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ABSTRACT 

Adsorption is a widely used method for abatement of volatile organic compound (VOC) emissions 

due to its high efficiency and relatively low operating cost. Following adsorption, desorption is 

usually used to regenerate the adsorbent. Adsorbent regeneration, often known as the most limiting 

step in the adsorption process, is a time-consuming stage and is often completed through using hot 

purge gas or superheated steam. In the thermal regeneration process, regeneration time directly 

impacts energy consumption, and thus, the operating cost of the air treatment facility. In recent 

years, microwave (MW) regeneration has been proposed as a potential alternative to conventional 

thermal regeneration techniques. For an effective MW regeneration process, the 

adsorbent/adsorbate system should be able to absorb MW and convert it to heat. However, there 

are many adsorbent/adsorbate systems that are transparent to MW. In this research, different 

techniques were developed in chapters 3 to 6 to improve MW regeneration of porous MW-

transparent adsorbents. Additionally, chapter 7 explores a novel technique to monitor VOC 

desorption process using a non-contact MW sensor and to determine the required time for 

adsorbent regeneration.  

The effect of purge gas relative humidity (RH) on MW absorption of two MW-transparent 

adsorbents (a beta type zeolite and a hypercrosslinked polystyrene resin) was first investigated 

(Chapter 3). Dielectric properties and water adsorption capacity of each adsorbent were measured 

at different purge gas RH and applied MW power. Furthermore, polar and nonpolar adsorbates 

were used to investigate VOC adsorption and MW-assisted desorption under dry and humid 

conditions. Finally, complete desorption of selected adsorbates in both dry and humid conditions 

was compared in terms of regeneration time and energy consumption. Obtained results indicated 
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that continuous exposure of adsorbent bed to water saturated purge gas during MW heating 

enhances its MW absorption. Using water saturated purge gas reduced the MW energy needed for 

complete regeneration of the polymeric resin and zeolite by up to 30 % and 73 %, respectively. 

This study shows that the interaction of water molecules with the adsorbent in a MW field enhances 

the MW regeneration of adsorbents with poor dielectric properties.  

Another approach to enhancing MW regeneration of MW-transparent adsorbents is to alter their 

dielectric loss factor and MW penetration depth (Chapter 4). In this regard, the influence of carbon 

nanotubes (CNT) addition to a commercially available styrene-divinylbenzene porous adsorbent 

resin beads, Optipore V503, was studied. CNTs were selected as a MW absorptive material 

(MAM) due to their large loss factor and electrical conductivity.  CNTs were dispersed in sodium 

dodecyl sulfate solution and physically deposited on the surface of adsorbent at different weight 

percent (wt%). CNT-coated samples were characterized using helium ion microscopy (HIM), 

Raman spectroscopy, thermal gravimetry analysis, dielectric property analysis, and N2 and n-

heptane adsorption isotherms. In addition, 5 cycles of n-heptane adsorption and MW-assisted 

regeneration were completed for CNT-coated and as-received adsorbent samples. Obtained results 

revealed that coating the adsorbent with 0.1 to 0.3 wt% of CNTs resulted in a 3 to 28 % decrease 

in its total pore volume and increased its dielectric loss factor by 5 to 29 times. The deposition of 

a very small amount of CNTs (0.1 to 0.3 wt %) on the adsorbent increased the MW-assisted 

desorption efficiency by 103 % to 284 % compared to the as-received adsorbent. 

In-situ polymerization of a porous composite with large surface area and MW absorption ability 

was also investigated (Chapter 5). In this regard, porous hypercrosslinked polymers (HCP) of (4, 

4´-bis ((chloromethyl)-1, 1´ -biphenyl- benzyl chloride)) with different carbon black (CB) contents 
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were synthesized via the Friedel-Crafts reaction. CB was selected as the filler due to its low cost 

and high dielectric loss and was embedded inside the polymer structure during in-situ 

polymerization. Fourier-transform infrared spectroscopy (FTIR) and HIM confirmed the synthesis 

of the HCP and the presence of CB in the HCP structure, respectively. Thermo-gravimetric 

analysis, dielectric property measurement, Bruner–Emmett-Teller (BET) analysis and gravimetric 

sorption analysis were used to characterize the thermal stability, MW absorption ability, specific 

surface area, and adsorption performance, respectively, of the resulting composites. CB-containing 

composites showed enhanced thermal stability at elevated temperatures and more than a 90-times 

increase in the dielectric loss factor, which is favorable for MW regeneration. BET surface area 

analysis demonstrated that CB presence in the polymer structure nonlinearly decreases the surface 

area and total pore volume (by 38 % and 26 %, respectively at the highest CB load). Based on the 

characterization testing, 4 wt% of CB was found to be an optimum filler content, having the highest 

MW absorption and minimal effect on the adsorbent porosity. HCP with 4 wt% CB allowed a 

substantial increase in the desorption temperature and yielded more than a 450 % enhancement in 

the desorption efficiency compared to HCP without CB.  

HCP/graphene oxide (GO) nanocomposites with large surface area and enhanced MW absorption 

ability were synthesized by solution mixing technique for use in VOC adsorption and MW 

regeneration (Chapter 6). Polymers of 4, 4´-bis ((chloromethyl)-1, 1´ -biphenyl- benzyl chloride) 

were hypercrosslinked through the Friedel-Crafts reactions. GO nano-sheets were synthesized 

through the Hummer’s method. Then, ethanol was selected as the solvent to prepare a series of 

nanocomposites with different GO contents (1-8 wt%) by solution mixing method. XRD and FTIR 

studies indicated the correct fabrication of GO, hypercrosslinked polymer (HCP), and GO-filled 
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nanocomposite. The morphology of synthesized samples and GO dispersion were characterized 

by scanning electron microscopy, HIM, and transmission electron microscopy analysis. 

Thermogravimetry analysis revealed a large enhancement in the thermal stability of GO-filled 

nanocomposites compared to pristine polymer. N2 adsorption isotherm analysis showed 7 % and 

10 % reduction in BET surface area and total pore volume of the nanocomposite with 8 wt% GO. 

Compared to the pristine polymer, the dielectric constant and dielectric loss factor increased from 

5 to 17 and 0.05 to 1.6, respectively, for the nanocomposites with 8 wt% GO. Toluene adsorption 

isotherms of synthesized samples showed less than 10 % reduction in the adsorption capacity of 

nanocomposites at 8 wt% GO content. MW-assisted desorption of toluene from samples revealed 

more than 160 ºC and 4 times improvement in the desorption temperature and desorption 

efficiency, respectively, by addition of 4 wt% GO to the polymer.  

A non-contact MW sensor was developed for real-time monitoring of the desorption process 

(Chapter 7). The main sensing element of the proposed desorption monitoring platform was a 

chipless flexible MW split-ring resonator, ‘tag’, which was electromagnetically coupled to a read-

out circuit, ‘reader’. A styrene-divinylbenzene adsorbent was loaded with heptane (nonpolar) and 

n-propyl alcohol (polar) at different concentrations to evaluate the use of the sensor for desorption 

monitoring. After verifying the sensor's temperature stability, the desorption was carried out at 175 

ºC. The sensor response was compared to effluent adsorbate concentration measured by a flame 

ionization detector (FID), and thereby, adsorbent dielectric properties were related to adsorbate 

load on the adsorbent. A linear correlation (R2 > 0.95) between the adsorbate load and the measured 

frequency shift was observed. The saturation time and regeneration time determined based on the 

non-contact sensor showed more than 95 % and 75 % consistency, respectively, with 
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corresponding values obtained from concentration measurements by FID. The proposed sensor has 

the potential to be integrated as a low-cost sensing device. The proposed chipless MW resonator 

sensor demonstrates the capability of real-time distant monitoring and detection, making it suitable 

for use in harsh environments and high-temperature sensing applications. 

In summary, this study showed the critical impact of MAMs on the regeneration of MW-

transparent adsorbents. While the presence of a MAM in the adsorbent structure is needed for 

efficient MW heating, it reduces the adsorption capacity to some extent. Future research could 

explore the effect of hybrid fillers (e.g., polymer-MAM nanofillers) which could potentially have 

better dispersion in the matrix and result in better VOC adsorption capacity and MW-assisted 

regeneration performance. Last but not the least, this study showed that the chipless MW resonator 

sensor can be used to monitor high temperature adsorbent regeneration process.  
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CHAPTER 1: INTRODUCTION AND RESEARCH OBJECTIVES 

1.1 Background and Motivations 

1.1.1 VOC Adsorption and Desorption 

Volatile organic compounds (VOCs) are compounds of carbon, excluding carbon monoxide, 

carbon dioxide, carbonic acid, metallic carbides or carbonates, and ammonium carbonate, that 

contribute to atmospheric photochemical reactions.1 VOCs are released from several sources of 

indoor environment, industrial plants and vehicles. VOC emissions may be transported over 

distances in atmosphere and cause adverse environmental and significant public health problems.2–

4  The increase in VOC emission into atmosphere and the strict environmental regulations makes 

VOC emission control more imperative. Up to now, numerous methods including absorption, 

adsorption, condensation, and oxidation have been used to treat VOC polluted streams.5–7 Among 

them, adsorption has been a prime option that provides many advantages such as high efficiency 

and relatively low operating cost in the recovery of high-value adsorbates.8,9 Furthermore, the 

principle of adsorption separation is already mature which makes it one of widely used methods 

for VOC capture in industry.8,9 

Adsorbents used in VOC separation must be regenerated to be used in further adsorption cycles. 

Several techniques are available to regenerate adsorbents. These methods are typically categorized 

into pressure swing regeneration, temperature swing regeneration, and reactive regeneration.10,11 

Among aforementioned techniques, temperature swing regeneration is the most used method, and 

typically involves providing heat by hot purge gas or superheated steam. However, high volume 

of purge gas has to be used in these methods to reach suitable regeneration temperatures due to the 
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low heat capacity of purge gas. Using large volumes of purge gas dilutes the desorbed VOCs, thus 

further separation usually would be needed for VOC recovery purposes. Moreover, when steam is 

applied, the adsorbent bed requires a drying step after each desorption cycle. All these 

shortcomings increase the energy penalty of conventional thermal regeneration, necessitating the 

need for alternative methods of thermal regeneration. 

In recent years, microwave (MW) regeneration has emerged as a potential alternative to 

conventional thermal regeneration.12–14 MW regeneration has several advantages over 

conventional thermal regeneration including faster heating, higher adsorbate recovery due to lower 

purge gas consumption, and ability to heat the bed to higher temperatures as there is no temperature 

limitation associated with a purge gas.  Furthermore, the energy loss in MW heating is substantially 

less than in conventional heating which heats unnecessary parts of the facility in hot gas/steam 

generation unit.15–17 However, to meet the basic purpose of MW regeneration which is maintaining 

the adsorption capacity of adsorbents for reuse, the adsorbent and/or adsorbate system should have 

a reasonable MW absorption to provide an effective heating. 

1.1.2 Microwave-assisted Regeneration 

MW heating has been extensively used in industrial drying due to the advantages associated to its 

selective volumetric heating of water. Several researchers have extended the application of MW 

to the regeneration of adsorbents since 1980. Burkholder et al. found that the desorption of ethanol 

from molecular sieve can be improved by MW heating since it selectively heats the ethanol without 

directly heating the adsorbent.18 Researchers recognized the potential for using MW regeneration 

to enhance solvent recovery. Gibson et al. reported that the ethylene oxide desorption time from 
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polyvinyl chloride (PVC) can be reduced by 400% using MW heating instead of conventional 

heating for the same regeneration temperature.19 More recently, Hashisho et al. investigated the 

effect of activated carbon fiber cloth (ACFC) functional groups on its MW absorption 

performance.20 Different densities of functional groups were produced on ACFCs surface during 

acid and hydrogen treatments and their effect on MW absorption was studied. It was reported that 

hydrogen -treated samples showed a 50 % increase in MW attenuation constant, while it dropped 

by 89 % for the acid-treated samples. Shariaty et al. studied the effect of ETS-10 ion exchange on 

its dielectric properties.21 They demonstrated that using monovalent and divalent cations by ion 

exchange, in ETS-10 increases its water adsorption capacity and decreases its dielectric properties 

which can be useful during the regeneration of polar compounds from the adsorbent. Meng et al 

found that changing the hydrophobicity of styrene-divinylbenzene porous resin during the 

sulfonation process can improve its MW regeneration efficiency.22 Based on their experimental 

results, better MW absorption was mainly attributed to water adsorption enhancement after 

sulfonation. All these studies showed that MW heating would be an effective method for adsorbent 

regeneration when adsorbent/adsorbate systems can convert MW to heat. However, there are many 

circumstances where both adsorbent and adsorbate are MW transparent which limits the 

effectiveness of MW heating.  

1.1.3 Enhancing Microwave Absorption  

Different forms of MW absorptive materials (MAMs) such as graphene oxides (GO), carbon 

nanotubes (CNTs), sodium dodecyl sulfate (SDS), and magnetic nanoparticle fillers have been 

reported for improving MW absorption. However, carbonaceous material are more favorable for 
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use as dielectric susceptors due to their exceptional dielectric loss factor.23,24 Wu et al. investigated 

the effect of reduced graphene oxide (RGO) addition on the electromagnetic absorption of 

polypyrrole. They showed that even a trace content of RGO (0.43 wt% in aerogel) can significantly 

increase the electromagnetic absorption of the aerogel without affecting its solvent absorption 

capacity.25 Wang et al. prepared multiwall carbon nanotubes/poly vinylidene fluoride composites 

by simple physical blending. They investigated the effect of untreated multiwall carbon nanotubes 

(MWCNT) on the dielectric constant of composite. Experimental results demonstrate that the 

dielectric constant of composite increased by more than 30 times with about 2.0 vol % of 

MWCNT.26 Chen et al. investigated the MW absorption performance of silicone rubber using five 

different graphene products at a very low loading of 1 wt %. They found that among all graphene 

types highly exfoliated RGO is capable of delivering excellent MW absorption at very low 

loading.27 Vadivel et al. studied the effect of sodium dodecyl sulfate (SDS) surfactant on the 

structural, morphological, and dielectric properties of CoFe2O4.
28 More recently, Qing et al. 

reported the effect of MWCNT and ceramic particle on improving the complex permittivity and 

MW absorption of epoxy composites.29 These studies showed that the addition of MAM particles 

to MW transparent material is an effective way for enhancing MW absorption. 

1.1.4 MW Sensing 

Recently, planar MW resonators emerged as potential candidates for sensing applications due to 

their simple and low-cost fabrication process, easy integration with complementary metal-oxide 

semiconductor (CMOS), lab-on-chip compatibility, and flexible design. They have been utilized 

for a wide range of applications, including biomedical detection30–34, chemical solutions sensing 
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30,35–38, and environmental monitoring32,39–41. Integration of MW planar sensors with adsorbents 

greatly enhances their sensitivity and selectivity, making them capable of gas/VOC detection and 

concentration monitoring.42–44 The operation principle of MW planar split-ring resonator based 

sensors is based on the variation in  electromagnetic (EM) field around the sensor due to the 

changes in the dielectric properties of the surrounding medium. Specifically, during VOC 

adsorption/desorption process, any change in the VOC loading capacity of the adsorbent can be 

translated into a change in their dielectric properties, resulting in a change in their resonance 

profile.  

1.2 Problem Statement and Hypothesis 

Studies on MW heating of adsorbents showed that MW can be effective if either of adsorbent 

and/or adsorbates can absorb MW energy and dissipate it into heat. Therefore, using MW 

transparent adsorbents, complete regeneration would be challenging particularly when it is loaded 

with nonpolar (MW transparent) adsorbates. In this case, the adsorbent bed either cannot be heated, 

or high MW energy would be needed for a complete regeneration. To overcome this problem, 

improving the MW absorption ability of the adsorbent bed by adding a MAM is considered here. 

In this approach, the heat necessary for desorption can be provided through the MAM’s ability to 

absorb and convert MW to heat. 

In the thermal regeneration process design, regeneration time is a key parameter used to determine 

the number of beds required for a continuous cyclic VOC adsorption/desorption operation.45 

Determining the regeneration time can be challenging as the amount of adsorbate load in the 

adsorbent bed may vary by the properties of the polluted gas stream, such as the number of 
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compounds and their concentration. Direct measurement of the effluent concentration during 

regeneration is typically used to determine the regeneration time. While direct measurement is the 

only way to accurately determine the time needed for complete adsorbent regeneration, it adds 

other challenges such as the exposure of detector to hazardous, high boiling point, or corrosive 

compounds. Besides, the current VOC detection technologies (e.g., flame ionization detector, mass 

spectrometer) are expensive and need regular calibration and preventive maintenance. 

Alternatively, MW sensors can be used to monitor the dielectric property variation of adsorbent 

bed during VOCs adsorption/desorption. These changes in dielectric property of the bed can be 

correlated to the VOC load on the adsorbent from which regeneration time can be determined.  

1.3 Goal and Objectives 

The ultimate goal of this study is to improve VOC recovery from polluted air streams using 

adsorption, MW regeneration, and MW sensing. To achieve this goal, four objectives were 

established to improve MW regeneration of MW transparent adsorbents. An additional fifth 

objective was considered to monitor VOC desorption process by a newly designed MW sensor 

and to determine the required time for a complete adsorbent regeneration. Figure 1-1 illustrates the 

approaches used to achieve the overall goal of this study. 
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Figure 1-1. Overall approach used to attain the goal of this study. 

Based on the research goal and the abovementioned hypotheses, these objectives can be 

summarized as follows:  

Objective 1: To investigate the effect of purge gas humidity on the MW-assisted regeneration of 

MW-transparent adsorbents 

Objective 2: To investigate the effect of carbon nanotube deposition on the surface of a polymeric 

adsorbent to enhance its MW regeneration 

Objective 3: To synthesize a carbon black (CB) filled nanocomposite with large surface area and 

tunable MW absorption property.  

Objective 4: To synthesize a GO filled nanocomposites with enhanced MW absorption 

performance. 

Objective 5: To introduce a MW resonator sensor as a fast device for monitoring high temperature 

desorption process. 

Study the effect 

of purge gas

humidity

Study the effect 

of CNT 

deposition

Synthesizing MW-absorptive porous 

composites

Study the effect 

of a spherical 

filler

MW-assisted VOC desorption

VOC monitoring by a contact-

less MW sensor

MW-assisted VOC Sensing

Microwave-assisted Desorption and Monitoring of VOCs on Adsorbents

Study the effect 

of a high aspect 

ratio filler 

Post synthesis MW-absorption 

enhancement methods 

Study the sensor performance 

in measuring the regeneration 

time 



Chapter 1 Introduction and Research Objectives 

8 

1.4 Research Significance  

Since MW-transparent adsorbents limit the application of MW energy for adsorbent regeneration 

purposes, this study can be a considerable step for improving MW absorption of MW transparent 

adsorbents. The project success will provide a notable reduction in the energy consumption 

associated with MW regeneration of adsorbents. Besides, by demonstrating the use of MW sensors 

in high temperature desorption process, this study could pave the way towards the use of MW 

sensors in harsh environment applications. Therefore, this study promotes environmental 

sustainability by lowering energy consumption and recovering VOCs for recycle and reuse. 

1.5 Thesis Outline  

This thesis is written in paper-based format. Chapter 1 provides a brief background a on the topics 

discussed in the thesis and research objectives. Chapter 2 provides a review of the literature and 

theories related to adsorption, desorption, MW heating principles and nanocomposite preparation 

methods, and MW sensing. The above-mentioned objectives are met in chapter 3 to 7, individually. 

Finally, chapter 8 summarizes the main findings, key conclusions of this study and proposes 

recommendations for future studies. 
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CHAPTER 2: LITRATURE REVIEW 

2.1 Adsorption  

Adsorption is a commonly used method for VOC separation/recovery due to its low cost and high 

removal efficiency.1,2  There are many parameters governing the adsorption of VOCs such as 

adsorbent type, VOC properties and operating conditions. The comprehensive effects of these 

factors control the affinity of adsorbate molecules to the adsorbent surface and change the 

adsorption rate and capacity.1,2   

2.1.1 Adsorbent Materials 

There are many adsorbents used for VOC adsorption; however, only a few of them are suitbale for 

practical applications. Some of conventional adsorbents are:  

• Activated carbon (AC) is typically prepared by thermal decomposition of carbonaceous 

materials followed by activation with carbon dioxide/steam at elevated temperature.3 ACs 

has been widely used in adsorption to recover many types of VOCs such as alcohols, 

alkanes, ketones, etc.4,5 ACs are typically nonpolar which limits their adsorption 

performance in separation of polar VOCs. Besides, the porous structure of ACs used in 

VOC adsorption is usually in the micropore range (pore size less than 20 Å) which limits 

the diffusion of large molecules into the pores and prolongs the adsorption equilibrium.2,6 

• Zeolites are porous crystalline aluminosilicates. Zeolite framework consists of an a SiO4 

and AlO4 tetrahedra, joined together through oxygen atoms to form organized 

arrangements of pores.7 Since the structure is precisely determined by the crystal lattice, 
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pore size distribution of zeolites is usually centralized on a single pore size.8 For this 

reason, zeolites are suitable for the separation of molecules based on the molecular size 

differences. Zeolites are typically polar which makes them suitable adsorbents for the 

separation of polar compounds.9 However, compared to other adsorbents, zeolites have a 

smaller surface area and lower VOC adsorption capacity.10 

• Silica Gel is a partially dehydrated form of polymeric colloidal silicic acid and can be 

expressed as SiO2.nH2O. This amorphous material consists of spherical particles 2-25 nm 

in size which agglomerates to form the adsorbent.11 Silica gel surface typically has SiOH 

and SiOSi groups and, being polar, it is conventionally used to adsorb water and polar 

VOCs by hydrogen bonding mechanisms.12  

In addition to the mentioned conventional adsorbents, there are other novel porous materials such 

as metal organic frameworks13,14, covalent organic polymers15,16, and hypercrosslinked polymers 

(HCPs)17,18 used in VOC adsorption process.  Among these adsorbents, HCPs exhibit desirable 

properties such as physicochemical stability, large surface area, adjustable surface chemical 

groups, high selectivity, and tunable pore structure. HCPs are typically synthesized by post-cross-

linking of precursor polymers in a solvent. Cross-linking of polymer chains prevents structural 

collapse into a non-porous state upon solvent removal and creates microporosity.19 HCP porosity 

can be tuned through the degree of cross-linking, the temperature during cross-linking, the solvent, 

and the catalyst.20–22 The ability to tailor HCP porosity allows it to be a suitable alternative to 

conventional adsorbents used in chromatography, water treatment, and gas purification.23–26 Long 

et al.27 prepared a novel HCP (HY-1) with high specific surface area (1244 m2/g) and showed its 
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higher adsorption capacity compared to activated carbon for the adsorption of benzene. Shi et al.18 

studied the performance of a microporous HCP and a macroporous polymeric resin for the 

adsorption of gasoline vapors. Their results showed superior adsorption performance of HCP in 

treating gasoline vapor compared to the macroporous polymer without hypercrosslinking. 

Similarly, Zhang et al.28 and Wang et al.29 synthesized HCPs with high surface area (1300 m2/g 

and 1606 m2/g, respectively) and compared their adsorption performance to commercial HCPs. In 

both studies, large pore volume and surface area of newly synthesized HCPs lead to better 

performance compared to commercial polymeric adsorbents for VOC adsorption. Recent works 

by Long et al.30 and Zhou et al.31 developed HCPs with highly hydrophobic nature up to 60% and 

80% relative humidity, respectively. Similarly, Wang et al.32 synthesized a HCP with high surface 

area (1345 m2/g) using new external cross-linkers via one-step Friedel-Crafts reaction. The 

prepared HCP showed excellent hydrophobicity and adsorption capacity for benzene. Adsorbent 

hydrophobicity is a particularly important feature as the presence of water vapor in many air 

streams reduces its adsorption performance for VOCs due to competitive adsorption by water 

molecules.33  

2.2 Regeneration of Adsorbents 

The progressive adsorption of adsorbate molecules on the surface of the adsorbent leads to a 

gradual reduction in the adsorption capacity until adsorption is no longer achievable. In majority 

of industrial applications, adsorbent disposal as a waste is not economical and therefore adsorbent 

regeneration is carried out.  Regeneration can be performed through different pathways including 

heating, depressurization, pH variation, or changing the medium surrounding the adsorbent to a 
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fluid (e.g., super critical CO2) that extracts the adsorbate.34–37 Chemical reactions can also be used 

to convert adsorbate into easily removeable products.36 Among the aforementioned techniques, 

heating is the most common method of adsorbent regeneration.38,39 This method typically requires 

time to heat, desorb, and cool down the adsorbent bed, and is often the time-limiting step in the 

adsorption/desorption cycle. During thermal regeneration, the temperature of the spent adsorbent 

is increased, which provides enough energy for adsorbate molecules to escape from the pores. 

Thus, the surface area and pores of the spent adsorbent are regenerated for the next adsorption 

cycle. Heating typically is carried out by using steam/hot gas which provides enough thermal 

energy to break the adsorbent–adsorbate interactions without degrading the adsorbates. However, 

large volumes of hot purge gas have to be used in these methods to heat the adsorbent to 

sufficiently high temperatures due to the low heat capacity of the hot purge gas. Using large 

volumes of purge gas also dilutes the desorbed VOCs, thus a concentration step is usually needed 

for VOC recovery. Moreover, with steam desorption, the adsorbent bed requires a drying step after 

each desorption cycle. These shortcomings in conventional thermal regeneration increases the 

energy consumption and operating cost, which leads to the need for alternative methods of thermal 

regeneration.   

2.3 Microwave-assisted Regeneration 

Recently, researchers have shown an increased interest in MW-assisted regeneration of adsorbents 

due to its molecular level heating, which leads to instant increase in the temperature and VOC 

desorption rate.40–43 The main difference between MW-assisted regeneration and conventional 

thermal methods is in the way heat is transferred to adsorbent/adsorbate system. In conventional 
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heating methods, the heat source is located outside the adsorbent bed and heat is transferred by 

conduction and/or convection. Adequate temperature difference between the heating media (e.g., 

steam, hot gas) and adsorbent bed is necessary for an effective conduction/convection heating. 

However, in MW-assisted regeneration, heat is directly transferred to the adsorbent bed by 

radiation. Compared to conventional thermal regeneration methods, MW heating offers many 

advantages such as rapid heating, shorter regeneration time, and energy savings.44,45  

Mao et al. studied MW-assisted regeneration of VOC loaded ACs prepared from pine and wheat 

straw. In particular, they investigated the effect of MW applied power on the regeneration of these 

adsorbents and compared the energy consumption for three regeneration techniques including 

constant power, constant temperature, and conductive heating. They found that conductive heating 

required 60.8 (
𝑘𝐽

𝑔𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
) to achieve 99% regeneration efficiency. However, using MW heating, 

required energy to achieve 99% regeneration efficiency was reduced by more than 55 %. Moreover, 

desorption rate was improved by more than 20 times by MW heating compared to conductive 

heating.42 Similarly, Fayaz et al. compared MW heating and conductive heating for the 

regeneration of spent ACs. The total energy needed to achieve 99% desorption efficiency with 

MW heating and conductive heating was 56 and 972 kJ, and the corresponding heating time was 

5 and 90 min, respectively.40 Similar results were also obtained from Ania et al. studies on the 

regeneration of ACs loaded with phenol using a MW heating system and an electric furnace.46,47 

Both regeneration methods were performed at a temperature of 850 ºC. The sample temperature 

was reached to 850 ºC after 4–6 and 10–13 min by MW heating and furnace, respectively.  
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Harikoshi et al. study on MW processing of materials demonstrate that 70 to 80 % of power is 

usually lost in conventional heating method while the lost power is less than 30 % in MW heating 

process.48 Table 1 compares MW heating to other heating sources in terms of heating efficiency, 

temperature control, environmental impact, and heating location.  

Table 2-1. Comparison of properties of various heat sources, adopted from Harikoshi et al.48   

Properties Gas Steam Microwaves 

Heating Efficiency Low Low High 

Temperature Control High Low High 

Environmental Impact Medium 
High (A fossil fuel 

is used mainly) 
Low 

Heating Location  Surface Surface Whole 

 

MW regeneration can also improve the performance of adsorbents in terms of adsorption rate and 

capacity compared to conventional thermal regeneration techniques.49,50 It has been demonstrated 

that under MW regeneration, AC can be used in more adsorption/desorption cycles compared to 

conventional thermal methods.46  

Even though MW heating appears to be very successful, and apparently can improve adsorbents 

regeneration, its applications is still limited to adsorbents with high level of MW absorption such 

as ACs. Other types of adsorbents like porous polymers, which are transparent to MW, cannot be 

heated effectively with MW.17,51 Unfortunately, there is limited information in the literature on 

improving MW absorption of these adsorbents. Therefore, an overview of MW heating principles, 



Chapter 2 Literature Review 

22 

presented in the next section, provides needed information to propose potential solutions for 

improving MW absorption of such adsorbents.  

2.4 Microwave Heating Principles 

2.4.1 Microwave Heating Mechanisms 

MWs are a form of electromagnetic (EM) waves with frequencies in the range of 300 MHz to 300 

GHz. To reduce the MW interference with other EM frequencies used for other purposes, the 

frequency of 915 MHz and 2.45 GHz were selected for heating.52 MW can be converted to heat 

due to reorientation and movement of dipoles and free electrons inside the irradiated material. 

Based on these interactions, two heating mechanisms of conduction loss and dipole moment 

reorientation are usually considered (Figure 2-1). Conduction losses is the main heating 

mechanism in conductive materials whereas dipole moment reorientation is the dominant 

mechanism in materials with polar molecules.53 In conduction loss, MW induces electric current 

inside the conductive material which is converted to heat due to ohmic heating.  In dipole moment 

reorientation, dipoles reorient themselves to be aligned with the oscillating electric field. However, 

frictions and molecular interaction forces resist these rapid changes in orientations of molecules 

which increases molecular kinetic energy and temperature.53  
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2.4.2 Materials Behavior in Microwave Field 

Different materials exhibit different MW absorbing characteristics in MW field. Typically, MW 

absorption by a material is characterized by the dielectric constant, ε′, and loss factor, ε" of the 

material.54,55 The dielectric constant expresses the capacity of a molecule to be polarized by an 

electric field and dielectric loss factor describes the efficiency of electromagnetic energy 

conversion into heat. Therefore, materials can be selectively heated by MW energy according to 

their dielectric properties. The amount of absorbed MW energy per unit volume of a material is a 

function of frequency, material dielectric loss factor, and MW electric field. In case of thin 

materials (typically less than the wavelength), there is a linear relation between the variation of the 

MW absorption per unit volume with loss factor which is governed by Eq.1.56  

Qavg = ωε0ε"Erms
2  

Eq. 1 

where Qavg is the average MW power absorption in W/m3; ω is the MW angular frequency, rd/s; 

𝜀0 is the free space permittivity, 8.85×10-12 F/m; 𝜀”
 
is the dielectric loss factor of the irradiated 

material, dimensionless; and Erms is the root-mean-square electric field intensity in V/m. 

Conduction Loss Dipole Reorientation 

_ + 
Induced current 

Figure 2-1. MW heating mechanisms.  
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However, in thick materials (typically longer than the wavelength), electric field strength decreases 

by transmitting through the material and the concept of MW penetration depth becomes important. 

MW penetration depth is defined as the depth from the surface into the irradiated material at which 

the MW power drops to 1/e of its value at the surface.57 Eq. 2 shows the MW penetration depth as 

a function of the free space wavelength of the incident radiation, λ, and the dielectric properties of 

irradiated material.58 

Dp =  
λ

2π√2ε′
[(1 + (

ε"

ε′
)

2

)

1
2

− 1]

−
1
2

 Eq. 2  

Table 2 presents dielectric constant, dielectric loss factor, and penetration depth of some common 

materials and adsorbents.  

Table 2-2. Microwave properties some selected materials. 

Materials Material Properties (at 2.45 GHz)  

 ε′ ε" Dp (mm) Ref. 

Polystyrene (25 °C) 2.55 0.0008 76,193 59 

PVC (20 °C) 2.85 0.016 4028 59 

Natural Rubber (20 °C) 2.2 0.01 5777 59 

Teflon (20 °C) 2.1 0.001 56,444 59 

Quartz (25 °C) 4.0 0.001 77,900 59 

Alumina (25 °C) 8.9 0.009 12,563 59 

Water (25 °C) 78.4 12.5 2 60 

Copper - - 1.3×10-3 61 
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Iron - - < 4×10-3 62 

Zeolite HSZ980 (22 °C) 3.0 0.05 670 This work 

Dowex Optipore V503 (22 °C) 2.2 0.04 720 This work 

HCP-CB composite 11 1.2 54 This work 

     

In materials such a natural rubber and polystyrene, which have very low loss factors, MW can be 

transmitted for a longer distance with negligible energy loss due to the high MW penetration depth. 

Further increase in the loss factor increases the absorption of MW and reduces the MW penetration 

depth. Most of the MW absorbers such as water fall in this category. The highest value of dielectric 

loss factor belongs to metals (e.g., copper, iron) which reflect MW due to the small value of 

penetration depth (known as skin depth). In this case, the amount of power absorption becomes 

negligible due to the reflection of MW from the surface of material. Based on the ability of 

irradiated material in the absorption of MW, materials are typically categorized into three groups.  

I. MW transparent: MWs can pass through this type of material (e.g., Teflon, polystyrene, 

quartz) without being absorbed.  

II. MW absorber: Materials (e.g., water, carbon black, graphene) in which MW get totally 

absorbed based on conduction loss and/or dipole moment reorientation.  

III. MW reflector: Materials (e.g., metals) in which MW get reflected with negligible energy 

absorption.  

In addition to the above-mentioned categories, advanced MW absorbers such as nanocomposites 

are typically made from at least a MW transparent and a MW absorber material (MAM) to tune 

the extent of MW absorption. In these materials, the necessary heat is provided through the MAM’s 

ability to absorb and convert MW to heat. Different forms of MAMs such as graphene oxides 
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(GO), reduced graphene oxide (RGO),  carbon nanotubes (CNTs), sodium dodecyl sulfate (SDS), 

and magnetic nano-particle fillers have been reported to produce MW absorptive composites.63–68  

2.4.3 Measurement of Dielectric Properties 

Many studies have reported the dielectric properties of pure materials; however, when using a 

mixed MW absorber (i.e., adsorbent mixed with MAMs) it is best to directly measure dielectric 

properties in the actual sample. There are many techniques for measuring the dielectric properties 

of samples. Each method is typically restricted to specific MW frequency range, materials, and 

applications. Venkatesh and Raghavan provided an overview of the various dielectric 

measurement methods.69 This section briefly describes the open-ended coaxial probe method used 

in this research to measure the dielectric properties. 

The open-ended coaxial probe method has been used in several studies as a non-destructive 

measurement technique and is the most often used procedure in MW processing field.70,71 Using 

this method, dielectric properties of liquids and solids can be measured at different temperatures. 

This method uses a dielectric probe coupled to a vector network analyzer (VNA) and a data 

acquisition software. The probe is usually pressed against a solid specimen or immersed into a 

liquid/powder sample, followed by measuring the reflection coefficient by VNA in a range of 

frequencies (e.g., 50 MHz-10GHz). Measured reflection coefficients are subsequently used to 

calculate the sample dielectric properties. Prior to each experiment, the probe needs to be calibrated 

using a short, open and standard sample termination. Uncertainties in the measurement are usually 

due to errors in the characterization of the standard sample, and to the selection of standard sample 
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for the calibration.69  The standard sample must be a liquid/solid with known dielectric properties 

such as water, methanol, and Teflon.  

2.5 Nanocomposite Preparation Methods   

Polymer nanocomposites are highly demanded materials for various applications (e.g., 

thermal/microwave/electrical insulator) due to their improved physiochemical properties.72 

Designing a single general composite preparation method is impossible due to the physical and 

chemical differences among various types of polymers and fillers. Each nanocomposite system 

requires specific preparation conditions based on the targeted polymer, filler type, filler size and 

desired properties in the final product. However, the interfacial interaction between fillers and 

matrix, as well as the homogeneous filler dispersion in the matrix, has a crucial role on the quality 

of a nanocomposite.73 These interrelated factors determine the morphology, surface property, 

dielectric property, thermal stability, shape memory, and self-healing features of the final 

composite.74–76 Based on the filler dispersion techniques in the polymer composite, preparation 

techniques are typically categorized into in situ polymerization, solution mixing, and melt 

processing.77–79 

2.5.1.1 In-situ polymerization 

In-situ polymerization is the most widely used method of nanocomposite preparation which offers 

many advantages such as simplicity, good reproducibility, and easier scale-up of the process.77,80 

This method includes the dispersion of nanofiller into the monomer and/or solvent which is usually 
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followed by standard polymerization technique. In situ polymerization provides good interaction 

between filler and polymer due to grafting of polymer molecules from the filler surface.77,80  

2.5.1.2 Solution mixing 

Solution mixing is the simplest technique of nanocomposite preparation. In this method, polymer 

and filler are mixed with a solvent which evaporates in a controlled condition to form the 

nanocomposite.78 To achieve better dispersion of fillers in the matrix, many techniques have been 

suggested by researchers. Ultrasonic agitation is widely used for mixing polymer and filler in 

solvent. Due to solubility issues of polymer/filler in a solvent, other methods such as 

functionalization of filler surface and surfactant addition to the solvent have been suggested as 

new variants of this method.  

2.5.1.3 Melt processing  

In this method, filler particles are blended with polymer matrices in the molten state without using 

any solvent.79 Many thermoplastic polymers (e.g., polypropylene, polystyrene, polycarbonate, 

etc.) can be used in this technique. The dispersion of filler can be improved by proper shear mixing 

using extrusion and injection molding techniques. However, filler dispersion is usually poor due 

to high viscosity of polymers in molten state. 

2.6 Previous Works on the Preparation of Microwave Absorptive Composites   

MW absorption technique has been used since 1950 for commercial and military applications to 

reduce undesirable reflections from devices or certain parts of vehicles (e.g., aircrafts, tanks, 
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etc.).81 One of the materials extensively studied for MW absorption is nanocomposite. These 

nanocomposites are usually filled with carbonaceous materials due to their high dielectric loss 

factor.82,83  

Wu et al. investigated the effect of RGO addition on the electromagnetic absorption of polypyrrole 

aerogel. Different loadings of RGO in aerogel was prepared through in-situ polymerization. They 

showed that the addition of even a trace content of RGO (0.43 wt%) to aerogel can significantly 

increase its MW absorption without affecting its solvent absorption capacity.67 

Bhattacharya et al. prepared graphene/CNT filled thermoplastic polyurethane using solution 

mixing method. Composites with 10 wt% filler content prepared and MW absorption study was 

performed. Obtained results confirmed higher MW absorption capability of graphene compared to 

CNT.68  

Wang et al. investigated the effect of multiwall carbon-nanotubes (MWCNT) in composites with 

poly vinylidene fluoride prepared by simple physical blending. They found that the dielectric 

constant of the composite was increased by more than 30 times with about 2.0 vol % of MWCNT.84  

Chen et al. investigated the MW absorption performance of silicone rubber using five different 

graphene products at a loading of 1 wt %. They found that among all graphene types, highly 

exfoliated RGO is capable of delivering excellent MW absorption at very low loading.85  

Vadivel et al. studied the effect of SDS surfactant on the structural, morphological, and dielectric 

properties of CoFe2O4. Dielectric measurement results showed that both dielectric constant and 

loss factor of SDS-amended CoFe2O4 nanoparticles are higher than the pure CoFe2O4.
63  
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Renukappa et al, studied the effect of CB content on the dielectric properties of styrene–butadiene 

rubber (SBR) based composites.86 A series of CB/SBR composites were prepared with different 

CB contents. They reported that tensile strength and tensile modulus were enhanced by increase 

in CB content of the composites. Dielectric property measurements of SBR/CB composites 

revealed that the conductivity does not change until a critical volume fraction of the CB (~ 60 phr). 

Beyond this critical volume fraction, a steep increase in the dielectric properties was observed 

which is attributed to the formation of long chains of conductive CB particles in the composite. 

Similarly, Arief et al. showed that interconnected conductive network of CNTs enhances electrical 

conductivity of composite which is necessary for effective MW absorption.87 

Qing et al. investigated the influences of ceramic particle and temperature on the dielectric 

properties of CNTs/ceramic particle/epoxy composites.88 Compared to CNT-filled composites, the 

hybrid filler made from CNTs/ceramic particle enhanced the electrical conductivity and dielectric 

properties of composite.  

Li et al. studied the effect of hybrid nanofillers, prepared from polyaniline decorated RGO, on the 

MW absorption of poly(methyl methacrylate) nanocomposites.89 Hybrid nanofillers were 

synthesized through in-situ polymerization of aniline on GO nanosheets followed by reduction 

with hydrazine. Obtained results showed that using RGO as a filler increases the loss factor by 

more than 10,000 times in the poly (methyl methacrylate) nanocomposites compared to the hybrid 

filler at the same filler content of 6 wt%.  

Zhang et al. prepared hybrid fillers of RGO-polystyrene by in-situ polymerization.90 Subsequently 

a series of polystyrene-based composites containing different loading of hybrid fillers were 
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synthesized by solution mixing method using dimethylformamide as solvent. They reported that 

the interfacial polarization induced by the prepared polystyrene between RGO and matrix 

improved the composite’s dielectric constant and suppressed its dielectric loss factor due to 

restricted conduction loss. 

Singh et al. designed a hybrid filler by growing CNT on carbon fibers through catalytic chemical 

vapor deposition method.91 Subsequently, the filler was used in the preparation of epoxy-based 

composites. The electromagnetic characteristics of synthesized nanocomposites were studied 

using a VNA. The synthesized nanocomposites, containing 0.35 and 0.50 wt % CNT-carbon fibers, 

showed substantial MW absorption ability, which were related to the high dielectric losses of 

fillers.  

Weng et al. selected titanium carbide (MXene) as a filler to enhance the dielectric properties of 

polyimide composites.92 A series of polyimide/titanium carbide composites were prepared by in-

situ polymerization. Atomic force microscopy and SEM images confirmed the homogenous 

dispersion of titanium carbide particles in filler contents of less than 10 Vol %. Dielectric 

measurement showed that the dielectric constant and loss factor of synthesized composites were 

enhanced with the increase of the volume fraction of titanium carbide.  

Makeiff et al. prepared conductive thermoplastic composites containing CNTs and polyaniline 

doped with para-toluene sulfonic acid using two different methods.93 In the first method, CNT was 

coated with polyaniline/para-toluene sulfonic acid and subsequently used into the matrix. The 

second method used mechanical mixing of non-coated fillers into the matrix. MW absorption 
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measurements results indicated that the non-coated fillers resulted in stronger, and more effective 

MW absorber compared to the coated fillers. 

2.7 Microwave Sensing  

In recent years, there has been an increasing interest in the application of electromagnetic (EM) 

waves in sensing.94–97  Particularly, EM resonator devices have demonstrated excellent potential 

for sensing applications including moisture detection, biomolecule detection, pH sensing, VOC 

detection, and water quality control. Recently, planar MW resonators emerged as potential 

candidates for sensing applications due to their simple and low-cost fabrication process, easy 

integration with complementary metal-oxide semiconductor, lab-on-chip compatibility, and 

flexible design. They have been utilized for a wide range of applications, including biomedical 

detection97–101, chemical solutions sensing98,102–105, and environmental monitoring94–97. Integration 

of MW planar sensors with adsorbents markedly enhances their sensitivity and selectivity, making 

them capable of gas/VOC detection and concentration monitoring.106–108 In the MW sensing, MW 

irradiated object alters the velocity of the signal, attenuates or reflects it. These interactions result 

in changes in transmitted and reflected MW powers at different frequencies which can be 

correlated with the composition of the irradiated object.109  

2.7.1 Microwave sensing applications in gas phase concentration monitoring 

Bernou et al. developed a gas sensor working at ultra-high frequency formed with a MW 

structure.110 The sensor consisted of a MW resonator to which a sensitive material was coated.  

The EM perturbation was detected through the frequency measurements when the sensor used as 
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the detecting element in humidity detection. Obtained results showed high sensitivity of the sensor 

to humidity at MW frequency of 1 GHz. Fonseca et al. designed a MW sensor using zeolite layers 

as the sensitive material for toluene concentration measurement.111 The developed sensor showed 

promising ability for toluene concentration measurements down to 50 ppm. Barochi et al. designed 

a coplanar grounded wave guide with a gas sensitive material to detect ammonia in argon flux.112 

The effect of sensitive material on the response of the MW sensor was studied in presence of 

ammonia gas. The ratio of the reflected wave on the incident wave at each frequency was used as 

the sensor response. They showed that there is a correlation between ammonia concentration and 

the reflected MW power from the sensitive material. More recently, Zarifi et al. developed a 

microbead-assisted planar MW resonator for VOC sensing applications.109 Two types of 

microbeads, activated carbon and polymer, were studied as the sensitive materials in the gas 

sensing device. Different concentrations of 2-Butoxyethanol were prepared to evaluate the 

sensitivity of the sensor, and the transmitted power of the two-port resonator was measured at each 

experiment. Obtained results showed a minimum resonance frequency shift of 10 kHz for a 35-

ppm concentration of 2-Butoxyethanol exposure to activated carbon and 160 kHz for the polymer-

based adsorbent at the same concentration. The high-quality factor showed a great potential for 

real time monitoring of adsorbents behaviour in adsorption process.  
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CHAPTER 3: PURGE GAS HUMIDITY IMPROVES 

MICROWAVE ABSORPTION OF POLYMERIC AND ZEOLITE 

ADSORBENTS 

3.1 Chapter Overview 

In this chapter, two commercially available MW transparent adsorbents (a beta type zeolite and a 

hypercrosslinked polystyrene resin) were regenerated using MW heating to study the effect of 

purge gas humidity on MW absorption. Dielectric properties and water adsorption capacity of each 

adsorbent were measured at different purge gas RH and applied MW power. Additionally, MW 

heating was used to desorb polar and non-polar adsorbates from adsorbents in both dry and humid 

purge gases. Finally, complete desorption of selected adsorbates in both dry and humid conditions 

was compared in terms of regeneration time and energy consumption.  
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3.2 Introduction  

Microwave (MW) heating has potential for effective regeneration of adsorbents.1–3 A number of 

advantages offered by MW regeneration such as fast and volumetric heating of adsorbent, and 

energy-efficient surpassing other regeneration techniques.4–6 Moreover, MW heating is selective, 

depending on the dielectric properties of the material, which reduces energy losses that heat 

unnecessary parts in hot gas/steam regeneration methods. MW heating principles and its 

applications in environmental remediation has been discussed in detail by Jones and Falciglia.7,8 

They showed that the ability of a material to be heated by MW depends on its dielectric properties, 

namely the dielectric constant (ε') and the dielectric loss factor (ε”). The dielectric constant 

describes the material ability to be polarized in an electromagnetic field, while the dielectric loss 

factor describes the material’s ability to convert electromagnetic energy into heat.9  

MW heating has been employed for the adsorbent regeneration since 1980s.10 Several review 

papers summarize these studies.11,12 While most studies concern MW regeneration of adsorbents 

with large dielectric loss factor, only some of them focused on MW regeneration of adsorbents 

with low dielectric loss factor. For effective MW regeneration, the adsorbent should have a large 

dielectric loss factor to effectively absorb MW. However, there are many adsorbents such as 

porous polymers and zeolites that are transparent to MW due to their poor dielectric loss factor. 

Meng et al. studied the effect of sulfonation on MW absorption properties of a hypercrosslinked 

polymer. They showed that sulfonated samples become hydrophilic and MW absorptive compare 

to as-received polymer.13 Shariaty et al. studied the effect of ion exchange on the dielectric 

properties of Engelhard Titanosilicate molecular sieve (ETS-10).14 They demonstrated that using 
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monovalent and divalent cations in the ion exchanging of ETS-10 increases its water adsorption 

capacity and decreases its dielectric properties which can be useful during the regeneration of polar 

compounds from the adsorbent. Hashisho et al. investigated the effect of activated fiber cloth 

(ACFC) functional groups on its MW absorption performance.15 The density of functional groups 

on ACFCs surface were controlled through acid and hydrogen treatments and their effect on MW 

absorption was studied. They showed that hydrogen-treatment increases MW attenuation by 50 %, 

while acid treatment reduces MW attenuation by 89 %.  

Other studies investigated the addition of MW susceptors to improve the dielectric properties.16,17 

Zhang-Steenwinkel et al. investigated MW heating of a cordierite monoliths coated with a 

La0.8Ce0.2MnO3 perovskite.18 Enhanced MW absorption was reported for the coated cordierites 

and attributed to the dielectric properties of coating substance. Lv et al. reported MW absorption 

enhancement of NaY zeolite through the addition of activated carbon as a MW absorptive material. 

Their results showed improved cyclic VOC adsorption/MW assisted desorption for the mixed 

adsorbent compared to NaY zeolite.19  

So far post synthesis process of MW transparent adsorbents has been predominantly used for 

improving the dielectric properties and MW absorption. In the present study, the effect of purge 

gas relative humidity (RH) on MW absorption of two commercially available adsorbents is 

investigated. Dielectric properties and water adsorption capacity of each adsorbent were measured 

at different purge gas RH and applied MW power. Furthermore, polar and nonpolar adsorbates 

were used to investigate VOC adsorption and MW assisted desorption under dry and humid 

conditions. Finally, complete desorption of selected adsorbates in both dry and humid conditions 

was compared in terms of regeneration time and energy consumption.  
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3.3 Experimental Section 

3.3.1 Adsorbents and Adsorbates 

A beta type zeolite (HSZ980, Tosoh Corp.) and beaded hypercrosslinked polystyrene (Optipore 

V503, Dow Chemical Co.) were selected as adsorbents and used in adsorption and regeneration 

experiments. Table 1 shows BET surface area, total pore volume, average pore size, and dielectric 

loss factor of selected adsorbents. Due to their low dielectric loss factor (Table 1), both adsorbents 

are transparent to MW and cannot be heated in the MW field. Adsorbates used in this study were 

Cyclohexane (Cyhex) (99%, fisher scientific) and Isopropyl Alcohol (IPA) (99%, Fisher 

Scientific). Both compounds have similar boiling point but contrasting polarity and dielectric 

properties which allows better investigation of the effect of purge gas RH on adsorbent 

regeneration with MW. Table 2 presents physical properties of selected adsorbates and water.  

Table 3-1. Physical properties of selected adsorbents 

Adsorbent Optipore V503 Zeolite HSZ980 

BET surface area, (
m2

g
) 1111 496 

Total Pore volume, (
cc

g
)  0.9 0.3 

Average pore diameter, (Å) 34 6.5 

Dielectric loss factor, ” 0.04 0.05 
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Table 3-2. Physical properties of tested adsorbates 

Adsorbate Cyhex IPA Water Ref. 

Boiling Point (oC) 81 82 100  

Dipole moment (D)  0.55  1.66 1.85 20 

Relative Polarity 0.006 0.546 1 21 

Dielectric loss factor, ” 0.01 3.00 12.50 22–24 

3.3.2 Methods 

3.3.2.1 Microwave heating  

A MW heating system (Figure 3-1) was used to investigate the effect of purge gas humidity on 

MW heating and VOC desorption from the selected adsorbents. The details of the MW heating 

setup are described elsewhere.2 In brief, it consists of a 2.45 GHz variable power MW generator 

an isolator (National Electronics), a three-stub tuner (National Electronics), a single mode 

waveguide applicator, a quartz sample holder, a dual channel MW power meter (E4419B, Agilent), 

and a fiberoptic thermometer (Reflex, Neoptix). A sliding short was used to maximize MW energy 

transfer to the sample. A flame ionization detector (FID, Baseline- Mocon Inc., series 9000) was 

used to measure the concentration of adsorbate in the effluent stream. A data acquisition system 

equipped with LabVIEW software recorded the effluent concentration, temperature, and 

forward/reverse power. A 1 SLPM flow of N2 (99.99 %) with different RH at 22 ºC was used to 

purge the adsorbent bed during the MW heating. Two mass flow controllers, a humidifier, and a 

RH meter were used to control the purge gas humidity (Figure 3-1). MW heating experiments were 
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carried out by placing 4 grams of adsorbent into the sample holder followed by exposing the 

adsorbent bed to the desired MW power.  

 

Figure 3-1. Schematic diagram of MW assisted regeneration setup. 

 

3.3.2.2 Dielectric permittivity measurement 

The complex permittivity of the adsorbents at 2.45 GHz was measured by a vector network 

analyzer (VNA, supplied by Rohde and Schwarz) and open ended probe method.25 Samples were 

placed in a quartz tube and reflection coefficients of electromagnetic waves from the samples were 

determined at room temperature, and atmospheric pressure. Adsorbent changes the phase and 
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magnitude of the reflected power observed by the VNA, from which dimensionless complex 

permittivity values are obtained. Before each measurement, the probe was calibrated using 

different terminations including short, open and standard sample. 

3.3.2.3 Water adsorption under microwave irradiation 

Water vapor adsorption experiments were performed while the adsorbent bed was exposed to 

select MW power levels (0-400 W). Adsorbent exposure to MW and humid purge stream was 

continued till adsorbent temperature reached a steady state level (i.e., <0.1°C change in 2 min). 

Then, samples were cooled to room temperature. Water adsorption amount (𝑔𝑤𝑎𝑡𝑒𝑟/𝑔𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡, %) 

and dielectric properties of each sample were measured at room temperature to investigate the 

potential effect of purge gas humidity on the adsorption capacity and dielectric properties of 

adsorbents.  

3.3.2.4 VOC adsorption & desorption 

VOC adsorption experiments were conducted at 22 ºC on 4 g of each adsorbent. For adsorption 

tests, 500 ppm of Cyhex/IPA vapor obtained by injecting liquid organic solvent (Cyhex or IPA) 

into 10 SLPM air stream. After the organic vapor concentration reached a stable level for 20 

minutes, adsorption was started by flowing the gas into a quartz tube that holds adsorbent beads. 

The organic vapor concentration in the outlet stream was measured using a FID every 30 seconds 

until it stably reached the inlet concentration. FID was calibrated for each adsorbate with the vapor 

generation system prior to each test. The adsorption capacity was determined gravimetrically, 

using Eq. 1. 
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Adsorption Capacity (
mg

g
) =

(WAA − WBA) ∗ 1000

WBA
 Eq. 1 

where WAA and WBA are the adsorbent weight after and before the adsorption process, respectively.  

VOC desorption experiments were initiated by placing the VOC loaded adsorbent into the sample 

holder followed by setting the reactor to the desired MW power. Time based desorption efficiency 

was calculated based on the effluent VOC concentration and Eq. 2. Since the desorption rate is not 

constant during the desorption time, time-based desorption efficiency can illustrate the effect of 

purge gas humidity on the desorption rate.  

ηt(%) =
∑ (Ct

0 VOC
PQ∆tMw)

RT(WAA − WBA)
× 100 Eq. 2 

where ηt  is the desorption efficiency at time t, CVOC  is effluent VOC concentration, P is the 

pressure, Q is the purge gas flow rate,  ∆t  is the time period between the two recorded 

concentrations, R is the ideal gas constant, and T is the room temperature.  

3.4 Results and Discussion 

3.4.1 Effect of Microwave Applied Power  

The effect of MW applied power levels on the adsorbent temperature was investigated in dry and 

humid purge gas conditions. The temperature of Optipore V503 and zeolite HSZ980 increased 

with increasing applied power for dry and humid purge gas conditions (Figure 3-2.a). However, 

there is a clear difference between the adsorbent temperature profile in humid and dry conditions, 

particularly for zeolite. Previous studies on MW absorption of mordenites showed that pre-
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adsorption of water vapor onto the adsorbent can improve its MW absorption.26,27 Therefore, a 

possible explanation for the temperature difference may be due to water vapor adsorption.   

   

  

Figure 3-2. MW heating effect on Optipore V503 and Zeolite HSZ980: a) temperature evolution, 

b) Water vapour adsorption c) dielectric constant, and d) dielectric loss factor. The error bars 

represent standard deviations calculated based on three rounds of experiments. 

Figures 3-2.b presents water adsorption amount of adsorbents after simultaneous exposure to water 

saturated purge gas and select MW powers. As expected, water adsorption capacity of Optipore 
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V503 and zeolite HSZ980 dropped to less than 0.0017 (
𝑔𝑤𝑎𝑡𝑒𝑟

𝑔𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
) by increasing the applied power 

to 380 watts. Comparing this water adsorption amount to the Optipore V503 and zeolite HSZ980 

water adsorption isotherms (Appendix A, Figure A-1) demonstrate more than 99 % reduction in 

the water adsorption capacity due to MW heating. As a result of intense reduction in water 

adsorption, dielectric constants and loss factors of Optipore V503/zeolite HSZ980 approached 

values for dry adsorbents (Figures 3-2.c and 3-2.d). Nevertheless, Figure 3-2.a shows that the 

temperature difference between humid and dry heating didn’t change at high applied powers. To 

better explain the additional heat generation in the case of humid MW heating, we attribute the 

effect of MW on water molecules inside the adsorbent bed to two parts: (i) the effect of MW on 

water vapor molecules in the bulk gas phase, and (ii) the effect of MW on water molecules inside 

the adsorbent pores. In the first part, water molecules in the gas phase have negligible contribution 

to MW absorption since the dielectric permittivity of gases is extremely low. In fact, water 

molecules in the gas phase are no longer bound to each other to convert MW energy into heat by 

rotational polarization.28 Uematsu and Frank study on the dielectric properties of steam at different 

temperatures and pressures shows that the dielectric constant of water in gas phase at low pressure 

(less than 5 bar) and temperatures between 0 to 240 ºC is 1.0.29 This is equal to the dielectric 

constant of dry air reported by Hughes and Armstrong.30 On the other hand, water adsorption 

amount of tested adsorbents is less than 0.0017 (
𝑔𝑤𝑎𝑡𝑒𝑟

𝑔𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
) when adsorbent bed is irradiated with 

MW at 380 watts (Figures 3-2.c and 3-2.d). Therefore, it is reasonable to presume that water 

molecules in the vicinity of adsorbent surface is responsible for enhancing MW heating due to the 

molecular interaction between water and adsorbent surface. This is also consistent with Roussy et 

al. theoretical and experimental study on the dehydration of zeolite 13X.6 They demonstrated that 
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water molecules in zeolite 13X pores interact with each other and the zeolite surface by 

reorientations in a MW field. Therefore, different behavior of zeolite and Optipore V503 in humid 

MW heating can be explained by the difference in the interaction of water molecules with zeolite 

and Optipore V503 surface. Molecular interactions between water and zeolite surface is attributed 

mostly to the surface exchangeable cations and the oxygen atoms and is higher than water molecule 

interaction with the hydrophobic surface of Optipore V503.27   

3.4.2 Relative Humidity Effect 

In order to investigate the effect of purge gas RH on MW absorption by Optipore V503 and zeolite, 

a humid nitrogen stream was used during MW heating. The purge stream was generated at 22 °C 

by passing 1 SLPM dry nitrogen through a bubble column. The temperature difference between 

humid and dry MW heating is presented in Figure 3-3. The maximum temperature difference 

between humid and dry heating for both adsorbents occurred at the water saturation point at 22 °C 

which is equal to 0.019 gwater/l in the purge gas. These results indicate that the concentration of 

water molecules in the purge gas governs the extent of additional heat dissipation in the adsorbent 

bed. In fact, higher water concentration increases the interaction between the adsorbent surface 

and water molecules during polarization which leads to higher heat generation inside the bed. 

Therefore, higher heat generation rates are expected in case of using water saturated purge gas at 

high temperatures.  
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Figure 3-3. Temperature difference between humid and dry MW heating at constant applied 

power of 380 W and purge gas flow rate of 1 l/min. The error bars represent standard deviations 

calculated based on three rounds of experiments. 

3.4.3 VOC Adsorption and Desorption 

To study the effect of humid purge gas on adsorbent regeneration, IPA and Cyhex were adsorbed 

on zeolite (Figures 3-4) and Optipore V503 (Figures 3-5) and then regeneration was carried out 

using dry and water saturated purge gas. For both adsorbents, the required time for complete 

desorption is shorter in humid MW heating. However, the reduction in the regeneration time is 

more notable for Cyhex desorption than IPA desorption. IPA, having a large dipole moment, can 

be efficiently polarized in a MW field. Therefore, compared to Cyhex, IPA molecules absorb more 

MW energy resulting in an immediate rise in the temperature and desorption rate (Figures 3-4.a, 

3-4.b, 3-5.a, and 3-5.b). However, the adsorbent bed gradually loses its IPA molecules, thereby its 

ability to absorb MW energy, which results in a decrease in the desorption temperature (Figures 

3-4.b and 3-5.b). Kim et al. reported similar observations during their study on MW heating of 
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mordenites. They reported that NaMOR (sodium type mordenite) initial water content can change 

the maximum achievable temperature during MW heating which decreases as NaMOR loses its 

water content during MW heating.26  

On the other hand, Cyhex is transparent to MW owing to its very low polarity and zero dipole 

moment. Consequently, water saturated purge gas is more effective on the desorption of Cyhex 

leading to larger increase in Cyhex desorption rate by humid purge gas compared to IPA 

(Appendix A, Figure A-2). Similar observation can be seen from Mao et al. investigations on MW 

regeneration of agricultural based activated carbon saturated with toluene and acetone.31 They 

reported higher desorption rate enhancement for toluene (nonpolar) than acetone (polar) using 

humidified purge gas. It can be seen also from Figures 3-4.a and 3-4.b that using water saturated 

purge gas during MW heating of zeolite increases the effluent concentration of Cyhex and IPA by 

86% and 9%, respectively. Similarly, Figures 3-5.a and 3-5.b demonstrate 34 % and 22 % 

enhancement in the Cyhex and IPA concentration, respectively, during MW heating of Optipore 

V503. Higher desorption temperature due to addition of water vapor provides heat needed to 

overcome heat of adsorption. Moreover, adsorbates molecules reorientation and agitation in the 

MW field can facilitate diffusion into the gas phase and thus reducing the regeneration time. 

Antonio and Deam study on water diffusion coefficient in MW field shows that MW effect on 

molecules can lead to an increase of 75 to 100% in the diffusion coefficient over conventional 

heating technique at the same temperature.32  

Second cycle IPA/Cyhex adsorption were carried out on all regenerated adsorbents to illustrate the 

effect of purge gas humidity on zeolite/Optipore V503 adsorption capacity. Adsorption capacity 

of each adsorbent was measured and compared to corresponding values in the first cycle. Table 3 
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summarizes adsorption capacity results and shows that MW regeneration with humidified purge 

gas has a negligible effect on the adsorption capacity of zeolite and Optipore V503 as water 

molecules barely adsorbed on the adsorbents during MW heating (Figure 3-2.b).   

  

  

Figure 3-4. Desorption of Cyhex and IPA off Zeolite HSZ980. Effluent concentration and 

Zeolite HSZ980 temperature profiles during desorption of Cyhex (a) and IPA (b); Desorption 

efficiency of Cyhex (c) and IPA (d) at 0 and 100 % RH and constant applied power of 380 W. 
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Figure 3-5. Desorption of Cyhex and IPA off Optipore V503. Effluent concentration and 

Optipore V503 temperature profiles during desorption of Cyhex (a) and IPA (b); Desorption 

efficiency of Cyhex (c) and IPA (d) at 0 and 100 % RH and constant applied power of 380 W. 
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Table 3-3. The results of Cyhex and IPA adsorption on Optipore V503 and Zeolite HSZ980. 

Values are reported as mean ± standard deviation of three rounds of measurement 

 Adsorption Capacity at equilibrium state and 22 °C (
mgadsorbate 

gadsorbent
) ± SDa 

Adsorbent Optipore v503 Zeolite HSZ980 

Adsorbate Cyhex IPA Cyhex IPA 

Before MW regeneration  102±4 64±2 95±3 103±2 

Desorption condition Dry Humid Dry Humid Dry Humid Dry Humid 

After MW regeneration 97±2 99±2 61±3 63±1 95±2 94±3 102±3 98±2 

 

3.4.4 Energy Consumption 

The energy consumed during the regeneration of Optipore and zeolite was calculated using MW 

applied power and time needed to reach 99% desorption efficiency for each adsorbate. The results 

depicted in Figure 3-6 shows that using humid purge gas instead of dry purge gas decreases the 

energy required to desorb Cyhex and IPA on zeolite by 73 % and 61 %, respectively. Similarly, 

for Optipore V503, energy needed to desorb Cyhex and IPA decreased by 33 % and 25 %, 

respectively.  

Comparing the energy required during dry regenerations indicates that energy consumption during 

the desorption of Cyhex on Optipore V503 is more than on zeolite which is attributed to the higher 

affinity of Optipore V503 to nonpolar VOCs (Table 3) and lower desorption temperature during 

MW-assisted regeneration compared to zeolite (Figures 3-4.a and 3-5.a). In contrast, both 

adsorbents showed similar energy requirement for the desorption of IPA in dry condition. 

Although zeolite showed higher IPA adsorption capacity compared to Optipore V503 (Table 3), it 
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reached higher desorption temperature in dry condition which reduced the desorption time and 

total energy required for its complete desorption.      

  

Figure 3-6. Energy consumption during the desorption of Cyhex and IPA on a) Optipore v503 

and b) Zeolite HSZ980. The error bars represent standard deviations calculated based on three 

rounds of experiments. 

3.5 Conclusions 

In this study, the effect of purge gas relative humidity on MW absorption of Zeolite/Optipore V503 

was investigated at a range of MW applied power. Higher temperature is achieved when adsorbents 

were purged with humid purge gas compared to dry purge gas. To elucidate the reason behind this, 

water vapor adsorption experiments were performed on both adsorbents under MW irradiation (0-

400 W). After each adsorption test, the adsorption capacity and dielectric properties of the 

adsorbent samples were measured. Dielectric property measurements showed that the dielectric 

constant and loss factor of the adsorbents decreased with increasing MW applied power. This trend 

is attributed to the water adsorption capacity of zeolite and Optipore V503 which was reduced by 
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more than 93 % and 97 %, respectively, due to the MW irradiation and corresponding adsorbent 

temperature increase. Further investigation revealed that water vapor concentration in the purge 

gas and the interaction of water molecules with the adsorbent surface are two major factors 

governing the extent of MW heating at constant applied power. Additionally, VOC adsorption on 

/MW assisted desorption of zeolite/Optipore V503 was performed to study the effect of purge gas 

humidity on the regeneration of adsorbents. Using humidified purge gas in the MW-assisted 

regeneration of zeolite increased desorption rates leading to 86% and 9% increase in the effluent 

concentration of Cyhex and IPA, respectively. Similarly, 34% and 22% enhancement were 

obtained in the Cyhex and IPA effluent concentration, respectively, during MW heating of 

Optipore V503.  

All in all, using humid purge gas during MW assisted desorption shows faster heating, higher 

desorption rate, and lower energy requirement compared to dry regeneration. In addition, this 

method doesn’t affect VOC adsorption capacity of adsorbents and doesn’t need a drying step 

unlike the case of conventional steam regeneration.   
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CHAPTER 4: ENHANCED MICROWAVE REGENERATION OF 

A POLYMERIC ADSORBENT THROUGH CARBON 

NANOTUBES DEPOSITION 

4.1 Chapter Overview 

The previous chapter demonstrated that microwave (MW) absorption of MW-transparent 

adsorbents can be improved using humid purge gas. However, the extent of improvement was 

limited to the water vapor concentration in the purge gas and the interactions of water molecules 

with the adsorbent surface. This chapter aimed to develop a new method to tune MW absorption 

of MW-transparent adsorbents for any desired MW absorption requirements. In this regard, the 

influence of carbon nanotube (CNT) addition to a commercially available styrene-divinylbenzene 

porous adsorbent resin beads, Optipore V503, was studied. CNTs were selected as a MW 

absorptive material due to their large loss factor and electrical conductivity. Different levels of 

CNT (0-0.3 wt%) were deposited on the adsorbent surface using a physical deposition method. 

CNT-coated samples were characterized using helium ion microscopy, Raman spectroscopy, 

thermal gravimetry analysis, dielectric property analysis, and N2 and n-heptane adsorption 

isotherms. In addition, cyclic adsorption/MW-assisted desorption of heptane on pristine and CNT-

coated samples was carried out to study the effect of CNT addition on adsorption capacity and 

MW-assisted regeneration efficiency.  
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4.2 Introduction 

Adsorption is a widely used method for abatement of volatile organic compound (VOC) emissions 

due to its high efficiency and relatively low operating cost. Following adsorption, desorption is 

used to regenerate the adsorbent. Different techniques are used to regenerate used adsorbents. 

These techniques are typically categorized into pressure swing regeneration, temperature swing 

regeneration, and reactive regeneration.1,2 Among the aforementioned techniques, temperature 

swing regeneration, using hot purge gas or superheated steam, is the most commonly used method. 

However, large volumes of hot purge gas have to be used in these methods to heat the adsorbent 

to sufficiently high temperatures due to the low heat capacity of the hot purge gas. Using large 

volumes of purge gas also dilutes the desorbed VOCs, thus a concentration step is usually needed 

for VOC recovery. Moreover, with steam desorption, the adsorbent bed requires a drying step after 

each desorption cycle. Each of these shortcomings for conventional thermal regeneration increase 

the energy penalty and operating cost, which leads to the need for alternative methods of thermal 

regeneration.   

In recent years, microwave (MW) regeneration has been proposed as a potential alternative to 

conventional thermal regeneration.3–5 MW regeneration has several advantages over conventional 

thermal regeneration including faster heating, higher recovered adsorbate concentration due to 

lower purge gas consumption, and ability to heat the bed to higher temperatures as there is no 

temperature limitation associated with a purge gas. Furthermore, the energy efficiency of MW 

heating is substantially greater than conventional heating, as the latter involves additional heat loss 

in hot gas/steam generation and conveyance equipment.6–8  Despite these advantages, widespread 
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application of MW regeneration has been limited by obstacles such as the lack of 

adsorbent/adsorbate dielectric data and the inability to heat adsorbents that are MW-transparent.9  

Many factors can affect MW heating of adsorbents, with dielectric properties and penetration depth 

playing important roles. In general, heat generation inside the MW-irradiated material is governed 

by the material’s dielectric constant and dielectric loss factor. The dielectric constant expresses the 

capacity of a molecule to be polarised by an electric field. The dielectric loss factor describes the 

efficiency of electromagnetic energy conversion into heat. Therefore, materials can be selectively 

heated by MW energy according to their dielectric properties. Eq. 1 shows the heating potential of 

MW power per unit volume as a function of dielectric loss factor.10  

Qavg = ωε0ε"Erms
2  

Eq. 2 

where Qavg is the average MW power absorption in W/m3; ω is the MW angular frequency, rd/s; 

𝜀0 is the free space permittivity, 8.85×10-12 F/m; 𝜀”
 
is the dielectric loss factor of the irradiated 

material, dimensionless; and Erms is the root-mean-square electric field intensity in V/m. The MW 

heating rate (
dT

dt
) is consequently given in Eq. 2:9 

dT

dt
=

Qavg

Cpρ
=

ωε0ε"Erms
2

Cpρ
 

Eq. 2 

where Cp and ρ are the heat capacity and the density of the heated material, respectively. Another 

important parameter that needs to be considered in designing a MW heating system is the 

penetration depth of MW into the irradiated material. The penetration depth is defined as the depth 

from the surface into the irradiated material at which the MW power drops to 1/e of its value at 
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the surface.11 Eq. 3 shows the MW penetration depth as a function of the free space wavelength of 

the incident radiation, λ, and the dielectric properties of irradiated material.12 

Dp =  
λ

2π√2ε′

[(1 + (
ε"

ε′
)

2

)

1
2

− 1]

−
1
2

 
Eq. 3  

In objects smaller than the penetration depth, materials cannot be heated effectively.13 On the other 

hand, for material larger than penetration depth, the rapid drop of incident wave power nearest the 

surface is the main cause of non-uniform heating.13 Consequently, the dimensions of the irradiated 

material determine the penetration depth needed for suitable and uniform MW heating. To 

accomplish the MW-assisted regeneration of an adsorbent bed, the adsorbent material should have 

a dielectric loss factor and MW penetration depth that is appropriate to provide efficient and 

uniform heating. 

MW heating of various types of adsorbent/adsorbate systems has been studied previously, 

including desorption of polar and non-polar adsorbate on silica gel, zeolites, activated carbon, and 

polymeric adsorbents.15–19 These studies revealed that MW heating can be effective if either the 

adsorbate or the adsorbent can absorb and dissipate MW energy into heat. Conversely, 

regeneration would be challenging if the adsorbent is MW-transparent and the adsorbate is 

nonpolar.19 To overcome this problem, improving the dielectric properties of the adsorbent bed by 

doping with a secondary MW absorptive material (MAM) is considered here. In this approach, the 

necessary desorption heat can be provided through the MAM’s ability to absorb and convert MW 

to heat. 
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Different forms of MAMs such as graphene oxide (GO), carbon nanotubes (CNTs), sodium 

dodecyl sulfate (SDS), and magnetic nano-particle fillers have been reported.20–23 Carbonaceous 

materials are favorable for this application due to their high dielectric loss factor.24,25 Wu et al. 

investigated the effect of reduced graphene oxide (RGO) addition on the electromagnetic 

absorption of polypyrrole aerogel. They showed that the addition of even a trace content of RGO 

(0.43 wt%) to aerogel can significantly increase the electromagnetic absorption of the aerogel 

without affecting its solvent absorption capacity.26 Wang et al. investigated the effect of multiwall 

carbon nanotubes (MWCNT) in composites with poly vinylidene fluoride prepared by simple 

physical blending. They found that the dielectric constant of the composite was increased by more 

than 30 times with about 2.0 vol % of MWCNT.27 Chen et al. investigated the MW absorption 

performance of silicone rubber using five different graphene products at a loading of 1 wt %. They 

found that among all graphene types, highly exfoliated RGO is capable of delivering excellent 

MW absorption at very low loading.28 Vadivel et al. studied the effect of SDS surfactant on the 

structural, morphological, and dielectric properties of CoFe2O4. Dielectric measurement results 

showed that the both dielectric constant and loss factor of SDS-amended CoFe2O4 nanoparticles 

are higher than the pure CoFe2O4.
20 More recently, Qing et al. reported the improving effect of 

MWCNT and ceramic particles on the complex permittivity and MW absorption of epoxy 

composites.29 These studies showed that the addition of high dielectric loss factor MAMs to MW-

transparent adsorbents is an effective way of enhancing their MW absorption. 

As mentioned earlier, the dielectric loss factor and penetration depth of an adsorbent are key factors 

in determining the suitability of adsorbent for effective and uniform MW regeneration. These 

properties have also been shown to be quite challenging to control. Therefore, the aim of this work 
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was to develop a simple way to alter dielectric loss factor and penetration depth of MW transparent 

adsorbents. In this regard, the influence of CNT addition to a commercially available styrene-

divinylbenzene porous adsorbent resin beads, Optipore V503, was studied. CNTs were selected as 

a MAM due to their large loss factor and electrical conductivity. Different levels of CNT (0-0.3 

wt%) were deposited on the adsorbent surface using a physical deposition method. CNT-coated 

samples were characterized using helium ion microscopy (HIM), Raman spectroscopy, thermal 

gravimetry analysis, dielectric property analysis, and N2 and n-heptane adsorption isotherms. In 

addition, cyclic adsorption/MW-assisted desorption of heptane on pristine and CNT-coated 

samples was carried out to study the effect of CNT addition on adsorption capacity and MW-

assisted regeneration efficiency.  

4.3 Experimental Section 

4.3.1 Material 

Porous styrene-divinylbenzene resin (Dowex Optipore V503, Dow Chemicals) was used as the 

base polymeric adsorbent to which CNT was added. Multiwalled CNTs (US Research 

Nanomaterials) with a purity of 95%, outer diameter of less than 7 nm, aspect ratio of 1100 and 

specific surface area of 500 m2/g, were used as received. Sodium dodecyl sulfate (SDS, Sigma 

Aldrich, 99% purity) was used as the dispersion detergent of CNT in deionized (DI) water. The 

critical micelle concentration of SDS in water is 8 mmol/l.30 In this study, n-heptane (99%, Fisher 

Scientific, hereafter “heptane”) was used as a nonpolar and MW-transparent adsorbate to better 

investigate the effect of deposited CNTs on the MW-assisted regeneration of Optipore V503.  
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4.3.2 Sample Preparation  

To uniformly deposit CNTs on the surface of Optipore V503, CNTs were first dispersed and 

stabilized in deionized (DI) water. Shear-mixing and ultrasonication are usually employed to 

disperse CNTs in aqueous solutions; however, high van der Waals force, surface area, and aspect 

ratio of CNTs inevitably cause self-aggregation.31 Surfactants such as SDS are an effective way to 

overcome this self-aggregation and improve the stability of the dispersion.32,33 The hydrophobic 

group, –CH3, of the SDS molecule adsorbs on the surface of a CNT tube, while the hydrophilic 

head, –SO4, links with water. In other words, SDS molecules provide steric hinderance and static 

charge repulsion which increases the stability of the surfactant/CNT complex in the solution.34 In 

this study, different concentrations of CNT in DI water were produced using SDS as a surfactant. 

CNT-water suspensions were produced at different SDS:CNT ratios, by 1 hr mechanical stirring 

and 1 hr sonication in an ultrasonic bath. The dispersion stability of the CNT solutions with 

different SDS:CNT ratios was evaluated over 8 hours by ultraviolet-visible (UV-vis) spectroscopy, 

as described elsewhere.35 The degree of CNT sedimentation is reversely proportional to the 

concentration of CNT in the solution so that it can denote the dispersion stability of the CNTs in 

the solution. A 10:1 SDS:CNT ratio was sufficient to effectively disperse CNTs in aqueous 

solution (Appendix A, Figure A-3), which is consistent with results from Sun et al. 34 and Richard 

et al..36 Using the SDS:CNT ratio of 10:1, different concentrations of CNT were produced in DI 

water. Then CNT were coated on the adsorbent by placing 2 grams of the adsorbent beads into a 

sample tube containing 10 ml stabilized CNT solutions and heating to 120 oC using MW 

irradiation. A stream of 0.5 SLPM N2 (99%) was used to purge the sample tube and carry 

evaporated water from the sample. 
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4.3.3 Characterizations and Measurements  

4.3.3.1 Raman spectroscopy  

All Raman spectra were acquired at room temperature using a Raman microscope system (DXR2, 

Thermo Scientific). In this study, the photon source was a powerful monochromatic visible light 

at the 532 nm wavelength. The detector scans for the scattered photons at the wavelength range of 

500 to 3000 cm-1. Maximum power and exposure time were set to 1 mW and 10 s, respectively.  

4.3.3.2 Scanning helium ion microscopy   

The morphology of deposited CNTs on the adsorbent surface was obtained using HIM (Zeiss 

Orion Nanofab). Unlike scanning electron microscopy, imaging of nonconductive samples (such 

as Optipore V503) with HIM results in a net surface positive charge on the sample, which is 

neutralized by an in situ electron flood gun.37 The difference in conduction properties between 

CNTs and polymer were exploited to gain enhanced contrast images with high spatial resolution. 

The images were acquired using He+ ions with an accelerating voltage of 27 kV, working distance 

of 8.5 mm, scan dwell time of 5 s, and resolution of 200 nm. 

4.3.3.3  Micropore surface analysis 

The specific surface area, total pore volume and pore size distribution of samples were calculated 

from N2 adsorption isotherms obtained using micropore surface analysis (iQ2MP, Quantachrome). 

The N2 adsorption isotherms were measured at -196 oC, maintained using a liquid nitrogen bath. 

All samples were outgassed at 120 °C for 5h before adsorption measurements. The specific surface 

area was calculated based on the Brunauer–Emmett–Teller (BET) method within the relative 
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pressure values of 10-3 to 0.04. Micropore volume was calculated based on the Dubinin Astakhov 

method within the relative pressure values of 10-7 to 0.02. The pore size distribution (PSD) was 

calculated by the density function theory method within the relative pressure values of 10-7 to 0.98. 

Finally, total pore volume was calculated based on the volume of adsorbed nitrogen at a relative 

pressure of 0.98. 

4.3.3.4 Heptane adsorption isotherm  

A gravimetric sorption analyzer (TA Instruments, model VTI-SA) was used to measure heptane 

adsorption in ultra-pure N2 (99.998%) at 25 oC and a relative pressure range of 0.02–0.9. Typically, 

10.0 ± 0.5 mg of adsorbent was oven dried for at least 24 h at 120 °C before heptane adsorption. 

Adsorption at each relative pressure continued until a stable mass was achieved (< 0.01wt% change 

in 5 min) indicating an equilibrium state. Mass changes were logged to calculate adsorption 

capacity at each relative pressure.  

4.3.3.5 Derivative thermo-gravimetric analysis 

Derivative thermo-gravimetric analysis (DTG) was performed on a thermo-gravimetric analyzer 

(TGA/DSC 1, Mettler Toledo) to analyze thermal stability of the samples. Samples of 

approximately 20 mg were weighed and heated from room temperature to 220 oC at a heating rate 

of 5 oC/min under a 50 ml/min flow of N2 (99.998%). Prior to each experiment, samples were 

dried in an oven at 120 oC for at least 24 hr.  
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4.3.3.6 Dielectric properties measurement 

Dielectric properties of CNT-coated and as-received Optipore V503 beads were measured using 

the open ended probe method.38 The method uses a dielectric probe (Keycom) coupled to a vector 

network analyzer (VNA, Rohde and Schwarz), and a data acquisition software. A quartz tube was 

used to hold the sample. Reflection coefficients of electromagnetic waves were determined at 2.45 

GHz, room temperature, and atmospheric pressure. The VNA analyzes the reflected radiation from 

the adsorbents from which the complex permittivity is calculated. Prior to each experiment, the 

probe was calibrated by short, open and standard sample termination.  

4.3.3.7 Heating rate and microwave heating capacity 

Previous studies showed the importance of MW heating rate in desorption experiments.39 In this 

study, heating rates were experimentally measured at different MW power densities, as calculated 

in Eq. 4. 

Heating rate =  
Tfinal − Tinitial

∆t
 Eq.  4 

where Tfinal is the sample temperature at the steady state condition after MW irradiation, Tinitial is 

the sample temperature before MW irradiation, and ∆t is the heating time needed to reach the final 

temperature. MW heating capacity was also defined and calculated as the amount of MW energy 

required to increase the temperature of 1 gram of adsorbent by 1 ºC.  
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4.3.4 Cyclic Heptane Adsorption and Microwave-assisted Desorption 

4.3.4.1 Adsorption setup 

Adsorption experiments were conducted at 25 ºC using 4 g samples contained in a quartz tube. A 

stream of 500 ppm of heptane in air was generated by injecting liquid heptane into a 10 SLPM 

stream of air using a syringe pump (KD Scientific, model 200). Heptane concentration in air was 

measured by a flame ionization detector (FID, Baseline-Mocon Inc., series 9000). After the 

heptane concentration reached a stable value, adsorption was initiated by flowing the heptane-

containing air stream through the quartz tube. Adsorption continued until the heptane 

concentration at the tube’s exit reached the inlet concentration.  

4.3.4.2 Microwave regeneration setup 

The MW-assisted regeneration setup (Figure 4-1) consisted of a MW generator equipped with a 

2.45 GHz magnetron, an isolator (National Electronics), a three-stub tuner (National Electronics), 

and a single mode waveguide applicator. A dual channel MW power meter (E4419B, Agilent) and 

directional coupler with 60 dB attenuation (Mega Industries) were employed to measure forward 

and reverse power. A fibreoptic sensor (Reflex, Neoptix), known for its transparency to 

electromagnetic fields, was used to measure the bed temperature. A sliding short was also used 

before each set of experiments to maximize MW energy transfer to the sample. A data acquisition 

and control (DAC) system equipped with LabVIEW software recorded temperature, and forward 

and reverse power. All MW heating experiments were carried out at constant MW applied power.  
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During regeneration, the adsorbent bed was continuously irradiated with 15 W MW power and 

purged with 1 SLPM N2 (99%) for 60 minutes. The FID was used to measure the effluent heptane 

concentration. Cumulative desorption efficiency as a function of elapsed desorption time was 

calculated based on the amount of heptane desorbed relative to the total amount adsorbed, as 

indicated in Eq.  5.  

ηt(%) =
∑ C𝑡

0 PQ∆tMw

RT(WAA − WBA)
× 100 

Eq.  5 

where ηt  is the desorption efficiency at time t , C is effluent heptane concentration, P is the 

pressure, Q is the purge gas flow rate, ∆t is the time period between two recorded concentrations, 

R  is the ideal gas constant, T  is the room temperature, WAA  is the adsorbent weight after 

adsorption, and WBA is the adsorbent weight before adsorption.  
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Figure 4-1. Schematic diagram of MW-assisted regeneration setup. 

  

4.4 Results and Discussion 

4.4.1 Raman Spectroscopy and HIM 

The physical deposition of CNT on the adsorbent surface was characterized by Raman 

spectroscopy and HIM micrographs (Figures 4-2 and 4-3). CNTs have Raman spectra that can be 

distinguished from the adsorbent background. The Raman spectrum of a CNT sample typically 

has three main characteristic peaks at 1350 cm-1, 1600 cm-1 and 2700 cm-1.40 Figure 4-2 depicts 

Raman spectra of the CNT-coated and as-received adsorbent samples. The CNT-coated samples 
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have three prominent peaks at 1350 cm-1, 1570 cm-1 and 2690 cm-1. The first peak (at 1350 cm-1), 

called D band, emerges from the disordered sp2 bonding in C-C bonds. This peak is seen for all 

types of sp2 carbon materials such as carbon black, amorphous carbons and graphite.41 The second 

peak (at 1570 cm-1) called G band, arises due to the stretching of sp2 bonding in C-C bonds. The 

third peak (at 2700 cm-1) is the second order harmonic of the D band and is called G’ band.42 The 

intensity of the D, G and G’ bands of CNT-coated adsorbent follows the CNT loading on the 

adsorbent surface.  

 

Figure 4-2. Raman spectra of CNT-coated and as-received Optipore V503 samples. 

HIM analysis was done to examine the effect of CNT deposition on the adsorbent surface 

morphology and to investigate the uniformity of CNT distribution over the adsorbent surface 

(Figure 4-3). For CNT-coated samples, nanotube bundles are visible on the porous adsorbent 

surface. The surface was gradually and uniformly covered with nanotubes as the CNT loading 
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increased to 0.3 wt %. Uniform CNT distribution on the adsorbent surface is needed for uniform 

MW heating, but can increase mass transfer resistance for VOC diffusion into the adsorbent pores.   

  

Figure 4-3. HIM images obtained for a) 0.0 wt%, b) 0.1 wt%, c) 0.2 wt%, and d) 0.3 wt% of 

CNT on Optipore V503. 
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4.4.2 Surface Property Measurement  

The effect of CNT loading on the total pore volume, micropore volume, BET surface area, and 

pore size distribution was investigated using N2 adsorption (Figure 4-4 and 4-5). The total pore 

volume and micro pore volume are highest in the as-received adsorbent and decreased by 28% as 

CNT content increased from 0 to 0.3 wt% (Figure 4-4.a). Similarly, the BET surface area decreased 

by 25 % (Figure 4-4.b).  The effect of the SDS surfactant on the adsorbent surface properties was 

also investigated by coating the adsorbent with an amount of SDS similar to that used in the CNT 

dispersions. Comparison of the surface properties of SDS- and CNT-coated samples reveals that 

the SDS in the coating solution is the main contributor to the reduction in BET surface area, 

micropore volume and total pore volume. According to the molecular dynamics simulation by 

Bruce et al., the effective radius of a SDS micelle in water is around 22 Å43, which is sufficiently 

small to be able to contribute to blockage of the adsorbent’s micropores during CNT deposition. 

In addition, the SDS concentration in the CNT solution is less than the critical micelle 

concentration, therefore individual SDS molecules may be diffusing into the adsorbent pores. As 

expected, CNT-coated samples show a clear reduction in the micropore region of the pore size 

distributions (Figure 4-5). The micropore region is particularly important for VOC adsorption 

since their kinetic diameters are usually less than 20 Å.   
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Figure 4-4. Effect of SDS and CNT deposition on a) pore volume and b) BET surface area of 

Optipore V503. 

 

Figure 4-5. Pore size distribution of the CNT and SDS coated Optipore V503. 

4.4.3 Heptane Adsorption Isotherms  

Since the porosity of the adsorbent was changed during CNT coating (Figure 4-4), additional 

investigation was completed to quantify the VOC adsorption performance of CNT-coated samples. 
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gravimetric sorption analyzer (Figure 4-6). Heptane with a kinetic diameter of 4.3 Å was used as 

adsorbate to determine the CNT-coating effect on adsorption.44 Heptane’s linear structure and 

small kinetic diameter permits diffusion into irregular pores with narrow throats. As suggested by 

the porosity analysis, heptane adsorption capacity decreased by up to 19 % with CNT loading of 

0.3 wt%. For comparison, Figure 4-6 also depicts the heptane adsorption capacity of CNT at 

different relative pressures. The adsorption contribution of the deposited CNT is negligible due to 

the low concentration deposited (less than 0.3wt%) and lower adsorption capacity compared to the 

as-received adsorbent.  

 

Figure 4-6. Heptane adsorption isotherms of virgin Optipore V503, CNT-coated Optipore V503, 

and CNT. The error bars represent standard deviations of two runs.  
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4.4.4 DTG Analysis 

DTG analysis was carried out to investigate the effect of CNT addition on the adsorbent thermal 

stability up to 220 °C (the Optipore V503 material significantly degrades above this temperature). 

The DTG profiles for CNT-coated and as-received adsorbent samples (Figure 4-7) show the rate 

of mass loss from the sample as the temperature was steadily increased. For all samples, a DTG 

peak around 40 °C is attributed to desorption of water vapor adsorbed from air 45. No additional 

mass loss occurred until about 220 °C. All as-received and CNT-coated samples showed similar 

thermal stability.  

 

Figure 4-7. Thermograms of virgin adsorbent and CNT-coated Optipore V503 

4.4.5 Dielectric Property Analysis 

The effect of CNT and SDS contents on the complex permittivity of Optipore V503 and MW 
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0.3 wt %, respectively. The observed nonlinear increase in the dielectric property values with the 

addition of trace amount of CNT can be due to exceeding the percolation threshold of CNT. 

Percolation threshold is defined as the minimum nanoparticle concentration that forms a 

continuous network in a composite. Previous studies showed significant change in the electrical 

conductivity and dielectric properties of polymers around the percolation threshold.46–48 Therefore, 

this suggests that the CNT percolation threshold is less than 0.3 wt%. This is consistent with Qin 

et al.’s study of MW absorption of polymeric composites filled with carbonaceous particles, who 

estimated that the percolation threshold of a CNT with an aspect ratio of 1100 is between 0.1 to 

0.2 wt%.49 Figure 4-8.a also shows that SDS content has a negligible effect on both dielectric 

constant and loss factor of the adsorbent. Vadivel et al. similarly showed that SDS can considerably 

increase the dielectric loss factor of CoFe2O4 at low frequencies (less than 1000 Hz), but not at 

higher frequencies.
20

 This can be explained by the fact that dielectric properties of many materials 

decline with increasing electromagnetic field frequency. Therefore, SDS dielectric constant and 

loss factor at the 2.45 GHz used in the present study may not be large enough to change the 

adsorbent’s dielectric properties. Figure 4-8.b presents the penetration depth of CNT- and SDS-

coated adsorbent samples which were calculated based on Eq. 3 and the measured dielectric 

property values. The penetration depth decreased from 69 cm to 4 cm as the CNT content increased 

from 0 to 0.3 wt%. This reduction in penetration depth (>94 %) can significantly improve the MW 

absorption efficiency in the adsorbent bed. Further CNT deposition would be expected to decrease 

the penetration depth to less than the reactor diameter which could detrimentally increase the 

temperature gradient inside the bed.   
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Figure 4-8. Effect of CNT and SDS loading on a) dielectric properties and b) penetration depth of 

virgin adsorbent and CNT-coated adsorbent. 
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MW-absorptive nature of CNTs compared to the adsorbent porous resin. These results are 

consistent with Eq. 2 that shows the dielectric loss factor and the specific heat of the irradiated 

adsorbent determine the heating rate.   

  
Figure 4-9. a) Effect of MW power level on the heating rate; b) Effect of CNT loading on the MW 

heating capacity. The error bars represent standard deviations calculated based on three rounds of 

experiments. 
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with the effect of SDS on the textural properties of CNT-coated samples and the effect of CNT 

layer on the mass transfer inside the bed. With the exception of the 0.3 wt% sample, all subsequent 

adsorption/regeneration cycles (2 through 5) showed further breakthrough time reduction. This 

reduction is due to non-desorbed heptane (incomplete regeneration) during the previous 

regeneration cycle which reduces the adsorption capacity of the bed. However, increasing the CNT 

content to 0.3 wt% improved MW heating to the extent that adsorption capacity of adsorbent was 

completely restored at each cycle. 
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Figure 4-11 shows the temperature and heptane concentration profiles during the regeneration of 

CNT-coated and as-received adsorbent samples. These results indicate that for the applied MW 

power density of 3.75 
𝑊

𝑔𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
, the as-received adsorbent sample only reached 26 °C even after 

 

  

  

Figure 4-10. Adsorption breakthrough curves of heptane on a) 0 wt% CNT, b) 0.1 wt% CNT, c) 

0.2 wt% CNT, and d) 0.3 wt% CNT-coated adsorbent.    
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60 minutes of MW heating while the 0.3 wt% CNT-coated sample reached 200 °C in 20 minutes. 

Lower CNT loading gave intermediate temperatures (42 °C for 0.1% and 75 °C for 0.2%).  Higher 

temperature, ideally above the solvent boiling point (98 °C for n-heptane), is particularly important 

for effective regeneration of a VOC-laden adsorbent. Higher temperature during desorption also 

increases the diffusivity of VOCs in the adsorbent’s pores and thus reduces the energy needed to 

complete the regeneration.50 As a result, the maximum heptane concentration in the effluent stream 

increased more than 40 times by increasing the CNT loading compared to the as-received 

adsorbent. This higher VOC concentration and shorter duration can be exploited for enhanced 

VOC recovery.  

 

  

0

20

40

60

80

100

120

140

160

180

200

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

0 20 40 60

T
em

p
er

at
u
re

 (
°C

)

C
o

n
ce

n
tr

at
io

n
 (

p
p

m
)

a)                                 Time (min)

0.0 wt % CNT

0

20

40

60

80

100

120

140

160

180

200

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

0 20 40 60

T
em

p
er

at
u
re

 (
°C

)

H
ep

ta
n
e

C
o

n
ce

n
tr

at
io

n
 (

p
p

m
)

b) Time (min)

0.1 wt % CNT



Chapter 4  Enhanced MW Regeneration of a Polymeric Adsorbent Through CNT Deposition 

98 

 

Desorption efficiency (Eq. 5) is shown versus regeneration time in Figure 4-12. Comparison of the 

first cycle desorption efficiency profiles (black dashed lines) again indicates the large 

improvements due to the addition of CNT to the adsorbent. After 10 minutes of MW heating, the 

0.3 wt % CNT samples had lost more than 90 % of the adsorbed heptane while the next highest 

CNT content sample had lost only 45 %. The first cycle desorption efficiency profiles also show 

that 0.3 wt % CNT loading allowed complete regeneration in 60 min while the other samples still 

had undesorbed heptane that carried over to the next adsorption cycle. Desorption efficiency 

profiles for the 2nd to 5th cycles are overlapping and all reached 99 % or more after 60 minutes of 

MW heating.  In the case of the 0-0.2 wt% samples, this occurs because the desorption efficiency 

of each cycle (as defined here) is expressed relative to the amount of heptane adsorbed in the 

previous adsorption cycle. After the first cycle, the adsorption capacities of these samples were 

reduced which led to higher calculated values for the desorption efficiency despite the lower 

  

Figure 4-11. Heptane concentration and bed temperature during the regeneration of a) 0 wt% CNT, 

b) 0.1 wt% CNT, c) 0.2 wt% CNT, and d) 0.3 wt% CNT-coated adsorbent. 
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amounts of heptane removed.  The subsequent adsorption steps are fully restoring the heptane 

removed in each prior MW regeneration step. We see no indication of non-desorbable heel 

accumulation in these results, as expected.  Our prior studies have shown that certain VOCs, such 

as 1,2,4-trimethylbenzene, are prone to forming heel that is not fully removed during desorption 

and progressively decreases the adsorption capacity.51  Heptane is much less susceptible to this 

issue. Finally, desorption efficiency profiles revealed that coating adsorbent with CNT at 0.1, 0.2 

and 0.3 wt % improves the overall desorption efficiency by 103%, 211% and 284%, relative to the 

uncoated adsorbent.  

 

  

0

20

40

60

80

100

0 20 40 60

H
ep

ta
n
e

D
es

o
rp

ti
o

n
 E

ff
ic

ie
n
cy

 (
%

)

a) Time (min)

0.0 wt % CNT

0

20

40

60

80

100

0 20 40 60

H
ep

ta
n
e

D
es

o
rp

ti
o

n
 E

ff
ic

ie
n
cy

 (
%

)

b) Time (min)

0.1 wt % CNT



Chapter 4  Enhanced MW Regeneration of a Polymeric Adsorbent Through CNT Deposition 

100 

  
Figure 4-12. Heptane desorption efficiency of a) 0 wt% CNT, b) 0.1 wt% CNT, c) 0.2 wt% CNT, 

and d) 0.3 wt% CNT coated adsorbent. 

Heptane adsorption capacity (measured after each cycle by the gravimetric method) is shown in 

Figure 4-13. As expected from the surface property analysis and breakthrough profiles (Figures 4-

4 and 4-10), the first cycle adsorption capacity decreased with successive increase in CNT loading. 

As shown earlier (Figure 4-4), this reduction in the adsorption performance is mainly due to the 

SDS diffusion during the coating process. However, having a larger CNT loading on the adsorbent, 

a notable increase (> 240 %) in the 5th cycle adsorption capacity was achieved. This improvement 

in the 5th cycle adsorption capacity is attributed to the enhanced MW-assisted regeneration of 

adsorbents with higher CNT loadings (Figures 4-11 and 4-12). 

To evaluate the performance of an adsorbent in a cyclic process, the working capacity of the 

adsorbent is often used. Working capacity can be calculated as the difference between the amount 

of VOC adsorbed in the adsorption step and the amount of VOC that remains adsorbed on the 

following regeneration step.52 In this study, the working capacity is equal to the 5th cycle adsorption 

capacity as the amount of undesorbed heptane was constant between 2nd to 5th cycle. Figure 4-13 
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shows that working capacities of the 0.3 wt% CNT-coated samples were 240 % greater than the 

as-received adsorbent. Higher working capacity for a certain regeneration condition means smaller 

amount of adsorbent would be needed to reach a specific VOC removal efficiency.   

 

Figure 4-13. 1st and 5th cycle adsorption capacity of CNT coated and as-received Optipore 

V503. Error bars represent standard deviation of two runs. 

  

4.5 Conclusions 

In this study, CNT was deposited on a porous polymeric resin adsorbent (Optipore V503) to 

enhance its regeneration by MW heating. Based on the results and discussion, the following 

conclusions can be obtained:  

• Polymeric adsorbent beads can be successfully coated with CNT using SDS/CNT 

suspension as confirmed by HIM imaging and Raman spectroscopy.  
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• BET surface area and adsorption performance of the polymeric adsorbent decreased due to 

SDS diffusion into the microporous during CNT coating. 

• CNT-coated and as received adsorbent samples demonstrated similar thermal stability 

based on TGA analysis. 

• Coating Optipore with 0.3 wt% of CNT enhanced its dielectric constant and loss factor by 

160% and 2790%, respectively. 

• Needed MW energy to heat the bed for 1 °C was reduced by 98% with CNT coating in 

MW heating experiments.  

• More than 284% improvement in the desorption efficiency of CNT coated samples was 

achieved in cyclic heptane adsorption/MW regeneration experiments. 

• Up to 14 % reduction in the first cycle adsorption capacity and up to 237 % improvement 

in the working capacity for CNT-coated samples were obtained in cyclic adsorption 

capacity tests. 
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CHAPTER 5: POROUS CARBON BLACK/POLYMER 

COMPOSITES FOR VOC ADSORPTION AND EFFICIENT 

MICROWAVE-ASSISTED DESORPTION  

5.1 Chapter Overview 

The previous chapter demonstrated that the deposition of small amounts of CNT on a polymeric 

adsorbent substantially enhances its regeneration with microwave (MW) heating. However, BET 

surface area and adsorption performance of the polymeric adsorbent decreased due to SDS 

diffusion into the micropores during CNT coating. In this chapter, carbon black (CB) was selected 

as an inexpensive MW absorptive material (MAM) to be incorporated into the structure of a porous 

hypercrosslinked polymer (HCP) through in-situ polymerization. Combining the MW absorptive 

ability of CB particles with the excellent VOC adsorption performance of HCPs can provide a 

lightweight composite adsorbent for use in cyclic VOC adsorption/MW regeneration systems. CB 

filled composites were synthesized from (4, 4’-bis ((chloromethyl)-1, 1’-biphenyl) + (benzyl 

chloride)) via Friedel-Crafts reaction. Fourier-transform infrared spectroscopy and helium ion 

microscopy were employed to confirm the synthesis of the HCP and CB/HCPs composites. 

Synthesized composites were characterized using thermo-gravimetric analysis, dielectric property 

measurement, BET analysis and gravimetric sorption analysis. In addition, adsorption and MW-

assisted desorption of hexane was carried out on HCP and CB/HCPs and MW regeneration 

efficiencies were compared.   
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5.2 Introduction 

 Adsorption on activated carbon has been widely used for capture and recovery of volatile organic 

compounds (VOCs). Recently, novel types of porous materials such as metal organic 

frameworks1,2, covalent organic polymers3,4, and hypercrosslinked polymers (HCPs)5,6 have 

shown promising performance in the adsorption of VOCs.  Among these adsorbents, HCPs exhibit 

desirable properties such as physicochemical stability, large surface area, adjustable surface 

chemical groups, high selectivity, and tunable pore structure. HCPs are typically synthesized by 

the post-cross-linking of precursor polymers in a solvent. Cross-linking of polymer chains prevents 

structural collapsing into non-porous state upon solvent removal and creates microporosity.7 HCP 

porosity can be tuned by the degree of cross-linking, the temperature during cross-linking, the 

solvent, and the catalyst.8–10 Ability to tailor HCP porosity allows it to be a suitable alternative to 

conventional sorbents used in chromatography, water treatment, and gas purification.11–14 Long et 

al.15 prepared a novel HCP (HY-1) with high specific surface area (1244 m2/g) and showed its 

higher adsorption capacity compared to activated carbon for the adsorption of benzene. Shi et al.6 

studied the performance of a microporous HCP and a microporous polymeric resin for the 

adsorption of gasoline vapors. Their results showed superior adsorption performance of HCP in 

treating gasoline vapor compared to the macroporous polymer without hypercrosslinking. 

Similarly, Zhang et al.16 and Wang et al.17 synthesized HCPs with high surface area (1300 m2/g 

and 1606 m2/g, respectively) and compared their adsorption performance with commercial HCPs. 

In both studies, large pore volume and surface area of newly synthesized HCPs lead to better 

performance compared to commercial polymeric adsorbents for VOC adsorption. Recent works 

by Long et al.18 and Zhou et al.19 developed HCPs with highly hydrophobic nature up to 60% and 
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80% relative humidity, respectively. Similarly, Wang et al.20 synthesized a HCP with high surface 

area (1345 m2/g) using new external cross-linkers via one-step Friedel-Crafts reaction. The 

prepared HCP showed excellent hydrophobicity and adsorption capacity for benzene. Adsorbent 

hydrophobicity is a particularly important feature as the presence of water vapor in many air 

streams reduces its adsorption performance for VOCs due to competitive adsorption by water 

molecules.21 Adsorbent regenerability is another important attribute, allowing recovery of the 

adsorbate and reuse of the adsorbent.   

The use of microwave (MW) heating has emerged as an attractive technique for regenerating used 

adsorbents.22–24  Using MW heating for adsorbent regeneration has several advantages over 

traditional convection/conduction heating including faster heating which enables heating to high 

temperatures, and higher desorption concentration with lower purge gas consumption. Moreover, 

the transfer of MW energy through radiation can heat the target material with lower energy loss 

compared to conventional thermal techniques.25–27 MW heating principles have been discussed in 

detail by Jones and Falciglia.28,29 The absorption of MW energy by a material depends on the 

material’s complex permittivity, ε, which consists of dielectric constant, ε’, and dielectric loss 

factor, ε” (Eq. 1). 

ε = ε′ − jε" Eq. 1 

The dielectric constant accounts for the ability of a molecule to be polarized by the MW, while the 

dielectric loss factor accounts for MW dissipation in the medium as heat. The relation between the  

average power dissipated per unit volume of a material to its dielectric loss factor can be given 

using Poynting’s Theorem (Eq. 2).30 
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Qave = ωε0ε"Erms
2        Eq. 2 

where Qave is the average absorption of MW power per unit volume in W/m3; ω is the angular 

frequency in rd/s; 𝜀0 is the free space permittivity; 𝜀” is the loss factor of the irradiated material; 

and Erms is the root-mean-square electric field intensity in V/m.  

Eq. 2 indicates that a large dielectric loss factor increases the rate of MW heating inside the 

irradiated material. However, a large dielectric loss factor can also cause a larger temperature 

gradient inside the irradiated material. This phenomenon can be characterized using the concept 

of penetration depth, which is defined as the distance from the surface into the irradiated material 

at which the MW power drops to 1/e of its value at the surface.31 Very low (<1 cm) or very high 

(> 1 m) penetration depths are unfavorable in industrial processes.32 MW penetration depth can be 

calculated based on the free space wavelength of the MW and the dielectric properties of the 

irradiated material (Eq. 3).33 

Dp =  
λ

2π√2ε′

[(1 + (
ε"

ε′
)

2

)

1
2

− 1]

−
1
2

 
Eq. 3 

where λ is the free space wavelength of incident MW. 

Considering the above parameters, HCPs need to have high dielectric loss factor and suitable 

penetration depth in order for MW assisted regeneration to be effective. However, most HCPs 

have a low dielectric constant and loss factor. Therefore, a key enabler for practical application of 
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MW to regenerate spent HCPs is to improve their dielectric properties while retaining other 

excellent properties.  

There is limited information in the literature on improving MW absorption by polymers, 

particularly for adsorption applications. Meng et al. used sulfonation to improve the MW 

absorption of polymeric adsorbents. They showed that the sulfonated samples have lower 

adsorption capacities, but higher desorption efficiencies during MW-assisted regeneration, 

compared to the as-synthesized polymer without sulfonation.34 The addition of MW absorptive 

material (MAM) to nonporous polymers has been used to improve their MW shielding properties 

for stealth operations.35–37 The synthesis of composites filled with MAMs such as metal particles, 

carbon black (CB), carbon nano tubes (CNTs), and graphite nano particles at percolation threshold, 

considerably enhances the MW absorption of the polymer.38–41 Percolation threshold can be 

defined as the minimum filler fraction that creates a continuous network in the nanocomposites.42 

Percolative approach requires only a small amount of MAM (typically less than 2 vol%) to raise 

the dielectric properties substantially above that of polymer.43,44 Therefore, the dielectric properties 

of HCPs can be tailored by the filler content in the matrix.  

As described above, VOC adsorption on porous HCPs and VOC desorption by MW heating has 

been shown to be a promising technique for VOC capture and recovery from polluted air streams. 

The experimental work presented here provides one of the first investigations into the enhancement 

of MW absorption of polymeric adsorbents by synthesizing percolative composites filled with a 

MAM. Combining the MW absorptive ability of CB particles with the excellent VOC adsorption 

performance of HCPs can provide a lightweight composite adsorbent for use in cyclic VOC 

adsorption/MW regeneration systems. CB filled composites were synthesized for the first time 
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from (4, 4’-bis ((chloromethyl)-1, 1’-biphenyl) + (benzyl chloride)) via Friedel-Crafts reaction. 

CB was selected as a filler due to its low cost, low density, high dielectric values and thermal 

stability.45,46 Fourier transform infrared spectroscopy (FTIR) and helium ion microscopy (HIM) 

were employed to confirm the synthesis of the HCP and CB/HCPs composites. Synthesized 

composites were characterized using thermo-gravimetric analysis, dielectric property 

measurement, Bruner–Emmett-Teller (BET) analysis and gravimetric sorption analysis. In 

addition, adsorption and MW-assisted desorption of hexane was carried out on HCP and CB/HCPs 

and MW regeneration efficiencies were compared.   

5.3 Experimental Section 

5.3.1 Materials 

The following reagents were used in the polymer synthesis and characterization: 4, 4’-

bis(chloromethyl)-1, 1’-biphenyl (95.0 %, BCMB), dimethoxy methane (99.0 %, DMM), 1, 2-

dichloroethane (99.8 %, DCE), Iron (III) chloride (98.0 %, FC), benzyl chloride (99 %, BCH), 

hydrochloric acid (1 M), methanol (99.0 %), acetone (99.5 %), hexane (99.0 %) and toluene (99.0 

%). CB (99.9%) with specific surface area of 75 m2/g was used as the source of carbon.  

5.3.2 Synthesis of Hypercrosslinked Polymer 

The synthesizing method of HCP was adopted from Vinodh et al. with a minor modification to 

meet the aim of this study.47 In brief, 50 ml of 1, 2-dichloroethane was placed in a 100-ml round 

bottom flask with a mechanical stirrer. To ensure uniform heating during polymerization, the flask 

was submerged in an ethylene glycol bath. To the flask was added 1.1 g of 4, 40-bis 
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(chloromethyl)-1, 10-biphenyl, 2.5 ml of dimethoxy methane, and 3.5 g of ferric chloride and the 

mixture was stirred at 500 rpm for 10 minutes. Then, over a 5 minute period, 10 ml of a benzyl 

chloride:1,2-dichloroethane mixture (1:10 v:v) was added drop-wise using a syringe pump to the 

flask with 200 rpm mechanical stirring. After 20 minutes, the reaction temperature was raised and 

remained at 40 ºC for 4 hours. Then, the temperature was raised to 80 ºC for 20 hours. After 24 

hours from starting the synthesis, the flask was cooled to room temperature and the solid product 

was filtered and consecutively washed with methanol, 5 % HCl in acetone water mixture (1:1), 

and acetone. The recovered polymers were then dried in air at 120 ºC. 

5.3.2.1 Preparation of carbon black/polymer composites 

To uniformly disperse them in the polymer matrix, CB particles (0.2 to 2.4 g/L) were first dispersed 

and stabilized in DCE. All CB suspensions were mixed and stabilized by 15 min stirring and 1 hr 

ultrasonication. CB solutions were then incorporated in the polymer synthesis procedure to 

produce polymer composites containing 0.5 to 6 wt % CB. The stability of the CB-DCE mixtures 

against agglomeration and sedimentation was evaluated by monitoring absorption at 266 nm using 

a UV-Vis spectrometer. Figure 5-1 summarizes the synthesis steps of CB/HCP composites.  

5.3.3 Characterizations and Measurements 

5.3.3.1 FTIR analysis 

Fourier transform infrared (FTIR) spectra were obtained in transmission mode using a Nicolet 

iS50 spectrometer, under ambient conditions and with 4 cm-1 resolution over a wave number range 

of 4000–400 cm-1.  
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Figure 5-1. CB/HCP composite synthesis steps. 

 

5.3.3.2 HIM analysis  

The morphology of CB in HCPs was obtained using a Zeiss Orion Nanofab helium ion microscope. 

HIM was selected primarily because of its advantages over scanning electron microscopy in 

neutralizing the sample surface by an in situ electron flood gun.48 This feature allows HIM to 

visualize carbonaceous particles on high resistivity HCP. In addition, unlike scanning electron 
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microscopy, a conductive coating is not needed in HIM analysis. In this study, HIM analysis was 

caried out on the HCPs at 35 kV, working distance of 8.5 mm, scan dwell time of 0.2 s, and 

resolution of 1 m. 

5.3.3.3 TGA analysis  

TGA of CB/HCP composites was carried out on a thermogravimetric analyzer (TGA/DSC 1, 

Mettler Toledo) in the temperature range 30 to 900 °C, at a heating rate of 10 °C/min under 

nitrogen purge gas for a sample size of 7–9 mg. Prior to analyses, samples were ground to less 

than 1 mm using a porcelain mortar and pestle to ensure fast temperature equilibrium. 

5.3.3.4 Micropore surface analysis 

To investigate the surface area, pore volume and pore size distribution, 50 ± 5 mg of CB/HCP 

composites were analyzed with the N2 (99.9 %) adsorption at -196 °C in a micropore surface 

analyzer (iQ2MP, Quantachrome). Samples were outgassed in the instrument at 120 °C for 5h 

before adsorption experiments. The analysis temperature of -196 °C was obtained using liquid 

nitrogen. The BET surface area was calculated within the relative pressure values of 0.001 to 0.02. 

The pore size distribution (PSD) was calculated using the quenched solid density function theory 

method,49 assuming slit-shaped pores, within the relative pressure values of 10-7 to 0.99. Micropore 

volume was calculated based on the statistical thickness method (t-method) within the relative 

pressure values of 0.05 to 0.4. The total pore volume was measured based on the volume of 

adsorbed nitrogen at P/P0 = 0.99. All the calculations were performed using the instrument's built-

in software. 
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5.3.3.5 VOC adsorption isotherm 

VOC adsorption performance of synthesized composites was evaluated gravimetrically in an 

automated vapor sorption analyzer (TA Instruments, VTI-SA). Toluene was selected as a model 

adsorbate for VOC adsorption isotherm analysis. Toluene is a common VOC emitted from 

chemical processes and has been widely studied to evaluate the adsorption performance of 

adsorbents, including synthesized HCPs.47,50–54 Typically, 10 ± 2 mg of each sample was inserted 

into a sample holder of the instrument and dried at 100 °C for 2 hr before toluene exposure. All 

adsorption experiments were performed by increasing the relative saturation pressure from 0.02 to 

0.9 at 25 °C. Adsorption continued until a stable mass was achieved (i.e. <0.01 wt% change in 5 

min) indicating an equilibrium state was reached. Weight changes at each equilibrium state were 

recorded to determine adsorption capacity. The total time to complete the toluene adsorption 

isotherm on each sample was 16 to 20 hours. 

5.3.3.6 Dielectric properties 

The dielectric properties of CB/HCP composites were measured at 2.45 GHz, room temperature, 

and atmospheric pressure using a vector network analyzer (VNA, supplied by Rohde and Schwarz) 

with an open-ended probe method.55  

5.3.3.7 Microwave heating rate and capacity 

MW heating rates of CB/HCP composites were experimentally measured at different applied 

powers to study the effect of CB content. The obtained temperature increases were used to 

calculate heating rate via Eq. 4.  
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Heating rate =  
Tfinal − Tinitial

∆t
 Eq.  4 

where Tfinal is the sample temperature at the steady state heated condition, Tinitial is the sample 

temperature before heating, and ∆t is the time to reach the steady state temperature (i.e. <0.1°C 

change in 2 min). MW heating capacity was also defined and calculated as the amount of absorbed 

MW energy to increase the temperature of 1 gram of sample by 1 °C.  

5.3.3.8 Hexane adsorption and microwave-assisted desorption 

Hexane adsorption experiments were conducted at 25 ºC using 2 g of each CB/HCP composite. 

Hexane, as a MW transparent adsorbate, was selected to evaluate the effect of CB content on the 

MW regeneration of HCPs. For the adsorption tests, 500 ppm of hexane in air was generated using 

a syringe pump injecting liquid hexane into 5 SLPM of air. After the concentration of hexane in 

air reached a stable level for 20 minutes, the adsorption test was started by flowing the hexane-

laden air into a quartz tube containing the adsorbent. Hexane concentration in the outlet stream 

was measured using a flame ionization detector (FID, Baseline- Mocon Inc., series 9000) until it 

reached the inlet concentration and remained constant with time.  

Following adsorption, the adsorbent was regenerated using MW heating at 2.45 GHz. The 

regeneration setup consisted of a single mode MW applicator equipped with a rectangular 

waveguide connected to a magnetron that was controlled by a switching power supply. A three-

stub tuner (National Electronics) and a sliding short were used to maximize MW energy transfer 

to the sample. A dual channel MW power meter (E4419B, Agilent) and directional coupler (Mega 

Industries) with 60 db nominal attenuation were used to measure forward and reverse power. A 
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fibreoptic sensor (Neoptix, Reflex), which is transparent to electromagnetic fields, was used to 

measure the bed temperature during MW heating. Regeneration experiments (60 min in duration) 

were conducted by applying a constant applied power of 30 W to the quartz tube containing 2 

grams of adsorbent in the MW applicator while purging with 1 SLPM of ultrapure N2 (99.9 %). 

Hexane effluent concentration was measured by FID and used to calculate time-resolved 

desorption efficiency (Eq. 5). This approach is better than a gravimetric approach (weight gain at 

discrete intervals over time) since the desorption rate is not constant over the desorption cycle. The 

time-resolved desorption efficiency is calculated as: 

ηt(%) =
∑ (Ct

0 Hexane
. P. Q. ∆t. Mw)

R. T. (WAA − WBA)
× 100 Eq. 5 

where ηt is the desorption efficiency at time t, CHexane is effluent hexane concentration during 

desorption, P is the atmospheric pressure, Q is the purge gas flow rate,  ∆t is the time period 

between the two recorded concentrations, R is the ideal gas constant, T is the room temperature, 

WAA and WBA are the sample weight after and before the adsorption process, respectively.  

5.4 Results and Discussion 

5.4.1 CB Dispersion Stability in 1, 2-dichloroethane 

Shear mixing using a magnetic stirrer and ultrasonication was used to stabilize CB particles in 

DCE; however, high van der Waals forces between CB particles can inevitably cause self-

aggregation. In addition, rising temperature during the polymer synthesis increases self-

aggregation and subsequent sedimentation due to Brownian motion of CB particles. Therefore, 

UV–vis spectroscopy was used to evaluate the stability of dispersed CB/DCE suspensions. Since 



Chapter 5 CB-HCP Composites for VOC Adsorption and Efficient MW-assisted Desorption 

123 

most of the polymerization is completed in the first 4 hr (at 40 ºC), an 8 hr duration and 40 ºC were 

selected for the dispersion stability experiments. Figure 5-2 presents the UV–vis absorption spectra 

of CB, a calibration curve, and the resulting carbon black concentrations versus time. UV–vis 

analysis shows CB dispersions were fairly stable up to at least 1 hour in all samples but that self-

aggregation and sedimentation eventually occurred for CB concentrations above 0.4 g/l. Therefore, 

agglomerated CB particles are expected to be present in the synthesized composites when higher 

CB concentrations are used.  

5.4.2 FTIR 

FTIR spectra of the synthesized HCP and CB/HCP composites are shown in Figure 5-3. The broad 

band at 3444 cm-1 is attributed to the O–H stretching vibration due to water adsorption from air 

during sample handling. The bands at 3014 cm-1 and 2918 cm-1 are attributed to aromatic C–H 

stretching vibration and–CH2– vibrations, respectively. Bands at 1439 cm-1 and 1603 cm-1 are due 

to aromatic ring vibrations. Bands at 1089, 886, 809, and 607 cm-1 are attributed to aromatic C–H 

bending modes. The spectra of HCP and CB/HCPs illustrate similar features and verified the 

synthesis of HCP based on the published FTIRs for this polymer.47 
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Figure 5-2. a) CB UV-vis absorbance; b) Change in CB concentration in DCE with time. 

 

Figure 5-3. FTIR spectra acquired for 0 wt% and 6 wt% CB/HCP. 

5.4.3 HIM 

Figure 5-4 presents the microstructure of synthesized HCP and CB/HCP obtained using HIM.  

HIM micrographs show that CB particles are of submicron size, and there is a certain degree of 
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agglomeration of CB in the CB/HCP composite. The surface of the CB/HCP (Figure 5-4.b) shows 

a fluffy morphology and reduced uniformity compared to pristine polymer (Figure 5-4.a). The 

dispersed CB particles are completely connected to the polymer matrix to form a local conductive 

network structure. This morphological structure can play an important role in terms of enhancing 

the dielectric loss factor, which will be discussed later. 

  

  

Figure 5-4. HIM micrographs of synthesized HCPs with  0 wt% CB (a & c) and 4 wt% CB (b & 

d). 

a b 

c d 
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5.4.4 TGA 

TGA was used to investigate the degradation behavior and the thermal stability of the CB/HCP 

composites at elevated temperatures (Figure 5-5). The weight loss during the initial stage of 

heating was attributed to the presence of moisture and the volatile substances adsorbed in HCP 

pores. After ramping the temperature to 887 ºC, the residual weight was 1% (of the original weight) 

for HCP and 63% for the CB/HCP composites (Figure 5-5.a). Derivative thermogravimetry results 

show that the initial degradation temperature, defined here as the temperature at which a sample 

loses 1 percent of its weight, decreased from 270 ºC for HCP to 220 ºC for the CB/HCP composites 

(Figure 5-5.b). The study by Levchik et al.56 of cross-linking and thermal stability of polystyrenes 

and polymethacrylates at 900 ºC showed that decreases in a polymer’s decomposition temperature 

and residual mass remaining at high temperature are indicative of a lower degree of cross-linking. 

Since CB addition to HCP reduces the degradation temperature and increases the residual at 887 

ºC, TGA analysis cannot provide a definitive conclusion on the degree of hypercrosslinking. 

Previous studies on thermal stability of nanocomposites show that aggregates of filler can function 

as a barrier, preventing the diffusion of degraded products from the composite into the gas phase 

which results in a greater residual.57,58  Moreover, entrapment of polymer in the filler network can 

delay its thermal degradation, which reduces its chain mobility and enhances the apparent 

composite thermal stability at elevated temperatures.57,58  

The variation of the weight loss percent at 887 ºC with the composite’s CB content is presented in 

Figure 5-5.c. Comparing the weight loss percent among different CB/HCP composites show that 

there is an optimum content of CB, between 3 wt% to 5 wt%, which results in less than 30 % 

weight loss.  
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Figure 5-5. a) Weight percent, b) weight loss rate versus temperature, and c) weight loss of 

composites with different CB content at 887 ºC. The error bars represent the maximum based on 

three rounds of analysis. 

5.4.5 Textural Analysis 

BET surface area, pore volume and pore size distribution of CB/HCPs were determined using N2 

adsorption (Figure 5-6). Increasing the CB content in the composite to 4 wt % reduces BET surface 

area, total pore volume, and micropore volume by 10 %, 13 %, and 9 % respectively (Figures 5-

6.a and 5-6.b). This adverse effect nonlinearly increases with CB content. Further reduction led to 
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proportionally greater impacts (6 wt % CB resulted in 38 %, 26 %, and 24 % reductions in BET 

surface area, total pore volume and micropore volume, respectively). This greater impact on 

surface properties may be due to the percolation threshold of CB in the matrix and the tendency of 

CB particles to create agglomerates in the composite at high CB content. Agglomeration and 

nonuniform dispersion of CB in the matrix can affect the internal porosity of the composite. Pore 

size distribution results showed minimal change in the distribution of pores among samples with 

different CB content (Figure 5-6.c); however, there is a clear reduction in the micropore region 

volume with higher CB content in the matrix. Additionally, pore size distribution results show 

mesoporous (2 nm < pore diameter < 50 nm) structure for the synthesized composites. The 

presence of mesopores plays a particularly important role in both VOC adsorption capacities and 

desorption efficiencies.59 Materials with mesoporous structure have been shown to be ideal 

candidates for catalysts and adsorbents due to convenient diffusion of adsorbate molecules in the 

pores during both adsorption and desorption. 60,61 Overall, these results indicate that the prepared 

composites have well-developed micro-mesopore structure although increasing CB content 

degraded that structure somewhat.  
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Figure 5-6. a) BET surface area, b) Pore volume, and c) Pore size distribution of synthesized 

composites. 
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was completed to evaluate the VOC adsorption performance of CB/HCP composites. Toluene, one 
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adsorbent pore structure on adsorption performance. Toluene adsorption isotherms of the 

0

200

400

600

800

1000

1200

1400

0 1 2 3 4 5 6

B
E

T
 s

u
rf

ac
e 

ar
ea

 (
m

2
/g

)

CB load (wt%) 
a)

BET  Area

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3 4 5 6

P
o

re
 V

o
lu

m
e 

(c
c/

g
)

CB load (wt%) 
b)

Total pore

Micropore

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

5 50 500

d
V

(c
m

3
/Å

/g
)

Pore width (Å) 
c)

0 wt%

0.5 wt%

1 wt%

2 wt%

3 wt%

4 wt%

5 wt%

6 wt%



Chapter 5 CB-HCP Composites for VOC Adsorption and Efficient MW-assisted Desorption 

130 

CB/HCPs are shown in Figure 5-7.a. As expected, the adsorption capacity for toluene decreased 

with increasing filler content; however, this effect is aggravated above 4 wt% CB in the composite. 

Figure 5-7.b compares the adsorption capacities of toluene on CB/HCP composites at p/p0 = 0.02 

and p/p0 = 0.9. Adsorption at p/p0 = 0.02 is attributed mainly to micropores, whereas the high 

adsorption capacity at p/p0 = 0.9 is attributed to the presence of mesopores. It can be seen from 

Figure 5-7.b that increasing CB content from 0 to 4 wt% reduces the toluene adsorption capacity 

by 8 % and 5 % at relative pressures of 0.02 and 0.9, respectively. Further increase in CB content 

to 6 wt% reduces toluene adsorption capacity at both relative pressures by more than 34%, which 

is consistent with the porosity analysis results in Figure 5-6. 

  

Figure 5-7. a) Toluene adsorption isotherms of CB/HCPs at 25 °C; b) Toluene adsorption 

capacity of CB/HCPs at 0.02 and 0.9 toluene relative vapor pressures. The error bars represent 

standard deviations calculated based on three rounds of analysis. 

Table 5-1 compares the surface properties and toluene adsorption capacity of the HCP samples as 

well as other adsorbents reported in previous studies. Synthesized HCP in this study demonstrates 

better pore properties than most of the other adsorbents, including zeolites, silica gel, metal-
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organic framworks (MOF), activated carbons (AC) and polymeric adsorbents that were previously 

investigated for toluene adsorption. Notably, HCP and BC/HCP composites showed higher toluene 

adsorption capacity than all but one of the other adsorbents at the same toluene relative pressure, 

which is mainly due to the large micropore volume of synthesized HCP, higher than even the total 

pore volume of some of the adsorbents (Table 5-1).  

Table 5-1. Surface property and toluene adsorption capacities of various adsorbents as compared 

to that of synthesized HCP and CB/HCP composites. 

 Previous studies This study  

Adsorbent 
SBET, 

m2/g 

VTotal, 

cc/g 

𝒈𝑻𝒐𝒍𝒖𝒆𝒏𝒆

𝒈𝑨𝒅𝒔𝒐𝒓𝒃𝒆𝒏𝒕
 , 

%a 
Ref. 

𝒈𝑻𝒐𝒍𝒖𝒆𝒏𝒆

𝒈𝑯𝑪𝑷
 , 

% b 

𝒈𝑻𝒐𝒍𝒖𝒆𝒏𝒆

𝒈𝑪𝑩−𝑯𝑪𝑷
 , 

% c 

𝑷𝑻𝒐𝒍𝒖𝒆𝒏𝒆

𝑷𝑻𝒐𝒍𝒖𝒆𝒏𝒆
𝑺𝒂𝒕.  , 

Activated 

Carbon 

1030 0.67 20 50 27 24 0.02 

1339 0.56 40 51 44 42 0.2 

MOFs 

470 _ 26 62 44 42 0.2 

_ _ 51 63 87 82 0.9 

1335 0.83 15 52 31 28 0.04 

1183 0.79 39 52 31 28 0.04 

Silica Gel 765.6 0.44 43 53 51 48 0.32 

Zeolite 

(USY) 
676 0.30 21 54 44 42 0.2 

Zeolite 

(DAY) 
704 _ 14 64 27 24 0.02 

Polymer 

1077 0.63 55 (at 30 °C) 6 62 57 0.5 

1134 0.53 23 47 39 37 0.13 

a Toluene adsorption capacity of conventional adsorbents at 25 °C.   
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b Toluene adsorption capacity of the synthesized HCP at the same relative pressure as the 

previous works and 25 °C.   
cToluene adsorption capacity of the synthesized HCP with 4 wt % of CB at the same relative 

pressure as the previous works and 25 °C.   

 

5.4.7 Dielectric Properties Measurement 

The effect of CB filler on the complex permittivity of HCP and MW penetration depth was 

investigated at 2.45 GHz and room temperature. Figure 5-8.a presents the complex permittivity of 

CB/HCP composites with the seven different filler loadings (0-6 wt%) at 2.45 GHz. The value of 

dielectric constant (𝜀') and the dielectric loss factor (𝜀") nonlinearly increased by more than 2 and 

21 times, respectively, with increasing CB content to 4 wt%. Further CB addition to 6 wt % in the 

matrix increased both 𝜀' and 𝜀" by more than 5 and 91 times compared to HCP. This large 

enhancement in the dielectric properties is attributed to the formation of local conductive networks 

by CB particles inside the composites. Tang et al. reported that CB agglomerates can form a 

network inside the polymer that provides more conductive paths for charge carriers and enhances 

conduction loss.40  

Figure 5-8.a demonstrates a sharp increase in the dielectric constant and loss factor values for CB 

content above 3 wt%. This critical content of filler in composites is known as the percolation 

threshold. The actual value of the percolation threshold depends mainly on the filler 

physiochemical properties, size, shape, structure and on its distribution throughout the 

composite.65  
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Figure 5-8.b presents the penetration depth of CB/HCPs which were calculated based on Eq. 3 and 

measured dielectric properties. The penetration depth decreased from 77 cm to 2 cm as the CB 

content increased from 0 to 6 wt%. This drop in the penetration depth (>97 %) can considerably 

improve the MW absorption efficiency in the adsorbent bed. It should be pointed out that further 

CB deposition would drop the penetration depth to less than the reactor diameter which can 

increase the temperature gradient inside the bed.   

  

Figure 5-8. Effect of CB loading on a) dielectric properties and b) MW penetration depth. The 

error bars represent standard deviations calculated based on three rounds of measurements. 

5.4.8 Microwave Heating 

To investigate the effect of CB addition to HCP on MW heating, heating rates were determined 

for 2-gram samples irradiated in the MW heating apparatus. Heating rates were determined using 

measured temperatures versus time at each applied power density (Figure 5-9.a). Obtained results 

show that the heating rate can be greatly increased by increasing the CB content in the composite.  
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MW heating capacity, defined as the amount of MW energy needed to raise the temperature of 1 

gram of sample by 1°C, was determined based on energy consumption. Figure 5-9.b presents 

measured MW heating capacity values at each CB content in composite. MW heating capacity 

decreased by 99 % as the CB content was increased from 0 to 6 wt%. In other words, the energy 

needed to heat 1 gram of composite by 1°C is reduced by 99 % when 6 wt % CB is added to the 

HCP.  

  

Figure 5-9. Effect of CB loading on a) heat up rate and b) MW heating capacity. The error bars 

represent standard deviations calculated based on three rounds of analysis. 

5.4.9 Microwave-assisted Desorption 

MW-assisted desorption was carried out to study the effect of CB addition on the desorption of 

hexane from HCP and CB/HCP. HCP with 4 wt % CB was compared with HCP, because of the 

former’s desirable pore properties (surface area, micro/total pore volume, pore size distribution), 

thermal stability, VOC adsorption capacity, and MW absorption performance. Figure 5-10 depicts 

the breakthrough profiles, desorption temperature, hexane effluent concentration during 
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regeneration, and desorption efficiency. The breakthrough curves show that addition of CB to the 

polymer matrix slightly shifts the breakthrough curve to the left due to the negative effect of CB 

on the pore properties of HCP (Figure 5-5.a). Figure 5-10.b shows that after 60 mins of MW 

heating, the HCP barely reached 27 °C, while CB/HCP reached 166 °C in 10 mins. A higher 

regeneration temperature provides needed energy to overcome the heat of adsorption and increases 

the diffusivity of adsorbates in the adsorbent’s pores.66 As a result, maximum hexane concentration 

in the effluent for the CB/HCP increased to a maximum of 12,000 ppm whereas the HCP reached 

only 420 ppm. Higher desorption concentration in the effluent stream is important for efficient 

VOC recovery and reuse. The desorption efficiency versus time (Figure 5-10.d) shows that 99% 

of adsorbed hexane was desorbed from CB/HCP in less than 35 minutes while the HCP reached 

only 27 % desorption efficiency after 60 min of MW heating. 
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Figure 5-10. Hexane adsorption/MW assisted regeneration of HCPs with 0 and 4 wt% CB; a) 

hexane adsorption breakthrough curves, b) desorption temperature, c) effluent hexane 

concentration during the desorption, and d) desorption efficiency versus desorption time. 

 

5.5 Conclusions 

 In this study, a series of CB/HCP composites of different CB contents were prepared via Friedel-

Crafts polymerization. FTIR analysis and HIM images confirmed the synthesis of HCP and 

CB/HCP, respectively. The HIM images showed formation of CB agglomerates that can act as a 

conductive network within the matrix. TGA analysis showed more than 60 percent increase in the 

residual weight at 880 °C in CB filled polymers that shows higher thermal stability of CB-filled 

composites. This is particularly important feature since adsorbent can undergo elevated 

temperatures in MW-heating. Nitrogen and toluene adsorption analysis indicated that the 

composites have well-developed micropore and mesopore structures. The CB content of 4 wt% 

was found to be optimum as disproportionally larger reductions in pore volumes and adsorption 
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wt % CB showed more than 2 and 21-times enhancement in dielectric constant and loss factor, 

respectively. These increases are attributed to the formation of a conductive CB network inside the 

polymer structure which provided more paths for electron migration and therefore conduction loss 

inside the composite. MW-assisted desorption of HCP with 4 wt% CB showed 139 ºC increase in 

the desorption temperature compared to pristine HCP at the same applied MW power. The higher 

desorption temperature resulted in more than a 450 % enhancement in the desorption efficiency 

after 35 minutes of MW irradiation.  

In summary, this study showed the critical impact of filler content on the performance of MW-

absorptive HCPs. While the presence of a MAM in the matrix is needed for efficient MW heating, 

it reduces pore volume and surface of the composite. An optimum filler content of 4 wt % CB 

provided HCP with suitable thermal stability, enhanced MW absorption, and minimal effect on 

the VOC adsorption. Future research could usefully explore the effect of other fillers such as 

graphene oxides, carbon nanotubes and magnetic nano particles as MAMs which could potentially 

result in better VOC adsorption and MW assisted regeneration of adsorbents.  
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CHAPTER 6: VOC ADSORPTION AND MICROWAVE 

ABSORPTION STUDY OF POROUS GRAPHENE 

OXIDE/POLYMER NANOCOMPOSITES 

6.1 Chapter Overview 

Filler agglomeration during the in-situ polymerization of composites was shown in the previous 

chapter to negatively impact the pore properties of prepared composites. In this chapter, solution 

mixing method was selected to minimize the filler agglomeration in the composite. Graphene 

oxide (GO) was also selected as the microwave (MW) absorptive filler that could potentially have 

a low percolation threshold due to its large aspect ratio. In this regard, polymers of 4, 4´-bis 

((chloromethyl)-1, 1´ -biphenyl- benzyl chloride) were synthesized through the Friedel-Crafts 

reactions and GO nano-sheets were synthesized through the Hummer’s method. Then, ethanol was 

selected as the solvent to fabricate a series of nanocomposites with different GO contents (1-8 

wt%) by solution mixing method. X-Ray Diffraction (XRD) and Fourier Transform Infrared 

(FTIR) analysis was performed to study the synthesis of GO, hypercrosslinked polymer, and GO-

filled nanocomposite. The morphology of synthesized samples and GO dispersion were 

characterized by scanning electron microscopy, helium ion microscopy, and transmission electron 

microscopy analysis. Thermogravimetry analysis and N2 adsorption at 77 ºK were performed to 

investigate the effect of GO content on the thermal stability and pore properties of nanocomposites, 

respectively. Finally, dielectric property measurement and MW heating experiments were 

performed to study the extent of MW absorption enhancement by GO content in the matrix.  
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6.2 Introduction 

Hypercrosslinked polymer (HCP), as a type of porous polymers with a micro-mesopore structure, 

has received much attention in adsorption process due to its lightweight, large specific surface 

area, high physiochemical stability, and low production cost.1–4 Besides, compared to traditional 

VOC adsorbents, HCPs have better chemical stability and adsorption/desorption kinetics. The 

adsorption properties of HCPs can be controlled by tuning the degree of crosslinking, the 

temperature during crosslinking, the solvent, the catalyst, and functional group addition.5,6 

Additionally, the hydrophobicity of HCPs can be tailored to enhance adsorption of non-polar 

VOCs in humid conditions.7  

The adsorption of VOCs on HCPs progressively decreases the adsorbent's removal efficiency until 

breakthrough is reached at which point the adsorbent need to be regenerated. Adsorbent 

regeneration , often known as the most limiting step in the adsorption process, is a time- and 

energy-consuming stage and is often completed through using hot purge gas or superheated 

steam.8,9  

Recently, microwave (MW) heating has emerged as an attractive technique for adsorbent 

regeneration.10–12 The considerable advantages offered by MW regeneration such as quick and 

volumetric heating of adsorbent, lower process temperature, and energy-efficient and repeatable 

processes surpass other regeneration techniques.13–15 MW heating is based on conduction loss and 

dipole moment reorientation.16 Conduction loss is the dominant heating mechanism in electrical 

conductors and dipole moment reorientation in the MW field is the main heating mechanism in 

materials with polar molecules.16 Therefore, HCPs need to be electrically conductive and/or have 
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polar molecules for effective MW-assisted regeneration. However, most HCPs are nonconductive 

and have rigid molecular structures, leading to little or no reorientation of the dipoles in the MW 

field and poor MW absorption17,18  

A practical approach to improve MW-assisted regeneration of HCPs is to incorporate MW 

absorbing materials (MAM) into the polymeric matrix. Magnetic powders like cobalt and nickel 

and carbon-based powders such as carbon nanotubes, carbon black, and graphite nanoparticles are 

the most prominent categories of MAMs.19–24 Among MAMs, graphene oxide (GO), the most 

robust two-dimensional material with extraordinary features such as superior heat conductivity, 

lightweight, and easy synthesis, has shown remarkable MW absorption properties.25–27  

In the current study, graphene oxide was selected as a MAM filler for a hypercrosslinked polymer.  

GO-filled nanocomposites were synthesized for the first time from (4, 4’-bis ((chloromethyl)-1, 

1’-biphenyl) + (benzyl chloride)) via the Friedel-Crafts reaction. The porous GO-nanocomposites 

hold great promise for gas adsorption. The thermal, chemical structure, morphological features, 

and pore properties of samples were investigated via X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FTIR), scanning/transmission electron microscopy (SEM/TEM), helium 

ion microscopy (HIM), thermo-gravimetric analysis (TGA), and nitrogen adsorption isotherm. The 

toluene adsorption isotherms of the nanocomposites were obtained, and the MW regeneration of 

samples was comprehensively assessed. To the best of the authors’ knowledge, such a systematic 

study on the VOC adsorption and MW regeneration of these nanocomposites is quite new and 

cannot be found in the literature. 
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6.3 Experimental Section 

6.3.1 Materials 

All chemicals, including [4, 4’-bis (chloromethyl)-1, 1’-biphenyl] (95 %), dimethoxy methane (99 

%), 1, 2-dichloroethane (99 %), Iron (III) chloride (98 %), benzyl chloride (99 %), hydrochloric 

acid (1 M), methanol (99 %), acetone (99 %), toluene (99 %), graphite powder (99.9), potassium 

permanganate (KMnO4, 99 %), sulfuric acid (H2SO4, 99 %), and phosphoric acid (H3PO4, 99 %), 

were supplied by Sigma-Aldrich. Distilled water was used throughout the synthesis procedure.   

6.3.2 Synthesis of Graphene Oxide 

The graphene oxide was synthesized through a modified Hummer`s method.28,29 Briefly, 5 g of 

KMnO4  was reacted with 1 g of graphite powder in 100 ml solution of H2SO4/H3PO4 (4:1). The 

synthesized GO was washed several times with distilled water and finally freeze-dried. 

6.3.3 Synthesis of Hypercrosslinked Polymer 

The polymerization was performed based on the reported method by Vinodh et al. in a 100 ml 

round bottom flask equipped with a mechanical stirrer, heating bath, and thermometer.30 50 ml of 

1, 2-dichloroethane was added to 2.5 ml of dimethoxy methane and mixed for 5 min. The powdery 

ingredients, i.e., 1.1 g of [4, 4’-bis (chloromethyl)-1, 1’-biphenyl], and 3.5 g of ferric chloride, 

were added gradually to the solution and stirred at 550 rpm for an extra 15 min. In the following, 

a 10 ml mixture of benzyl chloride and 1,2-dichloroethane (1:10) was added dropwise to the 

solution using a syringe pump. The reaction temperature was raised to 40 ºC at a heating rate of 1 

ºC/min and stirred for four hours. Afterward, the solution was heated up to 80 ºC for 20 hours to 
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complete the polymerization reaction. Finally, the product was filtered and washed several times 

with methanol, HCl solution, water, and acetone. All the synthesized polymers were dried at 110 

ºC for a day under vacuum.  

6.3.4 Preparation of Graphene Oxide/Polymer Nanocomposites 

Nanocomposites' properties tightly depend on the quality of the nanofiller, such as purity and 

aspect ratio.31–33 Besides, the proper dispersion of fillers is a critical factor that governs the physical 

properties of the nanocomposite. Agglomeration and inappropriate dispersion of nanoparticles 

could deteriorate the nanocomposite's mechanical, thermal, and dielectric properties.34 Filler 

surface modification with proper functionalities has been widely used to improve dispersion and 

prevent filler aggregation in the polymer matrix.35 However, the structure of nanofillers could be 

changed due to the deformation of covalent functionalization upon chemical reactions.36  

In this study, GO nanosheets were synthesized and used without any modification. The nanosheets 

were physically dispersed inside the polymer structure. A specified amount of polymer was added 

to 50 ml ethanol and stirred for half an hour to attain a homogenous solution. The graphene oxide 

nanoparticle in different weight percentages was added to the solution and mixed for 30 min. After 

that, the mixture was sonicated for an hour at 25 ºC and 100 watts. Subsequently, the suspension 

was vacuum filtered, and the nanocomposite was dried at 110 ºC overnight under vacuum. 
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6.3.5 Characterizations and Measurements 

6.3.5.1 XRD analysis 

The crystallinity of synthesized GO was studied by XRD analysis on Bruker D8 FOCUS XRD 

with a Cu Ka radiation source operating at 40 kV and 30 mA in a scanning range of 2θ=10-60°. 

6.3.5.2 FTIR analysis 

FTIR spectroscopy was used to confirm the synthesis of GO and polymer. FTIR spectra were 

performed on a 100-FTIR Spectrometer, Perkin-Elmer, in the scanning spectrum of 400 to 4000 

with a resolution of 4 cm−1 to confirm the right synthesis of the graphene oxide nanoparticles and 

polymer. All spectra were collected in transmission mode, and background absorbance was 

subtracted from that of samples.  

6.3.5.3 Microscopy study 

The morphology of synthesized GO was studied by Scanning Electron Microscopy (SEM, 

MIRA3-TESCAN-3-XMU). However, it was difficult to detect GO sheets in HCP with SEM as 

both are predominantly made of carbon, which reduced the image contrast. Therefore, a Zeiss 

Orion Nanofab helium ion microscope (HIM) was used to visualize the state of GO particles in 

HCP. Unlike SEM, high contrast images can be obtained from nonconductive carbon-rich samples 

(such as HCP) with HIM due to surface neutralization of the sample by an in situ electron flood 

gun.37 HIM analysis was carried out on the selected samples at 35 kV, a working distance of 8.5 

mm, a scan dwell time of 0.2 µs, and two resolutions of 1 and 2 µm. The only drawback of HIM 

analysis is its limitation in studying the nanofillers dispersion in the polymer at the sample surface. 
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Therefore, transmission electron microscopy (TEM) was used to investigate the dispersion of GO 

particles in the synthesized nanocomposites. TEM images were taken on a JEOL JEM-

ARM200CF S/TEM electron microscope at an accelerating voltage of 200 kV. The TEM images 

were processed using Gatan Digital Micrograph software. TEM samples were prepared by 

depositing a droplet of a well-dispersed sample onto an ultra-thin carbon-coated copper grid 

(obtained from Electron Microscopy Science Inc). The grid was dried at least 24 h before data 

collection. 

6.3.5.4 TGA analysis 

The temperature of adsorbents could increase to more than 300 ºC during the regeneration stage, 

leading to structural decomposition of the samples.38  The cyclical performance of the adsorbent 

has a close relationship to its structural integrity. Hence, assessing the thermal stability behavior 

of adsorbents at elevated temperatures is of great importance. In this study, a Perkin-Elmer Pyris 

thermogravimetric analyzer was used to investigate the samples' thermal stability at a temperature 

range of 40 ºC to 900 ºC with a heating ramp of 10 ºC/min under nitrogen atmosphere.  

6.3.5.5 Micropore surface analysis 

Pore properties of samples were studied using N2 (99.9 %) adsorption at 77 ºK in a micropore 

surface analyzer (Autosorb iQ, Quantachrome). Samples were degassed at 110 °C for 5 h before 

the measurements. BET surface area analysis was carried out within the relative pressure values 

of 0.001 to 0.03. Pore size distribution (PSD) analysis was performed using the density function 

theory method, assuming slit-shaped pores within the relative pressure values of 10-7 to 0.99. Total 
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pore volume was determined based on the adsorbed volume of nitrogen at a relative pressure of 

0.99.  

6.3.5.6 VOC adsorption isotherm 

A vapor sorption analyzer (TA instrument, VTI-SA), using ultrapure nitrogen (99.9 %) as the 

carrier gas, was used to investigate the samples' toluene adsorption performance. Toluene 

adsorption experiments were performed by increasing the relative saturation pressure from 0.02 to 

0.9 at 25 °C. Adsorption continued until equilibrium state was achieved (i.e., < 0.01wt% change 

in 5 min). Samples’ weight changes were recorded to calculate the adsorption capacity at each 

relative pressure.  

6.3.5.7 Dielectric properties and penetration depth 

Several studies have shown the direct relationship between MW heating and the dielectric loss 

factor, ε”, of material.39,40  Loss factor has a direct correlation with the conduction loss in the 

material, which can be shown using the Debye Theorem (Eq. 1).41  

ε" ∝  σ/ωε0       Eq. 1 

where 𝜀” is the dielectric loss factor; σ is the conductivity; ω is the angular frequency in rad/s, and 

𝜀0 is the free space permittivity. Therefore, the dielectric loss factor can be used to evaluate the 

extent of conduction loss and MW heating inside the irradiated material. In this study, a vector 

network analyzer (VNA, Rohde and Schwarz) and an open-ended probe (Keycom) were used to 

measure the samples’ dielectric properties at 2.45 GHz and ambient conditions.  A quartz tube was 
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used to hold the sample. The probe was calibrated using a short, open, and standard sample 

termination before each measurement.  

One of the major concerns associated with MW heating is the non-uniform temperature 

distribution in the irradiated material.42–44 Penetration depth of MW in the irradiated object has 

been reported as one of the main parameters that affect the temperature uniformity. MW 

penetration depth is defined as the distance from the surface of the irradiated object at which the 

power decays to 1/e of its value at the surface. Therefore, it can be expected to have inefficient 

heating in objects with a thickness much smaller than the penetration depth and non-uniform MW 

heating in objects with a thickness much larger than the penetration depth.45  Penetration depth is 

inversely proportional to the dielectric loss factor and calculated from the following equation.46 

Dp =  
λ0

2π√2ε′

[(1 + (
ε"

ε′
)

2

)

1
2

− 1]

−
1
2

 
Eq. 2 

 

where λ0 is the MW wavelength in free space, ε′ is the dielectric constant, and ε" is the dielectric 

loss factor. 

6.3.5.8 Microwave heating rate and capacity 

The MW heating rate of synthesized nanocomposites was experimentally measured at different 

MW applied power using the following equation.  
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Heating rate =  
Tfinal − Tinitial

∆t
 

Eq.  3 

Tfinal is the sample temperature at the steady-state heated condition, Tinitial is the sample temperature 

before heating, and ∆t is the time to reach the steady-state temperature (i.e., <0.1°C change in 2 

min). Furthermore, the MW heating capacity was obtained by calculating the required MW energy 

consumed to increase the temperature of 1 g specimen by one degree Celsius. 

6.3.5.9 Toluene adsorption and microwave-assisted desorption 

VOC adsorption and desorption behavior of synthesized nanocomposites was studied in a lab-scale 

adsorption setup and a MW heating system, respectively. Adsorption experiments were carried out 

at 25 ºC using 2 g samples in a quartz tube with 2.2 cm inner diameter. Each sample was saturated 

with toluene at 500 ppm. Following adsorption, the toluene-saturated adsorbent was regenerated 

using MW heating at 2.45 GHz and 20 watts. All MW heating experiments were carried out at a 

constant MW applied power. The adsorbent bed was continuously purged with 1 SLPM N2 (99%) 

for 60 minutes during the regeneration. A flame ionization detector (FID) was used to measure the 

effluent toluene concentration. Desorption efficiency of toluene from HCP with and without GO 

filler were calculated based on toluene concentration in the effluent stream and ideal gas law. The 

details of VOC adsorption and MW-assisted regeneration setups are reported elsewhere.47 
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6.4 Results and Discussion 

6.4.1 XRD 

XRD was used to assess the inter-planar distance between the atomic planes contained in the GO 

samples. Figure 6-1 shows (001) diffraction peak at 2𝜃=13° which indicate a distance between 

graphene layers of 0.71 nm, based on Bragg’s equation. Besides, graphene diffraction peak, 

typically between 20° to 30 °, didn’t appear in the XRD spectrum which confirms the successful 

synthesis of GO. These results are consistent with reported XRD spectra for the synthesized GO 

by Hummers method.48,49 

 

Figure 6-1. XRD spectrum of synthesized GO. 

6.4.2 FTIR  

The FTIR spectra of the synthesized GO, pristine polymer and 8% GO-holding nanocomposite are 

shown in Figure 6-2. The FTIR spectrum of GO showed various oxygen functionalities, including 
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hydroxyls, epoxide, and carbonyls.  The broad absorption band in 3300-3400 cm-1 is assigned to 

the O-H stretching vibrations. The bands at 1720 cm-1 and 1610 cm-1 relate to the C=O stretching 

vibration and C=C from unoxidized sp2 C=C bonds. The band around 1240 cm-1 is related to the 

C-O vibrations. The pristine polymer and GO nanocomposite have almost the same FTIR spectra. 

The broad band around 2918 cm-1 is related to the aromatic C-H stretching vibrations. The sharp 

absorption band observed at 1701 cm-1 is assigned to the C-H bending vibration. Bands at 1438 

and 1606 cm-1 are ascribed to aromatic ring vibrations. The bands below the wavenumber of 1000 

cm-1 originate from aromatic C–H bending modes. These bands occurred in the same 

wavenumbers for both pristine polymer and the polymer holding 8 wt% GO. No trace of water 

was observed in the FTIR spectra, indicating successful drying of the samples. These results 

illustrate the successful synthesis of GO and the HCP based on the published FTIR spectra for GO 

and HCP.27,30  

 

Figure 6-2. FTIR spectra acquired for 0 wt% and 8 wt% GO/HCP.   
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6.4.3 Microscopic Studies 

SEM image of synthesized GO shows a sheet-like structure (Figure 6-3). GO shows a randomly 

aggregated, thin, multi-layer structure. Previous studies reported a similar morphology on 

GO.50,51The SEM image illustrates that GO possesses an ultra-hollow framework constructed with 

sheets. This particularly contributes to GO’s lightweight since sheets are loosely stacked on top of 

each other.  

The morphology of HCP polymer and GO filled polymer was investigated using HIM analysis 

(Figure 6-4). The porous HCP has a rough surface. The micrograph for the sample containing 8 

wt% GO revealed the two-dimensional layer-like structure of GO particles. A similar morphology 

can be found in a study by Zhang et al. on grafting of polystyrene onto reduced graphene oxide.52 

The size of GO agglomerates in the 8 wt% GO sample varies within 2-6 µm.   

The TEM images of pristine HCP and the GO-filled nanocomposite are depicted in Figure 6-5. 

The presence of the two distinct phases in the TEM image of GO-containing samples, i.e., dark 

black and light black, confirms the dispersion of GO nanosheets inside the polymer matrix. The 

TEM images also confirmed the proper dispersion of GO into the HCP.  
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Figure 6-3. SEM image of synthesized GO sheets. 

  



Chapter 6  VOC Adsorption and MW Absorption Study of Porous GO-HCP Nanocomposites 

162 

  

Figure 6-4. HIM images of synthesized HCPs with 0 wt% GO (a & c) and 8 wt% GO (b & d). 

 

  

Figure 6-5. TEM images of synthesized HCPs with 0 wt% GO (a) and 8 wt% GO (b). Red circles 

indicate areas abundant in GO. 

 



Chapter 6  VOC Adsorption and MW Absorption Study of Porous GO-HCP Nanocomposites 

163 

6.4.4 Thermal Properties of Adsorbents 

The thermal stability of the GO sheets, HCP, and GO filled nanocomposites was studied using 

TGA analysis.  Figure 6-6 illustrates TGA and its first-derivative (DTGA) thermograms of GO, 

pristine HCP, and GO-filled nanocomposites. As the GO thermogram shows, an initial weight loss 

of about 10% occurred below 100 ºC due to water loss. The second weight loss occurred at a 

temperature around 220 ºC due to the thermal decomposition of oxygen-containing functional 

groups such as hydroxyl, carbonyl, and carboxylic acid groups, causing a 25 % weight reduction. 

Finally, at the third stage, at the temperature range of 590 – 710 ºC, a weight loss of about 20% 

emerged due to the decomposition of carbon-carbon bonds of the main structure of GO.53,54 

 

The pristine polymer (0 wt% GO) experienced one-step thermal degradation, starting from 280 ºC. 

The polymer was decomposed entirely at a temperature around 887 ºC. For the GO-containing 

samples, a different degradation trend was observed. All samples underwent two-step thermal 

degradation. The first one started at a temperature around 250 ºC, lower than the onset degradation 

of the pristine polymer, and the second step initiated at a temperature around 400 ºC. As an 

indicator of thermal stability, the remaining sample weight at 887 ºC was 65% of the initial weight 

for the sample holding 1 wt% GO, which is much higher than the pristine polymer (~1 %). This 

shows the prominent role of GO content, even at a low amount, on the thermal stability of the 

samples. This observation could be attributed to the good thermal stability of GO and the better 

heat transfer in nanocomposite due to the high thermal conductivity of GO-filled nanocomposites. 

Moreover, the proper dispersion of GO in the polymer matrix enhanced the polymer-filler 
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interactions and reduced the macromolecular motions, boosting the thermal stability of 

nanocomposites.55,56 The results revealed that further increase of GO content up to 8 wt% has 

negligible effect on the thermal stability of the specimens.  

The first-derivative TGA (DTGA) was extracted to get more insights into the specimen's 

degradation. As shown in Figure 6-6.b, the pristine polymer revealed a broad peak at 280 ºC to 

700 ºC. This peak is composed of two peaks, centered at 330 ºC and 540 ºC. The first inflection 

point at about 380 ºC is related to the evaporation of ferric chloride, and the second one belongs 

to the degradation of the carbon skeleton of the polymer. The new peak that appeared at around 

220 ºC in samples containing GO is related to the decomposition of unstable oxygen-containing 

functional groups on GO structure. Figure 6-6.b illustrated that the addition of GO markedly 

decreased the degradation peaks intensity of polymer, approving its boosting effect on the thermal 

stability of the nanocomposite.  

  

Figure 6-6. a) Percent weight loss, and b) weight loss rate versus temperature of synthesized 

GO/HCPs. 
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6.4.5 Textural Analysis 

Adsorbent pore properties, including surface area, pore volume, and pore size distribution, play a 

dominant role in VOC adsorption/desorption performance of adsorbents.57,58 Hence, the effect of 

GO addition on HCP pore properties was investigated using N2 adsorption isotherm. Figure 6-7.a 

shows that the pristine polymer has a surface area of 1269 m2/g, with a total pore volume of 1.18 

cc/g. The introduction of 8 wt% GO into the polymer negligibly reduced the BET surface area, by 

about 7 %. This reduction is attributed to the nonporous structure of GO nanosheets. The total pore 

volume decreased to 1.07 cc/g for the sample containing 8 wt% GO.  The pore size distribution 

analysis of the synthesized nanocomposites reveals a mesoporous (2 nm < pore diameter < 50 nm) 

structure (Figure 6-7.b). Large pore size can potentially reduce the diffusion limitation of 

adsorbates during adsorption/desorption by providing larger pathways for the molecular 

transportation inside the adsorbent, unlike fully microporous adsorbents.  

  

Figure 6-7. a) BET surface area, total pore volume, and b) pore size distribution of synthesized 

GO/HCPs. Error bars represent the standard deviation of two measurments. 
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6.4.6 Toluene Adsorption Isotherm 

Figure 6-8 shows the adsorption isotherms of toluene on pristine HCP and GO-filled 

nanocomposite samples. For all the samples, the adsorption capacity steeply increases at very low 

toluene relative pressures but the increase gradually slowed down. The dramatic increase at low 

pressures could be attributed to the presence of a large available free surface area, responsible for 

toluene adsorption, which was continuously occupied by toluene molecules with rising pressure. 

As depicted in Figure 6-8, the introduction of GO into the polymer did not markedly change the 

adsorption capacity, neither at low nor high relative pressures. The addition of 8 wt % GO 

decreased the adsorption capacity at low and high relative pressures by 9 % and 8 wt %, 

respectively.  

 

Figure 6-8. Toluene adsorption isotherms of GO/HCPs at 25 ºC. 
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6.4.7 Dielectric Properties Measurement 

The dielectric properties and penetration depth of the pristine polymer and nanocomposites were 

studied at 2.45 GHz and room temperature (Figure 6-9a). Both dielectric constant (𝜀') and loss 

factor (𝜀") of nanocomposites were enhanced by the addition of GO. The addition of GO up to 2 

wt% showed no considerable effect on 𝜀' and 𝜀". However, further increment of fillers rapidly 

enhanced the dielectric constant and dielectric loss factor. The addition of 2 and 8 wt% GO to the 

pristine polymer enhanced dielectric constant by 36 % and 263 %, respectively, illustrating the 

profound effect of GO on the dielectric constant. The same trend was observed for the effect of 

GO on the loss factor. More than 29 times improvement in the dielectric loss factor was observed 

in the nanocomposite with 8 wt% GO. The sharp increase in both parameters at GO contents higher 

than 2 wt% is attributed to reaching the percolation threshold of GO. Liu et al. showed that 

dielectric properties improvement in the GO filled nanocomposites is mainly due to the dipolar 

relaxation and interfacial polarization.59 In fact, large number of defects such as dangling bonds 

and vacancies at the polymer-GO interface creates a capacitor-like structure which results in 

interfacial polarization and loss factor enhancmenet.59 Since GO nanosheets have a higher aspect 

ratio compared to spherical fillers, percolation structure can be produced at a low filler loading 

such as 4 wt%.60  Figure 6-9.b presents the calculated penetration depths of synthesized HCP and 

GO-filled nanocomposites. The addition of 8 wt% GO sharply decreased the penetration depth 

from 77.4 cm down to 4.9 cm, revealing the boosting effect of GO on the MW absorption 

efficiency. Based on the MW penetration depth analysis, the sample holding 4 wt % GO was 

selected as the best filler content that promotes MW heating efficiency and prevents non-uniform 
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heating. These results demonstrate that GO addition can be used to tune the MW penetration depth 

inside the material and enhance the MW absorption efficiency inside the adsorbent bed.  

  

Figure 6-9. Effect of GO on a) dielectric properties and b) MW penetration depth. Error bars 

represent the standard deviation of two measurments. 
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times higher heating rate (0.3 ºC/s) at just 3 (watt/g) power density. These results demonstrate that 

adding GO to the polymer contributes markedly to the fast and energy-efficient heating of the 

adsorbent. Figure 6-10.b shows that adding GO to the polymer exponentially decreased the energy 

required to increase the temperature of 1 gr adsorbent by 1 ºC. The inclusion of 8 wt% GO into 

the polymer reduced the MW heat capacity from 1240 to 10.1 J/ g⁰C, a 99% decrement. The results 

showcase the controlling effect of GO content on the MW heating rate and MW heat capacity of 

the polymer samples. 

  

Figure 6-10. Effect of GO content on a) heating rate and b) MW heating capacity. Error bars 

represent the standard deviation of three measurments. 
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difference (more than 160 ºC) between the GO-filled nanocomposite and HCP in the 60 minutes 

of exposure to 20 watts of MW heating. A strong relationship between temperature and gas-phase 

molecular diffusivity in porous material has been reported in the literature.61,62 Higher adsorbate 

diffusion increases the desorption rate and creates a sharp peak in the toluene concentration profile 

(Figure 6-11.a). As a result, the toluene desorption efficiency from the GO-filled nanocomposite 

improved by 4.4 times compared to pristine HCP (Figure 6-11.b).  

   

Figure 6-11. a) Effluenet concentration and adsorbent temperature profiles during desorption of 

toluene, and b) Toluene desorption efficiency. Error bars represent the standard deviation of two 

measurments. 
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even a small amount of GO (1 wt%) profoundly increases the thermal stability of HCP. The small 

reduction in BET surface area and total pore volume of nanocomposites by GO content was 

attributed to the nonporous structure of GO sheets. Dielectric measurement results revealed that 

filling HCP with 8 wt% of GO enhances the dielectric constant and loss factor by more than 3 and 

28 times, respectively. The consumed MW energy to heat the bed for 1 °C was reduced by 99% 

by using GO filler in the MW heating experiments. More than 160 ºC and 4.4 times enhancement 

in the desorption temperature and toluene desorption efficiency were achieved by addition of 4 

wt% of GO to the polymer.  
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CHAPTER 7: REAL-TIME NONCONTACT VOC DESORPTION 

MONITORING SENSOR 

 

7.1 Chapter Overview 

In this chapter, a contactless microwave (MW) sensor is presented for real-time monitoring of the 

desorption process. The main sensing element of the proposed desorption monitoring platform is 

a chipless flexible MW split-ring resonator (SRR), ‘tag’, which is electromagnetically coupled to 

a read-out circuit, ‘reader’. A styrene-divinylbenzene resin was loaded with heptane (nonpolar) 

and n-propyl alcohol (polar) at different concentrations to evaluate the use of the sensor for 

desorption monitoring. After verifying the sensor's temperature stability, the desorption was 

carried out at 175 ºC. The sensor response was compared to effluent adsorbate concentration 

measured by flame ionization detector (FID), and thereby, adsorbent dielectric properties were 

related to adsorbate load on the resin. A linear correlation (R2 > 0.95) between the adsorbate load 

and the measured frequency shift was observed. The saturation time and regeneration time 

determined based on the non-contact sensor showed more than 95 % and 75 % consistency, 

respectively, with corresponding values obtained from concentration measurements by FID. The 

proposed sensor has the potential to be integrated as a low-cost handheld sensing device. The 

proposed chipless MW resonator sensor demonstrates the capability of real-time distant 

monitoring and detection, making it suitable for use in harsh environments and high-temperature 

sensing applications. 
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7.2 Introduction 

Thermal regeneration is commonly used for adsorbent regeneration and is operated in a cyclic 

mode. This step typically requires time to heat, desorb, and cool down the adsorbent bed, and is 

often the time-limiting step in the temperature swing adsorption cycle. During thermal 

regeneration, the temperature of the spent adsorbent is increased, which provides enough energy 

for adsorbate molecules to escape from the pores. Thus, the surface area and pores of the spent 

adsorbent are regenerated for the next adsorption cycle. In the thermal regeneration process design, 

regeneration time is a key parameter used to determine the number of beds required for a 

continuous cyclic VOC adsorption/desorption operation.1 Besides, regeneration time directly 

impacts energy consumption, and thus, the operating cost of the air treatment facility. Regeneration 

time can be defined as when effluent gas concentration from the adsorbent bed reaches 1% of feed 

gas concentration.2 Prediction of the regeneration time can be challenging as the amount of 

adsorbate load in the adsorbent bed may vary by the properties of the polluted gas stream, such as 

the number of compounds and their concentration. These parameters can change the adsorbate 

load on the adsorbent and the adsorbent temperature after the adsorption. Besides, the strength of 

the adsorbate molecule interaction with the adsorbent surface can change the required time for a 

complete adsorbent regeneration.3,4 The stronger the interaction is, the longer the regeneration time 

is.5 Diffusion of desorbed molecules into the purge gas is controlled by the contact time between 

the adsorbent and the purge gas.6 Higher purge gas flow rates result in shorter regeneration times 

for a given bed length.7 Considering all the above parameters, prediction of regeneration time using 

a theoretical approach can be demanding and needs a long computational time. Alternatively, 

direct measurement of the effluent concentration during regeneration is typically used to determine 
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the regeneration time. In this method, a volatile organic compound (VOC) detector is used to 

directly monitor the effluent VOC concentration during desorption, from which regeneration time 

can be determined.2 While direct measurement is the only way to accurately determine the time 

needed for a complete adsorbent regeneration, it adds other challenges such as the exposure of 

detector to hazardous, high boiling point, or corrosive compounds.  

Recently, planar MW resonators emerged as potential candidates for sensing applications due to 

their simple and low-cost fabrication process, easy integration with complementary metal-oxide 

semiconductor (CMOS), lab-on-chip compatibility, and flexible design. They have been utilized 

for a wide range of applications, including biomedical detection8–12, chemical solutions sensing 

8,13–16, and environmental monitoring10,17–19. Integration of MW planar sensors with adsorbents 

significantly enhances their sensitivity and selectivity, making them capable of gas/VOC detection 

and concentration monitoring.20–22 The operation principle of MW planar split-ring resonator 

(SRR) based sensors is the result of the variation in  electromagnetic (EM) field around the sensor 

due to the changes in the dielectric properties of the surrounding medium. Specifically, during 

VOC adsorption/desorption process, any change in the VOC loading capacity of the adsorbents 

can be translated into a change in their dielectric properties, resulting in a change in their resonance 

profile. However, VOC desorption process by thermal method is typically carried out at high 

temperatures (above 100 ºC) that is beyond the maximum bearable temperature for any non-linear 

electronic components integrated with MW sensors and the read-out equipment. To resolve this 

issue and enable precise VOC sensing in high temperature applications, a new reader-tag based 

MW sensor is developed.  
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The proposed design demonstrates distant sensing performance, makes the sensor an exceptional 

choice for VOC monitoring and detection in harsh environments.21,23–25 In this study, the 

application of a MW resonator for real-time distant monitoring of VOC adsorption/desorption 

process is investigated. The main sensing element of the proposed MW resonator is a chipless 

flexible tag that can communicate variation in the dielectric properties of the ambient around itself 

to a reader circuit through electromagnetic coupling when the distance between the reader and the 

tag is up to 60 mm. During the adsorption/desorption process, the change in the tag’s resonant 

frequency is measured and monitored using a vector network analyzer (VNA). Obtained results 

from the proposed VOC sensing element were compared with measured values from a flame 

ionization detector (FID). Finally, the variations in the frequency response are used to determine 

the saturation and regeneration times.  

7.3 Experimental set-up and methods 

7.3.1 Material 

Styrene-divinylbenzene porous resin (Dowex Optipore V503) with a BET surface area of 1100 

m2/g and a total pore volume of 0.9 cc/g was used as the adsorbent. Heptane (99%, Fisher 

Scientific) and 1-propanol (99%, Fisher Scientific) were selected as adsorbates. These two 

compounds have similar boiling points; however, heptane is nonpolar, and 1-propanol is polar. 

Difference in the polarity of adsorbates indicates a difference in their dielectric properties which 

allows the sensor to be assessed in the detection of a wide range of VOCs. Table 1 shows some 

physical properties of selected adsorbates. 
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Table 7-1. Physical properties of tested adsorbates 

Adsorbate Heptane 1-Propanol Ref. 

Boiling Point (oC) 98 97  

Dipole moment (D)  0.1  1.6 26 

Relative Polarity 0.01 0.61 27 

Dielectric Constant at 25 o C 1.92 20.40 28,29 

7.3.2 VOC Adsorption and Desorption 

The adsorption apparatus consisted of a quartz tube, an adsorbate vapor generation system, and an 

adsorbate concentration detection system. A quartz tube with 2.2 cm inner diameter and 35 cm 

length was used to hold 2 grams of adsorbent beads. The adsorbate vapor generation system 

consisted of a syringe pump (KD Scientific, KDS-220) to inject liquid VOC into a 1 standard liter 

per minute (SLPM) dry air which is controlled by a mass flow controller to reach the target 

concentration at room temperature. A FID (Baseline- Mocon Inc., series 9000) was used to record 

the adsorbate concentration in the inlet and outlet air streams. FID was calibrated, using the 

manufacturer calibration procedure, for each adsorbate prior to each test. Before each experiment, 

adsorbent beads were outgassed in a vacuum oven by heating at 110 °C for 24 hours. The outgassed 

adsorbents were weighed and placed into the quartz tube, then adsorption started. The 

concentration of adsorbate in the effluent stream was continuously recorded every 30 seconds until 

it reached the inlet concentration and remained constant with time.  

The experimental apparatus used for adsorbent regeneration experiments included a mass flow 

controller, a FID detector, a heating loop, heating jackets, and insulation tapes.  A constant flow 

of nitrogen at 175 °C was produced in a copper heating loop and used to regenerate the spent 
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adsorbents. A fiber optic sensor (Reflex, Neoptix) was used to measure the temperature of the 

adsorbent bed during the regeneration. Figure 7-1.a depicts a schematic diagram of the 

adsorption/desorption experimental setup.  

 

 

 
(a)  

 

(b)  

Figure 7-1. (a) Schematic diagram of the adsorption and desorption process. (1) Mass flow 

controller; (2) Syringe pump; (3) Tee; (4) FID & Data acquisition; (5) Sensing tag and reader; (6) 

Heating loop; (7) Adsorbent Bed. (b) Picture of MW reader-tag sensor used for distant 

desorption monitoring. 

Reader 

Chip-less Tag 
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7.3.3 Dielectric Property Measurement 

Variation in the dielectric properties of the adsorbent during the adsorption/desorption process was 

monitored using the proposed MW sensor. The experimental setup used to monitor the dielectric 

properties of adsorbents consisted of a 2-port VNA (S5065, Copper Mountain Technologies) and 

data acquisition software. The VNA was connected to the reader through high-frequency cables 

(SB-SMA-MM-78, Maury Microwave). The reader part was implemented on a substrate 

(RT/duroid5880, Rogers Corporation) with a relative permittivity of 2.2, a loss factor of 0.0003, 

and a thickness of 1.52 mm. The sensing tag was designed on a flexible substrate (Ultralam 3850, 

Rogers Corporation) with a relative permittivity of 3, a loss factor of 0.003, and a thickness of 130 

μm (Figure 7-1.b). For real-time dielectric properties monitoring, the tag was mounted on the 

quartz adsorbent container measuring the resonant frequency variations while the reader was 

placed outside the bed and at a 30 mm distance from the tag. This time-based measurement was 

performed using a developed LabVIEW interface. Measurements of dielectric properties were 

conducted from 500 MHz to 1.1 GHz during VOC adsorption and desorption. The schematic of 

the proposed real-time desorption monitoring sensor, including the chip-less tag and the MW 

reader, is shown in Figure 7-2.a.  
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(a) 

 
(b) 

 

 
 

 
(c)  

Figure 7-2.  (a) The main structure of the chip-less MW sensor, (b) the transmission response of 

the system indicating a resonance in the spectrum of the whole structure. (c) the tag, reader, and 

the ground plane with their dimensions identified in mm: Wr1=33.3, Lr1=25.4, Wr2=7, Lr2=24.6, 

Lg1=57.27, Lg2=95.8, Lg3=40, Wg= 14, Lt1=45, Lt2=21.4, Lt3=20.5, Wt1=9, Wt2=1, and g1, g2=1.4. 
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The main sensing element of the structure is the tag, which is an open-loop MW SRR place at 35 

mm vertical distance from a MW reader circuit. The tag is in the form of simple copper traces, and 

the resonance frequency of the tag is reflected in the spectrum of the transmission response (Figure 

7-2.b). The 3D electromagnetic simulation of the structure results has been performed in Ansys 

HFSS. The structure of the reader circuit demonstrates gap coupled transmission lines in the top 

layer while the bottom layer is the defected ground structure (Figures 7-2.a & 7-2.c). The tag 

resonator (Figure 7-2.c) was designed on a flexible and thin substrate which makes it easier to be 

mounted on different adsorbent bed configurations.  

The sensor design procedure starts with designing the tag resonator and the reader.  The resonant 

frequency of the tag is initially designed at 880 MHz (Figure 7-2.b). Eq. 1 relates the resonant 

frequency of the sensor to its physical length (𝑙 ≈ 𝐿𝑡1 + 2 ∗ (𝐿𝑡2 + 𝐿𝑡3)):  

𝑓r =
𝑐

2𝑙√ε𝑒𝑓𝑓 
      (Eq. 1) 

where 𝑓r  is the resonant frequency (Hz), c is the speed of light (m/s), and εeff is the effective 

permittivity (F/m) of the resonator medium that is determined by the material surrounding the tag 

resonator. The 880 MHz has been the frequency where the design is optimized for both the size of 

the structure and the distance between the tag and the reader. The parameters that define the 

sensitivity of the MW sensor are variations in resonance frequency, amplitude, and quality factor 

of the frequency response, which are used for analyzing the sensing performance of the structure. 

The resonant profile of the sensor (transmission response) is observed and recorded during the 

adsorption/desorption process, and resonant frequency (𝑓r) is extracted from the resonant profile. 

The resonant frequency can be defined as the frequency at which the maximum power transmission 
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occurs. Unlike 𝑙 which is a design parameter, 𝜀𝑒𝑓𝑓 will affect the resonance frequency to shift into 

higher/lower frequencies. In an analysis of 𝜀𝑒𝑓𝑓 , Zarifi et al. found that 𝜀𝑒𝑓𝑓  is a function of 

adsorbate filling factor and permittivity of adsorbent/adsorbate system.22 Since the thickness of the 

resonator is very small (100 μm), adsorption/desorption of VOC molecules in the adsorbent bed 

under the tag acts as the most effecting element to change εeff, making the tag suitable for VOC 

sensing applications.8,30 In this study, Dowex Optipore V503 (𝜀𝑟_𝑉503 ≈ 1.5 − 2 31) was selected 

as the major parameter that impacts  𝜀𝑒𝑓𝑓 variation during the adsorption/desorption.  

Figure 7-3 shows the electromagnetic simulation results of the structure for different vertical 

distances between the tag (as shown in Figure 7-2.a) and the reader varying between 10 mm and 

60 mm. As expected from the 𝜀𝑒𝑓𝑓   impact on resonance frequency in Eq. 1, the resonance 

frequency of the resonator shifts toward the higher frequency and the quality factor increases by 

decreasing the distance.  

 

Figure 7-3. Transmission response of the tag-reader sensor while the distance between the tag 

and reader changes from 10 mm to 60 mm. 
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To analyze the sensitivity of the proposed sensor design with the permittivity change in the 

surrounding media, samples with different permittivity were placed at 15 mm distance from the 

reader and transmission was recorded between 0.6 to 1.3 GHz (Figure 7-4).  As shown in Figure 

7-4, the frequency shift was more than 0.3 GHz when the permittivity of the sample layer above 

the tag was changed from εr = 1 to εr = 10. If we define the sensitivity of the sensing system as 

Δf/Δεr, the presented sensitivity is -34.7 MHz/(unit εr). This considerable sensitivity despite using 

a thin layer of the sample over the tag, emphasizes the potential of the proposed sensor in 

measuring permittivity variation in small volume scale applications.  
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7.3.4 VOC Adsorption Isotherm 

Adsorption isotherms were measured with a gravimetric method at 25 °C. The main elements of 

the system include a microbalance (Cahn Instruments, C-1000) in a nitrogen (99.9 %) purged 

environment, two mass flow controllers, syringe pump, quartz cells, and stainless-steel pans. A 

data-acquisition was used to continuously record the microbalance output. VOC adsorption 

experiments were performed by increasing the inlet concentration from 20 ppm to 1500 ppm in an 

ultra-pure nitrogen (99.9 %) stream. Adsorption continued until equilibrium state was achieved 

(i.e., < 0.01wt% change in 5 min). Samples’ weight changes were recorded to calculate adsorption 

capacity at each relative pressure.  

Figure 7-4. Simulation results showing the resonant frequency variation for four different 

effective permittivities (εr) of the sample under the test (SUT). 
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7.4 Result and discussion 

7.4.1 Thermal stability  

As mentioned earlier, the proposed VOC detection method is based on the detection of dielectric 

properties variation around the tag due to VOC adsorption/desorption. Previous studies show that 

dielectric property of material can change at elevated temperatures.32,33 Therefore, the dielectric 

properties of the adsorbent bed was measured at the regeneration temperature (175 ºC) to evaluate 

the extent of dielectric property variation. Figure 7-5 shows the temperature evolution in the bed 

and transmitted frequency shift versus the heating time. Obtained results show a stable 

transmission of frequency data, with the average frequency shift around 0.015 MHz at 

temperatures up to 175 ºC. This small frequency shift due to the temperature increase can be used 

to correct the measured frequency shift during the regeneration process.  

 

Figure 7-5. Change in temperature and frequency shift during the heating of the adsorbent bed.   
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7.4.2 VOC adsorption/desorption monitoring 

After illustrating the effect of temperature on the transmitted frequency shift from the bed, the 

proposed sensor design was used to conduct VOC adsorption/desorption monitoring. Two VOC 

concentrations (100 ppm and 1000 ppm) in the inlet air stream were selected based on the 

adsorption isotherms (Figure 7-6) to evaluate the sensitivity of the sensor at two different VOC 

loads on the adsorbent. Effluent adsorbate concentration and sensor’s resonance frequency were 

recorded during the adsorption/desorption process to assess the sensor’s performance in VOC load 

monitoring.  

 

Figure 7-6. Heptane and 1-propanol adsorption isotherms. 

Figure 7-7 presents the breakthrough curves, Dowex Optipore V503 adsorption capacities of each 

adsorbate, effluent adsorbate concentrations during the desorption, and frequency shift during 

adsorption/desorption. As expected from VOC adsorption isotherms (Figure 7-6), 1-propanol 
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adsorption took a longer time to reach the saturation state than heptane at the same inlet 

concentration (Figure 7-7.a). For a given concentration, the longer saturation time means a larger 

adsorption capacity (Figure 7-7.b).34 Therefore, a higher amount of 1-propanol desorbed in the 

Dowex Optipore V503 regeneration results in higher concentration peaks compared to 

corresponding heptane desorption tests (Figure 7-7.c). From the data in Figure 7-7.d, it is apparent 

that 1-propanol showed larger frequency shift than heptane at the frequency shift plateau. This 

difference can be explained by the fact that 1-propanol has a larger dielectric constant and 

adsorption capacity on the adsorbent (Table 1 and Figure 7-7.b). Both parameters result in a larger 

change in the  𝜀𝑒𝑓𝑓 of adsorbent bed and transmitted frequency shift from the bed. These result 

supports evidence from previous observations by Zarifi et al. and Fayaz et al. who found the direct 

relation of adsorbate load and adsorbate permittivity with the 𝜀𝑒𝑓𝑓 .22,31,35 Additionally, Figure 7-

7.d shows that the frequency shift gradually decreases during VOC adsorption and increases during 

VOC desorption till it gets back to the starting value after complete regeneration. This is consistent 

with the earlier sensitivity analysis (Figure 7-4) that shows a negative value (-34.7 MHz/unit εr) 

for the frequency shift per unit of permittivity change. In fact, VOC adsorption increases the 

effective permittivity of the bed by filling the adsorbent pores with VOC molecules which creates 

a downshift trend in the frequency shift. However, adsorbent regeneration decreases the effective 

permittivity and creates an increasing trend in the frequency shift as the bed loses adsorbed VOC 

molecules.  
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Figure 7-7. a) Adsorption breakthrough curves, b) Dowex Optipore V503 adsorption capacities, 

c) effluent VOC concentration during the desorption, and d) frequency shift variation during the 

adsorption and consecutive desorption. Error bars represent the standard deviation of three 

rounds of analysis. Arrows indicate the transition from the adsorption to the desorption. 

 

To better illustrate the relation between the VOC load and the frequency shift, 1-Propanol/Heptane 

load on Dowex Optipore V503 were calculated based on the concentration data and ideal gas law 
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during the adsorption/desorption and compared to the time-based frequency shift results (Figure 

7-8). Figure 7-8 shows an immediate change in the VOC loads and frequency shifts after the 

plateau which is related to the initiation of the regeneration process and VOC desorption from the 

bed. These results demonstrate that the frequency shifts in all experiments returned to the initial 

value after regeneration. Therefore, regardless of frequency shift value at saturation state, 

successful regeneration can be determined when the frequency shift value is approaching the initial 

value before the VOC adsorption. In other words, this method can be applied to any desorption 

process with minimum calibration requirement, which is an important achievement.  
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Figure 7-8. Adsorbate load and frequency shift change during adsorption/desorption of a) 100 

ppm 1-Propanol, b) 1000 ppm 1-propanol, c) 100 ppm Heptane, and d) 1000 ppm Heptane. 

Arrows indicate the transition from the adsorption to the desorption. 

To evaluate the accuracy of the sensor in predicting VOC load on the adsorbent, recorded 

frequency shift and VOC load data during adsorption/desorption were normalized to their 

maximum values at the equilibrium state (plateau) and plotted versus each other. Figure 7-9 shows 

the linear relation of frequency shift with adsorbate load. Comparing the R2 values for the linear 

regression of frequency and concentration data demonstrate that the variation of 1-propanol load 

on the adsorbent can be estimated more accurately than heptane load using the resonant frequency 

data.  In accordance with the present results, Fayaz et al. demonstrated a similar linear correlation 

between the frequency shift and heel, undesorbed VOC, on activated carbon.35 Figure 7-10 

illustrates that 1 wt % of 1-propanol creates more than 4 times larger frequency shift compared to 

1 wt % heptane on the adsorbent. Therefore, variation of 1-propanol load on the adsorbent can be 

estimated with a higher level of accuracy than heptane load variation.  
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Figure 7-9. Relative frequency shift versus relative adsorbate load in adsorption/desorption of a) 

Heptane and b) 1-Propanol.    

 

Figure 7-10. Resonant frequency shift of adsorbent with 1 % adsorbate load.  Error bars show the 

standard deviation of three rounds of experiments. 

7.4.3 Saturation & Regeneration time prediction 

As mentioned earlier, this sensor design can potentially be used to measure saturation and 

regeneration time in the adsorption process. Therefore, obtained frequency and concentration data 

0

0.5

1

1.5

2

Heptane 1-Propanol

M
H

z/
(1

 %
 a

d
so

rb
at

e 
lo

ad
)

  

R² = 0.95

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
F

re
q

u
en

cy
 S

h
if

t 

a)                        Relative Heptane Load

R² = 0.97

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
F

re
q

u
en

cy
 S

h
if

t 

b)                    Relative 1-Propanol Load



Chapter 7  Real-time Noncontact VOC Desorption Monitoring Sensor 

201 

during the adsorption/desorption cycle were used to evaluate the performance of the sensor in 

predicting both saturation (tSat.) and regeneration time (tReg.). In this study, tSat. is defined, based on 

the concentration data, as the time at which adsorbate concentration in the effluent gas stream 

reaches 99 % of inlet concentration and tReg. is defined as the time at which effluent gas 

concentration reaches 1 % of feed gas concentration. Based on frequency shift data, tSat. is defined 

as the time that resonant frequency shift reaches 99 % of its value at the saturation stage, and tReg. 

is defined as the time at which resonant frequency shift reaches 1 % of its value at the saturation 

stage. Figure 7-11.a indicates that, for both adsorbate types, the difference between the measured 

saturation time by frequency and by concentration data is less than 5 %. However, using frequency 

data, heptane and 1-propanol desorption times were underestimated by 9 to 13 % and 25 to 33 %, 

respectively (Figure 7-11.b). Larger error and underestimation of regeneration times compared to 

saturation times are related to the sensor’s detection limit at low adsorbate loads.  

  

Figure 7-11. Measured adsorbent saturation time, tSat. (a) and regeneration time, tReg. (b) based on 

concentration and frequency data. Error bars show the standard deviation of three rounds of 

experiments. 
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7.5 Conclusions 

In summary, a contactless distant MW sensor was designed for real-time monitoring of desorption 

process. Proposed sensor showed acceptable performance up to 60 mm away from the media. 

Sensitivity analysis of sensor showed more than -34 MHz/(unit εr) at 15 mm distance from the tag.  

Stable transmission of frequency data with less than 0.015 MHz frequency shift at temperatures 

up to 175 ºC was observed from the thermal stability analysis. The proposed sensor exhibited an 

impressive sensitivity for the VOC load variation during the adsorption and desorption process. A 

linear correlation (R2> 0.95) was observed between frequency shift data and adsorbate load on the 

adsorbent. Saturation and regeneration times were predicted using frequency data. Obtained results 

demonstrate more than 95 % and 75 % accuracy in predicting adsorbent saturation time and 

regeneration time, respectively. These results could be considered as a paradigm shift in MW 

sensors for harsh environment applications such as high temperature desorption process and pave 

the way towards their commercialization. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

8.1 Dissertation Overview 

Adsorbents with high surface area, thermal stability, and microwave (MW) absorption ability are 

highly desired for cyclic adsorption and MW-assisted regeneration processes. However, there are 

many adsorbents such as porous polymers which cannot be regenerated by MW due to poor MW 

absorption ability.  

MW resonators have been widely used for sensing applications in environmental system 

monitoring. A very attractive application for the MW planar structure is VOC sensing. So far MW 

sensors have been used in low to medium range temperature process (<100 ºC) which limits their 

application in harsh environments such as VOC sensing in thermal regeneration process.  

 This research is one of the first investigations that developed novel methods to improve MW-

assisted regeneration of porous MW-transparent adsorbents and a new MW sensor for VOC 

sensing at high temperature desorption process.    

8.2 Conclusions 

In chapter 3, the effect of purge gas relative humidity on MW absorption of Zeolite and Optipore 

V503 was investigated at a range of MW applied power. Higher temperature was achieved when 

adsorbents were purged with humid purge gas compared to dry purge gas. To elucidate the reason 

behind this, water vapor adsorption experiments were performed on both adsorbents under MW 

irradiation (0-400 W). After each adsorption test, the adsorption capacity and dielectric properties 

of the adsorbent samples were measured. Dielectric property measurements showed that the 
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dielectric constant and loss factor of the adsorbents decreased with increasing MW applied power. 

This trend is attributed to the water adsorption amount on zeolite and Optipore V503 which was 

reduced by more than 93 % and 97 %, respectively, due to the MW irradiation and corresponding 

adsorbent temperature increase. Further investigation revealed that water vapor concentration in 

the purge gas and the interaction of water molecules with the adsorbent surface are two major 

factors governing the extent of MW heating at constant applied power. Additionally, VOC 

adsorption on /MW assisted desorption of zeolite/Optipore V503 was performed to study the effect 

of purge gas humidity on the regeneration of adsorbents. Using humidified purge gas enhanced 

the VOC desorption rate by 86 % and decreased the energy required to reach 99 % desorption 

efficiency by 73 %. 

In chapter 4, the effect of CNT addition to Optipore V503 was studied. CNTs were selected as a 

MAM due to their large loss factor and electrical conductivity. Different levels of CNT (0-0.3 

wt%) were deposited on the adsorbent surface using an aqueous solution with SDS:CNT ratio of 

10:1. Results obtained from HIM imaging and Raman spectroscopy showed that adsorbent beads 

can be successfully coated with CNT using SDS/CNT suspension. Nitrogen and heptane 

adsorption analysis revealed that BET surface area and adsorption performance of the adsorbent 

decreased due to SDS diffusion into the micropores during CNT coating. CNT-coated and as 

received adsorbent samples demonstrated similar thermal stability based on TGA analysis. Coating 

Optipore with 0.3 wt% of CNT enhanced its dielectric constant and loss factor by 160% and 

2790%, respectively. The enhancement in the dielectric properties by CNTs led to a considerable 

reduction (more than 98%) in the MW energy needed to heat the bed. Finally, cyclic heptane 

adsorption/MW regeneration experiments showed more than 284% improvement in the desorption 
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efficiency of CNT coated samples. Improved VOC desorption during MW heating increased the 

working capacity of coated samples by 237 %.  

In chapter 5, a series of CB/HCP composites of different CB contents were prepared through in-

situ polymerization and Friedel-Crafts reactions. FTIR analysis and HIM images confirmed the 

synthesis of HCP and CB/HCP, respectively. The HIM images showed formation of CB 

agglomerates that can act as a conductive network within the matrix. TGA analysis showed more 

than a 60 percent increase in the residual weight at 880 °C in CB filled polymers which shows 

higher thermal stability of CB-filled composites. This is a particularly important feature since 

adsorbents can reach elevated temperatures in MW-heating. Nitrogen and toluene adsorption 

isotherm analysis indicated that the composites have well-developed micropore and mesopore 

structures. The CB content of 4 wt% was found to be optimum as disproportionally larger 

reductions in pore volume and adsorption capacity were observed above this filler content.  

Dielectric property measurement of HCP with 4 wt % CB showed more than 2 and 21-times 

enhancement in dielectric constant and loss factor, respectively. These increases are attributed to 

the formation of a conductive CB network inside the polymer structure which provided more paths 

for electron migration and therefore conduction loss inside the composite. MW-assisted desorption 

of HCP with 4 wt% CB showed a 139 ºC increase in the desorption temperature compared to 

pristine HCP at the same applied MW power. As a result, hexane could completely desorb from 

the CB-filled composite and the desorption efficiency improved by more than 73 % compared to 

that of HCP. 

In chapter 6, solution mixing method was selected to minimize the filler agglomeration in the 

composite. In this regard, polymers of 4, 4´-bis ((chloromethyl)-1, 1´ -biphenyl- benzyl chloride) 
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were synthesized through the Friedel-Crafts reactions. GO nanosheets were synthesized by 

Hummer’s method to be used as the MW absorptive filler that could potentially have a low 

percolation threshold due to its large aspect ratio. XRD, FTIR, SEM, HIM, and TEM studies 

showed the successful synthesis of HCPs and GO, and the proper dispersion of GO inside the HCP 

matrix. TGA analysis revealed that even a small amount of GO (1 wt%) profoundly increases the 

thermal stability of HCP. The small reduction in BET surface area and total pore volume of 

nanocomposites by GO content was attributed to the nonporous structure of GO sheets. Dielectric 

measurement results revealed that filling HCP with 8 wt% of GO enhances the dielectric constant 

and loss factor by more than 3 and 28 times, respectively. The consumed MW energy to heat the 

the polymer with 8 wt% GO by 1 °C was reduced by 99% in the MW heating experiments. More 

than 160 ºC and 4 times enhancement in the desorption temperature and toluene desorption 

efficiency were achieved by addition of 4 wt% of GO to the polymer.  

In chapter 7, a non-contact MW sensor was designed for real-time monitoring of desorption 

process. The sensor showed acceptable performance up to 60 mm away from the media. Sensitivity 

analysis of sensor showed more than -34 MHz/(unit εr) at 15 mm distance from the tag.  Stable 

transmission of frequency data with less than 0.015 MHz frequency shift at temperatures up to 175 

ºC was observed from the thermal stability analysis. The proposed sensor exhibited a high 

sensitivity for the VOC load variation during the adsorption and desorption process. A linear 

correlation (R2> 0.95) was observed between frequency shift data and adsorbate load on the 

adsorbent. Saturation and regeneration times were predicted using frequency data. Obtained results 

demonstrate more than 95 % and 75 % accuracy in predicting adsorbent saturation time and 
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regeneration time, respectively. These results could set the stage for the use of MW sensors in 

harsh environment applications such as high temperature desorption process. 

8.3 Recommendations 

In this research four methods were identified to improve the MW-assisted regeneration of MW-

transparent adsorbents. Different characterization tests were used to show the advantages and 

disadvantages of each method. Based on the findings of this research, the following 

recommendations can be made for future investigations: 

• Due to its tunable porosity and chemical versatility, HCPs are considered as a suitable 

candidate in many VOC adsorption applications. Nevertheless, commercially available 

polymeric adsorbents suffer from undefined bed porosity, high pressure drop and abrasion 

since they are typically provided in the form of spherical particles. These obstacles could 

be overcome through the free design offered by 3D printing. Further research could 

usefully explore the preparation of porous HCP honeycombs by 3D printing.  

• This study showed the critical impact of MAMs (e.g., water, CNT, CB, GO) on the MW-

assisted regeneration of MW-transparent adsorbents. While the presence of a MAM in the 

structure of adsorbent is needed for an efficient MW heating, it reduced the adsorption 

capacity of adsorbent based on the selected MAM. Future research could explore the effect 

of hybrid fillers (e.g., polymer/CNT nanofillers) as MAMs which could potentially result 

in better VOC adsorption and MW assisted regeneration of adsorbents. 

• The cyclical performance of an adsorbent has a close relationship to its thermal stability at 

elevated temperatures. This study showed that the presence of MAM fillers (e.g., CB, GO) 
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in the polymer structure substantially increases the thermal stability of prepared composite. 

However, there are other nanofillers such Al2O3 which has been reported in the literature 

for thermal stability improvement of non-porous composites. Further research might 

explore the effect of such nanoparticles on the thermal stability of porous composites.  

• Adsorbent beads can be under a large mechanical stress in the packed bed, which directly 

affect the adsorbent life span. Due to high mechanical strength, carbonaceous fillers such 

as CNTs have been used to enhance the mechanical strength of non-porous polymer 

composites. A further study could assess the effect of CNTs on the mechanical strength of 

porous composite adsorbents.  
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APPENDIX A: SUPPLEMENTARY INFORMATION 

 

Figure 0-1. Adsorption isotherms of water vapor on Zeolite HSZ980 and Optipore V503 without 

MW heating. 
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Figure 0-2. Desorption rate of a) Cyhex from Optipore V503, b) IPA from Optipore V503, c) 

Cyhex from Zeolite HSZ980, and d) IPA from Zeolite HSZ980 at 0 and 100 % RH and constant 

applied power of 380 W. 

 

 

Figure 0-3. Dispersed CNT concentration versus time. 
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