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ABSTRACT 

Automotive painting booths are a major source of volatile organic compounds’ (VOCs) 

in the automotive manufacturing sector. Adsorption on activated carbon (AC) has been widely 

used as a low cost and energy efficient VOC control method. A major challenge associated with 

the cyclic adsorption/desorption of VOCs on AC is the unwanted accumulation of adsorbates 

known as irreversible adsorption or heel formation, which leads to significant decrease in 

adsorbent capacity and lifetime. The objective of this study is to identify the effects of adsorbate 

properties such as boiling point, kinetic diameter and thermal stability on heel buildup and 

adsorption capacity loss of AC. For this purpose, five cycle adsorption/desorption tests were 

completed using activated carbon fiber cloth (ACFC) as adsorbent and nine different 

alkylbenzenes (toluene, ethylbenzene, p-xylene, m-xylene, o-xylene, isopropylbenzene, 1,2,4 

trimethylbenzene (TMB), 1,3,5 TMB and neopentylbenzene) with different physical and 

chemical properties were used as adsorbates. The ACFCs loaded with various adsorbates were 

electrothermally regenerated at 400°C, with a heating rate of 70°C/ min and N2 purge flow of 0.1 

standard liter per minute (SLPM). The obtained results indicate that heel formation was mainly 

affected by the thermal stability of the adsorbates, whereas the adsorption capacity loss was 

affected by heel formation and the kinetic diameter of the adsorbates. The principal mechanism 

of heel formation was found to be the thermal decomposition of the adsorbates due to high 

temperature desorption, while the adsorbates’ boiling points (or vapour pressure) and kinetic 

diameters controlled their exposure to high temperature during desorption. The conversion rates 

of the adsorbates in pyrolysis have been used as an indication of their thermal stability, and an 

increase in conversion rate from less than 1% to more than 90% increased heel formation from 

8.9% to 17.2%, showing that lower thermal stability of adsorbates causes higher decomposition 
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and therefore higher heel. Bulkier compounds caused higher adsorption capacity loss exhibiting 

an increase in capacity loss from 25.2% to 80.0% when kinetic diameter of adsorbate molecules 

increased from 5.9 Å to > 7.5 Å. The results of this work will help understand how different 

adsorbates in industrial air streams will affect heel formation on AC. This will help to take 

proper measures and optimize regeneration conditions to control heel formation and extend the 

lifetime of adsorbents.  
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CHAPTER 1.  INTRODUCTION 

1.1  Background 

Volatile organic compounds (VOCs) refer to a complex group of hydrocarbons with 

relatively low boiling point (<260°C) and higher vapour pressure, including aromatic and 

aliphatic hydrocarbons, ketones, esters, alcohols, and glycol ethers (Kennes and Veiga 2013, 

Khan and Kr. Ghoshal 2000, Kim 2011). Definition of VOCs varies among different regulatory 

systems based on their health and environmental impacts. The United States Environmental 

Protection Agency (USEPA) defines VOCs as “any compound of carbon, excluding carbon 

monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates, and ammonium 

carbonate, which participates in atmospheric photochemical reactions” (US Environmental 

Protection Agency 2016). According to Environment and Climate Change Canada, VOCs are 

defined as “organic compounds containing one or more carbon atoms that have high vapour 

pressures and therefore evaporate readily to the atmosphere” (Environment and Climate Change 

Canada 2015). In the Environment and Climate Change Canada definition of VOCs under 

Schedule 1 (item 65) of the Canadian Environmental Protection Act, 1999 (CEPA 1999), 

compounds such as methane, ethane and the chlorofluorocarbons (CFCs) are excluded because 

of their low photochemical reactivity. Most of the VOCs are toxic and have severe health and 

environmental hazards. The health effects of VOCs exposure include eye, nose, and throat 

irritations, headaches, nausea, dizziness etc. (Fiedler et al. 2005). Moreover, even at very low 

concentration, the VOCs cause damage to lungs, liver, nervous system and may even cause 

cancer and memory loss (Kampa and Castanas 2008, Khan and Kr. Ghoshal 2000, Pariselli et al. 

2009). In presence of sunlight and in combination with NOx, VOCs undergo photochemical 
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oxidation, producing a photochemical smog that pollutes the environment by affecting plants’ 

growth and decay and it also adversely affect human and animal lives (Karatum and Deshusses 

2016, Khan and Kr. Ghoshal 2000). Several halogenated VOCs are potential greenhouse gases 

and depletes the stratospheric ozone layer (Robinson et al. 2007) and also helps in formation of 

tropospheric or ground level ozone (Atkinson 2000). Therefore, it is highly important to restrict 

the VOC emission for protecting our health and environment. 

1.2  VOC Emission Sources and Control Regulations 

VOC sources are classified as biogenic (natural) and anthropogenic (human-made). 

Biogenic sources include woods, crops, oceans, and volcanic eruptions whereas industrial 

activities involving paints, varnishes, chemical cleaners, solvents, lubricants, and liquid fuel are 

the major anthropogenic sources of VOCs (Bari et al. 2016, Zhao et al. 2014). In 2014, VOC 

emission in Canada were 2157 kilotonnes (kt), showing an increase of 13 kt (1%) from 2013 

levels, among which, the oil gas industry, paints and solvents processing industry and 

agricultural sector (livestock and fertilizer) were the biggest contributors of the national 

emissions of VOC (34%, 15%, and 12% respectively) (Environment and Climate Change 

Canada 2016). In North America, about 6.58 kg of VOC is used as paint solvents per vehicle in 

typical car manufacturing plants (Kim 2011). Due to concerns about the health and 

environmental impacts of VOC, many regulatory agencies issued regulations to control VOC 

emissions to the atmosphere. Under Title I of the US Clean Air Act Amendment of 1990, VOC 

emissions reduction is imposed if the VOC emission leads to an ozone concentration that 

exceeds the current national ambient air quality standard for ozone of 0.12 ppm (USEPA 1991). 

In Europe, organic vapour emission limit is 35 grams total organic compounds (TOC) per cubic 

meter gasoline loaded (35 g TOC/m3), according to the recently passed European Community 
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stage. Environment Canada is also working to reduce VOC emissions, particularly resulting from 

the use of solvents and solvent based products. On July 8, 2009, the VOC Concentration Limits 

for Automotive Refinishing Products Regulations were published and it established 

concentration limits for VOCs in 14 categories of automotive refinishing products. The VOC 

concentration limits apply to all automotive refinishing products such as primers, paints, 

coatings, surface cleaners etc. The VOC concentration limits in Canada applied to different 

categories of automotive refinishing products are listed in Appendix A (Environment and 

Climate Change Canada 2015). Therefore, the increasingly strict regulations on VOC emissions 

warrant continuous research to develop effective technologies to limit emissions of VOC 

pollutants. 

1.3  VOC Mitigation Techniques 

Several treatment technologies exist to control the emission of VOCs (Khan and Kr. 

Ghoshal 2000, Kim 2011). Selection of a treatment technique depends on different parameters 

such as the type, source, concentration and flow rate of the pollutant, presence of compounds 

other than VOCs, reusability of captured compounds, regulatory limits etc. (Berenjian et al. 

2012). Moreover, the process safety, location, cost, and operative possibility of the selected 

technique should also be considered (Cooper and Alley 2011). VOC control techniques are 

classified into two main categories: (i) process and equipment modification (VOCs emissions are 

controlled by modifying the process, equipment or raw material) and (ii) add-on-control 

techniques (additional control method is applied) (Parmar and Rao 2009). In spite of being more 

effective and efficient, the applicability of the first type is limited since it is hard to do process 

modification in most cases. Therefore, the add-on-control techniques are more applicable, and 

are divided into two groups, destructive and non-destructive methods. Destructive methods are 
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preferred when VOC recovery is not technically or economically feasible, whereas non-

destructive methods allow VOC recovery and reuse (Berenjian et al. 2012).  A summary of the 

conventional add-on-control techniques for VOC abatement and their main merits and demerits 

are provided in Table 1.1. The limitation of secondary waste generation is associated with most 

of the conventional methods, including biomass formation in biological processes, production of 

greenhouse gases in oxidative methods, condensate in condensation, and spent adsorbent in 

adsorption (Parmar and Rao 2009). Besides these conventional techniques, in recent times, some 

novel VOC abatement technologies have emerged, which include VOC treatment with spark-

generated carbon aerosol particles, mesoporous chromium oxide and silica fiber matrix, negative 

air ions treatment, electrical discharge treatment, electron beam bombardment, and ultraviolet 

(UV) photo-oxidation by heterogeneous photocatalyst particles (Parmar and Rao 2009). Though 

a few of these newer methods have shown high removal efficiencies for industrial applications, 

many of them are still being explored in bench-scale level, involve delicate operation and require 

very high operating and maintenance cost (Parmar and Rao 2009). Because of the advantages of 

adsorption process over other VOC mitigation techniques discussed in Table 1.1, adsorption has 

been widely used as an energy efficient and inexpensive method for low concentration (< 10,000 

ppm) VOCs removal from both gaseous and aqueous streams (Fletcher et al. 2006). Therefore, 

adsorption was chosen as the VOC removal method in this research. 
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Table 1-1. VOC removal techniques and their advantages and disadvantages (Cooper and Alley 

2011, Khan and Kr. Ghoshal 2000, Parmar and Rao 2009) 

Method type Process description Advantages Limitations 

Destructive 

Oxidation 

Oxidizers (afterburners, 

incinerators) combust 

and convert VOCs to 

CO2 and H2O, thermal 

oxidizers rely on high 

temperature (700 –

800°C) and direct flame 

to ignite VOCs, 

catalytic oxidizer 

facilitates oxidation at 

low temperature (340 –

590°C) through a noble 

metal surface 

Simple operation, 95-

99% removal efficiency, 

energy recovery upto 

85%, can treat variable 

gas concentrations and 

multi component 

streams 

NOx Formation, explosion 

potential, high fuel 

consumption, greenhouse 

gas emission, high cost 

Biofiltration 

VOC laden air passed 

through porous filter 

media (wood, compost, 

peat, soil etc.) 

supporting 

microorganisms, VOCs 

are adsorbed from air 

phase to water/bio-film 

phase and decomposed 

by bioreaction 

Low energy 

consumption, operating 

cost, no chemical 

needed, non-hazardous, 

eco-friendly 

Low removal efficiency 

(60-95%), generates 

biomass, slow process, 

depends on microbial 

growth and culture and 

biodegradability of 

contaminants, chlorinated 

VOCs are poisonous for 

microorganisms 

Non-destructive 

Condensation 

VOC laden gases are 

cooled in heat 

exchangers below the 

stream dew point to 

condense 

 

VOC recovery, removal 

efficiency 70-85%, good 

for high boiling point 

VOCs (above 33°C) 

Generates wastewater 

stream, extensive cooling 

required for low 

concentration gas stream, 

inert gas blanketing 

required if inlet gas falls 

below the upper explosive 

limit (UEL) to eliminate 

explosion hazards 

Absorption 

Soluble VOCs are 

transferred to liquid 

phase by liquid solvents 

in absorber towers 

High removal efficiency 

(95-98%), handles a 

wide range of VOC 

concentrations (500-

5,000 ppm) 

Generates wastewater 

stream, columns are 

clogged by particles in gas 

stream, liquid absorbents 

transfer to exit gas stream, 

creating another pollution 

concern 

Adsorption VOCs are adsorbed on High removal efficiency  Low efficiency for high 
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Method type Process description Advantages Limitations 

solid adsorbents like 

activated carbon, 

zeolites, polymers etc. 

 

(90-98%), treats low 

concentration VOCs, 

efficiently handles 

fluctuations in inlet gas 

flow rates and VOC 

concentrations, low 

operation cost, not much 

limited to VOCs 

properties 

(biodegradability, 

boiling point etc.), low 

operation and 

maintenance cost 

humidity (>50% R.H), fire 

risk for VOCs with high 

heat of adsorption 

 

Membrane 

Separation 

Preferential transport of 

VOCs through a non-

porous gas separation 

membrane under 

pressure differences 

High removal efficiency 

(90-99%), can treat high 

VOC concentration gas 

economically 

Requirement of vacuum 

pump, refrigeration 

equipment etc. increase 

capital and operating cost 
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1.4  VOC Adsorption on Activated Carbon 

Among different adsorbent, activated carbon (AC) is one of the most widely used 

adsorbent in both air and water treatment due to its high surface area, high adsorption capacity 

and low cost (Fletcher et al. 2006, Hashisho et al. 2008). Moreover, AC can be regenerated, its 

physical and chemical properties can be tailored, it has good thermal stability in absence of 

oxygen, and can withstand acidic or basic conditions (Dabrowski et al. 2005). AC is available is 

several physical forms such as granular, powdered, beads, fibers and monoliths. Activated 

carbon fiber cloth (ACFC) has recently gained more attention because of some novel properties 

such as ash-free and high microporous structure where the internal micropores are connected to 

its external surface area, diminishing the mass and heat transfer limitations (Ramos et al. 2010). 

ACFC is more compact due to its continuous fibers, which provides it with higher electrical 

conductivity than other forms of AC, making it a suitable candidate for electrothermal swing 

adsorption (ESA). ESA is an efficient regeneration technique due to its fast heating rate, less 

purge gas consumption and minimal requirement to separate condensate water. (Niknaddaf et al. 

2016).  Therefore, in this research, ACFC is chosen as the VOC adsorbent and electrothermal 

desorption by resistive heating has been selected as the regeneration method for ACFC. 

1.5  Problem Statement 

One major challenge during cyclic adsorption/desorption of VOCs on AC is the 

irreversible adsorption, causing unwanted adsorbate accumulation (aka heel formation) on the 

adsorbent, which significantly decreases the adsorption capacity and lifetime of the adsorbents 

(Lashaki et al. 2012b, Niknaddaf et al. 2016). Irreversible adsorption increases the operation and 

maintenance costs of adsorption system by requiring frequent replacement of the adsorbent to 
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maintain a sufficient adsorption capacity. Previous studies have shown that heel formation on 

activated carbon is affected by several factors including the properties of the adsorbents and 

adsorbates, as well as the regeneration conditions (Lashaki et al. 2012b, Niknaddaf et al. 2016, 

Wang et al. 2012). 

1.6  Objectives 

The goal of this research is to investigate the effects of the properties of VOC adsorbates 

on heel buildup during electrothermal desorption. The main objective of this research is to 

investigate the effects of different adsorbate properties (kinetic diameter, boiling point, thermal 

stability) on heel formation on ACFC during cyclic adsorption and electrothermal desorption of 

alkylbenzenes on ACFC. ACFC was used in this study as the adsorbent because it has very high 

microporosity which can highlight the heel formation, since heel formation occurs mainly in the 

micropores. Besides, because of its electric resistivity, ACFC can be efficiently regenerated by 

electrothermal regeneration. The adsorbates chosen in this research were based on their presence 

in paint solvents and their potential for heel formation. Aadsorbates with benzene rings in their 

structure, larger kinetic diameter and higher boiling points are expected to result in higher heel 

formation. In addition, adsorbates with lower thermal stability may be prone for thermal 

decomposition during desorption from ACFC at high temperature. Therefore, nine alkylbenzenes 

with different kinetic diameters, boiling points and thermal stability were selected as adsorbates 

in this research.  

A better understanding of the factors contributing to the irreversible adsorption is 

important in identifying ways to decrease heel buildup and increase the adsorbents’ lifetime. 

Although there is some information on how adsorbate properties contribute to heel formation on 
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beaded activated carbon (BAC), there is not enough information on how ACFC is affected by 

irreversible adsorption during electrothermal desorption. Results of this research include 

information on the potential of different VOC adsorbates to form heel on ACFC during 

subsequent adsorption/desorption. Therefore, based on these results, related industry can design 

an effective VOC abatement system depending on the VOC constituents of the polluted gas 

stream, which can effectively minimize irreversible adsorption on the adsorbent. This is expected 

to reduce the cost for disposal and replacement of the adsorbent. Moreover, this research can also 

help in bridging some of the knowledge gaps in the adsorption/desorption of VOC from polluted 

gas streams onto ACFC. 

1.7  Thesis Outline 

This thesis consists of three chapters that will contribute to fulfill the goal of the research. 

Chapter 1 provides an introduction about the topic including background, objective and 

importance of the research. A detail literature review on adsorption process, different types of 

adsorbents and adsorbates, regeneration process, different regeneration techniques, and factors 

affecting irreversible adsorption is included in Chapter 2. Chapter 3 includes description of the 

materials and methods used. Chapter 4 presents the experimental results and corresponding 

discussions, and Chapter 5 provides the major conclusions obtained from this study and future 

recommendations. 
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CHAPTER 2.  LITERATURE REVIEW 

2.1  Adsorption 

Adsorption is a process in which atoms, ions or molecules of a gas, liquid or dissolved 

solid get attached onto a surface (Bansal and Goyal 2005, Slejko 1985). Adsorption is a surface-

based phenomenon, and occurs mainly as a result of surface energy. The adsorbing surface 

providing the adsorption sites is called adsorbent, whereas the substance that gets attached to the 

surface is named as adsorbate (Slejko 1985). The nature of forces enhancing the adsorption 

depends on the species involved. Adsorption of gaseous species on a solid or liquid medium 

causes a decrease in the free energy of the system and the system entropy, therefore, adsorption 

is always an exothermic process (Radecki and American Institute of Chemical Engineers 1999, 

Zhou 2007). The reverse process of adsorption is known as desorption, when the adsorbates 

come out or rebound back from the adsorbent surface and pores. 

Adsorption process exists in many natural, physical, biological and chemical system 

(Suffet and McGuire 1980). In addition, adsorption also has wide industrial applications, both in 

liquid and gas-phase. Its liquid-phase applications include removal of organic compounds from 

water or organic solutions, colored impurities from organics, moisture dissolved in gasoline, 

pollutants in wastewater treatment processes etc. (Dou et al. 2015, Gupta and Verma 2002, 

Slejko 1985). Examples of gas-phase applications of adsorption are removal of water vapor from 

air and other gases, sulfur compounds form natural gas, recovery of solvent vapors from air-gas 

mixture, VOC removal from polluted gas streams, etc. (Lapkin et al. 2004, Ramos et al. 2010, 

Ratnasamy et al. 2012, Zheng et al. 2013) 
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2.1.1  Types of Adsorption 

The type of adsorption between adsorbent and adsorbate depends on several factors such as 

the surface reactivity, properties of adsorbent and adsorbates, and also the adsorption 

temperature (Slejko 1985). Based on the type of forces participating in the process, adsorption is 

mainly classified into two types: physical adsorption or physisorption and chemical adsorption or 

chemisorption (Ramos et al. 2010, Slejko 1985). In physisorption, adsorbates are attached to 

adsorbent surface through weak interaction forces (e.g. van der Waals forces) between the 

adsorbent and adsorbate. In contrary, chemisorption involves strong interaction forces (usually 

covalent bonds) and the sharing of electron between adsorbent and adsorbates leads to formation 

of chemical reactions (Bansal and Goyal 2005, Do 1998). The heat of adsorption for 

physisorption is from 10 to 20 KJ/mole, whereas in chemisorption it ranges between 40 to 400 

KJ/mole (Bansal and Goyal 2005). Physisorption may occur at a faster rate at low temperature, 

since no activation energy is required, but chemisorption need activation energy to take place, 

therefore rate of chemisorption is temperature dependent (Do 1998). Besides, physisorption has a 

multimolecular thickness of adsorbed phase, whereas in chemisorption, the thickness is 

monomolecular (Bansal and Goyal 2005, Slejko 1985). 

2.1.2  Adsorption Capacity and Isotherms 

Adsorption capacity refers to the amount of adsorbate that can be adsorbed onto the surface 

of an adsorbent before the adsorbent gets saturated (Zhou 2007). Adsorption capacity depends on 

the equilibrium relationship between adsorbent and adsorbate (Bansal and Goyal 2005). At the 

beginning of adsorption process, the rate of adsorption is high due to the higher exposure of solid 

surface towards a liquid or gaseous adsorbate. The more the surface become covered with 

adsorbate molecules, the availability of bare surface decreases, therefore the rate of adsorption 
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decreases and the rate of desorption, which is the rate at which adsorbates rebound back from 

adsorbent surface, increases. With time, a stage is obtained when adsorption and desorption rates 

are equal and both the adsorbent and adsorbate are in equilibrium, and this equilibrium condition 

depends on the system pressure and temperature (Do 1998, Keller and Staudt 2005). If the 

temperature is kept constant then the equilibrium only depends on the equilibrium pressure, it is 

known as adsorption isotherms.  

Adsorption isotherms are most widely used to represent the equilibrium condition, hence 

the adsorption capacity of an adsorbent. Adsorption isotherms can help determine the 

adsorbent’s surface area, pore volume and pore size distribution, heat of adsorption and the 

relative absorbability of different adsorbates on a particular adsorbent (Bansal and Goyal 2005, 

Foo and Hameed 2010, Tzabar and ter Brake, H. J. M. 2016). Some of the most important and 

commonly used adsorption isotherms models include the Langmuir, Freundlich, Dubinin-

Radushkevich and Brunauer-Emmett-Teller (BET) isotherm models. The first two isotherms are 

important particularly for chemisorption, though they are useful in physisorption as well. The 

BET and Dubinin-Radushkevich equations are mostly used for analyzing gas physisorption on 

solid adsorbent such as activated carbon (Brunauer et al. 1938). Brunauer-Emmett-Teller (BET) 

adsorption isotherm model is a theoretical model and refers to multi-layer adsorption on gas-

solid systems with relative pressures between 0.05 and 0.35 (Brunauer et al. 1938). BET model 

assumes no interaction between each adsorption layer and Langmuir model can be applied to 

each layer (Brunauer et al. 1938, Rouquerol 2014). 
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2.2  Adsorbent Types and Properties 

Adsorption largely depends on the type and properties of the adsorbents. Several types of 

adsorbents are used for VOCs adsorption and the process is affected by the adsorbents’ physical 

properties (e.g. surface area, pore size distribution) and chemical properties (e.g. surface 

functional groups, polarity etc.) (Bhatnagar 2013, Rouquerol 2014, Strazhesko and Barouch 

1973). Adsorbents are mainly porous materials with high surface area, and available in many 

forms including spherical pellets, rods, moldings, or monoliths (Bhatnagar 2013). Adsorbents 

can be microporous, mesoporous, macroporous or combination of all, depending on their uses. 

According to the classification of The International Union of Pure and Applied Chemistry 

(IUPAC), the diameter of micropores are less than 2 nm, whereas the mesopores’ diameter 

ranges between 2 to 50 nm, and macropores have diameter more than 50 nm (Che and Védrine 

2012, Rouquerol 2014, Zhou 2007). Micropores and mesopores primarily contribute to the gas 

phase adsorption, by improving adsorption kinetics (Che and Védrine 2012). Besides, 

adsorbents’ surface functional groups such as oxygen, nitrogen, sulphur and other acidic and 

basic functional groups also influence their adsorptive behavior (Riccardi et al. 2014, Zhang et 

al. 2016). The most common industrial adsorbents used for gaseous adsorbates mainly fall into 

two categories: non-carbonaceous (silica gel, activated alumina, zeolites and polymers) and 

carbonaceous adsorbents (activated carbon, graphite, carbon molecular sieves etc.) (Rouquerol 

2014, Strazhesko and Barouch 1973), and are described in the following paragraph. Figure 2-1 

shows the pore size distribution (PSD) of some common adsorbents used in industrial scale. It 

shows that zeolites have very well defined PSD, whereas AC has a wide range of PSD.  
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Figure 2-1. Pore size distribution of some commonly used adsorbents (Knaebel 2016) 

2.2.1  Non-carbonaceous adsorbents  

These adsorbates typically are hydrophilic and polar in nature such as silica gel, activated 

alumina, zeolites and polymeric adsorbents.  

Silica gel is the amorphous form of SiO2, and is chemically inert and non-toxic. Its 

properties such as wide pore size distribution and thermal stability (usually stable at < 400°C) 

makes it a good adsorbent for air drying process and hydrocarbon adsorption from natural gas 

(Canada 2004, Dou et al. 2015). 

Zeolites refer to a big group of natural or synthetic aluminum silicates, usually hydrated 

and have crystalline structure (Davis 2002). Because of the novel properties like precise pore 

size distributions, zeolites can selectively adsorb and separate gas molecules, and therefore 

zeolites are widely used as molecular sieves (Flanigen et al. 1971). Zeolites have been 

successfully used as adsorbent in processes involving air drying and air separation, CO4 and CO2 

separation from natural gas, CO removal from reforming gas, catalytic cracking etc. (Flanigen et 

al. 1971, Kesraoui-Ouki et al. 1994). Hydrophobic zeolites are primarily used for VOC 
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capturing, and because of their good thermal stability and less flammability than other types of 

adsorbents (such as AC) (Chung-Hwei Su et al. 2009). 

Polymeric adsorbents have been emerging as an effective adsorbent due to their surface 

area, mechanical strength, adjustable surface chemistry and pore size distribution, and feasible 

regeneration under low temperature (Davankov and Tsyurupa 2011). Several applications of 

polymeric adsorbents include adsorption of organic pollutants, namely phenolic compounds, 

organic acids, aromatic and polyaromatic hydrocarbons, alkanes and their derivatives (Deosarkar 

and Pangarkar 2004, Pan et al. 2009). Additional improvements like surface modification or 

functionalization improved polymers’ performance towards adsorption of highly water-soluble 

compounds and heavy metal ions, chlorinated pesticides and other poisonous compounds from 

waste effluents and water supplies, therefore polymers are being used as highly efficient 

adsorbents in water treatment and other pollution control applications (Garcia 1991, Hradil 2008, 

Kunin 1977, Riccardi et al. 2014). 

2.2.2  Carbonaceous Adsorbents 

Carbon is a potential element of the periodic table for adsorption, since it can establish 

bonds with almost any element, thus resulting in a wide spectrum of compounds. Carbon based 

adsorbents are generally hydrophobic and non-polar in nature (Juan Carratalá-Abril et al. 2009). 

The oldest and most widely used carbonaceous adsorbent is the activated carbon (AC), a 

processed form of carbon with high porosity and surface area and amorphous solid structure 

consisting of microcrystallites with a graphite lattice (Bansal and Goyal 2005, Kwiatkowski 

2012). In recent time, a new generation of carbon structures built at the nanoscale (e.g. 

nanofibers, nanotubes, fullerenes, graphene, graphene nanoribbons, nanodiamonds, etc.) have 
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also gained attraction due to their relatively large surface area, and novel electronic and chemical 

properties, that can provide enhanced adsorption (Tascón 2012).  

2.3  Activated Carbon  

Activated carbon is the most significant carbonaceous adsorbent, due to its highly 

developed wide range of porosity, large surface area (500 to 3000 m2/g), tailored physical (e.g. 

pore size distribution and surface area) and chemical properties (e.g. surface groups), high 

surface reactivity, and therefore ability to economically remove very low concentration 

pollutants (Bansal and Goyal 2005, Kwiatkowski 2012, Rouquerol 2014). AC has proved to be a 

versatile adsorbent, since it performs successfully in both liquid-phase and gas-phase adsorption 

(Dabrowski et al. 2005, Juan Carratalá-Abril et al. 2009).  The total number of pores, their shape 

and size determine the adsorption capacity and adsorption rate of AC. A schematic of different 

types of pores in AC is shown in Figure 2-2. The macropores act as transport pathways, through 

which the adsorbate molecules travel to the mesopores, from where they finally enter the 

micropores. The micropores usually constitute the largest proportion of the internal surface of the 

AC and contribute most to the total pore volume (Kwiatkowski 2012). Most of the gaseous 

adsorption occurs in the micropores, where the attractive forces are enhanced and the pores are 

filled at low relative pressures. Thus, the total pore and micropore volume and the pore size 

distribution determine the adsorption capacity. 
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Figure 2-2. Schematic of Different types of pores in AC (Wu 2004) 

AC is manufactured from materials with high carbon content such as coal (bituminous, 

subbituminous, and lignite), peat, wood, saw dust, bamboo, or coconut shells, petroleum coke, 

sub bituminous polymer etc. (Ahmad and Idris 2014, Ahmadpour and Do 1997, Ramos et al. 

2010, Salvador et al. 2015). AC can also be prepared from many organic wastes like agricultural 

waste, biomass materials, sewage sludge etc. (Ahmad and Idris 2014, Méndez et al. 2005). AC 

precursors are mostly organic, easily available and inexpensive, and also can be stored for longer 

duration, and this makes the production of AC easy and inexpensive (Dabrowski et al. 2005). 

The method of preparing AC from its precursors involves two steps: carbonization and 

activation (Ahmad and Idris 2014, Méndez et al. 2005). The first stage, carbonization is to 

increase the carbon content. During this carbonization stage, the precursors are dried and heated 

at temperature over 400°C in an anoxic environment, mainly to separate the bi-products (e.g. tars 

or other hydrocarbons) and remove any generated gases. The following step, activation is the 

process of addition of pores inside the carbons, and can be done either physically or chemically 

(Ahmad and Idris 2014). In physical activation, the carbonized materials are exposed to an 

oxidizing agent (steam or CO2) at an elevated temperature (600 to 1000°C) (Valix et al. 2004). 

The oxidizing agent burns off the pore blocking structures created during the carbonization step 
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and therefore, develop a porous, three-dimensional graphite lattice structure. The degree of 

carbon burn-off depends on the gasification resulting from increased temperature and intensity of 

the oxidizing atmosphere. The type and size of the pores developed during activation is a 

function of the carbonization and gasification time, temperature and influence of the reactive gas 

(Ahmad and Idris 2014, Bansal and Goyal 2005). Longer exposure times result in larger pore 

sizes. For reactivation in CO2, higher burn-off from elevated temperature results in more 

microporosity, whereas steam reactivation leads to wider pore size distribution and increased 

mesoporosity (Zhang et al. 2004). In chemical activation, carbonization of the raw material and 

activation is done simultaneously at lower temperatures (400 – 900°C). After impregnating with 

a strongly reacting agent such as KOH, NaOH, ZnCl2, H3PO4, K2CO3, ammonia, or H2O2 etc., 

the precursor material is heated in an inert atmosphere (Ahmadpour and Do 1997, Wang and 

Kaskel 2012). Temperature, chemical agent, and impregnation ratio affect the properties of the 

activated material. Chemical activation helps to develop a desired pore size distribution more 

easily and efficiently compared to physical activation (Ahmadpour and Do 1997).  

2.3.1  Types of AC 

Different types of activated carbon are available with different physical properties such as 

pore size distributions, surface characteristics, and shapes (e.g., pelletized, granular, powdered, 

spherical or beads, etc.). Figure 2-3 shows different forms and shapes of commercially available 

AC. Based on the precursor material, activation method and conditions (e.g. temperature and 

oxygen), and post-treatment reactions, AC has different porous structure and surface functional 

groups. The most common forms of AC are the powdered and granular forms.  
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Figure 2-3. Different forms of activated carbon (a) powdered (b) granular (c) beaded (d) pelleted 

(Bansal and Goyal 2005) 

Powdered activated carbon (PAC) is traditionally made in particular form as powder or 

fine granule of less than 1.0 mm in size with an average diameter between 0.15 and 0.25 mm. 

Thus, it presents a large surface-to-volume ratio with a small diffusion distance. PAC is made up 

of crushed or ground carbon particles, 95 to 100% of which will pass through a designated sieve. 

According to ASTM classification, particle sizes corresponding to an 80-mesh sieve (0.177 mm) 

and smaller are referred as PAC (Bansal and Goyal 2005, Kwiatkowski 2012). PAC provides 

very effective adsorption due to its small particles, however, with slower settling and removal 

process, for the same reasons. 

(a) (b) 

(c) (d) 
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Granular activated carbon (GAC) has a relatively larger particle size compared to PAC and 

thus, possesses a smaller external surface per unit volume. Diffusion of the adsorbate is thus an 

important concern. GAC is therefore preferred for gas and vapour phase adsorptions as their 

rates of diffusion are faster than PAC. Granulated carbons are also used for water treatment, 

deodorization and component separation in flow system (Bhatnagar 2013) and showed good 

performance in removing large number of organic compounds (Dabrowski et al. 2005). GAC is 

designated by sizes such as 8×20, 20×40, or 8×30 for liquid phase applications and 4×6, 4×8 or 

4×10 for vapor phase applications (Bhatnagar 2013, Kwiatkowski 2012). 

Recently, some novel types of AC such as beaded activated carbon (BAC), activated 

carbon fiber cloth (ACFC), extruded activated carbon (EAC), impregnated and polymer coated 

carbon are gaining attention because of their unique properties (Kwiatkowski 2012, Tascón 

2012). BAC is prepared in spherical shape and has high void filling capability, flow-ability, high 

strength and wear resistance and low ash content (Marsh and Rodríguez-Reinoso 2006). ACFC is 

ash-free, and unlike BAC and PAC, it has continuous fiber structure providing it with higher 

electrical conductivity compared to other forms of AC (Niknaddaf et al. 2016). Extruded 

activated carbon (EAC) is combination of powdered activated carbon with a binder, fused 

together and extruded into a cylindrical shaped activated carbon block, and has low pressure 

drop, high mechanical strength and low ash content. Impregnated carbons are porous carbons 

containing several inorganic impregnates, such as iodine and silver or cations such as Al, Mn, 

Zn, Fe, Li, and Ca etc. Polymer coated carbons are porous carbon coated with a biocompatible 

polymer in order to give a smooth and permeable coat without blocking the pores, and these 

adsorbents are particularly useful in the field of medical treatment (Marsh and Rodríguez-

Reinoso 2006). 
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2.3.2  Activated Carbon Fiber Cloth 

Activated carbon fiber cloth (ACFC) is a novel form of AC which is ash-free and has high 

purity (Le Cloirec 2012). Compared to other commercial adsorbents such as GAC, alumina, 

silica and zeolites, ACFC exhibits large surface area, high micropore volume and surface 

reactivity, and therefore exhibits high adsorption capacity and faster adsorption kinetics 

(Hashisho et al. 2009, Ramos et al. 2010, Yao et al. 2009). ACFC has showed good performance 

as an alternative to conventional GAC in selective capture of VOCs (Le Cloirec 2012, Luo et al. 

2006, Subrenat and Le Cloirec 2004). Some important properties of ACFC are discussed below: 

2.3.2.1 Surface area and porosity: ACFC has a very high specific surface area (BET 

surface) ranging from 900 to 2,300 m2/g (Le Cloirec 2012).  ACFC is mainly microporous with a 

micropore volume from 0.40 to 0.90 m3/g, which shows a microporosity of more than 90% of the 

total porosity. Some experimental results show that, the internal micropores of ACFC are 

directly connected to its external surface area, which provides a compact structure reducing the 

mass and heat transfer limitations and pressure drop through ACFC (Luo et al. 2006, Subrenat 

and Le Cloirec 2004). This provides faster adsorption/desorption of adsorbates through ACFC 

and decreases fire potential inside the adsorption bed. 

2.3.2.2 Chemical properties: ACFC’s structure is microcrystalline with an orientation of 

graphitic layers less ordered than in graphite (Ramos et al. 2010). Elemental analysis on ACFC 

showed high purity carbonaceous content with more than 99% carbon and hydrogen trace 

amount of oxygen, nitrogen and other acidic or basic surface functional group. This high purity 

of ACFC makes it a promising adsorbent in air and water treatment and purification applications 

(Le Cloirec 2012).  
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2.3.2.3 Electrical and thermal properties: The most unique property of ACFC compared to 

other adsorbents is its high electrical conductivity. Because of its crystalline structure (graphene), 

ACFC exhibits low resistance when an electrical current is passed through it, and is heated up. 

Therefore, ACFC can be regenerated by applying an electrical current and heating it up by 

Joule’s heating (Johnsen et al. 2014, Son et al. 2016). ACFC has successfully captured industrial 

solvents and recovered them using electrothermal regeneration. ACFC also performed well in 

capturing VOCs at indoor level, which typically has low VOC concentration (Yao et al. 2009). 

VOCs with highly fluctuating concentrations were adsorbed by ACFC and successfully 

transformed into more well-defined concentrations with select gas velocities, which enabled the 

organic vapour to be further processed by biofilters or oxidizers (Emamipour et al. 2007a, 

Nabatilan et al. 2010). 

2.3.2.4 ACFC precursors: ACFC can be prepared from several synthetic raw material 

precursors including pitch, asfran, PAN, rayon (viscose), cellulose etc. (Kawashima et al. 2000, 

Subrenat and Le Cloirec 2004). The surface functional groups and pore size distribution depends 

on the precursor material. The ACFC tested in this research was made from novoloid (phenolic) 

precursor produced by American Kynol. The preparation steps involve producing the novoloid 

fibers from novolak resin by melt spinning process, where the fiber polymer is heated and melt 

into a form suitable for extrusion. After that, the melt-spun fiber is cured with an acidic solution 

of formaldehyde and acid-catalyzed cross-linking of melt-spun novolak resin is done to form a 

fully cross-linked, three-dimensional, amorphous network polymer structure of novoloid fibers. 

Finally, one-step carbonisation and activation is done to form novoloid-based ACFC (Niknaddaf 

2015). Figure 2-4 shows ACFC from macro to micro scale. The structural properties of ACFC 

mainly depend on the residence time in the production oven. These structural properties have a 
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strong influence on the external mass transfer rate and head loss in the adsorber modules, 

therefore the proper ACFC type should be chosen based on its application. 

 

Figure 2-4. ACFC from macro to micro scale (Le Cloirec 2012) 

2.4  Desorption/Regeneration 

Desorption is the opposite of adsorption process, in which the adsorbates are released from 

the surface and pores of the adsorbents, also known as regeneration of adsorbent. The main 

purpose of desorbing the adsorbates and regenerating the adsorbents is to restore the adsorption 

capacity of adsorbents and also recovering the adsorbates for destruction or reuse (Salvador et al. 

2015). Adsorption and desorption of VOCs on activated carbon has been an effective pre-

treatment process that concentrates the VOCs to facilitate and improve the efficiency of 

incineration or recovery methods (Ledesma et al. 2014, Salvador et al. 2015) 
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2.4.1  Methods of Regeneration 

Regeneration can be classified based on the type of regeneration mechanism and the type 

of regeneration agents used. There are different pathways through which regeneration may 

proceed. In some AC regeneration methods, the adsorption equilibrium is shifted toward 

desorption by applying heat (Ledesma et al. 2014), decreasing pressure or applying vacuum 

(Ruthven et al. 1994), varying pH of the system (Leng and Pinto 1996), or changing the medium 

surrounding the AC to a fluid that efficiently extracts the adsorbate (McLaughlin 1995). Other 

desorption mechanism, such as gasification involves removing the adsorbates by converting it 

into more easily removable products through chemical reactions or degradation processes. 

Regeneration of AC adsorbents may also involve the use of different regeneration agents 

such as inert chemical species (inert gases like N2) (Ruhl 2000), oxidizing agents (O2, CO2, 

ozone) (Álvarez et al. 2004), chemical reagents (Ince and Apikyan 2000), solvents (organic 

solvents, supercritical solvents) (McLaughlin 1995), electrical current (Niknaddaf et al. 2016), 

microwaves (Hashisho et al. 2008), microorganisms (Scholz and Martin 1998), catalysts 

(Sheintuch and Matatov-Meytal 1999), ultraviolet light etc. (Ince and Apikyan 2000). 

Therefore, some AC regeneration methods use the same regeneration agent but different 

regeneration mechanisms (i.e., regeneration with supercritical CO2 and gasification with CO2 

utilize the same regeneration agent but different mechanisms for regenerating the ACs) and vice 

versa (i.e., temperature swing adsorption (TSA), steaming and electrothermal swing adsorption 

(ESA) all use thermal regeneration mechanism, but different regeneration agents). Figure 2-5 

shows the general classification of regeneration based on both the regeneration mechanism and 

the regeneration agents used for desorption of the adsorbates. 
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Figure 2-5. Classification of methods used for regenerating activated carbon adsorbents 

(Salvador et al. 2015) 

 In pressure swing regeneration (PSR) or vacuum regeneration, adsorbates are desorbed 

by reducing the total pressure of an adsorbent bed and by applying vacuum. Though PSR is a fast 

process, it is limited by mass transfer and fluidization limitations, therefore smaller beds are 

recommended for this method. Moreover, this is a lossy process since the gas trapped in 

adsorbent’s pores and voids are lost during blowdown and purging (Ruthven et al. 1994, 

Shonnard and Hiew 2000). 

 Thermal Regeneration is the process of heating the saturated AC to provide the amount of 

energy necessary to remove the retained adsorbate. In this method, sufficient amount of thermal 

energy is provided to break the adsorbent–adsorbate interactions across all the adsorption sites 

without degrading the adsorbates (Ledesma et al. 2014). Based on the source of the heat applied, 

thermal regeneration can be classified into temperature swing regeneration (TSR), electrical 

swing regeneration (ESR) and microwave regeneration. 

In temperature swing regeneration (TSR), the adsorbent bed temperature is increased by 

using hot gas or heating jackets, coils, furnaces etc. (Suzuki et al. 1978). Steam or hot inert gases 
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(e.g. N2, He, Ar) are used in TSR to heat the adsorbent and purge the desorbed pollutants 

simultaneously. For successfully desorbing the adsorbates, the maximum desorption temperature 

should overcome the heat of desorption, which is larger than the adsorbate vaporization enthalpy 

(Popescu et al. 2003). TSR was found to be more effective than solvent extraction for 

compounds with good thermal stability (Ramírez et al. 2010). TSR is usually slower process than 

PSR, and also limited by thermal inertia and lower heat capacity of adsorbents. Moreover, 

though use of steam in TSR lowers the regeneration temperature, but often water is retained on 

the surface of the adsorbent during desorption. Therefore, the remaining moisture on the 

adsorbents after regeneration need to be separated to avoid any competition between the 

condensed water and the pollutant in the following adsorption cycle which can decrease the 

adsorption capacity of AC (Schork and Fair 1988). 

 Electrical swing regeneration (ESR) is developed to overcome the limitations of TSR. In 

ESR, a low voltage electrical current is used as regeneration agent and that electrical current is 

directly changed into thermal energy due to the resistance of AC (Lordgooei et al. 1996). 

Therefore, in ESR, AC adsorbents are heated from inside instead of an external energy source. 

Inert purge gas like N2, CO2 or He are used to purge the adsorbates and regenerate the AC (An 

and Feng 2010). Since in ESR the adsorbates are desorbed by the heat generated by the Joule 

effect, this method largely depends on the resistivity of the carbonaceous adsorbents. GAC or 

PAC is not efficiently regenerated by ESR because these adsorbents’ particles are not in 

continuous contact with each other, which makes their resistivity too high and requires very high 

power or voltage to pass electricity through these ACs. The highest potential candidate to be 

regenerated by this method is ACFC, since it has continuous fiber structure, which provides it 

with optimum electrical resistivity and therefore allows energy efficient and high temperature 
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regeneration  (Niknaddaf et al. 2016). ESA is a more efficient regeneration method than the 

other TSR techniques mainly due to its higher heating rate and lower carrier gas consumption 

(An and Feng 2010, Mallouk et al. 2010). Since the thermal energy is directly delivered to the 

inside of the adsorbent, faster heating rate is achieved (Burchell et al. 1997). Table 2-1 shows a 

comparison between TSR and ESR of AC in terms of desorption efficiency, purge gas flow rate, 

regeneration time and temperature for desorbing different VOC adsorbates.  

Table 2-1. Comparison between TSR and ESR for regeneration of activated carbon 

Method Adsorbent Adsorbate & 

inlet conc. 1 

(ppm) 

Desorption 

temp. (°C) 

Purge gas 

& flow 

rate 

Desorption 

time (min) 

Efficiency 

(%) 

Reference 

TSR 

GAC Toluene, 

190 

180 N2 120 ~85 (Torrents et 

al. 1997) 

GAC Chloro-

benzene, 

300 

180 N2 120 ~85 (Torrents et 

al. 1997) 

GAC Toluene, 

373 

300 He 60 98 (Kim et al. 

2006) 

GAC Methyl-

ethylketone, 

290 

300 He 60 99 (Kim et al. 

2006) 

ESR 

ACFC Ethanol, 

256 

150 N2, 2.4 

mol/hr 

30 ~100 (Subrenat et 

al. 2001) 

GAC Benzene, 

133 

-- N2, 0.03 

dm3/min 

150 76 (Li et al. 

2012) 

ACFC Methyl-

ethylketone, 

N/A 

151 Air, 10 

dm3/min 

140 ~95 (Emamipour 

et al. 2007b) 

monolith Toluene, 

146 

139 N2, 2.4 

dm3/min 

80 90 (Yu et al. 

2007) 

ESR is not limited neither by the heat capacity nor the heat or mass transfer rates of 

carrier gas. Besides, there is no need for separating the condensed water or drying the adsorbent 

bed, which is required in steam regeneration. Unlike hot gas regeneration, adsorbent heating rate 

in ESR is independent of carrier gas flow rate, decreasing the consumption of carrier gas 
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consumption. This allows obtaining higher concentration of desorbed adsorbates and successful 

adsorbate recovery from ESR (Ramirez et al. 2011, Sullivan et al. 2004). 

 Recently, microwave heating has emerged as an alternative AC regeneration technique 

which provides high regeneration efficiencies with lower energy consumption (Cherbański et al. 

2011, Hashisho et al. 2005). Microwave desorption was applied as a rapid regeneration method 

to desorb organic compounds like phenol from AC without destructing the porous structure of 

the adsorbent (Ania et al. 2004). However, microwave regeneration largely depends on the 

properties of adsorbents and adsorbates (Reuss et al. 2002). 

2.4.2  Factors Affecting Desorption Behaviour of Activated Carbon 

The desorption of VOCs from AC is affected by the form, nature of pores, surface 

functional groups (Jahandar Lashaki et al. 2016a) and surface reactivity of the adsorbents 

(Boulinguiez and Le Cloirec 2010, Yapsaklı et al. 2009). PAC has higher diffusivity and showed 

faster desorption kinetics, but higher tendency of irreversible adsorption (Akta and Çeçen 2006). 

Lower catalytic activity, uniformity in pore structure and adsorption site distribution in AC lead 

to better desorption of adsorbates (Rudling and Björkholm 1987). Mesoporous adsorbents show 

low temperature desorption while higher temperature is required to desorb adsorbates from 

microporous adsorbents (Boulinguiez and Le Cloirec 2010). 

Moreover, the desorption isotherm and overall adsorption reversibility also depends on the 

adsorbates’ concentration, as well as different physical and chemical properties of the adsorbates 

(Fletcher et al. 2006, Suzuki et al. 1978). Different operational conditions such as desorption 

temperature (Lashaki et al. 2012b, Wang et al. 2012), carrier gas flow rate and its oxygen 
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content (Jahandar Lashaki et al. 2016b), heating rate (Fayaz<i> et al.</i> 2015) etc. may affect 

the desorption of VOCs from AC. 

2.5  Irreversible Adsorption 

Irreversible adsorption is the unwanted accumulation of adsorbates on the adsorbents’ 

surface or pores after desorption of adsorbates (Jahandar Lashaki et al. 2016b). This 

phenomenon is also known as heel formation. Irreversible adsorption can be visible as a 

hysteresis loop in an adsorption-desorption isotherm (Okazaki 1996). Irreversibly adsorbed 

adsorbates on carbon are very hard to remove with a selected regeneration technique (Lashaki et 

al. 2012b). Heel formation is a challenge in using activated carbon for VOC adsorption because 

heel decreases the adsorbent’s capacity and lifespan, which largely increase the operation and 

maintenance costs. Although many of the previous research on AC adsorption provide 

information on irreversible adsorption of VOCs from aqueous solutions, but similar studies in 

gas phase are limited. Both the aqueous phase and gas phase irreversible adsorption have been 

reviewed due to similarity in adsorption fundamentals among both the phases. 

2.5.1  Mechanisms of Irreversible Adsorption 

Irreversible adsorption can result from mainly three types of scenarios. a) chemisorption or 

chemical bonding between species, which leads to strong interactions between adsorbent and 

adsorbate, b) oligomerization or oxidative coupling of adsorbate molecules inside the narrow 

pores of AC, 3) decomposition of adsorbates during desorption resulting in coke formation inside 

the pores of AC adsorbent. The different phenomena of irreversible adsorption are described in 

detail below: 
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Chemisorption is due to chemical bonding (e.g. covalent bond) between the adsorbents and 

adsorbates (Aktaş and Çeçen 2007, Khan and Kr. Ghoshal 2000). Therefore, chemisorption 

produces very high heat of adsorption (up to 400 kJ/mol), approaching the energy of chemical 

bonds. Gaseous or liquid adsorbates interact with the carbon’s surface or with the surface 

functional group forming chemical bonds. Unlike physisorption, chemisorption does not rely on 

carbon’s accessible pore volumes, rather bonds are formed between the active sites and 

adsorbates, therefore only monolayer is formed during chemisorption (Langmuir 1916). To break 

this kind of chemical bonds, high temperature or huge pressure reduction is often required which 

increases the operational cost of the system. Example of chemisorption includes removal of trace 

contaminants such as mercury removal via surface functionalized ACs (Liu<i> et al.</i> 1998) 

and chlorine removal (Tobias and Soffer 1985). Loss of adsorption sites due to irreversible 

chemisorbed species significantly reduces the adsorbent’s lifetime in successive adsorption 

desorption cycles. 

Oxidative coupling or oligomerization is the polymerization of organic adsorbates in 

presence of oxygen (Brenner 1993, Suidan 1991). Oligomerization enhances reaction between 

the adsorbates and AC, causing formation of higher molecular weight/boiling point compounds 

that are difficult to desorb due to their large size. Several studies have reported that irreversible 

adsorption occurred for aqueous phenolic compounds due to oxidative coupling (Brenner 1993, 

Vidic et al. 1997). In oxidative coupling, a phenol molecule loses one hydrogen atom and is 

converted into a phenoxy radical that oligomerize with other phenoxy radicals. The 

oligomerization reaction can take place even at room temperature inside the carbon pores which 

works as an oxidation catalyst (Vidic et al. 1997). 
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Decomposition of organic adsorbates may occur during high temperature (above 300°C) 

regeneration of AC (Brandt and Donahue 2009). Adsorbate decomposition results in formation 

of coke (carbonaceous specious) inside the pores of AC, which blocks the micropores and 

subsequently decreases the adsorption capacity of AC (Ania et al. 2004, Niknaddaf et al. 2016). 

Decomposition of adsorbates are mainly attributed to different regeneration conditions 

(temperature, heating rate etc.) as well as the properties of the adsorbates (Wang et al. 2012). 

Previous study on adsorbate decomposition in high temperature thermal regeneration shows that, 

the adsorbed phenols decomposed into coke and remained inside the AC pores even at 

temperatures as high as 800°C during thermogravimetric analysis (Suzuki et al. 1978). Steam 

regeneration at temperatures > 600oC can create oxidizing environment and remove some of the 

carbon deposits from the adsorbents (Liu et al. 1987), but this adds to the system operational 

cost. Moreover, during cyclic adsorption/desorption, coke formation causes significant reduction 

in the adsorption performance and lifetime of carbonaceous adsorbents (Niknaddaf et al. 2016). 

2.5.2  Effects of Adsorption Conditions on Irreversible Adsorption 

Irreversible adsorption is affected by various adsorption conditions including presence of 

dissolved oxygen (DO) during adsorption, adsorption temperatures and duration of adsorption.  

AC’s adsorption capacity for aqueous phase is increased by DO, which enhances oxidative 

coupling, but consequently irreversible adsorption also increases. Regeneration efficiency of 

adsorbent during solvent extraction decreased due to oligomerization of phenols under oxic 

conditions (Vidic et al. 1997).  

Adsorption temperature also affects irreversible adsorption, since high temperature 

enhances polymerization and chemisorption, which caused irreversible adsorption (Nakhla et al. 
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1994). Effect of adsorption temperature on irreversible adsorption of gas phase VOCs were 

investigated and results show that a 10 to 15°C increase in temperature from room temperature 

(25°C) caused 30% increase of irreversible adsorption on BAC caused by chemisorption 

(Lashaki et al. 2012b). The duration of adsorption is important since increased irreversible 

adsorption has been reported in aqueous phase for longer adsorption period (Grant and King 

1990). Gas phase irreversible adsorption was investigated for multi-component VOC adsorbate 

stream (Wang et al. 2012). Smaller and lower boiling point compounds were adsorbed quickly, 

whereas longer adsorption time passing breakthrough promoted adsorption of heavier and higher 

boiling point compounds (Wang et al. 2012). As heavier compounds tend to accumulate more on 

the AC surface, irreversible adsorption increases with increase in adsorption time (Wang et al. 

2012).  

2.5.3  Effects of Regeneration Conditions on Irreversible Adsorption 

Several regeneration conditions including regeneration environment, regeneration 

temperature and heating rate, and desorption purge gas flow rate affect irreversible adsorption.  

For aqueous phase phenol desorption from AC, high temperature regeneration in oxidizing 

environment (CO2) achieved > 90% efficiency (with 15% carbon burn off), whereas regeneration 

in an inert environment (N2) could only recover < 50% of the initial adsorption capacity of the 

spent AC (Álvarez et al. 2004). 

In conductive heating regeneration of BAC loaded with mixture of VOC adsorbates, 

increasing regeneration temperature from 288 to 400°C facilitated VOC desorption from narrow 

micropores and therefore decreased heel formation by 61% (Lashaki et al. 2012b). But in case of 

electrothermal regeneration of ACFC loaded with trimethylbenzene (TMB), higher heel was 

observed in samples regenerated at 400 °C than samples regenerated at 288°C (Niknaddaf et al. 
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2016). Enhancement of endothermic decomposition of TMB due to high temperature exposure 

caused higher heel formation on microporous ACFC (Niknaddaf et al. 2016). 

Effects of regeneration heating rate on irreversible adsorption of VOCs typically emitted 

from automotive painting operations was investigated (Fayaz et al. 2015b) for two BACs with 

different microporosity. For higher regeneration temperature (400°C), higher heating rate 

increased heel build up by 92% in mainly microporous (88% microporosity) BAC and by 169% 

in partially microporous (46% microporosity) BAC. In contrary, lower regeneration temperature 

(288°C) showed no significant effect on heel build up, since there was < 16% and < 10% 

increase for the mainly microporous and partially microporous BACs, respectively (Fayaz et al. 

2015b).  Therefore, high regeneration temperature and high heating rate both can contribute to 

adsorbate decomposition, which leads to coke formation inside the carbon pores resulting in 

irreversible adsorption. 

Regeneration purge gas constituent and flow rate can affect irreversible adsorption. 

(Jahandar Lashaki et al. 2016b) investigated the effect of desorption purge gas oxygen content 

on irreversible adsorption of mixtures of organic compounds on BAC. Results show 35% 

increase in heel formation when oxygen content increased from 5 ppm to 10,000 ppm in 

desorption purge gas, which is mainly attributed to the chemisorption of the VOCs.  

Low purge gas flow may cause high adsorbate concentration inside carbon pores, 

particularly for highly microporous carbons such as ACFC. Exposure of high concentration 

adsorbates into high regeneration temperature may cause adsorbate decomposition and therefore 

coke formation (Niknaddaf et al. 2016). 
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2.5.4  Effects of Adsorbent Properties on Irreversible Adsorption 

Adsorbents’ pore size distributions and surface functional groups (SFGs) are the major 

contributors affecting reversibility of adsorption (Li et al. 2011). Adsorbents’ narrow pore size 

distribution hindered oligomerization of phenolic compounds and therefore decreased 

irreversible adsorption (Yan and Sorial 2011). Contradictions were also found where adsorbents’ 

narrow pore size increased irreversible adsorption by enhancing adsorption energy (Wang et al. 

2009). Five types of commercially available BAC with similar elemental composition but 

different PSDs (30 to 88% microporous) were investigated for irreversible adsorption of organic 

vapours (Lashaki et al. 2016). Linear correlation was observed between the amount of heel and 

micropore volume of BAC, which confirmed the high energy micropores contributing more to 

heel formation. 

The impact of surface functional groups on the irreversible adsorption of aqueous phase 

phenolic compounds was investigated in previous studies (Vidic et al. 1997). AC containing 

carboxylic groups exhibited lower tendency of forming oligomers (Terzyk 2007). In contrast, 

oligomerization can be enhanced by saturated SFGs such as methyl, ethyl, methoxy etc. (Yonge 

et al. 1985). For gas phase adsorption, effect of surface oxygen groups was investigated for heel 

formation in cyclic adsorption/regeneration of VOCs on BAC (Jahandar Lashaki et al. 2016a). 

The tested BACs were chemically tailored in three different ways, two were oxygen deficient 

(treated with heat and hydrogen respectively) and another was oxygen-rich (treated with nitric 

acid). Compared to heat-treated BAC, both hydrogen and acid treated samples showed higher 

heel. Oxygen functionalised BAC promoted chemisorption of adsorbates whereas physisorption 

was the main heel formation mechanism for oxygen-deficient BACs. 
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2.5.5  Effects of Adsorbate Properties on Irreversible Adsorption 

Several properties of an organic adsorbate including molecular weight, kinetic diameter, 

boiling point, functional groups and thermal stability influence its irreversible adsorption on 

carbon adsorbents. Phenols have clearly showed irreversible adsorption in aqueous phase 

(Suzuki et al. 1978). Adsorbates’ critical oxidation potential (COP), that is the amount of energy 

required to add or remove electron to or from an element or compound, largely controls the 

potential of oxidative coupling on AC and consequent heel formation. Therefore, adsorbates with 

electron donating group (methyl, ethyl etc.) reduce COP and increase irreversible adsorption. In 

contrast, electron withdrawing groups (e.g. nitro, chloro etc.) can increase the COP and hinder 

dehydrogenation of adsorbates, which minimizes irreversible adsorption (Grant and King 1990). 

Aqueous phase adsorption of both electron donating and electron attracting compounds on AC 

were compared and results showed irreversible adsorption in presence of electron-donating 

groups (e.g. -NH2 and -OH), while electron-attracting groups (e.g. -NO2) adsorbed reversibly 

(Tamon et al. 1990). In gas phase adsorption, higher molecular weight and higher boiling point 

compounds tend to form higher heel on BAC (Wang et al. 2012) To best knowledge of the 

author, effect of VOC adsorbate properties has not yet investigated for electrothermal 

regeneration of microporous adsorbent ACFC. 
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CHAPTER 3.  MATERIALS AND METHODS 

This chapter provides the detail of the materials i. e. the adsorbents and adsorbates used, the 

experimental setup and the methods used to fulfill the objectives of this research work. 

3.1  Materials 

3.1.1  Adsorbent 

The adsorbent used in this research was activated carbon fiber cloth prepared from phenol-

formaldehyde resin precursor, supplied by Nippon Kynol Company. ACC-5092-15 (ACFC15 

with nominal surface area of 1500 m2/g) was used as adsorbent in all experiments. Prior to use, 

all ACFCs underwent 2 h of heat treatment at 400°C with a purge gas flow of 1 SLPM N2, to 

remove any adsorbed water vapour and VOCs from the precursor. These treated samples are 

labelled as “heat treated ACFC” and characterized by Brunauer–Emmett–Teller (BET) surface 

area of 1503 m2/g, total pore volume of 0.59 cm3/g and micropore volume of 0.55 cm3/g, and 

average pore diameter of 7.0 Å. The detail procedure of measuring the BET surface area and the 

pore volume and micropore volume are provided in the Methods section. 

3.1.2  Adsorbates 

The adsorbates were selected from compounds commonly present in automotive paint 

solvents, and based on their expected tendency for heel formation. Larger kinetic diameter and 

high boiling point adsorbates with benzene ring are associated with heel formation (Wang et al. 

2012), therefore alkylbenzenes with relatively high boiling point (>100°C) and large kinetic 

diameter (>5 Å) were chosen as adsorbates. Since previous study (Niknaddaf et al. 2016) on heel 

formation on ACFC during electrothermal regneration showed that adsorbate decomposition at 
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high temperature results in heel formation on ACFCs, therefore the thermal stability of the 

adsorbates is another important property that affect heel formation during electrothermal 

regeneration of ACFCs. Thermal stability of the adsorbates was estimated from the conversion 

rates (weight percentages) of the tested adsorbates during pyrolysis at 595°C (Švob et al. 1974). 

The ACFC was tested with nine different alkylbenzenes as adsorbates: toluene (99.8%, Fisher 

Scientific) ethylbenzene (>95%, Fisher Scientific), p-xylene (>95%, Fisher Scientific), m-xylene 

(>95%, Fisher Scientific), o-xylene (>95%, Fisher Scientific), isopropylbenzene (98%, Sigma 

Aldrich) 1,3,5 trimethylbenzene (TMB) (99%, Acros Organics), 1,2,4 TMB (98%, Fisher 

Scientific) and neopentylbenzene (85%, ChemSampCo). Different properties of the tested 

adsorbates are provided in Table 3-1.  
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Table 3-1. Properties of the tested adsorbates 

Compounds Structure 

Boiling 

point 

(°C) 

Kinetic 

diameter 

(Å) 

Vapor 

pressure at 

25°C 

(mm Hg) 

Conversion 

(weight %)e 

toluene 

 

110 5.9 a 28.6 0.6 

ethylbenzene 

 

136 6.2 b 10.0 20.7 

p-xylene 
 

138 5.9 a 8.8 0.8 

m-xylene 

 

139 6.8 a 8.3 0.7 

o-xylene 

 

144 6.8 a 6.6 1.3 

isopropylbenzene 

(cumene) 
 

152 6.8 a 4.5 41.7 

1,3,5 TMB 

 

164 7.5 c 2.5 0.7 

1,2,4 TMB 

 

171 6.8 c 2.1 0.9 

neopentylbenzene 

 

184 >7.5d 1.0 ~90.0 

a(Lashaki et al. 2012a); b(Zeynali. 2011); c(Eley 1996); d(Gédéon et al. 2008); e(Švob et al. 1974) 
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3.2  Methods 

3.2.1  Adsorption and Regeneration Experiments 

In this study, 5 cycles of adsorption/regeneration tests were done using the experimental 

setup shown in Figure 3-1 which is similar to the one used by (Niknaddaf et al. 2016). The major 

parts of this setup are: adsorption/regeneration enclosure containing an ACFC cartridge, 

adsorbate generation system, gas measurement system, heat application module, and data 

acquisition and control system (DAC). Details of these parts are described below. 

The adsorption/regeneration enclosure consists of a quartz enclosure with inner diameter of 

7.3 cm and length of 40 cm, and incorporates an ACFC cartridge. The ACFC cartridge was 

prepared with approximately 3.5 g of ACFC (21 cm long and 10 cm wide) wrapped to form an 

annular 3-layer hollow cylinder of 1.65 cm inner diameter (Figure 3.2). The edges of the hollow 

cylinder were made to overlap with the edges of two stainless steel electrode tubes having 1.65 

cm outer diameter. Hose clamps were used to safely attach the ACFC to the two tubes, and to 

connect the cartridge to the power source. The prepared cartridge was mounted inside the quartz 

enclosure. The upper electrode tube was open allowing the gas stream to enter the cartridge 

while the lower tube was closed to force the gas to pass through the ACFC cartridge. 

The adsorbate generation system utilized a syringe pump (New Era Inc., NE-300) for 

injecting liquid organic compounds into a dry air stream maintained at 10 SLPM (standard 

conditions are 25°C and 1 atm) with the help of a mass flow controller (Alicat Scientific). In all 

experiments, the inlet adsorbate concentration was maintained at 500 ppmv.  

Fort the gas measurement system, a flame ionization detector (FID, Baseline-Mocon Inc., 

series 9000) was used to continuously measure VOC concentration at the reactor's outlet during 
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adsorption (2 min sampling frequency). The FID was calibrated before each adsorption test using 

the same gas generation system and with a bypass line. 

The heat application module was used for adsorbent regeneration and includes a silicon-

controlled rectifier (SCR) (1032A-v12-20-0/10v-IL-20-amp maximum with a 0-10-volt control 

signal) to apply voltage across the ACFC cartridge. One type-K ungrounded thermocouple 

(Omega) with an outer diameter of 1.6 mm was used to measure the temperature at the center of 

the ACFC cartridge during adsorption and regeneration.  

The data acquisition and control system (DAC) has a data logger (National Instruments, 

Compact DAQ) with analog input/output modules. A LabVIEW program (National Instruments) 

recorded the enclosure’s outlet concentration, cartridge temperature and the power applied by the 

SCR. A proportional-integral derivative control algorithm controlled the power applied to heat 

the cartridge so that the measured temperature matches the set point temperature during 

regeneration. 
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Figure 3-1. Schematic of the experimental setup of the adsorption/regeneration experiments 

(Niknaddaf et al. 2016) 

 

Figure 3-2. ACFC cartridge used for adsorption/regeneration experiments 

After calibrating the FID, the gas stream containing VOC adsorbate was directed to the 

enclosure to start adsorption. The outlet VOC concentration measurement began immediately 

after adsorption started, generating an adsorption breakthrough curve. Adsorption was performed 

at room temperature (22-23°C) and continued until the ACFC cartridge was completely saturated 

(approximately 2.5 hrs) and FID indicated steady state outlet concentration. The ACFC cartridge 

Mass Flow 

Controller 

Syringe Pump 

Data Acquisition & 

Control System 

Power 

Supply Thermocouple 

N2  

(0.1 SLPM) 

Air  

(10 SLPM) 

             Adsorption flow 

             Regeneration flow 

             Control signal 

     3-way valve 

Upper Electrode 

Lower Electrode (sealed) 

Adsorption/Regeneration 

Reactor 

Exhaust 

Flame Ionization 

Detector 

Hose Clamps 

  
  
  

  

 



 

42 
 

was weighed before and after adsorption and the adsorption capacity was measured in the 

following way: 

Amount adsorbed (wt%)

=
Cartridge weight after adsorption − Cartridge weight before adsorption 

Weight of heat treated ACFC
X100 

The adsorption capacity loss of ACFC from the 1st cycle to the 5th cycle was calculated as 

follows: 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑙𝑜𝑠𝑠(%)

=
Amount adsorbed after 1st cycle − Amount adsorbed after 5th cycle

Amount adsorbed after 1st cycle
×100 

Before starting regeneration, the saturated ACFC cartridge was purged with 1 SLPM of 

high purity (99.998%) nitrogen (Praxair) for 5 min to purge oxygen out of the enclosure. Based 

on the volume calculation of the quartz enclosure, 5 min purging with 1 SLPM N2 can 

effectively remove the oxygen from the enclosure. The regeneration temperature and heating rate 

were chosen based on a previous study on the effects of regeneration condition on heel formation 

on ACFC (Niknaddaf 2015). (Niknaddaf 2015) showed that high heating temperature (400°C) 

and higher heating rate (70°C/min) resulted in the highest heel, therefore to study the worst case 

scenario and to amplify the heel formation, a regeneration temperature of 400°C and heating rate 

of 70°C/min were chosen in this study. Regeneration was conducted for 100 min, with 

simultaneous purge with 0.1 SLPM nitrogen. During desorption, the concentration of effluent 

adsorbates was measured using a FID at a sampling frequency of 30 s. The concentration of the 

adsorbates during desorption can rise beyond their saturation concentration which causes 

condensation inside and at the outlet of the quartz enclosure, and also in the FID tubing. To 
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avoid this problem, a heating tape was wrapped around the wall of the quartz enclosure and 

dilution with air was applied at the outlet of the enclosure. Adsorbates with higher vapour 

pressure exhibited higher concentration during desorption, therefore required higher dilution. 

Therefore 60-80-fold dilution with air was applied, based on the vapour pressure of the 

compounds. After completing the regeneration, the ACFC cartridge was cooled down to room 

temperature (25°) while the 0.1 SLPM purging with nitrogen continued till the end of cooling. 

The ACFC cartridge was then taken out of the enclosure, and weighed. The difference between 

weights before adsorption and after regeneration was used to calculate the amount of heel build 

up for that cycle. The 1st cycle heel buildup was calculated as follows: 

𝐻𝑒𝑒𝑙 𝑏𝑢𝑖𝑙𝑑𝑢𝑝 𝑎𝑓𝑡𝑒𝑟 1𝑠𝑡 𝑐𝑦𝑐𝑙𝑒 (wt%)

=
Weight after 1𝑠𝑡  regeneration cycle − Weight before 1st adsorption cycle

Weight of heat treated ACFC
X100 

The cumulative heel buildup after five consecutive adsorption/regeneration cycles was 

calculated as follow: 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑒𝑒𝑙 𝑏𝑢𝑖𝑙𝑑𝑢𝑝 (wt%)

=
Weight after 5𝑡h regeneration cycle − Weight before 1st adsorption cycle

Weight of heat treated ACFC
X100 

3.2.2  Characterization Tests 

Several characterization tests were conducted on the heat-treated and regenerated ACFCs 

to determine the properties of the ACFCs before and after the 5-cycle adsorption/regeneration 

experiments. 
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3.2.2.1 Thermogravimetric analysis: thermogravimetric analysis (TGA) (TGA/DSC 1, 

Mettler Toledo) and derivative thermogravimetric analyses (DTG) was used to assess the 

temperature stability of heat treated and regenerated ACFC samples. In each run, samples were 

heated from 25°C to 100°C at a heating rate of 10°C/min, after that samples were isothermally 

heated at 100°C for 15 min, then a temperature was ramp up from 100°C to 900°C at 5°C/min 

heating rate. Throughout the test, a nitrogen flow of 50 mL/min was used to purge the desorbed 

species. 

3.2.2.2 Micropore surface analysis: ACFC samples were analyzed using a micropore 

surface analyzer (Autosorb iQ2MP, Quantachrome). Nitrogen was used as probe molecule at 

relative pressure ranging from 10-7 to 1 at 77K. To remove water vapour and volatiles from the 

pores, ACFCs were cut into small pieces (2 mm × 2 mm), and 30 – 50 mg sample was added to a 

6-mm cell, and de-gassed at 120°C for 5 hours before analysis. BET surface area (m2/g) and 

micropore volume (cm3/g) were obtained over the relative pressure ranges of 0.01 to 0.07 and 0.2 

to 0.4, respectively.  V-t model was used to determine micropore volume. Total pore volume was 

measured at a relative pressure of 0.975. Pore size distributions (PSDs) were obtained from the 

isotherm of nitrogen adsorption using the quenched solid density functional theory (QSDFT) for 

slit pores (Olivier 1998). 
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CHAPTER 4.  RESULTS AND DISCUSSIONS 

Adsorption and regeneration experiments on ACFCs were conducted in 5 cycles for different 

adsorbates to find out the effects of adsorbate properties on heel formation and adsorption 

capacity loss. The regenerated ACFC samples were also characterized by thermogravimetric 

analysis and micropore surface analysis. The obtained results are discussed below. 

4.1  Breakthrough Curves 

Figure 4-1 show the adsorption breakthrough curves for five consecutive adsorption cycles 

on ACFC loaded with nine different alkylbenzenes adsorbates. The reduction in breakthrough 

time for each cycle, and the cumulative heel formation are presented in Table 4-1. The 

breakthrough time, represented by t1%, refers to the time when the outlet concentration equals 1% 

of the inlet concentration. Toluene has the smallest reduction in breakthrough time in each cycle, 

mainly due to lower heel formation and less capacity loss compared to other adsorbates. 

Breakthrough time decreased more for p-xylene (20% higher reduction with respect to toluene in 

5th cycle) which is expected since p-xylene resulted in 40% higher cumulative heel and 19% 

higher capacity loss over 5 consecutive cycles compared to toluene. For m-xylene, o-xylene and 

1,2,4 TMB, similar trend in breakthrough time reduction was observed, and immediate 

breakthrough occurred for all three compounds after 4th cycle. Having similar heel formation and 

capacity loss for the three compounds might be the reason behind similar breakthrough time 

reduction for these adsorbates.  
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  Figure 4-1. Breakthrough curves for adsorption of (a) toluene, (b) p-xylene, (c) m-xylene, (d) o-xylene, (e) 1,2,4 TMB, (f) 1,3,5 TMB, 

(g) ethylbenzene, (h) isopropylbenzene and (i) neopentylbenzene. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 



 

47 
 

Table 4-1. Reduction in 1% breakthrough time, cumulative heel and capacity loss of ACFC for 5 

cycle adsorption/desorption of different adsorbates (Values are reported as mean ± standard 

deviation of two experimental runs) 

Compounds 

Kinetic 

diameter 

(Å) 

Reduction in breakthrough time (%) 5 cycle 

cumulative 

heel (%) 

Capacity 

loss (%) 2nd 

cycle 

3rd 

cycle 

4th 

cycle 

5th 

cycle 

toluene 5.9 36±0 45±0 55±1 70±0 8.9±0.2 25.2±0.4 

p-xylene 5.9 42±0 54±1 66±0 84±0 12.5±0.1 30.1±0.5 

m-xylene 6.8 48±1 64±1 79±0 IBT 12.6±0.1 35.2±0.6 

o-xylene 6.8 48±0 66±1 80±2 IBT 12.6±0.1 35.5±0.2 

1,2,4 TMB 6.8 51±1 71±1 86±2 IBT 12.7±0.0 37.9±0.8 

1,3,5 TMB 7.5 81±2 IBT IBT IBT 12.8±0.1 60.2±0.2 

ethylbenzene 6.2 59±1 78±1 IBT IBT 15.0±0.2 42.5±0.2 

isopropylbenzene 6.8 75±2 98±3 IBT IBT 16.0±0.2 53.4±0.2 

neopentylbenzene >7.5 98 IBT IBT IBT 17.2±0.3 80.0±0.2 

 *IBT: Immediate Breakthrough 

Although 1,3,5 TMB had similar heel formation to 1,2,4 TMB, it showed about 58% 

higher reduction in 2nd cycle breakthrough time with respect to 1,2,4 TMB, and breakthrough 

occurred immediately after 2nd cycle for 1,3,5 TMB. The bulkier molecules of 1,3,5 TMB (7.5 

Å) compared to 1,2,4 TMB (6.8 Å) might have partially blocked more pores of ACFCs 

(Niknaddaf et al. 2016), leading to higher capacity loss and breakthrough time reduction for 

1,3,5 TMB compared to 1,2,4 TMB. Breakthrough reduction of ethylbenzene and 

isopropylbenzene followed similar trend in heel formation and capacity loss to toluene, xylenes 

and TMBs. Neopentylbenzene caused the highest heel formation and capacity loss, therefore 

breakthrough time decreased significantly (98%) in the 2nd cycle, and immediate breakthrough 

occurred in following cycles. Therefore, it is found that the heel formation varied for different 

adsorbates due to their varying properties. 
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4.2  Cumulative Heel Buildup on ACFC Samples during 5-Cycle Adsorption 

and Regeneration Experiments 

Measurements of mass balance cumulative heel of ACFC samples after 5 cycle 

adsorption/desorption of different adsorbates are compared in Figure 4-2. The detailed mass 

balance results of all 5 cycle tests are provided in Appendices (from Appendix B to Appendix J). 

All tested adsorbates were alkylbenzenes having different levels of thermal stability. The 

conversion percentages of different alkylbenzenes from pyrolysis at 595°C (Švob et al. 1974) 

have been used as an indication of the thermal stability of the adsorbates. The conversion values 

(in percentage) has been included in parenthesis beside each compound’s name in Figure 4-2. 

 

Figure 4-2. Cumulative heel on ACFC samples loaded with different alkylbenzene adsorbates. 

Values in parentheses indicate thermal conversion rates (as % weight) from literature 

Figure 4-2 shows that cumulative heel varied from 8.9% to 17.2% for different 

alkylbenzene adsorbates. The lowest cumulative heel (8.9%) was observed for toluene, which is 

0

5

10

15

20

5
 c

y
cl

e 
cu

m
u

la
ti

v
e 

h
ee

l 
(%

)

Compounds with thermal conversion rates 

8.9±.2

12.6±.1 12.8±.1 12.5±.1 12.7±.0 12.6±.1
15.0±.2

16.0±.2
17.2±.3



 

49 
 

the most thermally stable compound with lowest conversion rate. Cumulative heel formation 

increased from 8.9% for toluene to about 12.6% for xylenes and TMBs. Although the conversion 

rates of these five compounds are comparable to that of toluene, the heel was higher than toluene 

possibly due to toluene’s lower boiling point (110°C) compared to the three xylenes (138-144°C) 

and TMBs (165-171°C), which caused faster desorption of toluene at a lower desorption 

temperature. The average pore diameter of the tested ACFC is 7.0 Å, therefore toluene’s smaller 

kinetic diameter (5.9 Å) compared to other tested compounds might have reduced the diffusion 

resistance during desorption, leading to less heel formation. Ethylbenzene and p-xylene have 

comparable kinetic diameters (6.2 Å and 5.9 Å respectively), and boiling points (136°C and 

138°C respectively), yet ethylbenzene showed 21% higher heel than p-xylene. This is because of 

ethylbenzene’s very high conversion rate (20.7%) in pyrolysis compared to p- xylene which has 

conversion rates in the order of 1.0%. The low thermal stability of ethylbenzene might have 

caused adsorbate decomposition during high temperature (400°C) regeneration of microporous 

ACFC. Previous studies also confirmed that adsorbate decomposition causes irreversible 

adsorption by forming coke which blocks the adsorbate micropores (Ania et al. 2004, Niknaddaf 

et al. 2016). Coke (also known as char) is formed as a bi-product of the pyrolysis or 

decomposition of hydrocarbons in the absence of oxygen (Basu 2013, Guisnet and Magnoux 

2001). Char consists mainly of carbon and is highly stable at high temperature of about 800°C 

(Banerjee et al. 1986, Guisnet and Magnoux 2001). The thermogravimetric analysis provided in 

Section 4.3 will provide further information on the nature of the heel and will identify if material 

decomposition as the main heel formation mechanism in this study. Isopropylbenzene’s 

conversion rate is twice of that of ethylbenzene; however, it showed only 6% higher heel than 

ethylbenzene. This is because, the thermal decomposition of organic compounds usually forms 
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smaller molecules, but the resulting fragments may further interact with each other and produce 

larger compounds than the original one (Moldoveanu 2010). Therefore, the conversion rate 

includes both formation of larger and smaller molecules than the adsorbate molecule, and only 

the larger and high molecular weight compounds produced from the thermal degradation of the 

adsorbates formed heel on ACFC. For similar reason, neopentylbenzene with 116% higher 

conversion rate than isopropylbenzene caused only 6% higher heel than isopropylbenzene. 

Therefore, it is observed that the heel caused by different adsorbates is affected by the thermal 

stability of the compounds. 

4.3  Thermo-Gravimetric Analysis  

Thermogravimetric analysis and derivative thermogravimetric analysis were done by 

exposing the heat treated and regenerated ACFC samples loaded with different adsorbates to 

temperature up to 900°C. The temperature stability of the heel formed during the 5-cycle tests 

was evaluated and is shown in the TGA and DTG results in Figure 4-3 and Figure 4-4 

respectively. Though the ACFC samples were regenerated at 400°C, no mass loss occurred 

before the temperature reached 520°C for any of the regenerated samples. Moreover, for the 

adsorbates showing highest heel formation (e.g. isopropylbenzene and neopentylbenzene, with 

16% and 17.2% heel respectively), no significant weight loss was observed at temperature as 

high as 600°C.  
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Figure 4-3. TGA results of heat treated and regenerated ACFCs loaded with different adsorbates 

 

Figure 4-4. DTG results of heat treated and regenerated ACFCs loaded with different adsorbates 
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Even mass loss for isopropylbenzene and neopentylbenzene observed after this high 

temperature (600°C) was lower than that for the heat treated ACFC, and was mainly attributed to 

the adsorbent burn off. This indicates that the irreversibly adsorbed species on the regenerated 

ACFCs were highly stable and cannot be removed even at very high temperature. Since coke 

deposited from the pyrolysis of aromatic compounds proved to be highly stable at high 

temperature (Fuentes and Bartholomew 1997), a major portion of the heel formed on the 

regenerated ACFCs might be coke. The products of pyrolysis depend on the structure of the 

initial compound and the mechanism of decomposition (Moldoveanu 2010). The thermal 

degradation of alkylbenzenes follows a free radical mechanism (Švob et al. 1974) and the 

products of initial decomposition can undergo further reaction under the influence of heat 

(Moldoveanu 2010). Decomposition of alkylbenzene depends on various factors including the 

type of alkyl radicals attached to the benzene rings (Guisnet and Magnoux 2001, Towfighi et al. 

2002). During thermal decomposition of alkylbenzenes, the longer the alkyl chain of the 

compounds, the more they are prone to decomposition that forms free radicals. β-hydrogens in 

free radicals are more prone to dehydrogenation than α-hydrogens (Figure 4-5) and 

dehydrogenation may leave carbon residue with very low hydrogen content during pyrolysis 

(Guisnet and Magnoux 2001, Jambor and Hájeková 2015, Van Speybroeck et al. 2007). This 

justifies that the tested adsorbates with longer alkyl chains (ethylbenzene, isopropylbenzene and 

neopentylbenzene) showed about 20% to 35% higher heel than other adsorbates with shorter 

branches (three xylenes and two TMBs). Though the cumulative heel for ethylbenzene (15.0%) 

was higher than toluene (8.9%), xylenes (12.5%) and TMBs (12.7%), ethylbenzene showed 

lower peak in DTG analysis, confirming that the heel is due to coke formation on ACFC. Though 

slightly higher DTG peaks were observed for the three xylenes and two TMBs, the maximum 
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heel recovery for these compounds were less than 40% at temperature of 900°C. If the heel was 

formed by strong physisorption or chemisorption, single or multiple mass loss peak would have 

appeared earlier at temperature lower than 900°C, and larger recovery of heel would have been 

possible (Jahandar Lashaki et al. 2016a, Jahandar Lashaki et al. 2016b).  

 

Figure 4-5. Positions and dehydrogenation tendency of α and β-hydrogen in alkylbenzenes 

[modified from (Švob et al. 1974)] 

The magnitude of the peaks in DTG curve depends on the different constituents of the 

non-desorbed products and its intermediate and bi-products. For adsorbate transformation at 

temperature above 350°C, the non-desorbed products mainly consist of highly polyaromatic 

compounds with varying temperature stability (Guisnet and Magnoux 2001), therefore, the 

amount of these non-desorbed polyaromatics that come off the carbon at high temperature during 

TGA varies depending on the product type. Therefore, the peaks for different adsorbates varied 

in magnitude in DTG results.  

 

α-Hydrogen: less prone to 

dehydrogenation 

β-Hydrogen: more prone to 

dehydrogenation 
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4.4  Desorption Profile and Applied Power during Regeneration Cycles 

Since thermogravimetric analysis suggested coke formation as the main mechanism of 

irreversible adsorption, further investigation was done to find out what conditions favoured 

adsorbates coking on ACFCs. Previous studies showed that coke formation on adsorbent is 

mainly affected by the desorption temperature (Niknaddaf et al. 2016), desorption concentration 

of the reacting species (Jambor and Hájeková 2015, Moldoveanu 2010), and its residence time 

inside the adsorbent pores (Moldoveanu 2010). Both gas phase homogenous or gas-solid phase 

heterogeneous reactions enhance the coke formation process, therefore adsorbates’ higher 

concentration and residence time increase the rate and extent of coke formation. The measured 

outlet concentration of the reactor during desorption and the proportion of adsorbate remaining 

inside the adsorbent pores provide good indication on the adsorbate concentration and residence 

time during desorption. Therefore, the desorption concentration of all tested adsorbates during 1st 

regeneration cycle was measured as an indicator of concentration inside the ACFC pores. Figure 

4-6 shows the temperature and desorption profiles for the entire desorption period of 2 hrs, 

including the 5-min purging with nitrogen prior to heating. Figure 4-7 presents the same plots for 

the initial 30 min of regeneration for clarity. The area below the desorption profile was integrated 

to calculate the fraction of residual adsorbate exposed to high temperature (400°C) during 

regeneration and presented in Table 4-2. These values help in understanding how exposure of 

high concentration of adsorbates to high temperature contribute towards heel formation on 

ACFC. The average applied power during regeneration in 5 cycles for desorption of each 

adsorbate are presented in the last column of Table 4-2, confirming good consistency among 

applied power in 5-cycle tests for all adsorbates.  This rules out the possibility that desorption 
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concentrations and heel results are related to bias in power application or temperature 

measurement. 

 

Figure 4-6. Desorption profiles for the 1st regeneration cycle of ACFC loaded with different 

adsorbates 

In figure 3-7, the temperature profile shows that the ACFCs were at room temperature 

(about 22°C) during the initial 5 min of purging with 1 SLPM nitrogen. After that, heating 

started and the adsorbates’ outlet concentration increased with temperature to a maximum value 

(Cmax) at a specific temperature. Toluene came out first among all adsorbates, since it has the 

lowest boiling point (110°C) and smallest kinetic diameter (5.9 Å). Due to its high vapour 

pressure (28.4 mm Hg), toluene’s desorbed concentration peak went up very fast and sharply 

reached the highest value (Cmax/Co = 552) at 252°C. Toluene’s high vapour pressure also caused 

rapid decrease in concentration, therefore only 55.5% of the desorbed toluene remained as 
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residual inside ACFC pore when temperature reached 400°C. So, toluene showed the only 3.2% 

heel after 1st cycle desorption. The average power applied in each cycle desorption of toluene 

was consistent (varying between 180 to 190 W) (Appendix B, Figure B-2), therefore applied 

power and regeneration temperature were consistent across the 5 cycles, and the heel formation 

mechanism is expected to be similar across the 5 cycles, resulting in a cumulative heel of 8.9%. 

 

Figure 4-7. Desorption profiles for the initial 30 min of the 1st regeneration cycle of ACFC 

loaded with different adsorbates 

After toluene, p-xylene and ethylbenzene came out almost at same time and reached 

maximum concentration (Cmax/Co) of 472 and 495 respectively at around 360°C, since they have 

similar boiling point, vapour pressure and kinetic diameter. Fraction of p-xylene and 
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ethylbenzene exposed to 400°C were 70% and 66% respectively, but ethylbenzene showed 15% 

higher heel in 1st cycle than p-xylene (Table 4-2), due to 20 times higher conversion rate, which 

caused more decomposition and coke formation for ethylbenzene. Not all the decomposed 

products of ethylbenzene turned into coke; only the ones with higher molecular weight and 

bigger molecular size turned into non-desorbed species. Similar trend is observed for m-xylene 

and o-xylene, since their comparable physical properties caused similar exposure of concentrated 

desorption stream to high temperature, causing similar heel formation. 1,2,4 TMB has a kinetic 

diameter (6.8 Å) similar to m-xylene and o-xylene, but due to its higher boiling point (171°C), it 

started desorbing at higher temperature, and reached a maximum concentration (Cmax/Co=336) 

after the temperature reached 400°C, therefore residual 1,2,4 TMB exposure to 400°C was about 

12% higher than m-xylene and o-xylene, which caused 9% higher heel in 1st cycle, but due to 

slightly higher (7%) capacity loss (Appendix F. Table F-1), heel accumulation in consecutive 

cycles decreased for 1,2,4 TMB and it ended up with similar 5 cycle cumulative heel as the three 

xylenes. Figure 4-7 also shows that 1,3,5 TMB, due to its larger kinetic diameter (7.5 Å) 

compared to 1,2,4 TMB, desorbed at a slower rate and therefore reached the maximum 

concentration (Cmax/Co=340) later than 1,2,4 TMB causing 9% higher residual adsorbate 

exposure to 400°C and 13% higher 1st cycle heel. However, very high capacity loss (60.2%) 

(Appendix G) decreased cyclic heel accumulation, resulting in similar cumulative heel for both 

TMBs. For isopropylbenzene, 78% of residual adsorbate was exposed to 400°C, which is quite 

similar to m-xylene and o-xylene, since these compounds have similar kinetic diameter and 

comparable boiling points. However, because of 40 times higher conversion rate than xylenes, 

isopropylbenzene went through significant decomposition, reducing its maximum concentration 

(Cmax/Co=239). Considerable thermal degradation of isopropylbenzene resulted in 36% higher 1st 
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cycle heel and 27% higher cumulative heel after 5 cycles (Table 4-2) than the three xylenes and 

two TMBs. Neopentylbenzene has the highest boiling point (184°C) and the largest kinetic 

diameter (>7.5 Å), among the tested adsorbates, therefore it started desorbing significantly late 

(Figure 4-7). In addition, its lowest vapour pressure (1 mm Hg) and highest conversion rate 

(~90%) decreased its maximum concentration (Cmax/Co=124). Since most of its desorption 

occurred after the temperature reached 400°C, therefore about 98% of residual neopentylbenzene 

was exposed to 400°C, which caused the highest 1st cycle heel (10.9%) (Table 4-2), but 

significantly higher capacity loss (80%) lowered the heel addition in each consecutive cycle, 

showing a 5-cycle cumulative heel of 17.2%.  
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Table 4-2. Exposure of residual adsorbates to 400°C, 1st cycle and 5 cycle cumulative heel, 5 cycle capacity loss and 5 cycle average 

power applied during regeneration of ACFCs loaded with different adsorbates. (Values are reported as mean ± standard deviation of 

two experimental runs) 

Compound 

Residual 

adsorbates 

(%) 

Conversion 

(%) (Švob 

et al. 1974) 

1st cycle 

heel (%) 

Cumulative 

heel (%) 

Capacity 

loss (%) 

Average 

Power 

(W) 

toluene (28.4 mm Hg, 110°C, 5.9 Å) 55.5±0.1 0.6 3.2±01 8.9±0.2 25.2±0.4 177.1 

p-xylene (8.5 mm Hg, 139°C, 5.9 Å) 70.1±1.7 0.8 6.2±0.2 12.5±0.1 30.1±0.5 182.3 

m-xylene (8.3 mm Hg, 139°C, 6.8 Å) 75.1±2.8 0.7 6.7±0.2 12.6±0.1 35.2±0.6 181.5 

o-xylene (6.6 mm Hg,144°C, 6.8 Å) 76.1±2.1 1.3 6.8 ± 0.1 12.6±0.1 35.5±0.2 174.3 

1,2,4 TMB (2.1 mm Hg,171°C, 6.8 Å) 82.5±1.4 0.9 7.4±0.2 12.7±0.0 37.9±0.8 180.4 

1,3,5 TMB (2.8 mm Hg,165°C, 7.5 Å) 90.1±0.3 0.7 8.1±0.2 12.8±0.1 60.2±1.5 185.2 

ethylbenzene (10.0 mm Hg,136°C, 6.2 Å) 65.5±2.5 20.7 7.3±0.3 15.0±0.2 42.5±0.4 180.3 

isopropylbenzene (4.5 mm Hg,152°C, 6.8 Å) 78.1±0.9 41.7 9.1±0.2 16.0±0.2 53.4±0.7 186.7 

neopentylbenzene (1.0 mm Hg, 184°C, >7.5 Å) 97.5±0.2 ~90.0 10.9±0.4 17.2±0.3 80.0±2.0 186.4 
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4.5  Micropore Surface Analysis 

Micropore surface analysis provides information on physical properties (BET surface area, 

total pore and micropore volume) of the heat treated and regenerated ACFCs. The results are 

provided in Table 4-3, along with adsorbates’ kinetic diameter, heel formation and capacity loss 

data, for clear interpretation of results. 

Table 4-3. BET surface area, pore volume and micropore volume of heat treated and regenerated 

ACFCs loaded with different adsorbates 

Compounds 

Cumulative 

heel (wt%) 

Kinetic 

diameter 

(Å) 

Adsorption 

capacity 

loss (wt%) 

BET 

surface 

area 

(m2/g) 

Total 

pore 

volume 

(cm3/g) 

Micropore 

volume 

(cm3/g) 

Heat treated ACFC15 1503±22 0.59±0.0 0.55±0.0 

Toluene 8.9±0.2 5.9 25.2±0.4 1043±20 0.47±0.2 0.38±0.2 

p-xylene 12.5±0.1 5.9 30.1±0.5 1039±19 0.43±0.1 0.38±0.0 

m-xylene 12.6±0.1 6.8 35.2±0.6 990±10 0.40±0.1 0.35±0.1 

o-xylene 12.6±0.1 6.8 35.4±0.2 990±15 0.40±0.1 0.36±0.2 

1,2,4 TMB 12.7±0.0 6.8 37.9±0.8 991±25 0.40±0.2 0.35±0.1 

1,3,5 TMB 12.8±0.1 7.5 60.2±1.5 995±10 0.40±0.1 0.36±0.1 

ethylbenzene 15.0±0.2 6.0 42.5±0.4 975±12 0.37±0.2 0.33±0.1 

isopropylbenzene 16.0±0.2 6.8 53.4±0.7 960±15 0.35±0.1 0.34±0.2 

neopentylbenzene 17.2±0.3 >7.5 80.0±2.0 912±21 0.34±0.2 0.32±0.0 

 

The results show that after five cycles of adsorption/regeneration with different adsorbates, 

the BET surface area, micropore volume, and total pore volume of all regenerated ACFC 

samples decreased. These results are in good agreement with previous reports that heel formation 

results in partially or fully blocked adsorbent pores (Ania et al. 2005, Caliskan et al. 2012) . 
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There has been a decrease of 30% to 40% in surface area, 20% to 42% in pore volume and 28% 

to 40% in micropore volume from toluene (with lowest heel of 8.9%) to neopentylbenzene (with 

highest heel of 17.2%) loaded ACFCs. The regenerated ACFC loaded with toluene had highest 

BET surface area (1043 m2/g), pore volume (0.47 cm3/g) and micropore volume (0.38 cm3/g), 

since toluene caused the lowest heel (8.9%). P-xylene had 40% higher heel than toluene, 

therefore regenerated ACFC loaded with p-xylene showed 9% higher reduction in pore volume 

than the regenerated ACFC loaded with toluene. The surface area and pore volume obtained for 

ACFC samples loaded with m-xylene, o-xylene, 1,2,4 TMB and 1,3,5 TMB were quite similar 

because of similar heel formation. The surface area and pore volume results for 1,3,5 TMB also 

prove that the significant capacity loss (60.2%) caused by 1,3,5 TMB is mainly due to the partial 

pore blockage by its bulkier molecules (7.5 Å). The average pore width of ACFC15 is 7.0 Å 

(Niknaddaf et al. 2016), therefore its adsorption capacity for N2 molecules was much higher than 

it showed for 1,3,5 TMB. This indicates that the partial occlusion inhibits the accessibility of 

ACFC pores to bulkier adsorbates, but allows access for smaller molecules such as N2. The 

reduction in surface area and pore volume for ehtylbenzene and isopropylbenzene were mainly 

attributed to their higher cumulative heel. Again, ethylbenzene showed 18% higher heel but 32% 

less capacity loss than 1,3,5 TMB since ethylbenzene’s molecules (6.2 Å) were smaller than the 

average pore width of ACFC15 (7.0 Å) and therefore caused less partial pore blockage. For the 

same reason neopentylbenzene with the largest kinetic diameter (>7.5 Å) among all tested 

adsorbates, showed highest capacity loss (80%). Compared to isopropylbenzene, 

neopentylbenzene exhibited 6% higher heel and 5%, 3% and 6% lower surface area, pore volume 

and micropore volume respectively, however, it had a significantly higher capacity loss (80%) 

than isopropylbenzene (53.4%). This is mainly due to neopentylbenzene’s large kinetic diameter 
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which facilitated extensive partial pore blockage in ACFC. These results illustrate how the 

adsorbate’s kinetic diameter affect its accessibility of the adsorbent pores, therefore bigger 

molecules cause higher and faster capacity loss compared to smaller molecules. Similar findings 

were also reported in a previous study, where ACFCs regenerated following adsorption of 1,2,4 

TMB depicted large loss in adsorption capacity for 1,2,4 TMB, but maintained good adsorption 

capacity for acetone which is smaller than 1,2,4 TMB (Niknaddaf et al. 2016). 
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CHAPTER 5.  CONCLUSIONS AND RECOMMENDATIONS 

5.1  Conclusions 

The effects of adsorbate properties (boiling point, kinetic diameter and thermal stability) on 

heel build up and adsorption capacity loss of ACFC15 were investigated in this research. For this 

purpose, nine different alkylbenzenes were tested as adsorbates in 5-cycle 

adsorption/regeneration experiments. Regeneration experiments were conducted using resistive 

heating at a regeneration temperature of 400°C, with a heating rate of 70°C /min and in 0.1 

SLPM N2 flow. Characterization tests were also completed using thermogravimetric analysis and 

micropore surface analysis. Desorption profile for all the adsorbates were obtained in the 1st 

regeneration cycle. Major findings from this research are provided below: 

 Heel formation for different compounds varied between 8.9% to 17.2%, and capacity loss 

ranged from 25.2% to 80.0%. The breakthrough curves showed the cyclic adsorption 

performance of different adsorbates and the effects of heel formation on capacity loss of 

ACFC. 

 Aadsorbates with lower thermal stability (higher conversion value during pyrolysis) 

showed higher heel buildup and vice versa. This is mainly due to adsorbate 

decomposition resulting from exposure of residual adsorbate to high regeneration 

temperature of 400°C, leading to coke formation. 

 TGA results showed less than 40% heel recovery at temperature as high as 900°C, 

confirming that the heel mainly consists of highly stable coke formation from thermal 

decomposition of adsorbates. 
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 The 1st cycle desorption profiles of the tested adsorbates showed that adsorbates with 

higher boiling points and larger kinetic diameters had higher adsorbate decomposition 

and heel formation in that cycle due to exposure of residual adsorbates to the high 

regeneration temperature. However, the 5-cycle cumulative heel depends on the amount 

of adsorbed compounds during each consecutive cycle and a decrease in the amount 

adsorbed reduced the amount of heel formed during that cycle. 

 Micropore surface analysis showed heel formation reduced BET surface area and pore 

volume in regenerated ACFC compared to heat treated ACFC. The kinetic diameter of 

the adsorbates affected the pore blockage of ACFC during regeneration and the bulkier 

compounds showed significant loss in their adsorption capacity mainly due to the 

inaccessibility of blocked ACFC pores. 

 It can generally be concluded that, heel formation on ACFC samples caused by 

different alkylbenzenes was mainly due to thermal decomposition of the adsorbates 

resulting from their exposure to high temperature during desorption. Therefore, thermal 

stability of the adsorbates is a highly important property that needs to be considered 

during high temperature regeneration of activated carbon in cyclic VOC 

adsorption/desorption. In addition, the boiling point and kinetic diameter of the 

adsorbates also need to be considered since these properties determine how much of the 

residual adsorbate is exposed to high temperature. This research helps explaining how 

different adsorbate properties contribute to irreversible adsorption on ACFC and will 

ultimately help increasing the lifetime of activated carbon adsorbents, and consequently 

result in lowering the operation and maintenance cost of the abatement system. 
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5.2  Recommendations 

This research has investigated the effects of three main adsorbate properties (i.e. boiling 

point, kinetic diameter and thermal stability) on heel formation on ACFC during electrothermal 

regeneration. For further understanding of the heel formation mechanism affected by the 

adsorbates’ properties, additional investigation should be conducted on the following topics: 

 Effects of the adsorbates’ functional group should be investigated. The general 

understanding from the literature is that adsorbates from different functional groups 

may interact differently with ACFC and also will go through different level of 

thermal degradation; therefore, the heel formation mechanism might change for 

adsorbates from different functional groups. 

 Multi-component adsorption should to be investigated. Based on related information 

in the literature, it is expected that, in case of adsorbates mixture, there is a high 

chance that the adsorbates might react with each other and therefore involve different 

heel formation mechanism. 
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APPENDICES 

Appendix A: Environment Canada VOC concentration limit for automotive 

refinishing products 

Table A-1. Concentration limits of VOCs imposed by Environment Canada for automotive 

refinishing products  

Product category VOC concentration limit (g/L) 

Primer surface 250 

Prime sealer 340 

Pre-treatment wash primer 660 

Adhesion promoter 840 

Colour coating 420 

Uniform finish coating 540 

Truck-bed liner coating 310 

Temporary protective coating 60 

Underbody coating 430 

Single-stage coating 420 

Multi-colour coating 680 

Clear coating 250 

Other coatings 250 

Surface cleaners 50 

 

 

  



 

84 
 

Appendix B: Detail of 5 cycle adsorption/desorption tests of toluene on ACFC 

Table B-1. Mass balance of 5 cycle adsorption/desorption of toluene on ACFC 

Weight of dry virgin ACFC: 3.5 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity g 

adsorbed/g 

adsorbent 

% adsorption 

capacity cm3 

adsorbed/cm3 

adsorbent pore 

Total 

heel 

(g) 

% accumulated 

heel formation (g 

adsorbate 

remained/g 

adsorbent 

1 1.25 35.82 70.02 0.11 3.15 

2 1.12 32.09 68.90 0.18 5.16 

3 1.04 29.80 68.34 0.24 6.88 

4 0.97 27.79 67.78 0.26 7.45 

5 0.94 26.91 67.16 0.31 8.74 

 

Table B-2. Mass balance of 5 cycle adsorption/desorption of toluene on ACFC – duplicated test 

Weight of dry virgin ACFC: 3.5 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity g 

adsorbed/g 

adsorbent 

% adsorption 

capacity cm3 

adsorbed/cm3 

adsorbent pore 

Total 

heel 

(g) 

% accumulated 

heel formation (g 

adsorbate 

remained/g 

adsorbent 

1 1.25 35.82 70.02 0.12 3.32 

2 1.11 31.92 68.90 0.19 5.44 

3 1.03 29.51 68.34 0.26 7.45 

4 0.95 27.22 67.78 0.29 8.31 

5 0.93 26.63 68.30 0.32 9.11 
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Figure B-1. Temperature profile during desorption of toluene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure B-2. Power profile during desorption of toluene from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix C: Detail of 5 cycle adsorption/desorption tests of p-xylene on ACFC 

Table C-1. Mass balance of 5 cycle adsorption/desorption of p-xylene on ACFC 

Weight of dry virgin ACFC: 3.5 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity g 

adsorbed/g 

adsorbent 

% adsorption 

capacity cm3 

adsorbed/cm3 

adsorbent pore 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.41 40.14 78.57 0.22 6.39 

2 1.18 33.61 78.29 0.33 9.37 

3 1.07 30.54 78.12 0.38 10.80 

4 1.02 28.98 77.84 0.41 11.65 

5 0.98 27.84 77.29 0.44 12.64 

 

Table C-2. Mass balance of 5 cycle adsorption/desorption of p-xylene on ACFC – duplicated test 

Weight of dry virgin ACFC: 3.5 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity g 

adsorbed/g 

adsorbent 

% adsorption 

capacity cm3 

adsorbed/cm3 

adsorbent pore 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.41 40.14 78.57 0.21 6.05 

2 1.19 33.95 78.29 0.33 9.37 

3 1.08 30.60 78.23 0.38 10.80 

4 1.03 29.15 78.18 0.41 11.65 

5 1.00 28.27 78.12 0.44 12.44 
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Figure C-1. Temperature profile during desorption of p-xylene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure C-2. Power profile during desorption of p-xylene from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix D: Detail of 5 cycle adsorption/desorption tests of m-xylene on ACFC 

Table D-1. Mass balance of 5 cycle adsorption/desorption of m-xylene on ACFC 

Weight of dry virgin ACFC: 3.5 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel 

(g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.23 35.23 69.43 0.23 6.51 

2 1.00 28.63 69.26 0.30 8.57 

3 0.92 26.29 68.70 0.36 10.29 

4 0.85 24.29 68.13 0.40 11.43 

5 0.81 23.03 67.91 0.44 12.51 

 

Table D-2. Mass balance of 5 cycle adsorption/desorption of m-xylene on ACFC – duplicated 

test 

Weight of dry virgin ACFC: 3.5 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel 

(g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.24 35.37 69.71 0.24 6.86 

2 1.00 28.57 69.82 0.31 8.86 

3 0.92 26.29 69.26 0.36 10.29 

4 0.86 24.57 68.70 0.42 12.00 

5 0.80 22.71 68.42 0.44 12.69 
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Figure D-1. Temperature profile during desorption of m-xylene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure D-2. Power profile during desorption of m-xylene from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix E: Detail of 5 cycle adsorption/desorption tests of o-xylene on ACFC 

Table E-1. Mass balance of 5 cycle adsorption/desorption of o-xylene on ACFC 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% 

adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.28 36.66 70.60 0.24 6.71 

2 1.05 29.94 70.60 0.33 9.43 

3 0.94 26.86 69.89 0.40 11.43 

4 0.86 24.57 69.34 0.43 12.29 

5 0.83 23.71 69.34 0.44 12.54 

 

Table E-2. Mass balance of 5 cycle adsorption/desorption of o-xylene on ACFC – duplicated test 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% 

adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.29 36.93 71.12 0.24 6.90 

2 1.04 29.97 71.01 0.33 9.48 

3 0.94 27.01 70.29 0.37 10.63 

4 0.89 25.57 69.74 0.41 11.78 

5 0.83 23.74 68.41 0.44 12.73 
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Figure E-1. Temperature profile during desorption of o-xylene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure E-2. Power profile during desorption of o-xylene from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix F: Detail of 5 cycle adsorption/desorption tests of 1,2,4 TMB on ACFC 

Table F-1. Mass balance of 5 cycle adsorption/desorption of 1,2,4 TMB on ACFC 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel 

(g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.40 40.00 77.39 0.25 7.20 

2 1.14 32.51 76.84 0.33 9.43 

3 1.05 30.00 76.29 0.40 11.43 

4 0.93 26.57 73.52 0.43 12.29 

5 0.88 25.14 72.42 0.44 12.71 

 

Table F-2. Mass balance of 5 cycle adsorption/desorption of 1,2,4 TMB on ACFC – duplicated 

test 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel 

(g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.40 40.00 77.39 0.27 7.63 

2 1.12 32.09 76.84 0.33 9.43 

3 1.05 30.00 76.29 0.40 11.43 

4 0.93 26.57 73.52 0.43 12.29 

5 0.86 24.51 71.20 0.44 12.71 
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Figure F-1. Temperature profile during desorption of 1,2,4 TMB from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure F-2. Power profile during desorption of 1,2,4 TMB from ACFC in 5 cycle 

adsorption/desorption tests 

 

0

100

200

300

400

0 30 60 90 120

T
em

p
er

a
tu

re
 (
°C

)

Time (min)

Cycle 1

Cycle 2

Cycle 3

Cycle 4

Cycle 5

0

50

100

150

200

0 30 60 90 120

P
o
w

er
 (

W
)

Time (min)

Cycle 1

Cycle 2

Cycle 3

Cycle 4

Cycle 5



 

94 
 

Appendix G: Detail of 5 cycle adsorption/desorption tests of 1,3,5 TMB on ACFC 

Table G-1. Mass balance of 5 cycle adsorption/desorption of 1,3,5 TMB on ACFC 

Weight of dry virgin ACFC: 3.50 g 

Cycle 

No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.31 37.43 73.17 0.28 7.94 

2 1.03 29.49 73.17 0.37 10.57 

3 0.87 24.86 69.26 0.41 11.71 

4 0.69 19.71 61.44 0.44 12.57 

5 0.54 15.46 54.79 0.45 12.74 

 

Table G-2. Mass balance of 5 cycle adsorption/desorption of 1,3,5 TMB on ACFC – duplicated 

test 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.12 37.33 72.98 0.24 8.13 

2 0.87 28.87 72.33 0.30 10.00 

3 0.75 25.00 68.42 0.33 11.00 

4 0.57 19.00 58.65 0.36 12.00 

5 0.43 14.30 51.41 0.39 12.90 
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Figure G-1. Temperature profile during desorption of 1,2,4 TMB from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure G-2. Power profile during desorption of 1,2,4 TMB from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix H: Detail of 5 cycle adsorption/desorption tests of ethylbenzene on ACFC 

Table H-1. Mass balance of 5 cycle adsorption/desorption of ethylbenzene on ACFC 

Weight of dry virgin ACFC: 3.50 g 

Cycle 

No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation (g 

adsorbate 

remained/g 

adsorbent) 

1 1.31 37.29 72.97 0.25 7.03 

2 1.05 30.11 72.70 0.38 10.86 

3 0.90 25.71 71.58 0.46 13.14 

4 0.80 22.86 70.46 0.49 14.00 

5 0.75 21.57 69.62 0.52 14.80 

 

Table H-2. Mass balance of 5 cycle adsorption/desorption of ethylbenzene on ACFC – 

duplicated test 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel 

(g) 

% accumulated 

heel formation (g 

adsorbate 

remained/g 

adsorbent) 

1 1.29 36.56 71.56 0.27 7.59 

2 1.01 28.78 71.17 0.37 10.51 

3 0.89 25.28 70.06 0.43 12.22 

4 0.82 23.30 69.50 0.50 14.20 

5 0.73 20.87 68.64 0.53 15.11 
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Figure H-1. Temperature profile during desorption of ethylbenzene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure H-2. Power profile during desorption of ethylbenzene from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix I: Detail of 5 cycle adsorption/desorption tests of isopropylbenzene on 

ACFC 

Table I-1. Mass balance of 5 cycle adsorption/desorption of isopropylbenzene on ACFC 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.38 39.77 78.20 0.31 8.93 

2 0.97 27.95 72.53 0.42 12.10 

3 0.82 23.63 70.26 0.49 14.12 

4 0.74 21.18 69.41 0.54 15.56 

5 0.65 18.82 67.60 0.55 15.82 

 

Table I-2. Mass balance of 5 cycle adsorption/desorption of isopropylbenzene on ACFC – 

duplicated test 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation 

(g adsorbate 

remained/g 

adsorbent) 

1 1.38 39.77 78.20 0.32 9.31 

2 0.96 27.58 72.53 0.42 12.10 

3 0.82 23.63 70.26 0.49 14.12 

4 0.74 21.18 69.41 0.54 15.56 

5 0.63 18.24 66.47 0.56 16.22 
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Figure I-1. Temperature profile during desorption of isopropylbenzene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure I-2. Power profile during desorption of isopropylbenzene from ACFC in 5 cycle 

adsorption/desorption tests 
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Appendix J: Detail of 5 cycle adsorption/desorption tests of neopentylbenzene on 

ACFC 

Table J-1. Mass balance of 5 cycle adsorption/desorption of neopentylbenzene on ACFC 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation (g 

adsorbate 

remained/g 

adsorbent) 

1 1.25 35.71 68.79 0.37 10.51 

2 0.73 20.91 60.53 0.46 13.14 

3 0.54 15.43 55.03 0.55 15.71 

4 0.40 11.43 52.28 0.56 16.00 

5 0.28 7.86 45.95 0.59 16.91 

 

Table J-2. Mass balance of 5 cycle adsorption/desorption of neopentylbenzene on ACFC – 

duplicated test 

Weight of dry virgin ACFC: 3.50 g 

Cycle No. 

Amount 

adsorbed 

(g) 

% adsorption 

capacity (g 

adsorbed/g 

adsorbent) 

% adsorption 

capacity (cm3 

adsorbed/cm3 

adsorbent pore) 

Total 

heel (g) 

% accumulated 

heel formation (g 

adsorbate 

remained/g 

adsorbent) 

1 1.25 35.71 68.79 0.40 11.29 

2 0.70 20.14 60.53 0.46 13.14 

3 0.57 16.29 56.68 0.55 15.71 

4 0.40 11.43 52.28 0.59 16.86 

5 0.22 6.29 44.57 0.61 17.51 
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Figure J-1. Temperature profile during desorption of neopentylbenzene from ACFC in 5 cycle 

adsorption/desorption tests 

 

Figure J-2. Power profile during desorption of neopentylbenzene from ACFC in 5 cycle 

adsorption/desorption tests 
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