is employed widely to identify the surface chemistry of any carbon 

materials (Boehm, 1966; Bansal and Goyal, 2005). As the adsorption of organic contaminants on GAC 

can occur through interactions with the surface functional groups, the presence of ethoxide may disturb 

these interactions and facilitate contaminant desorption. As shown previously, hydroxide alone also has 

the ability to interact with the surface functional groups on the carbon (Knappe, 2006), but ethoxide is  

known as stronger base and more aggressive than hydroxide, as the atoms in the alkane chain of 

ethoxide are capable of donating electron density to oxygen, allowing ethoxide to be more polarizable. 

The aggressive nature of ethoxide thus resulted in the greater DE of clopyralid and metaldehyde 

observed with NaOH/CH3CH2OH compared to only NaOH. Additionally, the use of CH3CH2OH as a 

co-solvent is more advantageous as the contaminants are more soluble in CH3CH2OH than in water. It 

is well known that organic contaminants adsorb through different mechanisms on carbon, such as 

through donor acceptor complex interactions (Mattson et al., 1969; Castillejos-López et al., 2008), 

where carbonyl groups on the surface act as an electron donor and the contaminant as an electron 
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acceptor. Ethoxide, which has a high nucleophilic property, is strong enough to neutralise the carbonyl 

groups on the carbon surface through hemiacetal reactions (Boehm, 1994, 2002), thereby promoting the 

desorption of the adsorbed contaminants.  

 

Figure 4.8 shows the effect of the quantity of ethoxide formed from the combination of 

NaOH/CH3CH2OH to the hydrophilic target contaminants, clopyralid and metaldehyde, regeneration 

efficiency. The calculation of the approximate ethoxide formed is shown in Appendix 6 and it was 

based on previous literature (Caldin and Long, 1953, 1954). However, it is important to note that in the 

tests, carbon is also present in the system and may disturb the ethoxide-hydroxide ions equilibrium; for 

instance, the ions can react with the surface functional groups of the carbon. The lower DEs of 

metaldehyde when the ethoxide concentration is ~0.1 M or at a combination of 0.1 M of NaOH in 99% 

(v/v) of CH3CH2OH was observed. This behaviour is perhaps explained by the limited solubility of 

sodium hydroxide in ethanol or is potentially because of the effect of the regenerant solution matrix, 

where the presence of even a small amount of water appeared to be beneficial for metaldehyde 

desorption. 

 

Figure 4.8 Effect of ethoxide concentration to hydrophilic contaminants DE. (Error bars represent 

one standard deviation for duplicate measurements). 
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The highest DE using a mixture of sodium hydroxide and ethanol at room temperature was achieved 

within 2 h (120 min) as shown in Figure 4.9 as below. The results suggested that the mixture was able 

to desorb the target contaminants in a relatively short time, indicating the possibility to perform the 

chemical regeneration in a more efficient manner. 

 

Figure 4.9 Desorption kinetics for a mixture of sodium hydroxide 0.5 M and ethanol 80% at 20 + 1 

°C. (Inset figure highlights initial period 0-200 min; Error bars represent one standard deviation for 

duplicate measurements). 

 

The results for the NaOH/CH3CH2OH combination are very promising in terms of chemical desorption 

of adsorbed contaminants and recovery of surface sites for subsequent adsorption, thereby increasing 

the duration of the GAC bed life prior to full thermal regeneration or carbon disposal. 

 

Linear regression analysis was done using SPSS software version 26 (IBM Statistic software) in order 

to investigate a correlation between the properties of the contaminants to DE using the mixture of 0.5 

M of NaOH in 80% (v/v) CH3CH2OH. There was no significant correlation between DE and one of the 

predictors: molecular weight, hydrophobicity described by log kow value or aqueous solubility of the 

contaminants as the R2 values were less than 0.6 as shown in Figure 4.10. However, multiple regression 

analysis between DE and all of the predictors showed a strong correlation with R2 value of 0.949. This 

correlation further suggests a potential multi-collinearity among predictors and they are all almost 

equally significant in determining the desorbability of the contaminants from the carbon. The 

multilinear regression analysis demonstrated that a greater molecular weight, a more hydrophilic and 

higher solubility in aqueous solution of a contaminant, the higher the degree of its desorption, as shown 

in (Eq. 4.5). These results were in agreement with (Eq. 4.2), where a carbon will have a better affinity 

to a contaminant with a lower molecular weight which is, more hydrophobic and less soluble in aqueous 

solution. 
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𝐷𝐸(%) = 29.615 + 0.329𝑎 − 22.380𝑏 + 0.711𝑐 (Eq. 4.5) 

 

- where a, b, and c denotates for molecular weight (g mol-1), log kow and aqueous solubility (g L-1) at 25 

°C, respectively.  

 

 (a)  (b) 

 

 (c)  (d) 

Figure 4.10 Regression analysis between desorption efficiency (DE) and the target contaminants: 

(a) molecular weight; (b) hydrophobicity; (c) aqueous solubility; and (d) their multi-regression 

analysis. 
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(a) 

 

(b) 

 

(c) 

Figure 4.11 Desorption efficiency (DE) using solution at different temperature: (a) Phenol; (b) 

Nitrobenzene; (c) Isoproturon; (d) Clopyralid and (e) Metaldehyde. (Error bars represent one 

standard deviation for duplicate measurements). 
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(d) 

 

(e) 

Notes 

1 RO Water 

2 1 M NaOH 

3 99% (v/v) CH3CH2OH  

4 80% (v/v) CH3CH2OH 

5 0.1 M NaOH in 99% (v/v) CH3CH2OH 

6 0.1 M NaOH in 80% (v/v) CH3CH2OH 

7 0.25 M NaOH in 80% (v/v) CH3CH2OH 

8 0.5 M NaOH in 80% (v/v) CH3CH2OH 

 

Figure 4.11 (Continued) Desorption efficiency (DE) using solution at different temperature: (a) 

Phenol; (b) Nitrobenzene; (c) Isoproturon; (d) Clopyralid and (e) Metaldehyde. (Error bars represent 

one standard deviation for duplicate measurements). 
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contaminants was also observed. The higher value of DE was attributed to the effect of elevated 

temperature on the thermodynamic equilibrium during the adsorption process (Salvador et al., 2015a). 

Not only did an increased temperature enhanced the desorption process, it also increased the solubility 

of organic compounds in water (Martin and Ng, 1984; Salvador et al., 2015a) because of the increase 

in the compounds molecular kinetic energy. High temperature also reduces solutions viscosity, which 

consequently increase the diffusion rate of the regenerant molecules through the porous structure of the 

carbon during the desorption process (Bhatia et al., 1990).  

 

Previously, it has been reported that boiling water performed effectively in desorbing phenol from 

exhausted carbon (Bhatia et al., 1990). Similarly to that previous study, the results of the batch study 

also showed an increasing desorption efficiency for phenol with increasing water temperature, but this 

was still modest (< 24%) even at 80 °C (Figure 4.11). For metaldehyde, the desorption efficiency was 

less than 6% at 80 °C and little mineralization was observed (TOC measurement < 2.5 mg-C L-1), 

suggesting that high water temperature did not have a significant impact on the desorption or 

degradation of adsorbed metaldehyde. A recent study by Rolph et al. (2018) reported that metaldehyde 

degraded in water at temperatures > 60 °C and the DEs yielded in this study suggested that metaldehyde 

was more stable when adsorbed to the carbon and not degraded at high temperature (80 °C). The low 

DE of the other target contaminants, nitrobenzene, isoproturon and clopyralid, in water at 80 °C (Figure 

4.11) demonstrated that these contaminants were strongly adsorbed to the carbon, which suggested that 

their solubility in water greatly affected the DE values.  

 

Generally, the increase temperature of the regenerant solutions increased the DE of all of the target 

contaminants. This is potentially because of the higher solubility of the target contaminants in ethanol 

or ethanol water mixture with sodium hydroxide. Even though solutions at higher temperature yielded 

higher desorption, the application in WTWs may not be practical because it will be energy intensive as 

a boiler or a temperature controller is required to be installed at the WTWs, which ultimately will 

increase the regeneration cost.  

 

4.5.6  Natural Organic Matter (NOM) Behaviour Towards Chemical Regeneration 

 

Some previous studies have shown that NOM in water competes with pesticides during the adsorption 

process (Babcock et al., 1998; Matsui et al., 2003; Kanpirom, 2005). This indicates that one of the 

critical requirements to effectively regenerate the spent carbon is through the removal of NOM. The 

results (Figure 4.12) suggest that a mixture of NaOH/CH3CH2OH was not only capable of desorbing 

problematic contaminants, such as clopyralid and metaldehyde, but also performed well in regenerating 

carbon exhausted by natural organic matter, both in solutions made from a natural water extract, and 
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from a commercial humic acid (HA) as a comparison. The NOM used were characterized and the results 

are summarized in Table 4.7 below. 

 

Table 4.7 Natural organic matter (NOM) solutions characteristic (n=3).  

Parameter Natural water extract  Commercial humic acid (HA) 

NOM concentration (mg L-1) 110 24 

pH  7.8 + 0.2 6.6 + 0.4 

UV254 (Abs m-1) 13.4 + 3.1 59.1 + 2.0 

UV400 (Abs m-1) 1.9 + 0.2 15.5 + 0.8 

SUVA (L (mg.m)-1) 1.4 + 0.3 4.9 + 0.5 

NPOC (mg-C L-1) 9.7 + 1.1 12.4 + 0.7 

Zeta potential (mV) at pH 7 (-)9.3 + 2.4 (-)46.2 + 4.3 

 

The REs of carbon exhausted by natural water extract and commercial HA were 121 – 122.6% and 77.7 

– 94.4%, respectively; the values exceeding 100% for the natural water extract were probably due to 

the uncertainties in the use of TOC to represent the concentration of NOM. The less effective 

regeneration with HA generally observed was potentially due to the greater charge effects compared to 

natural water extract, as HA has a greater negative charge compared to natural water extract (Table 

4.7), and this would make it more resistant to high pH regenerants.  

 

A modest RE was observed with RO water as regenerant solution for both NOM solutions. Summers 

and Roberts (1988) found no measurable desorption of fulvic and humic substances using water only, 

measured by UV254, from GAC surface. They proposed that these humic substances were not reversibly 

adsorbed when blank water was introduced to the column, due to multiple site adsorption of the large 

molecular weight humic substances. Their finding may suggest that the RE of RO water shown in 

Figure 4.12 was possibly misleading (compensated by red line). This may be because of that the carbon 

was not fully exhausted by the NOM during the first adsorption cycle, consequently the carbon was still 

able to re-adsorb the NOM solutions at the second cycle. Because of this reason, in the subsequent 

column tests (section 5.4), the effect of BOM was evaluated.  
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Notes 

1 RO Water 

2 1 M NaOH 

3 99% (v/v) CH3CH2OH  

4 80% (v/v) CH3CH2OH 

5 0.1 M NaOH in 99% (v/v) CH3CH2OH 

6 0.1 M NaOH in 80% (v/v) CH3CH2OH 

7 0.25 M NaOH in 80% (v/v) CH3CH2OH 

8 0.5 M NaOH in 80% (v/v) CH3CH2OH 

Figure 4.12 Regeneration efficiency (RE) of the NOM solutions using different types of regenerants. 

(Red line is a base line based on the RE of using RO water; Error bars represent one standard 

deviation for duplicate measurements). 
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carbon that has been exposed to the regenerant solution, in order to investigate any potential deleterious 

effects on the carbon caused by the regenerant solution, which could diminish its ability to adsorb 

contaminants in subsequent adsorption cycles. The carbon characteristics that were investigated were 

the carbon pore volumes and their surface area, surface functional groups and its chemical composition.  
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carbon mesopore surface area and pore volume. Regardless of the small difference, the possible reason 

for these is that a small portion of the regenerant solution of ethoxide may remain on the carbon and 

react with certain or specific functionalities of the carbon active sites, making it bond to the carbon, 

after exposure and specifically within the mesopores. There is no evidence that the mixture of 

NaOH/CH3CH2OH enlarges the pores or creates any smaller pores, as the values for the micropore 

surface area and pore volume were relatively unchanged. Nevertheless, any such changes are of minor 

concern since the micropores, which did not change, are the primary adsorption sites for micro-

pollutants, such as pesticides and organic contaminants on activated carbon (van Vliet, 1991; San 

Miguel et al., 2001). The results also suggested that any regenerant solution which possibly remains on 

the carbon did not block the pathways for compounds to access the micropores. The almost negligible 

changes observed for the chemically regenerated carbon is advantageous compared to thermal 

regeneration, as the excessive activation during the thermal regeneration process creates more macro-

pores and decreases the yield of activated carbon (Guo and Du, 2012). 

 

Table 4.8 Carbon pores and surface area properties (n=3). 

Properties Carbon + RO water Carbon + NaOH/CH3CH2OH 

BETa surface area (m2 g-1) 1222.6 + 34.4 1149.0 + 63.8 

NLDFTb surface 

area (m2 g-1) 

Micropores 837.7 + 61.6 875.1 + 15.9 

Mesopores 47.5 + 0.6 40.2 + 3.1 

Macropores 18.6 + 0.3 16.7 + 1.5 

NLDFT pore 

volume (cc g-1) 

Micropores 0.32 + 0.01 0.33 + 0.01 

Mesopores 0.08 + 0.00 0.10 + 0.00 

Macropores 0.09 + 0.00 0.09 +0.01 

Average pore diameter (nm) 0.48 + 0.01 0.47 + 0.01 

Notes: aBrunauer–Emmett–Teller; bNon-Local Density Functional Theory 

 

4.6.2  Carbon Surface Functional Groups 

 

There was a slight decrease in carbonyl groups concentration on the carbon after NaOH/CH3CH2OH 

application as shown in Figure 4.13. However, statistically, there was no significant difference between 

both of the samples based on their surface functional group compositions (p>0.05). In theory, the 

surface functional groups of the carbon, specifically the acidic sites will be negatively charged or 

deprotonated in the presence of the alkaline regeneration solution (Boehm, 1994). The changes were 

observed to not be permanent because the transformation was reversible by re-adjusting the carbon pH 

to its initial pH during the conditioning step.  
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Figure 4.13 Carbon surface functional groups. (Error bars represent the standard deviation for 

triplicate measurements). 

 

4.6.3  Carbon Chemical Composition 

 

The elemental composition percentages (Table 4.9) were in agreement to those reported in previous 

studies (Chingombe et al., 2005; Liu et al., 2008), although these studies determined the whole oxygen 

content, including the oxygen associated with carbon or as ash in form of mineral oxide, by difference 

of the carbon, nitrogen and hydrogen cumulative percentage. The results show that the application of 

the NaOH/CH3CH2OH mixture, followed by the conditioning process, slightly increased the oxygen 

content that was associated with the carbon (potentially the formation of hemiacetal from carbonyl 

groups), but decreased the oxygen content that is not associated with the carbon, which can be in the 

form of ash. The decrease could be because of the application of acid in the conditioning process which 

may dissolve the mineral oxide from the carbon. It was evident that the chemical regeneration did not 

reduce the carbon content of regenerated carbon, which is advantageous compared to thermal 

regeneration (San Miguel et al., 2002). The sodium quantification through the acid digestion method 

showed an almost negligible amount of sodium in the carbon regenerated by the NaOH/CH3CH2OH 

mixture. This indicated the absence of any evidence of a substantial concentration of regenerant solution 

remaining on the carbon.  
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Table 4.9 Elemental compositions of the carbon samples (n = 1, *otherwise n = 3) 

Element Carbon + RO water Carbon + NaOH/CH3CH2OH 

C 83.30 83.26 

H 0.63 0.78 

Oa 1.18 1.35 

Ob 14.15 13.81 

N 0.45 0.43 

S 1.42 1.68 

Na* 0.01 + 0.01 0.01 + 0.01 

Al* 0.03 + 0.00 0.03 + 0.00 

Notes: aOxygen content that was associated with the carbon and measured using the unterzaucher 

method (Kirk and Wilkinson, 1970); bOxygen content derived by the difference of other listed 

elements. 

 

4.7  Conclusions 

 

This chapter presented experimental data on the adsorption and desorption behaviour of five target 

contaminants on carbon. The adsorption isotherm and kinetic tests showed that the adsorption of the 

target contaminants on carbon depends on their solubility in water, their hydrophobicity (which 

represented by log kow value) and their molecular weight. The extent of the adsorption was increasing 

with a contaminant that has a lower molecular weight, a more hydrophobic characteristic and a lower 

solubility in aqueous solution. 

 

The performance of different regenerant solution candidates was evaluated and it was found that the 

NaOH/CH3CH2OH mixture was generally effective in desorbing all of the target contaminants due to 

the aggressiveness of ethoxide, with DE in a range of 31.8 – 89.0%, depending on the target 

contaminants.  The desorption of the contaminants using RO water was mostly affected by their aqueous 

solubility. Acid solutions were unable to achieve any significant desorption (<7%). Base solutions were 

only able to desorb phenol to a significant degree of DE (~50%). The hydrophobicity of the target 

contaminants was observed to influence the effectiveness of CH3CH2OH as a regenerant solution. A 

greater desorption was evident at higher temperatures. Similar findings to target contaminants of general 

substrates and pesticides, the carbon exhausted by NOM solutions was able to be regenerated using the 

NaOH/CH3CH2OH mixture. 

 

The results of the tests concerning the carbon properties were reassuring in the mixture of 

NaOH/CH3CH2OH, as a regenerant, did not appear to cause any significant change to the physico-
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chemical properties of the carbon, within experimental error. Due to its high efficacy for target 

contaminants desorption and its benign nature to the carbon, the mixture of NaOH/CH3CH2OH was 

chosen to be explored further in the column tests. 
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5. RESULTS AND DISCUSSION – COLUMN TESTS  

 

5.1  Introduction  

 

This chapter presents column test results of the chemical regeneration performance on carbon exhausted 

by phenol, isoproturon and/or metaldehyde. The carbon performance was investigated by means of 

rapid small-scale column tests (RSSCTs) which were performed cyclically using a sequence of target 

contaminant adsorption and chemical regeneration cycles with a previously chosen, preferred 

regenerant solution. The objective of the RSSCTs was to investigate the adsorption behaviour of the 

virgin carbon, thermally regenerated carbon and chemically regenerated carbon. The solution used 

throughout the tests was the combined alkaline and organic regenerating solution as this had been 

identified as being most effective at desorbing target contaminants with moderate percentages as 

previously shown in Chapter 4. Most previous chemical regeneration studies have been conducted at 

laboratory scale in a batch setting (Martin and Ng, 1984; Leng and Pinto, 1996), and the performance 

of chemically regenerated carbon by column-scale testing has not been widely investigated. It is 

important to understand the behaviour of the carbon and the contaminants under continuous flow 

conditions, and column tests are more representative of the performance of adsorbents in granular media 

beds in practice (Patel, 2019). Thus, in this chapter, RSSCTs were performed as a continuation of the 

batch tests. 

 

5.2  Methods  

 

The methods of the RSSCTs were described in Chapter 3, section 3.4. The target contaminants studied 

were: (i) phenol at 10 mg L-1, as a general substrate and a representative of aromatic contaminants in 

water, as a benchmark to other studies and as a contaminant for the initial tests to investigate the 

performance of the designed column; (ii) isoproturon at 1 mg L -1, to represent well-adsorbed 

contaminants on carbon; (iii) metaldehyde at 1 mg L-1, to represent poorly-adsorbed contaminants on 

carbon. The solutions were prepared in buffered reverse osmosis (RO) water. In the RSSCTs, a mixture 

of NaOH/CH3CH2OH was used throughout the tests as a regenerant solution because this solution 

relatively outperformed the other regenerant candidates in desorbing all of the target contaminants.  

 

Besides the investigation of pesticides adsorption and desorption on virgin carbon (V-C), the pesticides 

behaviour on thermally regenerated carbon (TR-C) described in section 3.4 was also described and 

discussed in this chapter. The tests were carried out using a mixture of pesticides. The pesticide mixture 

solutions contained metaldehyde and isoproturon at 1 mg L-1 each, which was prepared in tap water 

from the Roger Perry Laboratory, Imperial College London. 
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Thermogravimetric analysis (TGA) was conducted as previously described in section 3.5.5 to 

investigate the amount of target contaminants remaining on the exhausted carbon before and after 

chemical regeneration.  

 

5.3  Single Target Contaminant Tests 

 

5.3.1 Phenol 

 

5.3.1.1  Optimization of Regenerant Volume 

 

Initial RSSCTs with phenol as a target contaminant were conducted, and 53 bed volumes (BV) of the 

selected regenerant solution of a mixture of NaOH/CH3CH2OH was used. This 53 BV was determined 

based on the ratio of the carbon and the regenerant solution used in the batch tests of 1 g carbon : 100 

mL regenerant solution.  

 

Breakthrough curves of phenol are shown in Figure 5.1 and the full breakthrough or the carbon 

saturation (𝐶𝑡/𝐶0 ~ 1) occurred after approximately 16500 BV of solution was passed through the 

column. The virgin carbon adsorption capacity of phenol was in a range of 176.2 – 195.1 mg g-1. The 

results of the RSSCTs are summarized in Table 5.1. The results from this study differ to some of those 

presented in previous studies. A study of phenol adsorption on carbon by Nouri and Ouederni (2013) 

showed that a commercial virgin carbon reached full saturation after 1000 BV with a flowrate and initial 

phenol concentration 4 times higher than the one used in this study. The rapidity of the adsorption in a 

column arrangement was clearly affected by the contaminant initial concentration and the flowrate. A 

higher initial concentration and flowrate generally aided a faster breakthrough and ultimately a faster 

carbon saturation (Han et al., 2007). The different type of carbon used also accounted for the difference, 

with the carbon used in this study having a surface BET of 1222.6 m2 g-1 and in the Nouri and Ouederni 

(2013) study it was 736.9 m2 g-1. The properties of the GAC, such as the micropore and mesopore 

surface area affected the contaminants adsorption rate on the GAC (Piai et al., 2019). 
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Figure 5.1 Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by phenol and regenerated using 53 BV 

regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate measurements at A3 – A5). 
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Table 5.1 Thomas model parameters (𝒒𝟎 and 𝒌𝑻𝑯), regeneration efficiency (RE) and mass transfer zone 

(MTZ) of adsorption-regeneration of phenol using 53 BV of regenerant solution (n = 4 for virgin carbon, 

n = 2 for regenerated carbon). 

Adsorption cycle 
𝒒𝒆𝒙𝒑 

(mg g-1) 

Thomas model 

MTZ 

(mm) 
RE (%) 

𝒒𝟎 

 (mg 

g-1) 

𝒌𝑻𝑯 

 (mL min-1 

mg-1) 

1 Virgin carbon 188.0 + 8.4 204.6 0.26 6.7 + 0.4 - 

2 Regenerated carbon Fresh regenerant 99.2 + 6.8 105.5 0.15 12.8 + 0.4 52.8 + 2.6 

3 Regenerated carbon 
Fresh regenerant 67.7 + 7.8 78.9 0.25 12.7 + 0.4 36.7 + 0.6 

Re-used regenerant 62.2 + 5.9 73.9 0.30 12.4 + 0.1 32.5 + 0.3 

4 Regenerated carbon 
Fresh regenerant 67.8 + 7.8 76.2 0.31 12.8 + 0.2 36.9 + 4.4 

Re-used regenerant 33.1 + 2.2 39.2 0.34 17* 17.3 + 1.6 

5 Regenerated carbon 
Fresh regenerant 68.4 + 3.6 84.4 0.27 14.9 + 0.0 37.1 + 1.6 

Re-used regenerant 21.9 + 2.1 53.6 0.31 17* 11.5 + 0.0 

Note: *The column length, meaning that the 𝐶𝑡/𝐶0 > 10% was achieved at t=0.  

 

The RE of phenol was 52.8% at the first cycle and declined to ~37% at the subsequent cycles using 

fresh regenerant. In the case of the re-used solution, the RE declined from 32.5% to 11.5% at the second 

(R2) and fourth (R4) regenerations. The RE achieved in the RSSCTs did not reflect the DE achieved in 

the batch tests for phenol (Table 4.6). The RE achieved was much lower compared to the DE. Possible 

explanations for the lower RE in the RSCCTs with phenol as a target contaminant are as follows: (i) 

the accumulated phenoxide ion in the regenerant solution potentially affected its re-usability; (ii) 

because of the difference in the diffusion process in the column and batch tests, the phenol in the bulk 

solution during the column tests may have had the tendency to form micelles that prevented its 

adsorption into the pores, specifically as phenol is categorized as a polar organic molecules and was 

presented at a relatively moderate concentration of 10 mg L-1 (Allen et al., 1997). 

 

The prediction of adsorption capacity of the carbon was conducted by means of the Thomas, Yoon-

Nelson and Clarks models (Appendix 7). The Thomas model generally showed a relatively good 

agreement with the experimental data, as indicated by the values of the determination coefficients (R2) 

that were in range of 0.88 – 0.99, and for this reason, in this study, only the Thomas model that is 

reported. In fitting to the Thomas model, the calculation only considers the experimental values of 

𝐶𝑡/𝐶0 ratio that are higher than 0 (Aksu and Gönen, 2004). The model does not consider the adsorption 

phenomena at the initial stage of the adsorption where 𝐶𝑡 is equal to 0, or the pesticides are not yet 

detected at the effluent, before the breakthrough point, a point at which the effluent concentration will 
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be greater than that desired. The prediction was done in order to investigate whether the experimental 

results can be compared to existing theory. There was no clear pattern observed for 𝑘𝑇𝐻 values from 

multiple cycles of adsorption because the main parameters that strongly influence the 𝑘𝑇𝐻 values are 

the flow-rate and the initial concentration of the contaminants (Han et al., 2007; Patel, 2019), which 

were controlled to be relatively similar, within 1%, throughout the experiment.  

 

For comparison purposes, 𝐶𝑡/𝐶0 = 10% was considered as a breakthrough point to calculate the mass 

transfer zone (MTZ). MTZ occurs when the breakthrough point is reached and most of the bed capacity 

is already used (Naja and Volesky, 2006). The MTZ values are shown in Table 5.1. It was observed 

that the MTZ increased with the number of the adsorption-regeneration cycles, indicating a faster carbon 

saturation. It was also apparent that the MTZ of the carbon regenerated using the re-used solution had 

an MTZ equal to the carbon depth, indicating that the carbon was mostly saturated with phenol when 

used. The broadened MTZ of the reused solution was in agreement with the lower RE values.  

 

Compared to the results with fresh regenerant, the MTZ value was found to increase with re-used 

regenerant, and the RE decreased with the number of the adsorption-regeneration cycles. A greater 

MTZ value indicates a greater external and internal mass transfer resistance, most likely caused by the 

increasing retention of previously adsorbed contaminants. A previous study demonstrated that a carbon 

preloaded with contaminants had a greater diffusion resistance compared to a virgin carbon (Yu et al., 

2009). The adsorbed molecules can slow down the adsorption process as they exerts steric hindrance 

effects (Sze and McKay, 2010). A similar phenomenon was shown in this study, where the greater 

accumulation of adsorbed contaminants by the carbon, the greater the MTZ value yielded.  

 

In general, the higher volume of the regenerant used, the more adsorbate should be able to be extracted 

from the carbon. However, the higher volume means a higher cost will be associated with the 

regeneration process. Therefore, an optimum condition was studied by either decreasing the volume or 

re-using the regenerant. 

 

The results of the multi-cycle RSSCTs summarized in Figure 5.1 showed that the regenerant solution 

mixture was able to partially regenerated the carbon exhausted by phenol at a high concentration of 10 

mg L-1. As mentioned previously, in order to minimize the amount of waste chemical generated, a 

smaller volume of regenerant solution was investigated. The volume was reduced based on the 

following calculation. 

• Total moles of phenol adsorbed with molecular weight of phenol of 94.113 g mol-1 

=
188 𝑚𝑔 𝑔⁄ × 0.34 𝑔 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛

94.113 𝑔 𝑚𝑜𝑙⁄ × 103 𝑚𝑔 𝑔⁄
 

= 0.68 × 10−3 𝑚𝑜𝑙 
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• Total moles of ethoxide in 53 BV of regenerant solution or equal to 34 mL with an 

approximation of ethoxide formed in 0.5 M of NaOH in 80% v/v of CH3CH2OH was 0.23 + 

0.02 M (based on the calculation in Chapter 4, section 4.5.4) 

= 0.23 𝑚𝑜𝑙 𝐿⁄ × 34 𝑚𝑙 × 10−3 𝑙 𝑚𝐿⁄  

= 7.82 × 10−3 𝑚𝑜𝑙 

 

The mole ratio between phenol adsorbed and the ethoxide of 53 BV regenerant was 1 : 11.5. Based on 

the previous calculation, if the volume of the regenerant solution was reduced to 10 BV, the mole ratio 

between phenol adsorbed and the ethoxide of 10 BV regenerant will be 1 : 1.15. It was assumed that 

one mole of ethoxide was responsible for one mole of contaminant desorption based on the interaction 

of one mole of ethoxide to one mole of the contaminant and/or one mole of surface functional group. It 

is important to note that the adsorption mechanisms were not dominated by the interactions between 

the contaminant and the surface functional groups, other mechanisms may be also responsible for the 

contaminant adsorption and these aspects will be presented in Chapter 6.  If this assumption is used, 

then 10 BV regenerant solution was considered to be sufficient to regenerate the carbon. Therefore, 

RSSCTs for the other contaminants were also conducted with 10 BV regenerant solution. 

 

Breakthrough curves of phenol on the carbon regenerated using 10 BV of regenerant solution are shown 

in Figure 5.2. The results of the RSSCTs are summarized in Table 5.2. 
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Figure 5.2 Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by phenol and regenerated using 10 BV 

regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate measurements at A3 – A5). 
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Table 5.2 Thomas model parameters (𝒒𝟎 and 𝒌𝑻𝑯), regeneration efficiency (RE) and mass transfer 

zone (MTZ) of adsorption-regeneration of phenol using 10 BV of regenerant solution (n = 4 for virgin 

carbon, n = 2 for regenerated carbon). 

Adsorption cycle 
𝒒𝒆𝒙𝒑 

(mg g-1) 

Thomas model 

MTZ 

(mm) 
RE (%) 𝒒𝟎 

 (mg g-1) 

𝒌𝑻𝑯 

 (mL min-1 

mg-1) 

1 Virgin carbon 205.5 + 9.5 249.4 0.16 7.7 + 0.3 - 

2 Regenerated carbon Fresh regenerant 108.0 + 4.6 124.9 0.22 13.4 + 0.4 52.6 + 0.1 

3 Regenerated carbon 
Fresh regenerant 74.7 + 2.5 96.1 0.21 13.7 + 0.2 37.4 + 1.1 

Re-used regenerant 41.5 + 2.4 47.8 0.27 17* 19.7 + 1.1 

4 Regenerated carbon 
Fresh regenerant 80.6 + 3.1 90.1 0.27 12.3 + 0.3 40.3 + 0.5 

Re-used regenerant 16.3 + 0.0 13.1 0.43 17* 7.7 + 0.1 

5 Regenerated carbon 
Fresh regenerant 71.7 + 0.2 87.8 0.31 14.6 + 0.3 35.9 + 3.1 

Re-used regenerant 6.4 + 1.1 2.6 0.28 17* 3.0 + 0.4 

Note: *The column length, meaning that the 𝐶𝑡/𝐶0 > 10% was achieved at t=0. 

 

For the carbon filter columns operated using 10 BV of fresh regenerant, the RE at the first regeneration 

cycle was in the range of 50.9 – 54.2% and decreased to 36.6 – 38.2% in the following cycle. San 

Miguel et al. (2002) reported that the RE achieved by a thermally regenerated F400 carbon using steam 

at 800 °C or nitrogen at 650 – 1200 °C was around 57 – 66% using phenol as a contaminant of interest, 

suggesting that chemical regeneration yielded a slightly lower performance to thermal regeneration 

when phenol was a contaminant of interest.  

 

A comparison of the RE using of 53 and 10 BV was made and the results are shown in Figure 5.3. 

Similar to the RSSCTs of phenol using 53 BV, the carbon adsorption capacity of the regenerated 

carbon using 10 BV also decreased with the number of adsorption-regeneration cycle.  It appears that 

there was no statistically significant difference (p>0.05) between the use of 53 BV and 10 BV 

regenerant solution in the regeneration efficiencies in the first cycle (data in yellow boxes in Figure 

5.3). It can be concluded that 10 BV is an adequate volume of regenerant solution. The results suggest 

that the regenerant solution with a volume of 10 BV could not be re-used as its efficiency significantly 

decreased after the first use, as indicated by the MTZ value for the re-used solution which was equal 

to the column depth. However, this limitation may be applicable only for the case of high 

concentrations of target compounds, 10 mg L-1 of phenol, which is unlikely in typical water treatment 

conditions where the contaminants are diverse and present at low concentrations. A consideration of 



108 

 

using, or not using, the re-used solutions is the storage needed for them on-site, over a potentially 

long-time period. 

 

Figure 5.3 A comparison of regeneration efficiencies using 53 BV and 10 BV quantities of 

regenerant. (Error bars represent the standard deviation for quadruplicate measurement for R1 and 

duplicate measurements for R2 – R4). 

 

5.3.1.2  Optimization of Carbon Conditioning Process 

 

Prior to the re-adsorption process, the regenerated carbon was rinsed with RO water to remove the 

remaining regenerant solution in the column and to re-adjust the pH of the carbon to its initial pH (7-

8). There is a risk of adverse public perception of using ethanol in the treatment process, thus to wash 

out all the regenerant from GAC bed is essential. As shown in Figure 5.4, at least 1000 BV of RO 

water was needed to wash the carbon, which represents a large water consumption if this method is to 

be applied in a full-scale GAC adsorber. An alternative method to accelerate the rinsing and pH 

adjustment process could involve acid-washing after the regeneration process, as mentioned in 

Chapter 3, section 3.4.4. Acid-washing is currently employed by some water companies to reduce any 

harmful effects caused by inorganic compounds adsorbed on the GAC and can be applied before 

and/or after the thermal regeneration process (Perry et al., 2005; UK Water Industry Research, 2017). 

However, the effect of the acid-washing to the inorganic compounds adsorbed was not in the scope of 

this work.  

 

The pH changes in the column effluent during the RO water rinsing after acid-washing are shown in 

Figure 5.4. There were two acid-washing methods investigated: (i) method 1 where the 10 BV of 

H2SO4 at 0.05 N was recirculated to the column for 15 mins; and (ii) method 2 where the acid was 

passed through the column without recirculation (equal to 60 BV).  
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Figure 5.4 pH changes at the column effluent. (Error bars represent the standard deviation for 

quadruplicate measurements). 

 

The volume of RO water required to re-adjust the carbon pH decreased from 1000 BV without acid-

washing, to 300 BV with acid-washing method 1, and around 700 BV with acid-washing method 2, 

as described in Chapter 3, section 3.4.4. In practice at WTWs, the regenerated carbon that has just 

returned from a thermal regeneration facility requires a period of backwashing as a conditioning step 

before it can return back to operation. The backwashing process may take several days, or even longer, 

in a range of 7 days to a maximum of 2 months, depending on the carbon condition (UK Water Industry 

Research, 2017). The GAC filter bed usually operated at 80 BV per day on normal day operations1, 

thus the carbon conditioning after thermal regeneration may require at least 560 BV (7 days) of clean 

water. The results shown in Figure 5.4 suggest that the quantity of RO water required for conditioning 

the carbon post-chemical regeneration using method 1 was slightly less than the minimum quantity of 

water used for conditioning the carbon post-thermal regeneration.  

 

To confirm that all of the regenerant solution was removed from the carbon after the conditioning 

process, the non-purgeable organic carbon (NPOC) concentration at the effluent was measured using 

a TOC analyzer. The NPOC measurements (NPOC < 0.3 mg-C L-1, blank corrected) indicated that the 

regenerant solution was fully removed after the conditioning process with acid- and RO water-rinsing. 

Considering the quantity of acid and RO water required, acid-washing with method 1 was observed to 

be superior to method 2, and for this reason, method 1 was used throughout the RSSCTs as part of the 

conditioning step.   

 

 
1 Personal communication, STREAM PhD Project Meeting. October 2018. 
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5.3.1.3  Thermal Degradation 

 

The thermal behaviour of the carbon samples is presented in Figure 5.5 and Figure 5.6. In addition, 

values for the carbon samples weight loss percentage is presented in Table 5.3. The weight losses in 

region 1 are attributed to the removal of moisture content and hydrated compounds (Fan, 2017). The 

weight losses in region 2 are attributed to the decomposition of volatile materials, such as organic 

contaminants, inside the carbon (Magne and Walker, 1986). In region 3, the weight losses are 

attributed to the ash content of the carbon (San Miguel, 1999). 

 

Figure 5.5 TGA profiles of virgin GAC, GAC exhausted by phenol and chemically regenerated 

GAC. 

 

Figure 5.6 DTG profiles of virgin GAC, GAC exhausted by phenol and chemically regenerated 

GAC. 
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Table 5.3 Percentage of weight loss of phenol on carbon samples in the three temperature regions 

based on TGA analysis (n = 1 for virgin GAC and n = 2 for GAC exhausted by phenol and regenerated 

GAC) 

Region 
Weight loss (%) 

Virgin GAC GAC exhausted by phenol Regenerated GAC 

1 25 – 150 °C 3.37 2.66 + 0.87 3.10 + 0.93 

2 150 – 500 °C 1.45 10.37 + 0.03 4.00 + 0.19 

3 500 – 1000 °C 7.81 12.28 + 0.05 11.92 + 0.19 

 

From Figure 5.5, it can be seen that the adsorbed phenol degraded at a temperature in a range of 120 

– 400 °C, which was also reported in previous studies (Ania et al., 2005; Laszlo et al., 2007). The mass 

loss around 200 °C may be caused by the desorption of physisorbed species of phenol (Laszlo et al., 

2007). As shown in Figure 5.6 for the DTG profile of the regenerated carbon, there was a distinct 

peak around 300 °C which Laszlo et al. (2007) described as the area of the chemisorbed phenol on 

GAC. Magne and Walker (1986) suggested that chemisorbed phenol was not decomposed at a 

temperature < 400 °C. In region 3 or at temperatures > 500 °C, in comparison to virgin GAC, the mass 

loss for both the exhausted GAC and the regenerated carbon were higher. The plausible explanations 

for this are the presence of chemisorbed phenol and/or the adsorption of inorganic species to the carbon 

as the solutions that flow through the carbon may contain inorganics arising from the buffer of 

NaHCO3 used or the presence of chemisorbed species.  

 

5.3.2 Isoproturon 

 

Isoproturon was tested as a contaminant of interest for the RSSCTs because of its relative 

hydrophobicity and low solubility in water, enabling isoproturon to be well adsorbed to carbon. One 

of the research aims was to investigate the ability of the chemical regenerant to regenerate carbon 

exhausted by a wide range of contaminants, including a contaminant that has a high affinity to the 

carbon, such as isoproturon. 

 

5.3.2.1 Adsorption and Regeneration Breakthrough Curves 

 

The multi-cycle adsorption-regeneration performance of isoproturon during RSSCTs is illustrated in 

Figure 5.7 and the results, including the experimental and predicted adsorption capacity, 𝑞𝑒𝑥𝑝 and 𝑞0, 

respectively, RE and MTZ values are summarised in Table 5.4. For the first adsorption cycle, it was 

apparent that approximately 100000 BV was required for isoproturon to reach the carbon full 

saturation. 
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Figure 5.7 Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by isoproturon using 10 BV of regenerant 

solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate measurements at A3 – A5).
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Table 5.4 Thomas model parameters (𝒒𝟎 and 𝒌𝑻𝑯), regeneration efficiency (RE) and mass transfer zone 

(MTZ) of adsorption-regeneration of isoproturon using 10 BV of regenerant solution (n = 4 for virgin 

carbon, n = 2 for regenerated carbon). 

Adsorption cycle 
𝒒𝒆𝒙𝒑  

(mg g-1) 

Thomas model 

MTZ 

(mm) 
RE (%) 𝒒𝟎  

(mg g-1) 

𝒌𝑻𝑯  

(mL min-

1 mg-1) 

1 Virgin carbon 153.6 + 4.9 152.3 0.42 4.0 + 0.7 - 

2 Regenerated carbon Fresh regenerant 69.6 + 1.4 67.3 0.69 9.1 + 0.4 45.3 + 0.9 

3 Regenerated carbon 
Fresh regenerant 62.0 + 0.9 66.1 0.51 4.3 + 0.2 39.5 + 1.2 

Re-used regenerant 54.2 + 3.4 60.2 0.46 11.6 + 0.0 36.1 + 1.3 

4 Regenerated carbon 
Fresh regenerant 60.3 + 0.9 66.8 0.54 12.1 + 0.2 38.4 + 0.0 

Re-used regenerant 46.9 + 2.4 54.9 0.45 14.7 + 0.2 32.3 + 0.5 

5 Regenerated carbon 
Fresh regenerant 57.2 + 1.8 61.5 0.48 12.4 + 0.1 36.4 + 1.7 

Re-used regenerant 45.3 + 0.3 46.4 0.49 15.0 + 0.1 29.4 + 0.2 

 

Similar to the previous results with phenol as a target contaminant, the MTZ values increased with the 

number of adsorption-regeneration cycles and wider MTZs were observed for the carbon regenerated 

using the re-used solution, compared to the fresh regenerant solution. The results suggested that in the 

first regeneration cycle (R1), the chemical regeneration was able to partially regenerate carbon 

exhausted by isoproturon. This regeneration ability corresponded to the desorbability of isoproturon 

from the carbon, as presented in Table 4.6. 

 

Figure 5.7 demonstrated that the time for the carbon regenerated using the re-used solution to reach the 

early breakthrough (𝐶𝑡 𝐶0⁄ = 10%  was extremely short and barely existed at A4 (4th cycle)). The 

rapidity of the isoproturon adsorption at the initial stage of adsorption of each cycle declined due to the 

decreasing quantity of available adsorption sites (Patel, 2019). 

 

The re-used regenerant solution was observed to perform better with isoproturon at 1 mg L-1 as a target 

contaminant compared to phenol at 10 mg L-1
 as previously shown in section 5.3.1. This was possibly 

due to two reasons: (i) the number of moles of isoproturon adsorbed was smaller (0.25 mmol) compared 

to phenol (0.68 – 0.74 mmol), suggesting that less ethoxide is required to interact with isoproturon 

and/or surface functional groups that interacted with isoproturon compared to phenol; (ii) the 

concentration of isoproturon accumulated in the regenerant solution was smaller compared to phenol in 

the re-used solution, corresponding to the desorption efficiency of both target contaminants (Table 4.6). 

The higher RE of isoproturon compared to phenol may be also related to the higher affinity of carbon 



114 

 

to isoproturon than to phenol. However, from the first cycle of adsorption (A1), it was evident that the 

virgin carbon had a higher adsorption capacity for phenol (𝑞𝑒𝑥𝑝 of ~200 mg g-1) than isoproturon (𝑞𝑒𝑥𝑝 

of ~153 mg g-1), which was opposite to the results of the isotherm tests presented in Chapter 4, section 

4.4. The main reason that may account for the higher 𝑞𝑒𝑥𝑝of phenol was the higher concentration of 

phenol used during the RSSCTs of 10 mg L-1, compared to the 1 mg L-1 of isoproturon. Previous studies 

have shown that an increase in the initial concentration of a compound in a column adsorption tests 

leads to an increase of carbon adsorption capacity (Sotelo et al., 2012; Patel, 2019), which was affected 

by the mass transport of the contaminant to the carbon. A higher initial concentration increases the solid 

diffusion coefficient, thereby increasing the mass transfer coefficient of the compound to the carbon 

and vice versa (Yang and Al-Duri, 2001; Sotelo et al., 2012). Additionally, the concentration gradient 

may also account for the higher adsorptivity of phenol compared to isoproturon, specifically in the 

column system (Pignatello and Xing, 1996), where in a well-mixed batch system the concentration 

gradient in liquid is negligible (Tong et al., 2019). 

 

In the experiment with pesticides, the mass balance of the target contaminants was estimated by 

quantifying the adsorbed and desorbed pesticide on the carbon. As summarized in Figure 5.8, the 

quantity of isoproturon desorbed using the fresh regenerant at each regeneration cycle (R1 – R4) was 

relatively constant. The quantity of the contaminants desorbed correlates to the reversibility of the 

adsorption process on the carbon. The mass of the adsorbed isoproturon remaining on the carbon after 

regeneration (expressed as mg g-1 of adsorbent), gradually increased with the number of adsorption and 

regeneration cycles and appeared to be stable after the fourth adsorption cycle (A4). Migration of the 

adsorbed contaminants between different sites or deeper into the carbon pores, thereby releasing 

accessible surface adsorption sites, may also account for the observed apparent increase in the 

adsorption capacity. This migration phenomena seems feasible, taking into account a greater amount of 

micropores of the carbon used (Table 4.8). The accumulation of the un-desorbed contaminants reflects 

the difficulty in removing the contaminant from the carbon pores, as well as the strength of the 

interactions between the contaminant and the carbon through chemisorption or chemisorption-like 

interactions (Salvador et al., 2013). The quantity of the un-desorbed isoproturon also increased with the 

number of adsorption-desorption cycles, indicating that at some point the carbon could become resistant 

to chemical regeneration, and thus further treatment (thermal re-activation), or even carbon disposal, 

would be required. It is noted that the adsorption capacity of isoproturon, in the first adsorption cycle 

(A1), estimated to be approximately 153.6 mg g-1, was lower than the corresponding Langmuir 

adsorption capacity based on the batch study as presented in Table 4.2 which was in range of 238.1 and 

263.2 mg g-1. The lower initial carbon adsorption capacity for isoproturon in the RSSCTs was possibly 

caused by the lower concentration used in the RSSCTs that negatively affected the solid diffusion 
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coefficient, as well as affecting the concentration gradient during the adsorption process (Pignatello and 

Xing, 1996; Sotelo et al., 2012). 

 

Figure 5.8 Quantity of isoproturon associated with the solid phase after the adsorption cycles (A1 – 

A5) on virgin carbon, and in the liquid phase after the regeneration cycles, using 10 BV of fresh 

regenerant solution (R1 – R4). (Error bars represent one standard deviation for duplicate 

measurements). 

 

5.3.2.2  Thermal Degradation 

 

The thermal degradation behaviour of the carbon samples is presented in Figure 5.9 and Figure 5.10, 

and their weight loss is presented in Table 5.5. 

 

Figure 5.9 TGA profiles of virgin GAC, GAC exhausted by isoproturon and chemically regenerated 

GAC. 
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Figure 5.10 DTG profiles of virgin GAC, GAC exhausted by isoproturon and chemically 

regenerated GAC. 

 

The result suggested that the adsorbed isoproturon was thermally degraded in the temperature range of 

150 – 400 °C. It can be seen in Figure 5.9 that the total weight loss percentage of the carbon sample 

exhausted by isoproturon was much higher compared to other carbon samples, i.e. virgin GAC and 

chemically regenerated GAC. The total weight loss percentage of the regenerated GAC was higher 

compared to the virgin carbon because of the presence of the undesorbed isoproturon in the carbon, 

since the chemical regeneration was not able to completely regenerate the carbon. Nevertheless, the 

TGA and DTG analyses showed that the chemical regeneration was able to remove isoproturon from 

the carbon to some extent. 

 

The total isoproturon uptake on the carbon for 5 cycles of adsorption and regeneration was around 209.3 

– 214.8 mg g-1, as presented in Table 5.4. By knowing that the weight of the carbon was 0.34 g, the 

weight percentage of isoproturon in the solid phase to the total weight of the carbon (and the adsorbed 

isoproturon) was approximately of 17.31 – 17.68%. Based on the TGA analysis as summarized in Table 

5.5, the weight loss percentage of the exhausted carbon sample in region 2 (Table 5.5) was in the range 

of 14.70 + 1.47%, suggesting that the weight loss percentage was lower compared to the previous 

calculation. For the regenerated carbon sample, taking into account that the desorbed isoproturon was 

in a range of 48.47 – 58.11 mg g-1, the percentage of weight loss was calculated to be 13.13 – 14.26%, 

which also suggested that the value shown in Table 5.5 was lower compared to the calculation. The 

possible reasons for this difference were that the physically adsorbed isoproturon or any isoproturon 

that was hydrated with water molecules was desorbed during the initial stage of the thermal analysis. 

Alternatively, some of isoproturon may degrade at higher temperatures (> 500 °C), noted by the higher 
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weight loss of exhausted carbon compared to the regenerated and virgin carbon samples in region 3 

(Table 5.5). Thermal desorption or release of organic contaminants at temperatures higher than 500 °C 

was suggested to be possible due to chemisorption interaction (Magne and Walker, 1986). Additionally, 

isoproturon may also have formed a char on the surface of the carbon. When the carbon was pyrolyzed, 

the isoproturon would decompose forming carbon and volatile species, hence the apparent retention of 

isoproturon on the carbon surface. 

 

Table 5.5 Percentage of weight loss of isoproturon on carbon samples in the three temperature regions 

based on TGA analysis (n = 1 for virgin GAC and n = 2 for GAC exhausted by isoproturon and 

regenerated GAC using 10 BV of regenerant solution). 

Region 
Weight loss (%) 

Virgin GAC GAC exhausted by isoproturon Regenerated GAC 

1 25 – 150 °C 3.37 2.55 + 0.47 2.56 + 0.25 

2 150 – 500 °C 1.45 14.70 + 1.47 7.22 + 0.07 

3 500 – 1000 °C 7.81 10.42 + 0.01 9.71 + 0.82 

 

5.3.3 Metaldehyde 

 

Metaldehyde was tested to represent a poorly-adsorbed contaminant on carbon and most importantly 

because of its current relevance to the water sector, as metaldehyde is a pesticide that can result in rapid 

exhaustion of GAC filters in WTWs, leading to the need for frequent GAC regeneration (Castle et al., 

2017). 

 

5.3.3.1  Adsorption and Regeneration Breakthrough Curve 

 

The multi-cycle adsorption-regeneration performance of metaldehyde during RSSCTs is shown in 

Figure 5.11 and the results, including the experimental and predicted adsorption capacity, 𝑞𝑒𝑥𝑝 and 𝑞0, 

respectively, the RE and the MTZ values are summarized in Table 5.6. 
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Figure 5.11 Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by metaldehyde using 10 BV of regenerant 

solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate measurements at A3 – A5).
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Table 5.6 Thomas model parameters (𝒒𝟎 and 𝒌𝑻𝑯), regeneration efficiency (RE) and mass transfer zone 

(MTZ) of adsorption-regeneration of metaldehyde using 10 BV of regenerant solution (n = 4 for virgin 

carbon, n = 2 for regenerated carbon). 

Adsorption cycle 
𝒒𝒆𝒙𝒑 

(mg g-1) 

Thomas model 

MTZ 

(mm) 
RE (%) 𝒒𝟎 

 (mg g-1) 

𝒌𝑻𝑯 

 (mL min-1 

mg-1) 

1 Virgin carbon 74.1 + 1.4 76.8 0.87 6.3 + 0.2 - 

2 Regenerated carbon Fresh regenerant 60.9 + 1.5 66.4 0.91 6.8 + 0.3 82.3 + 3.6 

3 Regenerated carbon 
Fresh regenerant 56.9 + 2.3 61.2 0.67 6.8 + 0.4 76.7 + 2.1 

Re-used regenerant 47.2 + 0.5 53.3 0.72 7.8 + 0.1 63.8 + 2.6 

4 Regenerated carbon 
Fresh regenerant 56.6 + 1.3 61.5 0.73 6.9 + 0.2  76.4 + 0.8 

Re-used regenerant 41.2 + 1.8 45.3 0.70 9.6 + 0.3 55.6 + 0.7 

5 Regenerated carbon 
Fresh regenerant 57.7 + 0.9 60.9 0.86 7.9 + 0.1 77.9 + 0.2 

Re-used regenerant 34.8 + 3.2 41.6 0.60 13.3 + 0.5 47.0 + 5.8 

 

Consistent with the previous results of RSSCTs using phenol and isoproturon as target contaminants, 

in the tests using metaldehyde, the MTZ of the carbon regenerated with the re-used regenerant was also 

wider compared to the carbon regenerated with the fresh regenerant. However, the MTZ for carbon 

regenerated using the fresh regenerant solution was relatively stable until the 4th cycle of adsorption-

regeneration. This would be expected as the MTZ is related to the ability of the carbon to re-adsorb 

contaminants at the subsequent cycle, as described by its REs which was relatively stable over a number 

of regeneration cycle at 76.4 – 82.3% by using the fresh regenerant. The re-used regenerant solution, in 

comparison to the fresh regenerant, exhibited lower REs, which decreased from 63.8% to 47.0% at the 

second (R2) and fourth (R4) regenerations, respectively, which was attributed to the accumulation of 

the desorbed metaldehyde in the regenerant solution. Nevertheless, the results of four regeneration 

cycles showed the feasibility of applying the re-used regenerant solution in order to minimize the 

volume of waste chemicals generated and the costs related to the fresh chemical procurement and 

ultimate waste disposal, thereby making chemical regeneration an economically attractive alternative 

to thermal regeneration, even if the chemical regeneration needs to be conducted more frequently.  

 

It was apparent that the chemical regeneration using the mixture of NaOH/CH3CH2OH exhibited a 

higher RE for metaldehyde compared to the other target contaminants, i.e. phenol and isoproturon, 

using both fresh or re-used regenerant solutions. The higher RE was likely because of the greater 

preference of metaldehyde to desorb from the carbon compared to isoproturon (Table 4.6). The lower 

RE of phenol compared to metaldehyde was noted even though the solubility of phenol in CH3CH2OH 
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was higher compared to metaldehyde (Table 2.3). The lower RE of phenol (Table 5.2) was most likely 

because of the transformation of phenol into phenoxide in the regenerant solution, potentially creating 

repulsion between the accumulated contaminants and the phenoxide ions in the pores. Additionally, 

since the phenol adsorption to the carbon was almost double that of metaldehyde adsorption in the first 

adsorption cycle (A1) using virgin carbon, and with almost similar DE between phenol and metaldehyde 

(Table 4.6), the RE of the re-used solution towards metaldehyde was expected to be higher compared 

to phenol, as reflected by the RE equation as shown in (Eq. 2.9).  

 

It was also observed that the regeneration performance of the re-used solution for metaldehyde and 

isoproturon was better compared to phenol. When phenol was used as the target contaminant, the RE 

dropped from 52.6% to 19.7% or decreased by 65%, as presented in Table 5.2. In contrast, when the 

re-used solution was used to regenerate isoproturon and metaldehyde, the RE did not reduce so 

drastically, with reduction of 20% (from 45.3% to 36.1%) (Table 5.4) and 22% (from 82.3% to 63.8%) 

(Table 5.6) for isoproturon and metaldehyde, respectively. The declining performance of the re-used 

solution with each cycle was also affected by the number of moles of target contaminant adsorbed. For 

0.34 g of carbon used during the RSSCTs, the compound adsorption was approximately 0.58 – 0.74 

mmol for phenol, 0.25 mmol for isoproturon and 0.14 mmol for metaldehyde, in the first adsorption 

cycle (A1), indicating possibly less CH3CH2O- was required to desorb metaldehyde than isoproturon 

and phenol. However, the desorbability of the target contaminants was also affected by the contaminant 

solubility in the regenerant solution as previously discussed in Chapter 4.  

 

The amount of metaldehyde that desorbed using fresh regenerant at each regeneration cycle (R1 – R4) 

was relatively constant (Figure 5.12). It was apparent that the mass of the adsorbed contaminant 

remaining on the carbon gradually increased with the number of adsorption and regeneration cycles. 

When adsorbed to the carbon, the metaldehyde may degrade at the acidic sites of the carbon (Busquets 

et al., 2014), thus releasing available sites and increasing the metaldehyde uptake in the subsequent 

adsorption step. Migration of the adsorbed contaminants between different sites or deeper into the 

carbon pores may also be a reason for the observed increase in adsorption capacity. However, it must 

be mentioned that the migration of metaldehyde between active sites on the carbon will not be as intense 

as hydrophobic contaminants because the presence of water clusters that may surround the hydrophilic 

compound (e.g. metaldehyde) which may hinder the migration process on the carbon (Franz et al., 

2000). 

 



121 

 

 

Figure 5.12 Quantity of metaldehyde associated with the solid phase after the adsorption cycles (A1 

– A5) on virgin carbon, and in the liquid phase after the regeneration cycles, using 10 BV of 

regenerant solution (R1 – R4). (Error bars represent one standard deviation for duplicate 

measurements). 

 

5.3.3.2  Thermal Degradation 

 

The thermal behaviour of the carbon samples is presented in Figure 5.13 and Figure 5.14. The 

percentage of weight loss of carbon samples is presented in Table 5.7. 

 

 

Figure 5.13 TGA profiles of virgin GAC, GAC exhausted by metaldehyde and chemically 

regenerated GAC. 
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Figure 5.14 DTG profiles of virgin GAC, GAC exhausted by metaldehyde and chemically 

regenerated GAC. 

 

It was reported that metaldehyde in water is partially demineralized at temperatures in the range of 60 

– 80 °C and is moderately volatile (Rolph et al., 2018). In the case of adsorbed metaldehyde on GAC, 

the presence of two peaks was observed at between approximately 80 and 150 °C in the DTG profile 

for the exhausted GAC in Figure 5.14. This result provided an insight into the nature of metaldehyde 

interactions on GAC. It appeared that metaldehyde was desorbed from the carbon in two distinct steps. 

The first peak at a temperature < 100 °C may be associated with the evolution of physisorbed 

metaldehyde or the metaldehyde that adsorbed to the carbon was mediated by water molecules. The 

second peak at a temperature > 100 °C may be associated with metaldehyde that adsorbed into the 

narrowest pores of the carbon or metaldehyde that adsorbed strongly to the carbon by chemisorption-

like interactions. For the regenerated GAC, the first peak was observed to be diminished, suggesting 

that the chemical regeneration process using a mixture of NaOH/CH3CH2OH had the ability to release 

or desorb the physisorbed metaldehyde from the carbon. Further studies regarding the thermal 

desorption of metaldehyde using TGA-MS to fully understand the behaviour of metaldehyde when 

adsorbed to the carbon are recommended. 

 

The total metaldehyde uptake on the carbon for 5 cycles of adsorption and regeneration was in a range 

of 132.5 – 138.0 mg g-1, as presented in Figure 5.12. By knowing that the weight of the carbon was 

0.34 g, the weight percentage of metaldehyde in the solid phase to the total weight of the carbon (and 

the adsorbed metaldehyde) was around 11.70 – 12.12%. Based on the TGA analysis, as summarized in 

Table 5.7, the total weight loss of the exhausted carbon sample in regions 1 and 2 (corrected using mass 

loss for virgin carbon in region 1 and 2) was around 12%, suggesting that the weight loss percentage 
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was close to the value that was calculated. For the regenerated carbon sample, taking into account that 

the desorbed metaldehyde was in a range of 32.80 – 49.32 mg g-1, the percentage of weight loss was 

calculated to be 7.68 – 9.51%, while the total weight loss percentage during TGA analysis for region 1 

and 2 (also virgin carbon corrected) was approximately 7%. 

 

Table 5.7 Percentage of weight loss of metaldehyde on carbon samples in the three temperature regions 

based on TGA analysis (n = 1 for virgin GAC and n = 2 for GAC exhausted by metaldehyde and 

regenerated GAC using 10 BV of regenerant solution). 

Region 
Weight loss (%) 

Virgin GAC GAC exhausted by metaldehyde Regenerated GAC 

1 25 – 150 °C 3.37 9.90 + 1.23 4.57 + 0.29 

2 150 – 500 °C 1.45 7.85 + 0.45 7.14 + 0.27 

3 500 – 1000 °C 7.81 10.97 + 0.56 11.12 + 0.33 

 

5.4   Mixed Target Contaminants Tests 

 

The performance of chemical regeneration was also investigated using a mixture of pesticides, 

isoproturon and metaldehyde, with the presence of BOM contained in tap water to mimic the water 

quality conditions at the influent of a full-scale GAC bed. The tap water quality used in these studies is 

presented in Table A3.1 and Table A3.2 in Appendix 3. Metaldehyde and isoproturon were chosen 

because of the current difficulties with separating metaldehyde in UK water treatment processes, 

specifically by GAC filter beds, and because of the different hydrophobic nature of isoproturon (high) 

compared to metaldehyde (low).  

 

The investigation of the performance of chemical regeneration on virgin carbon F400 (V-C) and 

thermally regenerated carbon F400 (TR-C) was conducted in RSSCTs, and their physical and chemical 

properties are summarized in Table 5.8. 
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Table 5.8 Physical and chemical properties of the carbon samples (variations represent one standard 

deviation for triplicate measurements). 

Properties 
Virgin carbon  

(V-C) 

Thermally regenerated 

carbon (TR-C) 

pHpzc 8.2 9.3 

BETa surface area (m2 g-1) 1222.6 + 34.4 1074.3 + 88.6 

NLDFTb Surface area and pore volume  

- Total surface area (m2 g-1) 903.8 + 62.3 678.4 + 47.0 

- Micropore surface area (m2 g-1) 837.7 + 61.6 581.3 + 30.3 

- Mesopore surface area (m2 g-1) 47.5 + 0.6 86.4 + 16.3 

- Macropore surface area (m2 g-1) 18.6 + 0.3 10.7 + 1.2 

- Total pore volume (cc g-1) 0.49 + 0.02 0.43 + 0.05 

- Micropore pore volume (cc g-1) 0.32 + 0.01 0.26 + 0.02 

- Mesopore pore volume (cc g-1) 0.08 + 0.00 0.13 + 0.02 

- Macropore pore volume (cc g-1) 0.09 + 0.00 0.05 + 0.01 

Surface chemistry: oxygen-containing functional groups (mmol g-1) 

- Phenols 0.119 + 0.051 0.035 + 0.011 

- Lactonic 0.028 + 0.023 0.028 + 0.022 

- Carboxylic 0.065 + 0.027 0.056 + 0.043 

- Carbonyls 0.237 + 0.028 0.129 + 0.055 

- Total acid 0.449 + 0.018 0.248 + 0.130 

- Total basic  0.412 + 0.030 0.660 + 0.047 

Notes: aBrunauer–Emmett–Teller; bNon-Local Density Functional Theory 

 

Statistically, a significant difference (p<0.05), within the experimental error, was observed for carbon 

total-, micropore-, mesopore- and macropore- NLDFT surface area and pore volume. A significant 

difference (p<0.05) also was also observed for the carbon surface chemical properties, specifically for 

phenols, carbonyls, acidic and basic functional groups.  

 

The surface chemical composition of the carbon samples was observed to be affected by the thermal 

regeneration process. Most acidic oxygen-containing functional groups were desorbed from the carbon 

upon heating during the pyrolysis stage (Knappe, 2006; Pereira et al., 2003; Tessmer et al., 1997). The 

increase of basicity of the carbon was possibly due to pyrone type structures generated from the 

decomposition of the acidic groups or electron delocalization on the basal plane of the carbon because 

of the removal of these groups, allowing them to act as Lewis base sites (Tessmer et al., 1997). 

Additionally, the greater basicity of the TR-C was also potentially because of the formation of calcium 
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oxide (CaO) on the carbon which can react with water to form Ca(OH)2 and can then dissolve in water 

and release OH-
, thereby resulting in a higher solution pH (Bach, 2007; Knappe, 2006). 

 

5.4.1   Virgin Carbon 

 

The breakthrough curves for isoproturon, metaldehyde and BOM represented by DOC in successive 

adsorption-regeneration cycles are shown in Figure 5.15. The Thomas model parameters, RE and MTZ 

of the RSSCTs are summarized in Table 5.9.  
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(a) 

Figure 5.15 Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by (a) isoproturon, (b) metaldehyde and (c) 

DOC using 10 BV of regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate 

measurements at A3 – A5). 
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(b) 

(b) 

Figure 5.15 (Continued) Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by (a) isoproturon, (b) metaldehyde 

and (c) DOC using 10 BV of regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate 

measurements at A3 – A5).
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(c) 

Figure 5.15 (Continued) Breakthrough curves for multiple cycles of adsorption and regeneration of the carbon exhausted by (a) isoproturon, (b) metaldehyde 

and (c) DOC using 10 BV of regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and duplicate 

measurements at A3 – A5).
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Table 5.9 Thomas model parameters (𝒒𝟎 and 𝒌𝑻𝑯), regeneration efficiency (RE) and mass transfer zone (MTZ) for adsorption-regeneration of isoproturon, 

metaldehyde and DOC using 10 BV of regenerant solution (n = 4 for virgin carbon, n = 2 for regenerated carbon). 

Adsorption cycle 

Isoproturon Metaldehyde DOC 

𝒒𝒆𝒙𝒑 

Thomas 

model MTZ RE  𝒒𝒆𝒙𝒑 

Thomas 

model 
MTZ RE (%) 𝒒𝒆𝒙𝒑

* RE (%) 

𝒒𝟎 𝒌𝑻𝑯 𝒒𝟎 𝒌𝑻𝑯     

1 V-C 80.8 + 1.0 80.2 0.84 5.1 + 0.2 - 53.6 + 1.7 51.9 0.82 5.8 + 0.3 - 60.9 + 11.2 - 

2 CR-C FR 47.2 + 0.2 50.3 0.83 6.1 + 0.1 58.5 + 0.6 40.1 + 0.8 40.7 0.99 6.8 + 0.2 75.0 + 2.8 49.7 + 7.5 84.7 + 24.8 

3 CR-C 
FR 44.5 + 1.7 46.6 0.89 7.4 + 0.4 55.1 + 1.0 37.0 + 1.0 41.3 0.88 6.9 + 0.3 67.4 + 2.1 13.0 + 5.8 21.8+ 7.3 

RR 39.4 + 1.6 41.9 0.86 7.9 + 0.3 48.7 + 1.8 31.1 + 0.2 34.6 0.92 10.3 + 0.4 59.5 + 1.1 2.0 + 1.0 3.5 + 2.5 

4 CR-C 
FR 40.1 + 1.0 40.6 0.93 7.8 + 0.4 49.7 + 0.8 30.9 + 1.6 29.5 1.06 10.3 + 0.4 56.3 + 3.2 10.8 + 8.1 19.4 + 16.2 

RR 29.3 + 1.9 30.8 0.94 8.7 + 0.5 36.3 + 2.2 24.2 + 1.7 22.8 1.26 10.2 + 0.6 46.3 + 4.5 7.2 + 4.8 10.8 + 4.6 

5 CR-C 
FR 35.8 + 1.9 37.2 0.98 8.0 + 0.5 44.4 + 1.4 28.6 + 1.7 29.8 1.12 10.0 + 0.4 52.2 + 2.9 11.4 + 0.9 19.7 + 3.9 

RR 28.9 + 1.9 30.4 0.98 10.0 + 0.4 35.8 + 2.5 19.9 + 2.5 20.9 1.30 10.1 + 0.9 38.0 + 3.8 6.0 + 1.9 10.2 + 5.7 

Notes:  V-C is virgin carbon; CR-C is chemically regenerated carbon; FR is fresh regenerant; and RR is Re-used regenerant. 

 Units: 𝑞𝑒𝑥𝑝 and 𝑞0 (mg g-1); 𝑘𝑇𝐻 (mL min-1 mg-1); MTZ (mm); and RE (%.). 

 *Unit for DOC 𝑞𝑒𝑥𝑝 (mg-C g-1).  
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Minimum quantities of approximately 55000, 40000 and 27000 BV, of the contaminants of isoproturon, 

metaldehyde and DOC, respectively, passed through the column to reach carbon saturation (𝐶𝑡/𝐶0 ~ 1). 

It was apparent that the presence of pesticides as a mixture in tap water decreased the adsorption 

capacity (𝑞𝑒𝑥𝑝) of each pesticide in the first adsorption cycle (Table 5.9) compared to their presence in 

solution as an individual or single contaminant, as previously presented in section 5.3.2 and 5.3.3. The 

carbon adsorption capacity of isoproturon decreased by more than half (53%) of that when isoproturon 

was present as a single contaminant, as shown in Table 5.4. The most likely reason for the decrease 

was because of the competition with BOM for GAC adsorption sites. Kilduff et al., (1998) indicated 

that there was a possibility of direct adsorption competition between synthetic organic chemicals (SOC) 

and low molecular weight (MW) natural organic matter (NOM) on activated carbon. The smaller the 

NOM, the more severe the competition as these types of NOM not only have an ability to create pore 

blockage, thus preventing SOC to be adsorbed into smaller pores, but also to access smaller pores of 

the carbon and being adsorbed at the sites. Such types of NOM, with specific UV absorbance (SUVA) 

value in a range of 1.45 – 2.20 m-1 (mg-C L-1)-1 (Appendix 3), can be found in tap water as BOM 

because they are not efficiently removed by full-scale GAC filter beds in WTWs. In addition to the 

competition from the presence of BOM, the decrease of the carbon adsorption capacity (𝑞𝑒𝑥𝑝) toward 

isoproturon was potentially because of the presence of metaldehyde in the solution. Metaldehyde has 

been shown in previous studies to be able to interact with surface functional groups on the carbon (Tao 

and Fletcher, 2013; Ferino-Perez et al., 2019). These functional groups are commonly found on the 

edges of carbon sheets (Knappe, 2006). The adsorbed hydrophilic compounds or even water clusters 

may block the carbon sheets and reduce the hydrophobic adsorption capacity (Kose, 2010; Húmpola et 

al., 2013).  

 

A decrease of approximately 20 mg g-1 of metaldehyde  𝑞𝑒𝑥𝑝 was observed (decreased by 28%), as 

shown in Table 5.9 and Table 5.6. Even though this decrease was not as severe as that of isoproturon, 

these results showed not only was the strongly adsorbed hydrophobic compound (isoproturon) affected 

by the presence of BOM, but that BOM also affected the adsorption of weakly adsorbed compounds 

such as metaldehyde. The decrease may also be attributed to the presence of isoproturon, which is more 

strongly adsorbed to the carbon compared to metaldehyde. A previous study has shown that low MW 

NOM  in water reduced the removal efficiency of the herbicide asulam (log kow of 0.3) using activated 

carbon (Matsui et al., 2002).  Li et al. (2019) reported that metaldehyde removal from water using 

powdered activated carbon (PAC) was not significantly affected (removal efficiency decreased by ~8%) 

by the presence of humic acid (HA). It was explained that the HA did not compete with metaldehyde 

in accessing carbon micro- and meso-pores and was only attached to some part of the surface and 

macropores of the PAC. However, the explanation was rather confounding as the mentioned attachment 

on the surface may cause pore blockage, thereby limiting metaldehyde adsorption and diffusion to the 
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deeper pores. Plausible reasons could be as follows: (i) that metaldehyde adsorbed and diffused to the 

carbon faster than the HA. Macromolecular substances such as HA, at moderate concentrations, tend to 

adhere together in the bulk solution, which slow down their diffusion rate (Yang and Al-Duri, 2001) 

and their adsorption (Yu et al., 2009); (ii) activated carbon preferentially removes low molecular weight 

compounds rather than macromolecular substances such as HA (Kilduff and Weber, 1996). A previous 

study of biological activated carbon (BAC) and sand also showed that NOM surrogates (leucine, serine 

and resorcinol) did not significantly limit the adsorption of metaldehyde (Rolph et al., 2018), which 

was attributed to the limited adsorption capability of the BAC and sand to the NOM surrogates. 

Nevertheless, in this study, it was found that the presence of contaminants other than metaldehyde 

affected its adsorption to the carbon, and could therefore affect the desorption behaviour of metaldehyde 

during subsequent chemical regenerations. Further investigation is necessary to understand whether the 

presence of BOM or isoproturon affected metaldehyde adsorption the most. 

 

Generally, higher RE values for isoproturon and slightly lower RE values for metaldehyde were 

observed for the tests using the mixture of both pesticides. These differences in the RE values when 

pesticides were present either individually, or as a mixture, in water showed the preference of the 

regenerant solution (the combined NaOH/CH3CH2O) to desorb the contaminants. The desorption 

degree of the target contaminant was affected by the competition between the target contaminants. The 

lower solubility of metaldehyde in ethanol compared to isoproturon (Table 2.3) may have contributed 

to the lower RE of metaldehyde in these tests.  

 

Similar to the previous findings with the pesticides individually, the mixture of NaOH/CH3CH2OH 

showed its ability to be reused four times (exhibited RE > 35%), even though the RE achieved was 

slightly lower than the values given in Table 5.4 and Table 5.6. A similar trend for the MTZ values to 

the previous findings was also observed, as shown in Table 5.9, where the MTZ values increased as 

the number of adsorption and regeneration cycles increased, indicating that the carbon became more 

rapidly saturated with the contaminants.  

 

The RE for DOC was 84.7% in the first regeneration cycle but reduced significantly in the subsequent 

cycles to 10.2%, the lowest for fresh regenerant, and 3.5% for the re-used solution. The low RE values 

can be because small-MW DOC fractions of the BOM adsorbed to the narrow pores of the carbon and 

filled high energy sites (Carter et al., 1992), making it difficult for them to be desorbed. Consequently, 

only a small quantity of BOM adsorbed to the carbon in the subsequent adsorption cycles, resulting in 

a low RE.  

 

The results of the investigation of the target contaminants during multi-cycle adsorption-regeneration 

tests are summarized in Figure 5.16. These showed that the quantity of isoproturon remaining in the 
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carbon (undesorbed) gradually increased up to the A4 cycle and was then similar for A5 cycle. For the 

metaldehyde, the quantity remaining in the carbon increased until the A3 cycle and was then relatively 

constant for the subsequent A4 – A5 cycles. These findings for metaldehyde adsorption contrasted 

slightly to the previous findings shown in Figure 5.12, where the quantity of metaldehyde remaining 

in the carbon increased systematically with the number of adsorption and regeneration cycles up to A5. 

It is possible that migration of metaldehyde on the carbon was obstructed by the presence of the other 

substances (i.e. isoproturon and BOM) in the mixed solutions, which occupied other active adsorption 

sites. 

 

(a) 

 

(b) 

Figure 5.16 Quantity of target contaminants associated with the solid phase after the adsorption 

cycles (A1 – A5) on virgin carbon, and in the liquid phase after the regeneration cycles (R1 – R4), 

using 10 BV of fresh regenerant solution: (a) Isoproturon and (b) Metaldehyde. (Error bars represent 

one standard deviation for duplicate measurements). 
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5.4.2   Thermally Regenerated Carbon 

 

As mentioned earlier, a carbon that was thermally regenerated (TR-C) was used as a comparison to 

virgin carbon that was chemically regenerated (CR-C), and the results are summarized in Figure 5.17 

and Table 5.10. To reach the full breakthrough (𝐶𝑡/𝐶0 ~ 1) using a TR-C, at an influent concentration 

of 1 mg L-1 of each pesticide, 35000 BV and 22000 BV were required for isoproturon and metaldehyde, 

respectively, as shown in Figure 5.17. For BOM represented by the DOC parameter, the full 

breakthrough was reached rapidly compared to the pesticides at 15000 BV for TR-C.  
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(a) 

Figure 5.17 Breakthrough curves for multiple cycles of adsorption and regeneration of the thermally regenerated carbon exhausted by (a) isoproturon, (b) 

metaldehyde and (c) DOM using 10 BV of regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements at A1 – A2 and 

duplicate measurements at A3 – A5). 
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(b) 

Figure 5.17 (Continued) Breakthrough curves for multiple cycles of adsorption and regeneration of the thermally regenerated carbon exhausted by (a) 

isoproturon, (b) metaldehyde and (c) DOM using 10 BV of regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements 

at A1 – A2 and duplicate measurements at A3 – A5). 
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(c) 

Figure 5.17 (Continued) Breakthrough curves for multiple cycles of adsorption and regeneration of the thermally regenerated carbon exhausted by (a) 

isoproturon, (b) metaldehyde and (c) DOM using 10 BV of regenerant solution. (Error bars represent the standard deviation for quadruplicate measurements 

at A1 – A2 and duplicate measurements at A3 – A5). 
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Table 5.10 Thomas model parameters (𝒒𝟎 and 𝒌𝑻𝑯), regeneration efficiency (RE) and mass transfer zone (MTZ) for of adsorption-regeneration of isoproturon, 

metaldehyde and DOC using thermally regenerated carbon and 10 BV of regenerant solution (n = 4 for thermally regenerated carbon, n = 2 for chemically 

regenerated carbon). 

Adsorption cycle 

Isoproturon Metaldehyde DOC 

𝒒𝒆𝒙𝒑 

Thomas 

model MTZ REa  𝒒𝒆𝒙𝒑 

Thomas 

model MTZ REa 𝒒𝒆𝒙𝒑
b REa  

𝒒𝟎 𝒌𝑻𝑯 𝒒𝟎 𝒌𝑻𝑯 

1 TR-C 49.2 + 0.3 49.9 0.89 8.5 + 0.1 60.9 + 0.7 20.9 + 1.0 24.8 0.71 9.5 + 0.4 39.0 + 1.3 22.2 + 1.7 37.2 + 6.4 

2 TCR-C FR 37.3 + 0.9 38.9 1.01 8.2 + 0.2 58.5 + 0.6 18.1 + 0.8 19.3 0.94 13.4 + 1.5 33.7 + 1.1 10.3 + 2.1 17.7 + 6.2 

3 TCR-C 
FR 32.0 + 0.9 32.1 1.16 9.3 + 0.2 55.1 + 1.0 16.7 + 0.8 19.9 1.17 14.1 + 0.1 30.4 + 1.5 8.0 + 1.7 13.5 + 1.4 

RR 29.8 + 1.1 28.5 1.21 8.9 + 0.2 48.7 + 1.8 16.1 + 0.8 18.3 0.96 14.0 + 0.2 30.7 + 0.8 4.0 + 0.8 6.7 + 3.1 

4 TCR-C 
FR 28.3 + 0.6 27.1 1.33 8.8 + 0.2 49.7 + 0.8 16.8 + 0.3 19.7 1.25 13.8 + 0.1 30.7 + 0.6 1.3 + 0.4 2.3 + 0.4 

RR 22.1 + 1.6 26.4 1.09 10.2 + 0.5 36.3 + 2.2 15.4 + 0.2 18.5 1.06 13.7 + 0.7 29.5 + 0.5 -1.0 + 0.1 -1.6 + 0.6 

5 TCR-C 
FR 28.2 + 0.1 31.4 1.20 9.0 + 0.1 44.4 + 1.4 15.5 + 0.7 17.6 1.21 17c 28.3 + 1.4 2.0 + 1.2 3.4 + 1.7 

RR 20.8 + 1.0 23.9 1.19 10.5 + 0.3 35.8 + 2.5 12.8 + 0.7 13.6 1.57 17c 24.4 + 0.7 -1.4 + 2.1 -2.8 + 4.1 

Notes:  TR-C is thermally regenerated carbon; TCR-C is previously thermally regenerated carbon that was chemically regenerated; FR is fresh regenerant; and 

RR is Re-used regenerant. 

 Units: 𝑞𝑒𝑥𝑝 and 𝑞0 (mg g-1); 𝑘𝑇𝐻 (mL min-1 mg-1); MTZ (mm); and RE (%.). 

aRE value was yielded by comparing the performance of the TR-C to V-C in Table 5.9. 

 bUnit for DOC 𝑞𝑒𝑥𝑝 (mg-C g-1).  

 cThe column length, meaning that the 𝐶𝑡/𝐶0 > 10% was achieved at t=0.
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The adsorption capacity of TR-C for the pesticides was observed to be lower than V-C, which was 

expected because the TR-C had been regenerated more than three times and had a lower surface area 

compared to the V-C, as shown in Table 5.8. The adsorption capacity of the TR-C compared to the V-

C in the first adsorption cycle (A1) was lower by 39%, 61% and 36% for isoproturon, metaldehyde and 

BOM (DOC), respectively. It was apparent that TR-C had a very limited adsorption capacity for 

metaldehyde as shown by the 𝑞𝑒𝑥𝑝 and the MTZ values achieved, which differed with those given 

previously in Table 5.9. TR-C differs to V-C in terms of its physical properties (surface area and pore 

volume) and surface chemistry (Table 5.8). It is well known that most micropollutants adsorb in the 

narrower micropores of activated carbon (San Miguel et al., 2001; Perry et al., 2005; Masson et al., 

2016), making the presence of carbon micropores a crucial property of the carbon. The results showed 

that TR-C had lower values of micropore surface area and pore volume compared to V-C, thus resulting 

in a correspondingly lower adsorption of the contaminants.  

 

The TR-C surface was more basic in nature compared to the V-C, as shown in Table 5.8. Busquets et 

al. (2014) found that metaldehyde adsorption was not favoured in the presence of negatively charged 

functional groups. However, all of the experiments in this study were carried out at neutral pH, 7.0 + 

0.1, suggesting that both carbon samples were predominately positively charged (via protonated 

carboxylic acid and basic functional groups) as the pH was below the carbon pHpzc. This indicated that 

the basicity of the carbon might not be the main reason for the different uptake of metaldehyde on the 

TR-C and the V-C. The TR-C contained less phenolic and carbonyl surface functional groups compared 

to the V-C. These groups are known to affect the adsorption of organic compounds onto carbon 

(Stavropoulos et al., 2008). Previously, both a theoretical study (Ferino-Perez et al., 2019) and a 

laboratory investigation (Tao and Fletcher, 2013) suggested that metaldehyde adsorption involves 

hydrogen bonding with carbon surface functional groups, with or without mediation by water 

molecules. Thus, the lower availability of these functional groups for metaldehyde to interact with, 

would result in a lower quantity of metaldehyde that can adsorb to the carbon.  

 

A comparison between the performance of thermally regenerated and chemically regenerated carbon 

was made and is shown in Figure 5.18. The thermal regeneration (TR-C) yielded REs for metaldehyde, 

isoproturon and BOM (DOC) of 39%, 61% and 37%, respectively. In comparison, the V-C after the 

first chemical regeneration had REs for metaldehyde, isoproturon and BOM (DOC) of 75%, 59% and 

85%, respectively, for the 1st regeneration cycle (R1). Thus, the results show that the chemical 

regeneration exhibited higher REs compared to thermal regeneration for metaldehyde and DOC, and 

almost equal RE values for isoproturon. However, the TR-C sample had been regenerated more than 3 

times, which may account for the apparent loss of its adsorption ability. In order to compensate for this, 

a comparison can be made between the TR-C results (A1 in Figure 5.17) and those of the V-C that was 

chemically regenerated 4 times (A5 in Figure 5.15), as summarized in Figure 5.18. The REs for the 
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chemically regenerated V-C (4th cycle – using fresh regenerant) for metaldehyde, isoproturon and DOC 

were 52%, 44% and 25%, respectively. Compared to the TR-C, these REs were observed to be lower 

for isoproturon and DOC. Nevertheless, even after four cycles, the chemical regeneration exhibited a 

higher RE for metaldehyde compared to thermal regeneration. It should be noted that in practice there 

is typically a 10% or more top up of virgin carbon after each thermal regeneration, which may 

compensate for the loss of TR-C adsorption performance after multiple regenerations. Consistent with 

the previous findings, even though there was a decrease in the RE for isoproturon and DOC with the 

repeated use of the regenerant solution, the re-used solution nevertheless performed well for 

metaldehyde, as the contaminant of interest, and the RE yielded was similar to the RE of thermal 

regeneration. 

 

 

Notes: 

1 Thermal regeneration 

2 Chemical regeneration (1st cycle - fresh regenerant) 

3 Chemical regeneration (4th cycle - fresh regenerant) 

4 Chemical regeneration (4th cycle - re-used regenerant) 

Figure 5.18 Regeneration efficiencies of the thermally regenerated and chemically regenerated 

carbon samples. (Error bars represent one standard deviation for duplicate measurements). 

 

The comparison shows that chemical regeneration was more beneficial to the carbon exhausted by 

metaldehyde, which is commonly the cause of an early GAC bed exhaustion for that particular  

contaminant (Castle et al., 2017), compared to thermal regeneration. Additionally, thermal regeneration 

changed the surface chemistry of the carbon (Table 5.8), potentially decreasing its adsorption ability 

for metaldehyde. At some point, in a similar way to thermal regeneration, the carbon that has been 

regenerated chemically multiple times will lose its ability to be used, ending the service life of the 

carbon bed. In this situation, rather than thermally regenerating the carbon, a full replacement of the 

carbon may be necessary. However, this may be disadvantageous in terms of having to landfill the spent 

GAC and increase costs. 
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As summarized in Figure 5.19, the quantity of target contaminants desorbed using fresh regenerant at 

each regeneration cycle (R1 – R4) was relatively constant with only a slight fluctuation. It was observed 

that the quantity of isoproturon and metaldehyde desorbed from the TR-C using the mixture of 

NaOH/CH3CH2OH was similar to that from the V-C (Figure 5.16). The mass of the adsorbed 

contaminant remaining on the carbon after each regeneration remained approximately the same as the 

initial cycle, suggesting that migration of the target contaminants on the carbon was not significant. 

These results were notably different to the previous findings when the target contaminant was present 

as a single contaminant, adsorbed on the V-C (Figure 5.8 and Figure 5.12). This is attributed to the 

possible presence of preloaded materials retained on the TR-C, limiting the possible migration of the 

adsorbed contaminants, as well as reducing the ability of the TR-C to adsorb the contaminants.  

 

(a) 

 

(b) 

Figure 5.19 Quantity of target contaminants associated with the solid phase after the adsorption 

cycles (A1 – A5), and in the liquid phase after the regeneration cycles (R1 – R4), using 10 BV of 

fresh regenerant solution for thermally regenerated carbon: (a) Isoproturon and (b) Metaldehyde. 

(Error bars represent one standard deviation for duplicate measurements). 
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Also as shown in Figure 5.19, it was apparent that the ratio between desorbed contaminant and the 

adsorbed contaminant during the chemical regeneration of TR-C was lower compared to V-C (Figure 

5.16). This was possibly because the pesticides adsorbed onto more accessible adsorption sites which 

made them easier to be desorbed from the TR-C. Additionally, the preloaded materials are known to 

occupy high energy sites on carbon (Kilduff et al., 1998), leaving the lower energy sites for the 

pesticides to be adsorbed on. 

 

5.5 Conclusions 

 

This chapter presented experimental data showing the performance of a novel NaOH/CH3CH2OH 

regenerant for the chemical regeneration of exhausted granular activated carbon obtained using the 

RSCCTs. 

 

For the optimisation tests using phenol as a target contaminant, the results of the multi-cycle adsorption-

regeneration tests showed that 10 BV of regenerant solution performed as well as 53 BV in regenerating 

the carbon exhausted with phenol, in partially restoring the carbon adsorption capacity. Carbon 

conditioning steps were required upon the completion of chemical regeneration. The proposed acid-

washing post-regeneration reduced the amount of RO water needed to restore the carbon pH, from 1000 

BV to 300 BV. 

 

The RSSCTs with pesticides showed that a fresh regenerant cycle was able to restore 82% and 45% of 

the virgin carbon adsorption capacity for metaldehyde and isoproturon, respectively. In the mixed 

solution of metaldehyde, isoproturon and BOM, the fresh regenerant solution yielded RE of 75%, 59% 

and 85%, respectively. The regenerant solution has the potential to be re-used four times in order to 

minimize the amount of waste chemicals generated and reduce the chemical regeneration costs.  

 

With metaldehyde as a contaminant of interest in a mixture of pesticide solution, the proposed chemical 

regeneration achieved a RE of ~52% for virgin carbon after four regeneration cycles, which 

outperformed the conventional thermal regeneration with RE of ~39%. The lower values of micropore 

surface area and pore volume of TR-C and the changes to the carbon surface chemistry, because of 

thermal regeneration, decreased the carbon ability to adsorb metaldehyde.  

 

The modest regeneration efficiency achieved through chemical regeneration indicates the potential of 

this method and its wider application as an alternative to the thermal regeneration of GAC. 
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6. PROPOSED ADSORPTION AND DESORPTION MECHANISMS 

 

6.1 Introduction  

 

In this chapter, the application and results of calorimetric analyses that were conducted in order to 

investigate the thermodynamic parameters of the adsorption of the target contaminants on carbon, are 

described and discussed. These thermodynamic parameters can provide valuable information regarding 

the surface characteristics of virgin and regenerated carbon, as well as the adsorption mechanisms of 

the target compounds (Tran et al., 2016). In addition, an investigation of the fate of the contaminants in 

the regenerant solution using mass spectrometry and UV-visible spectrometry is also provided. 

 

6.2 Methods  

 

The calorimetric analyses were performed using a VP Isothermal Titration Calorimeter (ITC) from 

Microcal, Inc. The tests were conducted using two types of carbon samples: (i) virgin F400 carbon, and 

(ii) F400 carbon that was previously exhausted by target contaminants and then chemically regenerated. 

The target contaminants investigated were phenol, isoproturon and metaldehyde to represent general 

substrates, hydrophobic contaminants and hydrophilic contaminants, respectively. The details of the 

methods using in the calorimetric tests are described in Chapter 3, section 3.6. The ITC method has 

been used widely to investigate interactions between molecules as it has the ability to accurately 

measure the Gibbs free energy (∆𝑎𝑑𝑠𝐺), enthalpy (heat of adsorption, ∆𝑎𝑑𝑠𝐻) and entropy (𝑇∆𝑎𝑑𝑠𝑆) 

associated with these interactions (Lewis and Murphy, 2005). The raw data of real-time thermograms 

and binding isotherms from the ITC analyses are presented in Appendix 8. Real-time thermograms 

showed the experimental heat change from each injection, which then this heat exchange plotted into 

binding isotherms. 

 

An investigation of a possible transformation of the target contaminants in the regenerant solution, a 

mixture of sodium hydroxide in ethanol (NaOH/CH3CH2OH), was conducted using two approaches as 

described in section 3.7, involving the analysis of the contaminants in the regenerant solution by mass 

spectrometry and UV-visible absorbance spectrometry. The investigation was undertaken to confirm 

that the target contaminants did not transform or change during detection and quantification, which can 

lead to false or inaccurate reporting of their desorption. By knowing the possible transformation of the 

target contaminants, the desorption mechanisms may require further study. The investigation may also 

provide important information as to whether the regenerant chemical used aided the degradation of the 

contaminants.  
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6.3  Heat of Adsorption 

 

6.3.1  Virgin Carbon 

 

The results of the test using the virgin carbon are summarized in Table 6.1, which show that the 

adsorption of the target contaminants occurs at two types of binding sites (denoted as 1 and 2) on the 

carbon and these binding sites might be identical or dependent. In all cases it was found that the 

magnitude of the respective binding constants was Ka2 > Ka1, which meant that the binding to the first 

site energetically favoured the subsequent binding to the other site (Darby et al., 2017).  

 

Table 6.1 Thermodynamic parameters (Eq. 2.36) of contaminant adsorption on virgin F400 at 298.15 

K (variations represent the standard deviation for duplicate measurements). 

Target 

contaminant 
Site Ka (M-1) 

∆𝒂𝒅𝒔𝑮 

(kJ mol-1) 

∆𝒂𝒅𝒔𝑯 

(kJ mol-1) 

𝑻∆𝒂𝒅𝒔𝑺 

(kJ mol-1) 

Phenol (1) (7.5 ± 0.9) x 103 -22.1 ± 0.3 -53.2 ± 0.4 -31.3 + 0.7 

 (2) (8.0 ± 0.7) x 105 -33.7 ± 0.2 36.9 ± 1.8 70.7 + 1.6 

Isoproturon (1) (4.4 ± 0.2) x 102 -14.9 ± 0.4 -123.2 ± 7.9 -108.3 ± 7.6 

 (2) (5.9 ± 0.2) x 105 -32.7 ± 0.2 146.2 ± 14.5 171.4 ± 3.6 

Metaldehyde (1) (2.0 ± 0.8) x 102 -13.1 ± 0.1 -186.7 ± 1.9 -173.5 ± 2.1 

 (2) (4.3 ± 0.5) x 105 -32.2 ± 0.3 179.2 ± 7.2 211.3 ± 6.9 

 

For the first site (site 1), which is a relatively weak binding site (∆𝑎𝑑𝑠𝐺 = -22.1 kJ mol-1 for phenol, -

14.9 kJ mol-1 for isoproturon and -13.1 kJ mol-1 for metaldehyde), the values of all of the thermodynamic 

parameters were negative, indicating that the adsorption at this site was spontaneous and 

thermodynamically favourable. This site may be where the target contaminants physically adsorb onto 

the carbon through electrostatic interactions, or involving Van der Waals forces, or where the 

contaminants, hydrated by water molecules, interact via the water molecules with the hydrophilic 

carbon surface (Bansal and Goyal, 2005). The adsorption at this site is possibly where the carbon surface 

is covered with contaminant molecules in a form of monolayer. A higher negative value of phenol 

adsorption (∆𝑎𝑑𝑠𝐺) reflects a more energetically favourable adsorption compared to isoproturon and 

metaldehyde (Liu, 2009), which is possibly because the smaller molecular size of phenol enables it to 

penetrate to, and adsorb in, deeper pores of the carbon. The higher degree of phenol adsorption 

compared to other molecules was previously explained by the multiple regression analysis as shown in 

Chapter 4, (Eq. 4.1) and (Eq. 4.2). Isoproturon has a higher negative value of ∆𝑎𝑑𝑠𝐺 than metaldehyde, 

which may reflect its greater hydrophobicity, and thus the adsorption of isoproturon at site 1 was more 

thermodynamically favourable compared to metaldehyde. Phenol had the highest desorption efficiency 
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when water at 80 °C was used compared to the other contaminants (Figure 4.11 (a)), as it is the most 

water-soluble, and this suggested that physisorption was an important adsorption mechanism of phenol, 

but was not a dominant mechanism for isoproturon and metaldehyde adsorption. The negative value of 

the entropy (∆𝑎𝑑𝑠𝐺) of the system describes the transfer of the contaminant from the solution’s bulk 

phase to the solid-liquid interface, which decreases the entropy of the system and the degree of freedom 

of the contaminant (Ferreira et al., 2017).  

 

The second site (site 2) is a stronger binding site than site 1 (∆𝑎𝑑𝑠𝐺 = -33.7 kJ mol-1 for phenol, -32.7 

kJ mol-1 for isoproturon and -32.2 kJ mol-1 for metaldehyde). There were complex interactions between 

the carbon and the target contaminants evident at this binding site. This site can be where a dynamic 

equilibrium occurred. The positive value of the 𝑇∆𝑎𝑑𝑠𝑆 suggested that the contaminant molecules on 

the carbon surface adsorbed in a multilayer arrangement. This arrangement commonly involves a 

weaker strength of intermolecular force, such as van der Waals, dispersion and electrostatic interactions 

(Bansal and Goyal, 2005), thus the molecules that are furthest from the carbon surface or that have 

lower adsorption potential energy become less stable and may desorb, becoming less arranged. The 

formation of multilayers is expected before the contaminants fill the higher energy adsorption sites 

(high ∆𝑎𝑑𝑠𝐻 or low -∆𝑎𝑑𝑠𝐻) (Tompkins, 1950). Taking into account that the ∆𝑎𝑑𝑠𝐻 values of 

isoproturon and metaldehyde exceeded 100 kJ mol-1, and the process was endothermic at this site, the 

adsorption mechanisms of isoproturon and metaldehyde most likely involved chemisorption-like 

interactions. Bansal and Goyal (2005) reported that the heat of chemisorption is usually in the range of 

40 – 400 kJ mol-1 and Tong et al. (2019) suggested that a strong H-bond between carbon and a 

micropollutant could occur with an enthalpy value of ~100 kJ mol-1. As previously reported (Mattson 

et al., 1969; Castillejos-López et al., 2008), organic contaminants are able to form strong donor-acceptor 

complexes with oxygen functional groups on the carbon surface, such as carbonyl oxygen, which has a 

large dipole moment compared to the carboxylic groups. This kind of interaction requires activation 

energy and the extent of the adsorption depends upon the temperature of adsorption. Furthermore, 

Ferro-García et al. (Ferro-García et al., 1993) suggested that surface carbonyl groups play an important 

role for chemisorbed organic contaminants. In the evaluation of the desorbability of target contaminants 

in this study (Chapter 4), a higher degree of desorption was achieved using the mixed 

NaOH/CH3CH2OH solution, which was attributed to its ability to interact with, and weaken, the 

carbonyl functional group on the carbon.  

 

The high values of  ∆𝑎𝑑𝑠𝐻 of isoproturon and metaldehyde were potentially related to their polarity. 

Metaldehyde and isoproturon have a higher polar surface area value compared to phenol (Table 2.3). 

These compounds may interact with water and the water molecules may create a solvation shell that 

surround the contaminant molecules, making them bigger in size. The greater the hydrophilicity of the 

molecule, the greater the possibility of hydrogen bonding with water and/or surface oxygen functional 
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groups of the carbon (Masson et al., 2017). A previous study by Masson et al. (2017) suggested that the 

more bulkier a compound, the greater heat of adsorption involved, and consequently the greater 

difficulty for the compound to be desorbed compared to a smaller molecule. This finding was in 

agreement with the investigation of the desorption of the target contaminants in the batch study (section 

4.5), which showed that phenol was relatively easier to be desorbed from the carbon compared to the 

other target contaminants using different types of regenerant solution candidates.  

 

A study conducted by Busquets et al. (2014) showed that metaldehyde adsorption onto activated carbon 

was independent of the carbon’s specific surface area, which indicated that the adsorption mechanism 

was more complex than just physisorption. The results from this study also support those reported 

previously, including both a theoretical study (Ferino-Perez et al., 2019) and a laboratory investigation 

(Tao and Fletcher, 2013), which indicated that metaldehyde adsorption involves hydrogen bonding with 

carbon surface functional groups, with or without mediation by water molecules. Other phenomena 

such as van der Waals interactions and the thermodynamic gradients may also be contributory 

mechanisms for metaldehyde adsorption. The heat-consuming processes during the contaminant 

adsorption can also be attributed to the energy required to break hydrogen bonds between the 

contaminant and water in the bulk phase, and between the surface functional groups of the carbon and 

water. To interact with these functional groups, the contaminants have to displace possibly more than 

one water molecule from their adsorption site, resulting in the endothermic nature of the process. The 

endothermic nature of the adsorption process was also reported for phenol and metaldehyde (Srivastava 

et al., 2006; Tao and Fletcher, 2013), whereby the contaminant uptake increased with the solution 

temperature.   

 

Additionally, the large and positive value of ∆𝑎𝑑𝑠𝐻 is most likely due to the release of water molecules 

from the displacement of the contaminants at the adsorption sites (Karlsen et al., 2010; Ferreira et al., 

2017). The high entropy of isoproturon adsorption onto carbon may also be due to the hydrophobic 

interaction involved (Chiad, 2011). The unfavourable nature of a positive ∆𝑎𝑑𝑠𝐻 value for the second 

site, which would make a reaction non-spontaneous, is counteracted by the positive 𝑇∆𝑎𝑑𝑠𝑆 values and 

negative value of ∆𝑎𝑑𝑠𝐺, indicating that the target contaminant adsorption process in this study is 

spontaneous (Li et al., 2005). 

 

In summary, the calorimetric investigation suggested that isoproturon and metaldehyde were more 

strongly bonded compared to phenol on the virgin carbon. This is consistent with the results of the 

desorption tests using different types of regenerant solution, which showed it was more difficult to 

desorb isoproturon and metaldehyde from GAC, compared to phenol. 
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6.3.2 Chemically Regenerated Carbon 

 

The results in Table 6.2 showed negative values of ∆𝑎𝑑𝑠𝐺 at sites 1 and 2, which indicated that for 

phenol, isoproturon and metaldehyde adsorption onto virgin and regenerated carbon were energetically 

favoured and spontaneous processes (Ferreira et al., 2017). The ∆𝑎𝑑𝑠𝐺 values of regenerated carbon 

were more negative compared to virgin carbon, indicating that the adsorption of the contaminants on 

the regenerated carbon occurred mainly at the carbon surface and was not dominated by diffusion into 

deeper and smaller pores (Cestari et al., 2007). This was most probably because these pores were 

occupied by pre-adsorbed contaminant molecules that were not removed during the chemical 

regeneration process. The contaminants that interacted with high energy sites of the carbon were 

strongly bound  (Berger and Bhown, 2011) and were difficult to desorb during the regeneration process. 

The less negative ∆𝑎𝑑𝑠𝐻 values for site 1, and less positive for site 2, of the regenerated carbon 

compared to virgin carbon, suggested that the adsorption process on the regenerated carbon involved a 

lower level of energy exchange. The decrease of ∆𝑎𝑑𝑠𝐻 suggested that the contaminants interacted with 

lower energy adsorption sites as the high energy sites were no longer available. These lower energy 

sites became available for adsorption because the contaminants were more readily desorbed from these 

locations during the regeneration. The decrease of ∆𝑎𝑑𝑠𝐻 is also commonly associated with the increase 

of adsorbent surface coverage (Saha and Chowdhury, 2011), indicating the presence of previously 

adsorbed contaminants on the regenerated carbon.  

 

Compared with virgin carbon, the entropy (𝑇∆𝑎𝑑𝑠𝑆) values of the system when using regenerated 

carbon were less negative for site 1 and decreased for site 2 for all the target contaminants, indicating 

less interaction intensity between the contaminants and the carbon (Saha and Chowdhury, 2011), which 

corresponded to a lower adsorption capacity of the target contaminants using the regenerated carbon  

compared to the virgin carbon (section 5.3).  

 

Table 6.2 Thermodynamic parameters (Eq. 2.36) of contaminant adsorption on the chemically 

regenerated F400 at 298.15 K (variations represent the standard deviation for duplicate measurements). 

Target 

contaminant 
Site Ka (M-1) 

∆𝒂𝒅𝒔𝑮 

(kJ mol-1) 

∆𝒂𝒅𝒔𝑯 

(kJ mol-1) 

𝑻∆𝒂𝒅𝒔𝑺 

(kJ mol-1) 

Phenol (1) (1.4 ± 0.9) x 104 -23.4 ± 1.6 -27.5 ± 0.2 -4.1 + 1.4 

 (2) (6.6 ± 2.5) x 105 -33.1 ± 1.0 9.2 ± 5.8 42.3 + 4.9 

Isoproturon (1) (1.4 ± 0.2) x 103 -17.9 ± 0.4 -52.4 ± 11.5 -34.5 ± 11.9 

 (2) (1.2 ± 0.2) x 106 -34.6 ± 0.5 54.3 ± 20.1 88.9 ± 19.7 

Metaldehyde (1) (2.8 ± 0.7) x 103 -19.6 ± 0.7 -129.4 ± 5.9 -109.8 ± 5.2 

 (2) (2.5 ± 0.5) x 106 -36.5 ± 0.1 116.5 ± 5.9 153.0 ± 5.9 
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For all the target contaminants, the ratio of the enthalpy of the regenerated and virgin carbon for binding 

site 1 was in good agreement with the regeneration efficiency (RE) value obtained using the RSSCTs 

in the first cycle using fresh regenerant, as shown in Figure 6.1 (a). This finding further suggested that 

the adsorption uptake of the target contaminant on the regenerated carbon mostly involved the 

interactions in binding site 1, a weaker binding adsorption site. 

 

  

  

  

 

 (a) (b) 

Figure 6.1 Thermodynamic parameters for compound adsorption by virgin and chemically 

regenerated carbon at binding sites 1 (a) and 2 (b) (error bars represent one standard deviation for 

duplicate measurements). 
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6.4  Fate of The Target Contaminants 

 

6.4.1 Mass Spectra 

 

The possible reaction between the NaOH/CH3CH2OH mixture and adsorbed contaminants was 

investigated using mass spectrometry to further clarify the desorption mechanisms involved. It was 

found that only phenol transformed upon exposure to a mixture of NaOH/CH3CH2OH (results are given 

in Appendix 9). In this case a phenolate ion was formed as phenol has a pKa value of 9.99 as shown in 

Table 2.3, supporting the previous notion that phenol desorbed from the carbon surface because of the 

formation of a water-soluble phenolate ion. The absence of any detectible transformation or chemical 

reaction for the other target contaminants suggested that the desorption of these contaminants was 

primarily influenced by their solubility in the mixture, and/or a reduced affinity for the carbon surface 

as a result of changes to the properties of the carbon caused by the mixture. A similar finding was 

observed with aromatic contaminants, such as nitrobenzene, which is strongly adsorbed to the carbon, 

but where its desorption was driven by the decrease of carbon affinity (Leng and Pinto, 1996).  

 

6.4.2 UV-visible Absorbance 

 

There is a limitation in the investigation of the transformation of target contaminants using UV-visible 

spectrophotometry, as this analytical method is not capable of detecting metaldehyde. Metaldehyde 

does not have a distinctive absorbance at wavelengths in the range of 220 – 800 nm, which is most 

likely because its structure lacks π-bonds. The UV-visible absorbance spectra also cannot identify the 

possible reaction products of the target contaminants, but may give an indication of whether the 

contaminant is changing or transforming. The absorbance of target contaminants was measured at 

wavelengths from 190 – 800 nm, however, in the Appendix 1, Part 1.1, only the absorbance at 220 – 

400 nm (ultraviolet range) are shown in order to clearly reveal any changes in the contaminants’ 

spectrum.  The absorption of irradiation depends on the wavelength of the irradiation and the structure 

of the contaminant (Kalsi, 2007).  

 

Similar to previous results using mass spectrometry, the UV spectra also indicated that only phenol 

transformed in the regenerant solution (NaOH/CH3CH2OH mixture). The absorption shift of the phenol 

in high pH solution is associated with electron delocalisation because of the release of H+ from the 

phenol structure. The greater delocalisation lowers the energy gap, resulting in a longer wavelength of 

light being absorbed. No distinct difference was evident in the UV spectra of the other target 

contaminants. 
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6.5  Proposed Adsorption and Desorption Mechanisms  

 

Organic compounds may adsorb to carbon materials through various mechanisms, such as Van der 

Waals interaction, dispersion and electrostatic interactions, and/or interactions with surface functional 

groups of the carbon (Bansal and Goyal, 2005). In this section, the possible adsorption and adsorption 

mechanisms of hydrophobic and hydrophilic contaminants are proposed. The proposed mechanisms 

were based on the desorption behaviour of the target contaminants using different types of regenerant 

solution, calorimetry analyses and the investigation of the fate of the target contaminants.  

 

Table 6.3 A summary of the DE (%) for the target contaminants using different types of regenerant 

solution at 20 + 0.1 °C. 

 DE (%) for the carbon exhausted with target compound 

 
Isoproturon Nitrobenzene Phenol Clopyralid Metaldehyde 

 
Aromatic Non-aromatic 

 
Non-ionic Ionic Non-ionic 

 
Solubility in water at 25 °C 

 
Low High Low 

 
Hydrophobicity 

Regenerant solution High       Low 

RO water (H2O) at 

20, 50 and 80 °C  
0.9 – 5.4 0.1 – 0.4 3.3 – 23.6 2.5 – 14.3 2.3 – 5.9 

Hydrochloric acid 

(HCl) 
1.1 – 3.9 0.1 – 0.2 2.7 – 9.2 0.9 – 3.3 2.1 – 3.6 

Sodium hydroxide 

(NaOH) 
2.6 – 5.3 0.1 – 0.3 46.8 – 54.5 2.3 – 5.3 2.9 – 6.7 

Ethanol 

(CH3CH2OH) 
39.0 – 67.9 35.0 – 44.6 58.9 – 62.6 3.7 – 11.1 6.8 – 14.6 

A mixture of 

NaOH/CH3CH2OH 
35.2 – 45.0 31.4 – 46.8 78.6 – 89.0 73.8 – 83.0 50.0 – 82.4 

 

Colour code The range of DE (%) 

Red < 25 

Yellow 25 – 49.9 

Blue 50 – 74.9 

Green > 75 

 

The following discussion consists of two parts. The first one is the possible adsorption mechanisms of 

phenol, isoproturon and nitrobenzene, which are categorized as hydrophobic contaminants in this study. 

One of the important mechanisms that governs the adsorption of hydrophobic contaminants, and 

specifically aromatic contaminants, onto activated carbon is π/π or CH/π dispersion between the basal 
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plane of the carbon and the aromatic ring of compounds (Velasco and Ania, 2011). The adsorption of 

the hydrophobic-aromatic target contaminants, i.e. isoproturon, nitrobenzene and phenol, was most 

likely through this mechanism. The relatively lower solubility of these compounds in water, except for 

phenol, implies a preference of these contaminants to leave the water and adsorb onto the carbon, 

sometimes referred to as solvent-motivated adsorption (Weber et al., 1991), and for this reason, RO 

water was not capable of desorbing these contaminants (Table 6.3). However, even at a higher 

temperature, water alone was not able to desorb these contaminants, suggesting that the adsorption 

interaction between the carbon and these contaminants was strong enough. Ethanol, as a polar organic 

solvent, showed a modest ability in desorbing the contaminants because these contaminants have a high 

solubility in ethanol as an organic solvent. Ethanol may attract the contaminant, thus disturbing the 

contaminant interactions with the carbon. In addition to dispersion interactions, the adsorption of 

isoproturon, nitrobenzene and phenol on the carbon may also be through the H-bond interactions 

between the surface oxygen groups of the carbon and these contaminants, as indicated by the heat of 

adsorption from the calorimetry analyses. Illustrations of the adsorption and desorption mechanisms of 

these hydrophobic contaminants are given in Figure 6.2. 

 

(a) 

 

(b) 

Figure 6.2 Schematic illustration of proposed interactions between hydrophobic target contaminants 

and carbon: (a) Adsorption and (b) Desorption. 

 

Secondly, for the hydrophilic target contaminants, clopyralid and metaldehyde, it is proposed that these 

contaminants interacted with, or even formed hydrogen bonds with, surface functional groups of the 

Surface oxygen functional group

Phenol

Isoproturon

Carbon basal planes

π/ π dispersion

CH/π dispersion

Desorb and soluble in ethanol

Physical displacement
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carbon, such as phenolic, carboxylic, lactonic and carbonyl surface functional groups. Theoretically, 

the presence of an alkaline solution may make the carboxylic (pKa of 3-6), lactonic (pKa of 7-9) and 

phenolic (pKa of 8-11) groups on the carbon become negatively charged (Knappe, 2006). The changes 

in the properties of the surface functional groups affect their interactions with the hydrophilic 

contaminants, resulting in the desorption of the contaminants. However, by exposing the exhausted 

carbon to NaOH, only phenol was able to be desorbed with modest DE (Table 6.3), which was 

attributed to the transformation of phenol into phenolate at pH > 9.99, as mentioned previously. In the 

case of clopyralid and metaldehyde, only the mixture of NaOH/CH3CH2OH, forming CH3CH2O-, was 

able to desorb these contaminants. A plausible explanation is that OH- from NaOH was not strong 

enough to disrupt the interaction between the surface functional groups and the contaminants, while 

CH3CH2O-, which is a stronger base and a strong nucleophile, may react with carboxyl and carbonyls 

group (Boehm, 1966). Since clopyralid and metaldehyde were barely transformed in the high pH of 

solution, as mentioned in section 6.4, the interactions between these contaminants and the surface 

functional groups of the carbon were the most probable mechanism responsible for the adsorption of 

these contaminants on the carbon. Additionally, the desorption of hydrophilic contaminants by the 

presence of CH3CH2O- was evident from the correlation between the approximate amount of CH3CH2O- 

and the DE, as shown in Chapter 4, Figure 4.8. 

 

(a) 

 

(b) 

Figure 6.3 Schematic illustration of proposed interactions between hydrophilic target contaminants 

and carbon: (a) Adsorption and (b) Desorption. 

 

H-bond

Surface oxygen functional group

Metaldehyde

Phenol
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6.6  Conclusions 

 

The investigation of adsorption and desorption mechanisms using calorimetry tests suggests that the 

selected contaminants, phenol, isoproturon and metaldehyde, adsorbed at two binding sites. Firstly, a 

relatively weak binding site, site 1, where the contaminants are physisorbed to the carbon, and site 2 

where a dynamic equilibrium occurs, and the contaminants bind with the carbon under chemisorption-

like interactions, as indicated by a high energy of adsorption. Slight changes in the thermodynamic 

parameters, including lower heat of adsorption values, of pesticides on the chemically regenerated 

carbon compared to virgin carbon, suggested that adsorption by the regenerated carbon involves weaker 

interactions. 

 

An investigation of the target contaminants present in the regenerant solution (the mixture of 

NaOH/CH3CH2OH) suggested that only phenol was transformed. The results on the desorption batch 

studies and the investigation on the fate of the target contaminants further help in proposing the 

adsorption and desorption mechanisms of the target contaminants. It is suggested that the hydrophobic 

target contaminants, phenol, nitrobenzene and isoproturon, interacted through dispersion forces with 

the basal plane of the carbon, while the hydrophilic target contaminants interacted with the surface 

oxygen functional groups of the carbon through hydrogen bonds. The solubilizing power of CH3CH2OH 

was responsible for the desorption of hydrophobic contaminants, while CH3CH2O-
 enabled desorption 

of the hydrophilic contaminants by changing the properties of the surface oxygen functional groups, 

disturbing the interactions between these groups and the contaminants, and thereby facilitating the 

desorption. 
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7. GENERAL DISCUSSION 

 

7.1  Chemical Regeneration as an Alternative to Off-site Thermal Regeneration 

 

Efforts have been made in the last 40 years by researchers to investigate any alternative regeneration 

method to thermal regeneration because of the drawbacks of this process. Chemical regeneration is one 

of the alternatives that is capable of being conducted on-site or in situ without the need to transport the 

spent carbon off-site, suggesting it is a more effective approach compared to thermal regeneration from 

the practical standpoint and minimization of out-of-service time. The chemical regeneration using a 

mixture of NaOH/CH3CH2OH was able to achieve a sufficient desorption and has a moderate 

regeneration capability of different organic contaminants, as presented in this thesis. A previous study 

on a field spent carbon showed that the mixture of NaOH/CH3CH2OH was able to regenerate the carbon 

and produced a regeneration efficiency (RE) of around 77% based on phenol adsorption (Ma, 2019).  

 

The adsorption and desorption batch tests, as discussed in Chapter 4, were focused on finding a suitable 

regenerant solution to desorb five target contaminants from carbon. The mixture of NaOH/CH3CH2OH 

was found to be the most suitable regenerant solution for the range of contaminants, despite the large 

differences in their physico-chemical properties. The mechanisms of compound desorption were 

attributed to a combination of the dissolution of the adsorbed contaminants in the regenerant solution 

and the changes to the surface functional groups of the carbon. These mechanisms facilitated the 

desorption of relatively hydrophobic and hydrophilic contaminants from the exhausted carbon. 

Furthermore, the findings from the tests contribute to the existing database of additional types of 

chemicals that have been used as a regenerant solution for general substances and pesticides.  

 

Metaldehyde was considered in this study as an example of a problem compound in terms of its poor 

removal during conventional water treatment. Commercial activated carbon has a limited capacity for 

metaldehyde, making the carbon to be quickly exhausted for this particular compound. Although the 

use of metaldehyde was officially banned in 2018 (for use after 2020) (Allison, 2018), the ban was 

overturned in July 2019 (Jones, 2019) and its occurrence in raw waters remains a challenge to water 

utilities. However, the use of metaldehyde in this research was not solely due to its role in water supply 

non-compliance in the UK (Cosgrove et al., 2019), but because its properties may represent other 

current or future problematic pesticides in raw water. To complement this, in this study four other 

organic contaminants were tested in addition to metaldehyde.  

 

The research investigation of chemical regeneration was designed in a stepwise manner beginning with 

batch testing, followed by RSSCTs. Previously, there have been only a few studies concerning chemical 

regeneration that involved column testing with repeated cycles of adsorption and regeneration (Cooney 
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et al., 1983; Newcombe and Drikas, 1993; Matheickal et al., 1998; Lu et al., 2011), or which considered 

the re-usability of regenerant solution (Martin and Ng, 1987; Srivastava and Tyagi, 1995). However, in 

this study, the regenerant solution has been shown to be capable of being reused, as described in Chapter 

5. It was observed that the RE for carbon exhausted by metaldehyde (82%, Table 5.6) was higher 

compared to carbon exhausted by isoproturon (45%, Table 5.4Table 5.6), owing to the higher 

desorption efficiency (DE) of metaldehyde than isoproturon of ~80% and ~37%, respectively, using 0.5 

NaOH in 80% (v/v) CH3CH2OH (Table 4.6). It suggested that the chemical regeneration was more 

beneficial for carbon exhausted by hydrophilic contaminants, indicating that when a GAC bed 

experiences early breakthrough of hydrophilic pesticides, performing chemical regeneration may 

prefentially desorb certain compounds, thereby providing available sites for the pesticides to be 

adsorbed to the carbon. However, after multiple times of chemical regeneration, in a similar way to 

thermal regeneration, the un-desorbed contaminants will accumulate on the carbon, making it lose its 

ability to be re-used, ending the GAC bed service life. The findings from the tests of metaldehyde 

adsorption using a thermally regenerated carbon showed that multiple applications of thermal 

regeneration adversely affected the metaldehyde adsorption on GAC. Therefore, it is suggested that 

when chemical regeneration is applied multiple times and the GAC bed performance has deteriorated, 

marking the end of the GAC bed life, rather than thermally regenerating the carbon, a full carbon 

replacement might be the most effective option.  

 

From the tests investigating the transformation of the target contaminants in the regenerant solution of 

0.5 NaOH in 80% (v/v) CH3CH2OH, as presented in Chapter 6, it was concluded that all the target 

contaminants, with the exception of phenol, did not transform in the regenerant solution. However, 

based on the findings from the column tests, the regenerant solution containing contaminants was able 

to be re-used up to 4 times, suggesting that the regenerant solution would need to be stored over a period 

before being re-used. In practice, the GAC bed may require to be regenerated after a period of < 14 

months, or even in a worst case, each 4 – 8 months, because of the early breakthrough of specific 

contaminants, such as metaldehyde2, while during conventional operation the GAC requires thermal 

regeneration typically each 24 – 60 months, depending on the raw water quality and the number of 

previous regeneration cycles of the GAC bed (UK Water Industry Research, 2017). The stability of 

contaminants or their potential degradation in the regenerant solution over a long period of storage in 

between regenerations of full-scale GAC beds, are aspects requiring further investigation.  

 

 

 

 
2 Personal communication, STREAM PhD Project Meeting. February 2019. 
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7.2  Comparison of the Proposed Chemical Regeneration to Other Carbon Regeneration 

Methods for Carbon Exhausted by Phenol 

 

The desorption efficiency of phenol from exhausted carbon was compared for a range of carbon 

regeneration methods and the results are shown in Figure 7.1. The results were based on the following: 

data of the chemical regeneration was derived from this study of using the regenerant solution of 0.5 

NaOH in 80% (v/v) CH3CH2OH (Table 4.6); the DE and the regeneration time of the thermal and 

electrochemical regeneration were as reported in Berenguer et al. (2010); the Fenton regeneration 

performance was as reported by Muranaka et al. (2010); the ultrasound regeneration was as reported by 

Rege et al. (1998); the microwave regeneration was as reported by Ondon et al. (2014); the 

bioregeneration study was conducted by Ha et al. (2000). The comparison suggested that chemical 

regeneration using a mixture of NaOH/CH3CH2OH was able to achieve a greater degree of phenol 

desorption, over a relatively short regeneration time of 2 h, than the thermal, electrochemical, fenton 

and bioregeneration methods. However, it appeared that microwave regeneration achieved the highest 

DE for phenol, over a very short regeneration period (only 20 min), showing its potential ability to be 

an efficient carbon regeneration method. However, the high microwave power and high flowrate 

required to achieve the greater DE will result in a high loss rate of activated carbon (Yang et al., 2019), 

making it similar in this respect to  conventional thermal regeneration. The difference in phenol DE 

using the different methods was influenced by the phenol desorption mechanisms. From this study, it 

is known that the phenol desorption during chemical regeneration was through phenol transformation 

into the phenolate ion and the repulsion between the phenolate ions and the negatively charged carbon 

surface. For thermal regeneration using hot inert gas and microwaves, the desorption of phenol was 

because of phenol decomposition at high temperature (Berenguer et al., 2010). For Fenton regeneration, 

the desorption of phenol was caused by the phenol degradation through an Fe-catalysed radical 

oxidation process, which is usually accelerated by ultraviolet light irradiation (Muranaka et al., 2010; 

Huling et al., 2012). For ultrasound regeneration, the desorption of phenol by ultrasound was caused by 

the combination of high temperature and pressure because of the formation, growth and collapse 

(cavitation) of bubbles in liquid (Lim and Okada, 2005). For bioregeneration, the phenol is decomposed 

through microbiological activity (Aktaş and Çeçen, 2007). A particular benefit of these other carbon 

regeneration methods, in comparison to chemical regeneration, is that the adsorbed contaminants are 

degraded or decomposed, although to products of unknown significance, rather than being separated 

into the regenerant solution. 
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Figure 7.1 Comparison of phenol desorption efficiency (DE) using different carbon regeneration 

methods and regeneration time required from previous studies. 

 

7.3  Waste Chemical from the Used Regenerant Solution 

 

Despite the beneficial aspects of chemical regeneration, a concern arises from the potential waste 

chemicals generated. The waste chemicals from the used regenerant solutions will contain three major 

components: (i) the alkaline solution that produces the high pH conditions (pH > 13); (ii) the organic 

solvent; and (iii) the desorbed organic contaminants, which together with the organic solvent contribute 

to a high chemical oxygen demand (COD), and ultimately to the total organic carbon (TOC) of the 

waste chemical solution as described in subchapter 7.3.1, Table 7.1.  

 

In the UK, according to the Environmental Agency of UK Government (2018), discharges that are 

allowable from WTWs include filter backwash water, settled sludge supernatant liquors, lagoon 

discharge and raw water. The types of discharge that are limited or require special permits are 

wastewaters containing chlorine, aluminium (from coagulation/flocculation processes), 

polyelectrolytes, and suspended solids including GAC fines and iron. In the United States (US), 

typically, discharges from public water supply (PWS) treatment facilities that contain contaminants 

above the ambient water-quality standards may be acceptable if sufficiently diluted by the receiving 

water bodies (Colman et al., 2016). However, as mentioned previously, the TOC concentration of the 

regenerant waste is estimated to be very high due to the ethanol content (is estimated around 289 – 296 

g-C L-1 as mentioned in Table 7.1), thus some form of treatment, recycle and/or disposal of the 

regenerant waste is required prior to the discharge of any waste flow. In principle, there are a few 
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options available to manage the used regenerant solution, which are as follows: (i) to treat the solution 

on-site and then discharge it to the foul sewer system, noting that an environmental permit will be 

required; (ii) to treat and recycle the solution on-site, thus the regenerant chemicals can be recovered 

and used again; or (iii) to dispose the solution off-site, which may require the services of a specialized 

company to undertake this.  

 

7.3.1  Waste Chemical Properties 

 

The approximate composition of the regenerant waste is summarized in Table 7.1. 

 

Table 7.1 Approximate composition of the regenerant waste solution. 

Parameter Unit Value Notes 

pH - 13 – 14 0.5 M of NaOH in the regenerant solution 

Water content % Wt. 35 - 38 

20% (v/v) of water in the fresh regenerant solution 

with a predicted increase of 2.2 – 2.7% (v/v) at 

each regeneration. 

Turbidity NTU 60 – 160  
Typical turbidity of rapid sand filter backwash 

water (Ko et al., 2003). 

Total Suspended 

Solid (TSS) 
mg L-1 290 – 320 

Predicted value based on the correlation between 

turbidity data and TSS (Tobiason et al., 2003; 

Breda et al., 2016). 

Total Dissolved 

Solid (TDS) 
mg L-1 20000 

Mostly contributed from NaOH in the regenerant 

solution. At a high pH, typical adsorbed 

inorganics, such as metals, are unlikely to desorb 

from GAC. 

Conductivity mS cm-1 93.1 
Conductivity of 0.5 M NaOH or 2% NaOH (Lide, 

2003). 

Biochemical Oxygen 

Demand (BOD) 
g-O2 L-1 444 – 832 

Dominated by 80% (v/v) CH3CH2OH (Hocking, 

2005). 

Chemical Oxygen 

Demand (COD) 
g-O2 L-1 998 – 1109 

Dominated by 80% (v/v) CH3CH2OH  (Hocking, 

2005). 

Total Organic 

Carbon (TOC) 
g-C L-1 289 – 296 

Dominated by 80% (v/v) CH3CH2OH (TOC of 

0.52 g-C g-1 CH3CH2OH and density of 789 g L-1), 

including the desorbed compounds. The desorbed 

compound used in the calculation was phenol, as it 

represents a small-organic compound and has a 

high TOC value of 0.77 g-C g-1 phenol. At 

regeneration, approximately 30% of carbon 

capacity was used and the carbon was partially 

regenerated. 
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The assumptions used for the estimation were as follows: (i) the same regenerant solution was used 4 

times; (ii) the GAC bed filter is frequently backwashed once every 8 weeks and is backwashed prior to 

chemical; and (iii) there was 40-50% wt. moisture content on the carbon just before the regeneration, a 

typical moisture content of the carbon prior to thermal regeneration3. A limited set of measurements 

was conducted in the laboratory to confirm the values predicted in Table 7.1 by analysing the pH, 

conductivity and the organic content of the regenerant waste. The pH of the regenerant waste was in a 

range of 13.0 – 13.4, the conductivity was in a range of 137.5 – 145.5 mS cm-1 at a room temperature 

of 20 – 21 °C, and the TOC value represented by NPOC value was in a range of 233 – 234 g-C L-1. 

 

The ethanol has a potential to be recovered and later to be re-used (Matheickal et al., 1998). The 

recovery process offers a potentially cost-effective alternative to the management of regenerant 

wastewater in comparison to treatment of the wastewater to a quality acceptable to be discharged to 

sewer or receiving water. Both options of solvent recovery and treatment, will be discussed in the 

following subsections. It is noted that the presence of ethanol in the regenerant waste represents a 

significant hazard owing to its flammability. The waste chemical treatment can be conducted on-site or 

off-site at any specific location, but the off-site treatment will require a transportation with a special 

licence, owing to the hazard properties of the waste chemical. Health and safety are important aspects 

to be considered. The treatment frequency and period should be considered in the future investigation, 

as it will impact the design of the treatment processes.  

 

7.3.2 Potential Options for Waste Chemical Treatment, Recycle and/or Disposal 

 

Waste streams from the chemical regeneration may require some specific on-site treatment, such as: 

recovery for organic solvent, neutralization of acid or alkali wastes, stabilization/solidification (S/S), 

and/or membrane separation. In the following subsections, these options will be briefly discussed in 

terms of their practicality. 

 

7.3.2.1 Waste Chemical Recovery  

 

A wastewater containing solvent which yields a great environmental burden to the environment is better 

to be recovered to minimize its potential negative impact (Luis et al., 2013). Distillation has found many 

application for solvent separation in wastewater treatment, reducing the chemical oxygen demand 

(COD) level of the wastewater (Koczka and Mizsey, 2010). However, the waste chemical of the 

regenerant solution was composed of an azeotropic ethanol-water mixture, which has a constant boiling 

point and whose vapour has the same composition as liquid, making it difficult to be separated for the 

 
3 Personal communication, Charles Spencer, Severn Trent Water. February 2017. 
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ethanol through a simple distillation (Peng et al., 2017). Based on the vapour/liquid equilibrium for the 

ethanol/water system at atmospheric pressure, for an estimation of 80% (v/v) ethanol in the ethanol-

water solution, a conventional distillation process will yield in about 85% (v/v) ethanol in vapour 

mixture, suggesting 100% of ethanol vapour will be difficult to achieve (Katzen et al., 1999). However, 

in the case of the regenerant solution, a lower percentage is acceptable, as the process can adequately 

separate ethanol and the desorbed compounds. During this distillation process, the ethanol/water vapour 

will be recovered, leaving a product consisting of a small fraction of ethanol in water and the desorbed 

compounds, which will require further treatment. On the other hand, distillation using a membrane is 

economically competitive to other conventional distillation processes (Abdolreza, 2001). A more 

selective process which is suitable for ethanol separation is that of pervaporation (Peng et al., 2011). 

Pervaporation involves separation through a membrane and heat transfer (Basile et al., 2015), where 

the solution is passed through a dense membrane and vaporized due to a lower partial pressure on the 

permeate side, achieved using a vacuum pump or assisted using inert gas (Cinelli et al., 2019), enabling 

the materials passing through the membrane to be recovered by condensation. There are several types 

of membrane that can be used and selective for ethanol recovery, such as polymeric membranes, which 

are commonly hydrophobic (e.g. polydimethylsiloxane or PDMS and poly(1-trimethylsilynil-1-

propyne) or PTMSP) and inorganic membranes which are commonly hydrophilic (e.g. zeolites) (Peng 

et al., 2011). In the case of the product from the distillation process, a hydrophobic membrane will be 

suitable as it is commonly used for recovering trace amounts of volatile organic content (VOC) from 

aqueous solutions (Vane, 2019). A hydrophobic membrane has a high permeability for organic 

compounds such as ethanol while allowing very little passage of water molecules, and vice versa for a 

hydrophilic membrane (Lipski and Cǒté, 1990). With the regenerant solution contains ~30 – 40% of 

water, hydrophilic membrane could be suitable to remove the water from ethanol. However, the 

desorbed compounds from the carbon are likely to be in the ethanol, thus a contaminants-free ethanol 

will not be achieved, making a hydrophilic membrane less preferable to be applied.  

 

Solvent recovery usually combined with other treatment processes because the recovery activity creates 

a residual or retentate which contains one or more concentrated contaminants which require special 

handling (Zheng et al., 2013). The concentrated waste may be disposed as hazardous waste or treated 

using alternative processes as described in the subsequent section 7.3.2.2. Additionally, sodium 

hydroxide has a potential to be recovered using membrane technology, such as nanofiltration (NF) using 

a ceramic material, which is less damaged by the alkaline pH condition (Choe et al., 2005; Grigus, 

2009). This membrane technology may also remove some pesticides and TDS from the regenerant 

waste but cannot separate a simple miscible water and ethanol solution compared to the pervaporation 

membrane (Vane, 2019). 
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Pre-treatment is required prior to the distillation and pervaporation processes, such as a filtration or 

sedimentation stage, in order to remove TSS in the waste chemical and avoid fouling of the 

pervaporation membrane, resulting in deterioration of the membrane performance.  

 

7.3.2.2 Waste Chemical Treatment  

 

The second option is to fully treat the waste chemical and/or to treat the concentrated retentate from the 

chemical recovery activities. The main aim of the treatment is to ensure that the final effluent disposal 

meets the environmental permits, such as concentration limits for discharge of 125 and 25 mg-O2 L-1
 

for COD and BOD values, respectively, as required by UK Environmental Agency (2019, 2020). The 

treatment options include those that are physico-chemical and biological in nature.   

 

In the case of physico-chemical treatment, various forms of advanced oxidation process (AOP) have 

the potential to be applied. These involve the generation of hydroxyl, sulfate and/or chlorine radical 

species to oxidize, and possibly achieve a near-complete mineralization of, the organic contaminants in 

water (Bolton et al., 2017; Miklos et al., 2018). Additionally, since pesticides will be present among the 

desorbed compounds, AOP is possibly suitable to treat the waste chemicals as several studies have 

shown the capability of AOP to remove pesticides from water (Miklos et al., 2018). Several studies 

have considered AOPs to treat winery wastewater which has a high organic loading, such as: (i) Fenton 

and photo-Fenton processes using ferrous ions as catalyst with hydrogen peroxide as an oxidizing agent; 

or (ii) oxidation by ozone (Lofrano and Meric, 2016). Neutralization as pre-treatment is required for 

some AOP processes to increase their effectiveness. Neutralisation of the alkaline wastewaters requires 

addition of acid, which has the burden of increasing the operational cost and TDS of the waste solution. 

Ozone oxidation was reported to be accelerated in alkaline solution (pH > 9) because ozone reacts with 

hydroxyl ions to generate hydroxyl radicals (Sun et al., 2017), making this technology suitable for 

treating alkaline waste solutions. A study on alkaline wastewater with COD in a range of 18 – 22 g L-1 

showed that an AOP at basic pH using a combination of ozone and peroxide (O3/H2O2) (‘peroxone’) 

produced a moderate reduction of COD of approximate of 43% (Boczkaj et al., 2017). This form of 

AOP (O3/H2O2) also has been shown to be an effective treatment process for the degradation of 

pesticides compared to O3 only, even though the process may result in a high potential for by-products 

formation (which may require greater oxidant doses to control) (Chelme-ayala et al., 2011).   

 

The alternative to physico-chemical treatment, it may be advantageous to treat the regenerant waste by 

biological processes, considering the high ratio of BOD/COD (> 60%) (OECD, 1993), as shown in 

Table 7.1, suggesting that the waste chemical is biodegradable. A wastewater with an initial COD 

concentration as high as 64 g-O2 L-1 has been treated effectively by an ‘anaerobic-aerobic coupled with 

bio granular activated carbon’ sequencing batch reactor with a removal efficiency ~98%, with hraulic 
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retention time of 48 and 12 h for anaerobic and aerobic conditions, respectively (Pirsaheb et al., 2017). 

However, biological processes usually require a certain/desired organic loading rate for the process to 

work optimally. Therefore, in some cases, high strength wastewaters are diluted. For example, in the 

Pirsaheb et al. (2017) study, the desired COD loading rate was in a range of 10 < COD < 30 g-O2 L-1, 

thereby suggesting that the regenerant waste solution in this study would require at least 40 – 50 times 

of dilution. The wastewater pH also has a significant influence on the anaerobic and aerobic processes, 

as it will affect the microbiological activities during the processes. The pH of the solution should remain 

between 6.8 – 7.2 in order for the process to work efficiently (Gerardi, 2003), thus a neutralization is 

required prior to the biological treatment. Additionally, the dilution activity may decrease the 

wastewater pH. Another biological treatment that has been proposed is a microbial fuel cell coupled 

with an anaerobic fluidized bed, which has been demonstrated to remove COD at a high concentration 

from wastewater of ~25 g-O2 L-1 and the process was able to generate electricity (Huang et al., 2011). 

 

7.3.2.3 Disposal 

 

Prior to disposal or discharge to a specialized landfill for hazardous wastes, solidification or 

stabilization (S/S) will be a necessary pre-treatment step. S/S treatment refers to techniques to reduce 

the hazard potential of the waste by making it less mobile and by mixing the waste with a binding agent 

to make it solid, however because of the waste flammability property, it was suggested that 

immobilization is not an appropriate treatment for VOC (Conner et al., 1998). Another option to treat 

wastewater containing high concentrations of VOC is incineration, which involves the combustion at 

high temperature, typically 1023 – 1143 K (750 – 870 °C) (Zheng et al., 2013). The sodium ethoxide 

thermal decomposition starts above 573 K or 300 °C (Chandran et al., 2006). A deep well disposal may 

also be considered as one of disposal alternatives for hazardous wastewater (Sheehan and Greenfield, 

1980).  

 

The key advantages and disadvantages of each options for treatment, recycle and disposal of regenerant 

waste were summarized in Table 7.2. 
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Table 7.2 Key advantages and disadvantages of options for regenerant waste treatment, recycle and 

disposal. 

Treatment, Recycle and 

Disposal Options 
Advantages Disadvantages 

Solvent recovery through 

pervaporation 

• A cost-effective and 

environmentally friendly 

alternative as the ethanol 

can be re-used. 

• Some pervaporation 

membrane is less damaged 

by alkaline solution. 

• High capital costs. 

• Pre-treatments are required 

to avoid fouling as well as 

post-treatment for the 

retentate of the bottom 

product via distillation. 

 

Physico-chemical treatment 

• May require greater 

chemical doses, which will 

impact the overall cost. 

• Neutralization of alkaline 

wastewater required 

additional acids. 

Biological treatment 

• As the BOD/COD > 60%, 

the biological treatment 

will be suitable for the 

regenerant waste. 

• The process is seen to be 

more environmentally 

friendly compared to 

physico-chemical 

treatment. 

• Neutralization of alkaline 

wastewater required 

additional acids. 

• Dilution is required which 

will increase the total 

volume of the regenerant 

waste. 

• The success of the 

treatement highly depends 

on the initial stage of 

acclimatization.  

Disposal - 

• High cost associated with 

disposal. 

• Disposal is seen to be the 

last approac as it is not a 

sustainable option. 

Notes: Information was taken from different sources (Sheehan and Greenfield, 1980; Lipski and Cǒté, 

1990; OECD, 1993; Zheng et al., 2013; Pirsaheb et al., 2017) 

 

7.4  Implications for Water Utilities 

 

Water utilities have to meet the regulatory requirements for the potable water quality, including 

pesticides, where the European Drinking Water Directive standards are set at 0.1 and 0.5 µg L-1 for 

individual and total pesticides, respectively. Problems arise currently from the early breakthrough of 

certain pesticides, causing some water utilities to increase the frequency of thermal regeneration of their 

carbon beds substantially, representing a prohibitive cost (and energy/CO2) penalty. This problem has 
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encouraged water utilities to find a suitable and financially viable alternative approach to off-site 

thermal regeneration.   

 

Opting for an alternative GAC regeneration technique depends on the investment and energy cost 

associated with the technique, along with the regulations that may have to be applied. Therefore, a 

careful analysis needs to be done by comparing the cost associated with the current widely practiced 

GAC thermal regeneration and the proposed chemical regeneration using the chosen mixture of 

NaOH/CH3CH2OH as a regenerant solution. For example, Severn Trent Water previously carried out 

thermal regeneration of their carbon within their company at a regeneration facility located at Tipton, 

near Birmingham3; however, due to the high cost associated with it, the company decided no longer to 

continue with this operation and asked their carbon supplier to perform the regeneration.  

 

In this study, a brief, preliminary cost and benefit analysis (CBA) in terms of a comparison of costs 

between full-carbon replacement, off-site thermal regeneration and in situ chemical regeneration using 

a mixture of NaOH/CH3CH2OH as a regenerant solution, was conducted and is summarized in Table 

7.3. For this CBA, a case study in the UK was used as an example with relevant data provided by the 

water utility. The calculation assumed that the GAC was regenerated 4 times or the GAC operated for 

5 cycles. The other principal assumptions were that the GAC bed volume was 30 m3 or equal to 16.2 

tonne (GAC density of 0.54 tonne m-3) and that the hydraulic loading per GAC filter was 2500 m3 day-

1. The CBA was intended to be indicative at this stage and further analysis involving pilot plant testing 

is needed to undertake a more accurate and meaningful CBA of chemical regeneration. 

 

Based on the preliminary CBA conducted, the results suggested that chemical regeneration was not 

favourable compared to the other approaches on the basis of 4 regenerations or within 1 – 2 years 

(regeneration frequency of 4 – 6 months). The cost of chemical regeneration was estimated to be three 

to four times higher than that of thermal regeneration; however, from the findings of the column tests 

as presented in Chapter 5, thermal regeneration adversely affected the ability of the regenerated carbon 

to re-adsorb metaldehyde, suggesting an important disadvantage of thermal regeneration.  
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Table 7.3 Estimation of cost and benefit analysis for spent carbon treatment in WTW. 

Item Unit Unit Cost 

Carbon 

Replacement 

Thermal 

Regeneration 

Chemical 

Regeneration 

Value Cost Value Cost Value Cost 

Regenerant agent   
  

    

    Thermal regeneration cost tonne spent carbon £496/tonne spent carbon(a) 

- - 

16.20 £8,035 - - 

    Volume of sodium hydroxide m3/tonne spent carbon £300/m3 chemical(b)  - - 0.49 £2,381 

    Volume of ethanol m3/tonne spent carbon 
£580/m3 chemical(c)  

(excise duty is applied) 
- - 14.82 £139,249 

Reduction in volume of carbon 

post-regeneration 
% £774/virgin media m3(d) 100% £23,220 10% £2,322 - - 

Volume of sulphuric acid used m3/tonne spent carbon £146/m3 chemical(b)  - - - - 0.25 £677 

Carbon landfilling tonne spent carbon 
£94.15/tonne spent 

carbon(e) 
16.20 £1,525 - - - - 

Treatment for waste chemical m3 £5/m3 waste chemical(f) - - - - 300 £1,500 

Total cost  £24,745  £10,357  £143,807 

Total cost for 4 times regeneration or carbon replacements  £98,981  £41,429  £145,836 

Cost per tonne spent carbon  £6,110  £2,557  £9,002 

Cost per kg spent carbon  £6.11  £2.56  £9.00 

Notes:  The indicative costs were derived from: aUK Water Industry Research (2017), bindustrial price for solvent and chemicals from ICIS, cfull of excise-duty 

as stated in HM Revenue and Customs of UK Government (2014), dpersonal communication4, elandfill cost for 2020 in the UK (HM Revenue and 

Customs of UK Government, 2018) and fapproximation of regenerant waste treatment using pervaporation method (Goosen and Shayya, 2000).

 
4 Personal communication, Bernadette Ryan, Severn Trent Water. May 2020. 
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The cost of the ethanol contributed to 95% of the total cost of chemical regeneration method and other 

considerations may affect the cost and benefit analysis as follows: 

• The waste chemical will be treated, and the principal chemicals recovered during the treatment, 

potentially decreasing the cost associated with their procurement.  

• A potential lower cost for ethanol because of the excise duty exemption. As stated by the UK 

Government (HM Revenue and Customs of UK Government, 2020), a fully or partially 

denaturated alcohol, in order to make it unpotable, may render ethanol exemption from excise 

duty. Sodium hydroxide is listed as one of the approved denaturants, suggesting a potential to 

acquire a mixture of sodium hydroxide in ethanol with a lower cost. If the excise duty is 

exempted (HM Revenue and Customs of UK Government, 2014), the cost of chemical 

regeneration per kg spent carbon is approximately £7.34. This cost is still higher compared to 

thermal regeneration and full-carbon replacement.  

• The out of service time of the GAC bed filter when the GAC is being regenerated is also a 

factor to be considered as it can outweigh the benefits of each method. As presented in Chapter 

4 and 5, chemical regeneration was completed in 2 hours and then required approximately 4 

days for rinsing the carbon of residual regenerant. It is assumed, as a worst-case scenario, 

including 2 days of testing, a total of 7 days is needed to perform chemical regeneration on-

site. For carbon replacement, the handling time was estimated to be 5 days, including time for 

carbon conditioning or wetting. For thermal regeneration the out of service time can be 2 

months or even more, including time for conditioning the carbon (UK Water Industry Research, 

2017), directly impacting the water abstracted for the carbon conditioning process. If 

estimations of £1.50 price of tap water per m3 and the capacity of a GAC bed filter of 2500 m3 

day-1 were used, the loss in revenue because the carbon not in operation are £1.16, £13.89 and 

£1.62 per kg of carbon for carbon replacement, off-site thermal regeneration and on-site 

chemical regeneration, respectively.  

 

Another consideration is of the relative merits of conducting the proposed chemical regeneration either 

on-site (GAC must be removed to a different vessel to perform regeneration on-site) or in situ (inside 

the GAC tank or vessel). Some GAC vessels potentially are unable to handle solutions other than 

drinking water and thus it would be better to perform the regeneration on-site rather than in situ, even 

though concrete is more resistant to damage caused by basic solutions, compared to acidic solutions; 

however, basic solutions may attack silica aggregate (Kerkhoff, 2007). If the chemical regeneration is 

to be performed in situ, there is the possibility of changing or coating the materials used in existing 

tanks and pipe works to avoid any adverse effects in the future. Some water treatment plants employ 

GAC as a “sandwich” within slow sand filters, which would require removal of the GAC into another 
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vessel to perform the regeneration, suggesting that to perform the regeneration on-site will be more 

technically preferable than an in situ arrangement.  

 

7.5  Implications for the Environment 

 

It is known that thermal regeneration is an energy-intensive process as it requires a large amount of 

heating (Nath and Bhakhar, 2011) and from an environmental standpoint, this regeneration method 

contributes significantly to green-house gas (GHG) emissions. An estimation of the carbon footprint 

for 4 regenerations of each method of carbon replacement, off-site thermal regeneration and in situ or 

on-site chemical regeneration was conducted. 

 

A previous study conducted recently (UK Water Industry Research, 2017; Contactica and Emivasa, 

2018) estimated of  11 – 13 tonnes CO2 per tonne of GAC of environmental burdens caused by each 

full-carbon replacement activity, while it was only 2 – 3 tonnes CO2 per tonne of GAC for each thermal 

regeneration (including carbon make-up). Thus, for four regenerations, the corresponding emissions 

were estimated to be 44 – 52 and 8 – 12 tonnes of CO2 are released per tonne of GAC for full-carbon 

replacement and thermal regeneration, respectively. These values indicate a clear environmental 

advantage of using thermal regeneration compared to carbon replacement, which supports the current 

practice of water utilities opting for thermal regeneration for their spent carbon.  

 

Regarding the option of chemical regeneration, the potential emissions will be principally those from 

the production of ethanol and the waste chemical treatment process. The emission per tonne CO2 for 

ethanol production for 240 m3 (used for 30 m3
 spent carbon) was estimated to be 4 tonnes CO2 per tonne 

of GAC, where 0.28 tonnes CO2 per m3 ethanol is produced from sugarcane (Pereira and Ortega, 2010). 

The energy intensity if solvent recovery will be applied is in a range of 1.5 – 6.0 kWh m-3 of solution 

treated (Lipski and Cǒté, 1990). The 2020 UK electricity conversion factor of 0.23 kg CO2 kWh-1 (BEIS 

and DEFRA, 2020) was used in the calculation, resulting in an estimate of 0.005 – 0.026 tonnes CO2 

per tonne of GAC for chemical regeneration. Thus, for four chemical regeneration operations, the total 

emissions were estimated to be 4 – 5 tonnes CO2 released per tonne of GAC.  

 

Based on this indicative calculation, the carbon footprint of in situ or on-site chemical regeneration is 

substantially lower than both carbon replacement and thermal regeneration, thereby showing the 

viability and sustainability of the chemical regeneration approach.  
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8. CONCLUSIONS AND RECOMMENDATIONS 

 

8.1  Conclusions 

 

A systematic investigation of on-site chemical regeneration, as an alternative to off-site thermal 

regeneration, was conducted. Since the most suitable solution for chemical regeneration has not been 

identified to-date, different regenerant solutions were investigated for their ability in desorbing general 

substrates, such as phenol and nitrobenzene, and pesticides, such as isoproturon, clopyralid and 

metaldehyde. Different aspects of the research included in this study have provided information to 

improve understanding and to investigate an early optimisation of the use of a mixture of sodium 

hydroxide and ethanol (NaOH/CH3CH2OH), as a regenerant solution, for a possible in situ or on-site 

chemical regeneration process for exhausted activated carbon. The principal conclusions arising from 

this study are as follows: 

 

1. The combined NaOH/CH3CH2OH solution studied in this research showed a potential to be 

used as a solution for chemical regeneration. This is the first study which has analysed and 

tested the potential of the combined solution through a systematic investigation in batch and 

column tests. The target compounds studied include emerging micro-pollutants such as 

clopyralid and metaldehyde. This study also provided subsequent in-depth analysis of the 

potential adsorption and desorption mechanisms through a thermodynamic analysis using an 

ITC equipment, which has provided a new understanding of organic contaminant adsorption on 

GAC. However, before it could be adapted for industrial application, further research is 

recommended by testing the proposed chemical regeneration at a pilot scale. 

 

2. The first part of this study dealt with the adsorption and desorption behaviour of phenol, 

nitrobenzene, isoproturon, clopyralid and metaldehyde in batch tests in order to find the most 

suitable regenerant solution.  

• The adsorption of target contaminants on carbon depends on their solubility in water, 

their hydrophobicity and their molecular weight. The extent of the adsorption increased 

with molecular weight and hydrophobicity, and decreased with solubility in the 

aqueous solution. 

• Five types of regenerant solution, RO water, HCl, NaOH, CH3CH2OH and 

NaOH/CH3CH2OH, were evaluated for their ability to desorb the target contaminants. 

Among the properties of the contaminants, their hydrophobicity and aqueous solubility 

had the most significant influence on the desorption efficiency.  
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• The RO water at room temperature of 20 + 1 °C and HCl yielded DEs less than 10% 

for all target contaminants, showing their ineffectively as regenerant solutions. 

• The NaOH solution was not able to desorb all the target contaminants with DEs less 

than 7%, but phenol, with DEs in a range of 47 – 55%.  

• A polar solvent, such as CH3CH2OH, was tested and showed its ability to desorb the 

hydrophobic contaminants, which were isoproturon, nitrobenzene and phenol with DEs 

in a range of 35 – 68%. However, CH3CH2OH was not able to desorb the hydrophilic 

contaminants substantially, which were clopyralid and metaldehyde, with DEs less than 

15%. 

• This study has demonstrated that a combined NaOH/CH3CH2OH solution was found 

to be the most effective chemical regenerant compared to RO water, HCl, NaOH and 

CH3CH2OH individually due to its high efficacy for target contaminants desorption of 

32 – 89%. The DEs yielded using this combined solution was depending on the type of 

the target contaminants.  

• The desorption of target contaminants was also investigated using the regenerant 

solutions at higher temperatures, and a greater desorption was evident at higher 

temperatures even though the increase was not significant.  

 

3. The performance of chemical regeneration using the combined NaOH/CH3CH2OH solution 

was investigated using rapid small-scale column tests, performed using a sequence of pesticide 

adsorption and chemical regeneration cycles. The column tests were aimed to identify the 

optimum conditions for the regeneration process. 

• The initial optimization tests using phenol as a target contaminant showed that 10 BV 

of regenerant solution was able to partially restore the carbon adsorption capacity, with 

RE of 53%, and showed a similar performance to 53 BV for the fresh regenerant 

solution, but a decreased performance for the re-used solution. 

• Carbon conditioning steps were required upon completion of the chemical 

regeneration. The proposed acid-washing post-regeneration using H2SO4 at 0.05M 

reduced the amount of RO water needed to restore the carbon pH, from 1000 BV to 

300 BV. The 300 BV was less than the typical volume of clean water required in 

practice to condition a carbon that has returned from thermal regeneration facilities.  

• For the pesticide adsorption and regeneration, a fresh regenerant cycle was able to 

restore 82% and 45% of the virgin carbon adsorption capacity for metaldehyde and 

isoproturon, respectively. The regenerant solution has the potential to be re-used four 

times in order to minimize the amount of waste chemicals generated and reduce the 

chemical regeneration costs. 
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• The results for metaldehyde in dechlorinated tap water, showed that chemical 

regeneration (RE of ~52%) outperformed conventional thermal regeneration (RE of 

~39%) after four equivalent regeneration cycles. This performance suggests that 

chemical regeneration was more beneficial than thermal regeneration for the carbon 

exhausted by metaldehyde, which in practice is the cause of early GAC bed exhaustion. 

 

4. The carbon characterization tests showed that the NaOH/CH3CH2OH regenerant did not cause 

any significant changes in the physico-chemical properties of the carbon, within experimental 

error, indicating the benign nature of the regenerant. 

 

5. The possible adsorption and desorption mechanisms involved were assessed based on 

calorimetry tests and the determination of the fate of the contaminants in the regenerant 

solution. 

• The results of calorimetry suggested that the selected contaminants (phenol, 

isoproturon and metaldehyde) adsorbed at two binding sites: a relatively weak binding 

site (site 1) where the contaminants are physisorbed to the carbon, and a second site 

(site 2) where a dynamic equilibrium occurs, and the contaminants bind with the carbon 

under chemisorption-like interactions, as indicated by a high energy of adsorption. 

• At site 1, heat of adsorptions of phenol, isoproturon and metaldehyde to virgin carbon 

were -53.2 + 0.4, -123.2 + 7.9 and -186.7 + 1.9, respectively. At site 2, heat of 

adsorptions of phenol, isoproturon and metaldehyde were 36.9 + 1.8, 146.2 + 14.5 and 

179.2 + 7.2, respectively. 

• Compared to virgin carbon, there were only slight changes in the thermodynamic 

parameters, including lower heat of adsorption values in the adsorption of pesticides on 

the chemically regenerated carbon, which suggested that adsorption on the regenerated 

carbon involved weaker interactions.  

• At site 1, heat of adsorptions of phenol, isoproturon and metaldehyde to thermally 

regenerated carbon were -27.5 + 0.2, -52.4 + 11.5 and -129.4 + 5.9, respectively. At 

site 2, heat of adsorption of phenol, isoproturon and metaldehyde heat were 9.2 + 5.8, 

54.3 + 20.1 and 116.5 + 5.9, respectively. 

• The NaOH/CH3CH2OH mixture did not transform or react with the target contaminants, 

except phenol, indicating that the desorption process was governed by the solubility of 

the contaminants in the regenerant solution and changes in the carbon surface 

properties. 

• The results of the calorimetry tests, the investigation of the target contaminants present 

in the mixture regenerant solution and the further investigation on the desorption studies 
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suggested that hydrophobic compounds dominantly interact with the basal planes of the 

carbon and hydrophilic compounds dominantly interact with surface functional groups 

of the carbon through hydrogen bonds. The desorption of the compounds by the 

NaOH/CH3CH2OH mixture was through solubilisation and because of the interactions 

between the ethoxide formed and the surface functional groups of the carbon. 

 

6. The main concern with the regeneration solution is that it contains a high percentage of organic 

solvent (ethanol) which contributes substantially to the COD value of the wastewater. However, 

in principle, the solvent can be recovered for re-use, thereby reducing the quantity of 

wastewater that requires treatment in order to meet regulatory limits for safe discharge to the 

environment. The election and optimization of the GAC regeneration technique depends on the 

energy, investment and operational costs associated with the technique, along with the 

regulations that need to be complied with. A preliminary cost-benefit analysis showed that the 

cost of chemical regeneration is approximately four times higher to that of thermal regeneration 

when the regenerant reused four times and then followed by treatment, if the excise duty was 

applied. The cost of chemical regeneration dropped if the excise duty was exempted, but this 

cost is still higher compared to thermal regeneration. The cost related to chemical regeneration 

makes this option to be less attractive for its current application. Based on an indicative 

calculation, the carbon footprint of on-site chemical regeneration is significantly lower than 

carbon replacement and thermal regeneration. 

 

8.2  Recommendations for Future Studies 

 

This research has demonstrated the performance of chemical regeneration using a combination of 

alkaline and organic solvent in a batch and column setting, however each aspect described in this thesis 

could be taken further. Further research on chemical regeneration may address the following issues: 

 

1. Since the mixture of NaOH/CH3CH2OH was found to be a suitable regenerant solution for the 

target contaminant studied in this thesis, future studies could consider broadening the research 

to other pesticides or other emerging organic contaminants in general. Glyphosate (N-

(phosphonomethyl)glycine) and mecoprop-p ((R)-2-(4-chloro-o-tolyloxy)propionic acid) have 

also been reported to have caused some compliance failure in water supplies and these 

pesticides are two of the most frequently applied pesticides (by mass) in the UK (Cosgrove et 

al., 2019). Even though glyphosate is known to be easier to treat by ozone oxidation (Assalin 

et al., 2009) compared to metaldehyde, its occurrence in raw water is still relevant to GAC 

performance as not all WTWs incorporate ozone treatment prior to GAC bed filters. For 
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mecoprop-p, studies regarding its stability towards oxidation  are limited and it is listed as 

priority pesticide for further investigation (UK Water Industry Research, 2017). 

 

2. Detection and characterization of natural organic matter (NOM) in the regenerant solution and 

the NOM that may be re-adsorbed after chemical regeneration are essential in order to obtain a 

more complete evaluation of the NOM desorption from spent carbon. A TOF mass spectrometer 

using an ion-mobility option would allow a detailed investigation on the NOM characteristics 

as well as the characterization of the NOM molecular size distribution using high-performance 

size exclusion chromatography.  

 

3. The TGA-DTG analysis showed that metaldehyde desorbed at two different temperature 

regions during thermal degradation. It is recommended that further studies are undertaken 

regarding the thermal desorption of metaldehyde using TGA-MS to fully understand the 

behaviour of metaldehyde when adsorbed to the carbon. 

 

4. Further study of the practical application and adoption of in situ or on-site chemical 

regeneration method is recommended using pilot scale testing in order to refine the cost 

estimates related to chemical regeneration and to study the effects of chemical regeneration on 

biofilm growth on GAC. A full life cycle analysis is also recommended prior to chemical 

regeneration application. 

 

5. The discussion concerning the options for waste chemical treatment, recycle and disposal in 

this study was limited to a preliminary desk study. A feasibility study of the proposed treatment 

and recycle options for the used regenerant solutions would be valuable as the effective 

management of the waste stream will be one of main considerations for opting for chemical 

regeneration than other carbon regeneration techniques.  

 

6. The regenerant solution has a potential to be re-used and therefore the stability of contaminants 

in the regenerant solution over a long period of storage time (> 4 months) should be 

investigated. 
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Appendix 1. UV-visible Spectra and Chromatograms. 

 

1.1  UV-visible Spectra of The Target Contaminants in Different solutions 

 

 

Figure A1.1. Absorbance spectra of phenol (C = 50 mg L-1) in different solutions. 

 

Figure A1.2. Absorbance spectra of nitrobenzene (C = 10 mg L-1) in different solutions. 
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Figure A1.3. Absorbance spectra of isoproturon (C = 3 mg L-1) in different solutions. 

 

Figure A1.4. Absorbance spectra of clopyralid (C = 10 mg L-1) in different solutions. 

 

Figure A1.5. Absorbance spectra of metaldehyde (C = 10 mg L-1) in different solutions. 
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1.2  Chromatograms  

 

 

Figure A1.6. Chromatogram of isoproturon (C = 0.1 mg L-1) of using UHPLC Q-TOF. 

 

 

Figure A1.7. Chromatogram of metaldehyde (C = 0.1 mg L-1) of using UHPLC Q-TOF. 
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Appendix 2. The Effects of Filtration and Calibration Curves 

 

2.1  The Effects of Filtration Prior to Measurement 

 

Tests done in order to investigate whether the filter paper may adsorb or retain the target contaminant 

and the results of five samples of each target contaminant were suggesting that the filter paper and 

membrane did not affect the target contaminant measurements. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure A2.1. Absorbance of the target contaminants of: (a) Phenol; (b) Nitrobenzene; (c) 

Isoproturon; and (d) Clopyralid; using UV-visible spectrophotometer at a concentration of 10 mg 

L-1, where NF = not filtered (the sample was decanted) and F1 – F5 = 5 replicates of contaminant 

solution that were filtered. 
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(a) 

 

(b) 

Figure A2.2. Intensity of the target contaminants of: (a) Isoproturon; and (b) Metaldehyde; using 

UPLC-MS at a concentration of 0.1 mg L-1 each, where F1 – F5 = 5 replicates of contaminant 

solution that were filtered (2 injections each). 
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2.2   Calibration Curves 

 

2.2.1 Phenol 

 

Figure A2.3. Calibration curve of phenol at pH 7.0 + 0.1 using UV-vis spectrophotometer. 

 

2.2.2 Nitrobenzene 

 

Figure A2.4. Calibration curve of nitrobenzene at pH 7.0 + 0.1 UV-vis spectrophotometer. 
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2.2.3 Isoproturon 

 

Figure A2.5. Calibration curve of isoproturon at pH 7.0 + 0.1 UV-vis spectrophotometer. 

 

 

Figure A2.6. Calibration curve of isoproturon at pH 7.0 + 0.1 using UPLC Q-TOF instrument. 
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2.2.4 Clopyralid 

 
Figure A2.7. Calibration curve of clopyralid at pH 7.0 + 0.1 UV-vis spectrophotometer. 

 

2.2.5 Metaldehyde  

 

Figure A2.8. Calibration curve of metaldehyde at pH 7.0 + 0.1 using UPLC Q-TOF instrument. 
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Appendix 3. Tap Water Quality Before and After De-chlorination 

 

The quality of tap water obtained from the Roger Perry Laboratory, Imperial College London, during 

the period of experiments (9th September – 21st October 2019 and 3rd January – 2nd February 2020) is 

summarized in Table A3.1 and Table A3.2. 

 

Table A3.1 Tap water quality 9th September – 21st October 2019 (variations represent one standard 

deviation for triplicate measurements). 

Parameter Fresh tap water Overnight tap water 

DOC (mg C L-1) 1.9 + 0.1 2.1 + 0.3 

UV254 (abs, cm-1) 0.042 + 0.002 0.037 + 0.001 

SUVA (m-1 (mgC L-1)-1) 2.20 + 0.26 1.77 + 0.17 

pH 7.5 + 0.1 7.5 + 0.1 

Temperature (oC)* 20 – 21 20 – 21 

Free chlorine (mg L-1) 0.12 + 0.01 0.01 + 0.01 

Total chlorine (mg L-1) 0.21 + 0.01 0.13 + 0.01 

Notes: *The water samples were allowed to equilibrate to room temperature before the measurement. 

 

Table A3.2 Tap water quality 3rd January – 2nd February 2020 (variations represent one standard 

deviation for triplicate measurements). 

Parameter Fresh tap water Overnight tap water 

DOC (mg C L-1) 2.0 2.5 + 0.1 

UV254 (abs, cm-1) 0.041 + 0.002 0.036 + 0.002 

SUVA (m-1 (mgC L-1)-1) 2.08 + 0.07 1.45 + 0.08 

pH 7.5 + 0.1 7.5 + 0.1 

Temperature (oC)* 20 – 21 20 – 21 

Free chlorine (mg L-1) 0.11 + 0.01 0.02 + 0.01 

Total chlorine (mg L-1) 0.23 + 0.01 0.13 + 0.01 

Notes: *The water samples were allowed to equilibrate to room temperature before the measurement. 
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Appendix 4. Rapid Small-scale Column Tests (RSSCTs) Apparatus 

 

 

Figure A4.1 Rapid small-scale column tests (RSSCTs) illustrations for adsorption operation. 
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Figure A4.2 Rapid small-scale column tests (RSSCTs) illustrations for desorption/regeneration operations. 
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Table A4.1 Definition of symbols used in the Figure A4.1 and Figure A4.2. 

Symbols in Figure A4.1 

QA Flowrate from water carboys 

QB Flowrate of the concentrated contaminant(s) 

QC Flowrate of the mixture that flows to the columns 

QC1 Flowrate of the sample that flows through column 1 

QC2 Flowrate of the sample that flows through column 2 

QC3 Flowrate of the sample that flows through column 3 

QC4 Flowrate of the sample that flows through column 4 

QC5 Flowrate of the sample that flows through column 5 

  

Symbols in Figure A4.2 

QC2 Flowrate of the regenerant solution that flows through column 2 

QC3 Flowrate of the regenerant solution that flows through column 3 

QC4 Flowrate of the regenerant solution that flows through column 4 

QC5 Flowrate of the regenerant solution that flows through column 5 

RSC2 Regenerant solution container for column 2 

RSC3 Regenerant solution container for column 3 

RSC4 Regenerant solution container for column 4 

RSC5 Regenerant solution container for column 5 
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Appendix 5. Adsorption Isotherm and Kinetics 

 

5.1 Adsorption Isotherm  

 

(a) 

 

(b) 

 

(c) 

Figure A5.1 Comparison of experimental adsorption data for the target contaminants with F400 at 

20 + 1 °C and fitted curves for Langmuir and Freundlich isotherm models: (a) phenol, (b) 

nitrobenzene, (c) isoproturon, (d) clopyralid and (e) metaldehyde (Error bars represent one standard 

deviation for duplicate measurements). 
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(d) 

 

(e) 

Figure A5.1 (Continued) Comparison of experimental adsorption data for the target contaminants 

with F400 at 20 + 1 °C and fitted curves for Langmuir and Freundlich isotherm models: (a) phenol, 

(b) nitrobenzene, (c) isoproturon, (d) clopyralid and (e) metaldehyde (Error bars represent one 

standard deviation for duplicate measurements). 
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(a) 

 

(b) 

Figure A5.2 Linear plot of isotherm models: (a) Freundlich and (b) Langmuir of the target 

contaminants adsorption on GAC F400 at 20 + 1 °C. 
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5.2 Adsorption Kinetics 

 

 

(a) 

 

(b) 

 

(c) 

Figure A5.3 Pseudo-first adsorption kinetic linear plots of the adsorption of: (a) Phenol; (b) 

Nitrobenzene; (c) Isoproturon; (d) Clopyralid; and (e) Metaldehyde at 20 + 1 °C for duplicate 

measurement. 
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(d) 

 

(e) 

Figure A5.3 (Continued) Pseudo-first adsorption kinetic linear plots of the adsorption of: (a) Phenol; 

(b) Nitrobenzene; (c) Isoproturon; (d) Clopyralid; and (e) Metaldehyde at 20 + 1 °C for duplicate 

measurement. 
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(a) 

 

(b) 

 

(c) 

Figure A5.4 Pseudo-second adsorption kinetic linear plots of the adsorption of: (a) Phenol; (b) 

Nitrobenzene; (c) Isoproturon; (d) Clopyralid; and (e) Metaldehyde at 20 + 1 °C for duplicate 

measurement. 
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(d) 

 

(e) 

Figure A5.4 (Continued) Pseudo-second adsorption kinetic linear plots of the adsorption of: (a) 

Phenol; (b) Nitrobenzene; (c) Isoproturon; (d) Clopyralid; and (e) Metaldehyde at 20 + 1 °C for 

duplicate measurement. 
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Appendix 6. Estimation of Ethoxide Formed in Solutions  

 

When sodium hydroxide is dissolved in ethanol, both hydroxide and ethoxide ions are present in 

solution as shown in Eq A.61 as below. 

 

𝐶𝐻3𝐶𝐻2𝑂− + 𝐻2𝑂 ↔  𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝑂𝐻− (Eq. A6.1) 

 

All of the calculation done was based on Caldin and Long (1954, 1953) studies on the equilibrium of 

ethoxide and hydroxide ions in ethanol and ethanol-water mixture. The thermodynamic equilibrium 

constant (K) for reaction is given by: 

 

𝐾 =
[𝑂𝐻−]𝑎𝑎

[𝐶𝐻3𝐶𝐻2𝑂−]𝑎𝑤
∙

𝛾𝑂𝐻−

𝛾𝐶𝐻3𝐶𝐻2𝑂−
 (Eq. A6.2) 

 

- where 𝑎𝑎 and 𝑎𝑤 are the activities of water and ethanol with respect to the pure liquids; and 𝛾𝑂𝐻− and 

𝛾𝐶𝐻3𝐶𝐻2𝑂− are the activity coefficients of ethoxide and hydroxide ions. Since the activity coefficient for 

ethoxide and hydroxide ions were unavailable, a new quantity of K’ (not a true thermodynamic constant) 

is used and the Eq A6.1 becomes: 

 

𝐾′ =
[𝑂𝐻−]𝑎𝑎

[𝐶𝐻3𝐶𝐻2𝑂−]𝑎𝑤
= 𝐾

𝛾𝐶𝐻3𝐶𝐻2𝑂−

𝛾𝑂𝐻−
 (Eq. A6.3) 

 

The third quantity, K°, can be defined as below, in terms of numerical concentration values. 

 

𝐾° =
[𝑂𝐻−]

[𝐶𝐻3𝐶𝐻2𝑂−][𝐻2𝑂]
= 𝐾′

𝑎𝑤

𝑎𝑎[𝐻2𝑂]
 (Eq. A6.4) 

 

The Eq. A6.4 is valid in solution of low water content (< 10% Wt.) with 𝐾° value of 0.08 L mol-1. 

Caldin and Long (1954) investigated the K’ at 25 °C in different ethanol-water mixtures containing 10 

– 50% by wt. of water. They measured the concentration of ethoxide ions using a colorimetric method 

where 2:4:6 – trinitrotoluene was used as an indicator. 

 

In this study, to calculate the quantity of ethoxide at 99% (v/v) of ethanol, Eq. A6.4 was used and to 

calculate the quantity of ethoxide at 50 – 80% (v/v) of ethanol, Eq. A6.3 was used with K’ and aa and 

aw value summarized in Table A6.1. 

 

 



211 

 

Table A6.1 aa, aw and K’ values respect to the wt. % of water in the solvent mixture. 

No. 
% (v/v) of 

water 

% wt. of water 

aa aw K’ 
Calculationa 

The closest value 

in the literatureb 

1 0.2 0.25 0.2 % [OH-] = 1.5 – 7.5% depends on the 

NaOH concentration 

2 20 24.01 24.2 0.652 0.696 1.1 + 0.15 

3 30 35.13 38.8 0.565 0.775 2.7 + 0.30 

4 40 45.72 47.0 0.527 0.816 3.1 + 0.30 

Notes: aUsing the density for water and ethanol of 997 g L-1 and 789 g L-1, respectively 

 b(Caldin and Long, 1954) 

 

Detailed calculation for data in Table A6.1 

1 With water content of 0.2% (v/v), and NaOH concentration of 0.1 M, the percentage of hydroxide 

formed is 1.5%, which means that the percentage of ethoxide formed is 98.5%. For 0.1 M of NaOH 

in 99.8% of CH3CH2OH, the molarity of the ethoxide formed will be 0.0985 M. 

 

2-4 Using Eq. A6.3, with b or the total base of [OH-] + [CH3CH2O-] and the known values of aa, aw 

and K’ as shown in Table A6.1, the concentration of the [CH3CH2O-] can be calculated. As an 

example: 

 

With water content of 24.01% by wt. or 24.2% by wt. (the closest value in the literature) in the 

mixture solution, and the NaOH concentration of 0.1 M. 

 

Known: 

b = 0.1 M 

aa = 0.652 

aw= 0.696 

K’= 1.1 + 0.15, in this calculation 1.1 was used.  

 

𝐾′ =
[𝑂𝐻−]𝑎𝑎

[𝐶𝐻3𝐶𝐻2𝑂−]𝑎𝑤
 

1.1 =
(𝑏 − [𝐶𝐻3𝐶𝐻2𝑂−])0.652

[𝐶𝐻3𝐶𝐻2𝑂−]0.696
 

1.1 =
(0.1 − [𝐶𝐻3𝐶𝐻2𝑂−])0.652

[𝐶𝐻3𝐶𝐻2𝑂−]0.696
 

1.1[𝐶𝐻3𝐶𝐻2𝑂−] = (0.1 − [𝐶𝐻3𝐶𝐻2𝑂−])0.9368 
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1.1[𝐶𝐻3𝐶𝐻2𝑂−] = 0.09368 − 0.9368[𝐶𝐻3𝐶𝐻2𝑂−] 

1.1[𝐶𝐻3𝐶𝐻2𝑂−] + 0.9368[𝐶𝐻3𝐶𝐻2𝑂−] = 0.09368 

2.0368[𝐶𝐻3𝐶𝐻2𝑂−] = 0.09368 

[𝐶𝐻3𝐶𝐻2𝑂−] = 0.0462 𝑀 

 

Using the same principle, the concentration of ethoxide at different water content in the solvent and at 

different sodium hydroxide concentration was calculated, and the results are summarized in the Table 

A6.2. 

 

Table A6.2 Approximate concentration of ethoxide and hydroxide ions formed.  

H2O % (v/v) NaOH (M) [CH3CH2O-] (M) [OH-] (M) 

0.2 0.1 0.0985 0.0015 

20 0.1 0.0462 + 0.0034 0.0538 + 0.0034 

20 0.25 0.1154 + 0.0085 0.1346 + 0.0085 

20 0.5 0.2308 + 0.0171 0.2692 + 0.0171 

30 0.1 0.0214 + 0.0019 0.0786 + 0.0019 

30 0.25 0.0534 + 0.0047 0.1966 + 0.0047 

30 0.5 0.1069 + 0.0094 0.3931 + 0.0094 

30 1 0.2137 + 0.0188 0.7863 + 0.0188 

40 0.1 0.0214 + 0.0019 0.0786 + 0.0019 

40 0.25 0.0433 + 0.0035 0.2067 + 0.0035 

40 0.5 0.0866 + 0.0069 0.4134 + 0.0069 

40 1 0.1732 + 0.0139 0.8268 + 0.0139 
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Appendix 7. Thomas, Yoon-Nelson and Clarks Models Fitting 

 

7.1  Single Target Contaminant 

 

7.1.1 Phenol (53 BV) 

 

(a) 

 

(b) 

Figure A7.1 Phenol adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (53 BV) and fitted 

curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; and (e) A5. 
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(c) 

 

(d) 

 

(e) 

Figure A7.1 (Continued) Phenol adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (53 

BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; 

and (e) A5. 
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Table A7.1 Summary of coefficient of determination (R2) of each kinetic model for phenol adsorption 

data on GAC F400 at 20 + 1 °C during RSSCTs (53 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.958 0.948 0.948 

A2 Fresh regenerant 0.912 0.912 0.915 

A3 
Fresh regenerant 0.956 0.953 0.939 

Re-used regenerant 0.949 0.948 0.944 

A4 
Fresh regenerant 0.961 0.960 0.932 

Re-used regenerant 0.979 0.979 0.974 

A5 
Fresh regenerant 0.982 0.982 0.979 

Re-used regenerant 0.995 0.994 0.997 

 

7.1.2 Phenol (10 BV) 

 

(a) 

 

(b) 

Figure A7.2 Phenol adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV) and fitted 

curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; and (e) A5. 
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(c)  

(d) 

(e) 

Figure A7.2 (Continued) Phenol adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 

BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; 

and (e) A5. 
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Table A7.2 Summary of coefficient of determination (R2) of each kinetic model for phenol adsorption 

data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.970 0.969 0.959 

A2 Fresh regenerant 0.897 0.897 0.857 

A3 
Fresh regenerant 0.944 0.944 0.917 

Re-used regenerant 0.982 0.982 0.969 

A4 
Fresh regenerant 0.919 0.916 0.906 

Re-used regenerant 0.992 0.993 0.996 

A5 
Fresh regenerant 0.905 0.904 0.865 

Re-used regenerant 0.929 0.928 0.930 

 

7.1.3 Isoproturon 

 

(a) 

 

(b) 

Figure A7.3 Isoproturon adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV) and 

fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; and (e) 

A5. 
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(c) 

(d) 

(e) 

Figure A7.3 (Continued) Isoproturon adsorption data on GAC F400 at 20 + 1 °C during RSSCTs 

(10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) 

A4; and (e) A5. 
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Table A7.3 Summary of coefficient of determination (R2) of each kinetic model for isoproturon 

adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.934 0.934 0.926 

A2 Fresh regenerant 0.899 0.887 0.937 

A3 
Fresh regenerant 0.911 0.915 0.929 

Re-used regenerant 0.900 0.903 0.913 

A4 
Fresh regenerant 0.918 0.916 0.944 

Re-used regenerant 0.891 0.891 0.929 

A5 
Fresh regenerant 0.928 0.917 0.917 

Re-used regenerant 0.918 0.928 0.907 

 

7.1.4 Metaldehyde 

 

(a) 

 

(b) 

Figure A7.4 Metaldehyde adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV) and 

fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; and (e) 

A5. 
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(c) 

(d) 

(e) 

Figure A7.4 (Continued) Metaldehyde adsorption data on GAC F400 at 20 + 1 °C during RSSCTs 

(10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) 

A4; and (e) A5. 
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Table A7.4 Summary of coefficient of determination (R2) of each kinetic model for metaldehyde 

adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.913 0.913 0.917 

A2 Fresh regenerant 0.911 0.911 0.922 

A3 
Fresh regenerant 0.945 0.944 0.943 

Re-used regenerant 0.904 0.902 0.962 

A4 
Fresh regenerant 0.928 0.928 0.880 

Re-used regenerant 0.948 0.948 0.963 

A5 
Fresh regenerant 0.961 0.953 0.907 

Re-used regenerant 0.969 0.963 0.949 

 

 

7.2  A Mixture of Target Contaminants 

 

7.2.1 Virgin Carbon 

 

7.2.1.1 Isoproturon 

 

(a) 

Figure A7.5 Isoproturon in tap water adsorption data on GAC F400 at 20 + 1 °C during RSSCTs 

(10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) 

A4; and (e) A5. 
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(b) 

(c) 

(d) 

Figure A7.5 (Continued) Isoproturon in tap water adsorption data on GAC F400 at 20 + 1 °C during 

RSSCTs (10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) 

A3; (d) A4; and (e) A5. 
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(e) 

Figure A7.5 (Continued) Isoproturon in tap water adsorption data on GAC F400 at 20 + 1 °C during 

RSSCTs (10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) 

A3; (d) A4; and (e) A5. 

 

Table A7.5 Summary of coefficient of determination (R2) of each kinetic model for isoproturon in tap 

water adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.920 0.925 0.952 

A2 Fresh regenerant 0.954 0.954 0.952 

A3 
Fresh regenerant 0.944 0.945 0.915 

Re-used regenerant 0.973 0.973 0.981 

A4 
Fresh regenerant 0.991 0.991 0.949 

Re-used regenerant 0.956 0.955 0.959 

A5 
Fresh regenerant 0.990 0.988 0.979 

Re-used regenerant 0.989 0.989 0.994 
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7.2.1.2 Metaldehyde 

 

(a) 

 

(b)  

(c) 

Figure A7.6 Metaldehyde in tap water adsorption data on GAC F400 at 20 + 1 °C during RSSCTs 

(10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) 

A4; and (e) A5. 
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(d) 

 

(e) 

Figure A7.6 (Continued) Metaldehyde in tap water adsorption data on GAC F400 at 20 + 1 °C 

during RSSCTs (10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) 

A2; (c) A3; (d) A4; and (e) A5. 

 

Table A7.6 Summary of coefficient of determination (R2) of each kinetic model for metaldehyde in tap 

water adsorption data on GAC F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.967 0.967 0.984 

A2 Fresh regenerant 0.965 0.955 0.917 

A3 
Fresh regenerant 0.943 0.944 0.916 

Re-used regenerant 0.918 0.885 0.902 

A4 
Fresh regenerant 0.980 0.979 0.959 

Re-used regenerant 0.956 0.956 0.939 

A5 
Fresh regenerant 0.963 0.963 0.943 

Re-used regenerant 0.921 0.921 0.892 
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7.2.2 Thermally Regenerated Carbon 

 

7.2.2.1 Isoproturon 

 

(a) 

 

(b) 

Figure A7.7 Isoproturon in tap water adsorption data on TR-C at 20 + 1 °C during RSSCTs (10 BV) 

and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; and (e) 

A5.  
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(c) 

 

(d) 

 

(e) 

Figure A7.7 (Continued) Isoproturon in tap water adsorption data on TR-C at 20 + 1 °C during RSSCTs 

(10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; 

and (e) A5.  
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Table A7.7 Summary of coefficient of determination (R2) of each kinetic model for isoproturon in tap 

water adsorption data on TR-C F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.938 0.937 0.940 

A2 Fresh regenerant 0.980 0.979 0.959 

A3 
Fresh regenerant 0.979 0.979 0.959 

Re-used regenerant 0.914 0.914 0.874 

A4 
Fresh regenerant 0.937 0.930 0.901 

Re-used regenerant 0.977 0.976 0.982 

A5 
Fresh regenerant 0.969 0.969 0.981 

Re-used regenerant 0.949 0.949 0.959 

 

7.2.2.2 Metaldehyde 

 

(a) 

 

(b) 

Figure A7.8 Metaldehyde in tap water adsorption data on TR-C at 20 + 1 °C during RSSCTs (10 BV) 

and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) A3; (d) A4; and (e) 

A5. 
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 (c)

 

(d) 

 

(e) 

Figure A7.8 (Continued) Metaldehyde in tap water adsorption data on TR-C at 20 + 1 °C during 

RSSCTs (10 BV) and fitted curves for Thomas, Yoon-Nelson and Clark models: (a) A1; (b) A2; (c) 

A3; (d) A4; and (e) A5. 
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Table A7.8 Summary of coefficient of determination (R2) of each kinetic model for metaldehyde in tap 

water adsorption data on TR-C F400 at 20 + 1 °C during RSSCTs (10 BV). 

    Thomas Yoon Nelson Clark 

A1 Fresh regenerant 0.938 0.833 0.820 

A2 Fresh regenerant 0.899 0.899 0.788 

A3 
Fresh regenerant 0.955 0.953 0.962 

Re-used regenerant 0.965 0.964 0.966 

A4 
Fresh regenerant 0.959 0.949 0.908 

Re-used regenerant 0.923 0.904 0.917 

A5 
Fresh regenerant 0.983 0.980 0.975 

Re-used regenerant 0.902 0.901 0.898 
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Appendix 8. Thermogram and Binding Isotherm of Calorimetry Analyses 

 

 

Figure A8.1 Real-time thermograms (top) and binding isotherms after blank subtraction (bottom) 

for the titration of (a) Phenol, (b) Isoproturon and (c) Metaldehyde against virgin activated carbon 

F400. 

 

 

Figure A8.2 Real-time thermograms (top) and binding isotherms after blank subtraction (bottom) 

for the titration of (a) Phenol, (b) Isoproturon and (c) Metaldehyde against chemically regenerated 

virgin F400. 
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Appendix 9. Mass Spectra of The Target Contaminants in The NaOH/CH3CH2OH Mixture 

 

The mass spectra of the target contaminants upon the exposure of the NaOH/CH3CH2OH mixture at 

low energy conditions are shown in Table A9.1.  

 

Table A9.1. Mass spectra of the target contaminants in the NaOH/CH3CH2OH mixture. 

Most abundant form in H2O at pH 7 
Proposed reaction product in 

NaOH/CH3CH2OH at pH > 13 

Phenol 

 

[M + H+] = 95 m/z 

 

Phenolate 

 

[M-H + H+] = 94 m/z 

 

Nitrobenzene 

 

[M + H+] = 124 m/z 

 

Nitrobenzene 

 

[M + H+] = 124 m/z 
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Table A9.1. (Continued) Mass spectra of the target contaminants in the NaOH/CH3CH2OH mixture. 

Most abundant form in H2O at pH 7 
Proposed reaction product in 

NaOH/CH3CH2OH at pH > 13 

Isoproturon 

 

[M + H+] = 207 m/z 

 

Isoproturon 

 

[M + H+] = 207 m/z 

 

Clopyralid 

 

[M-H + H+] = 191.9 m/z 

 

Clopyralid* 

 

[M-H + H+] = 191.9 m/z 
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Table A9.1. (Continued) Mass spectra of the target contaminants in the NaOH/CH3CH2OH mixture. 

Most abundant form in H2O at pH 7 

Proposed reaction product in 

NaOH/CH3CH2OH at pH > 13 

Metaldehyde 

 

[M + Na+] = 199 m/z 

 

Metaldehyde 

 

[M + Na+] = 199 m/z 

 

Notes:  Spectra with green shades were parent compound and the spectra in blue shades are fragments 

at low energy.  

*Another potential form of clopyralid [M-H + H+] = 147 m/z 

 

This structure was likely to be formed only when clopyralid and the regenerant solution are 

mixed and then exposed at a high temperature (150 oC). If clopyralid was mixed with the 

regenerant solution at room temperature and its pH was adjusted at pH 7, the parent form of 

clopyralid was observed. This means that the regenerant solution did not change the structure 

or degrade clopyralid at room temperature (the same temperature that the desorption tests were 

conducted using the NaOH/CH3CH2OH mixture).
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Appendix 10. Scanning Electron Microscope (SEM) Images of Carbon Samples 

 

 

 

Figure A10.1 SEM images of a commercial virgin carbon Filtrasorb 400 (F-400) washed with RO 

water until its pH stable and freeze dried. 
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Figure A10.2 SEM images of fresh thermally regenerated carbon from Whitacre WTW washed with 

RO water until its pH stable and freeze dried.  

 


