SRR R R T e .Y I
R

Graduate Institute of Environmental Engineering

College of Engineering

National Taiwan University

Master Thesis

A E R TR M P S AL 2
Adsorption of Volatile Organic Compounds and

Microwave Regeneration on Beaded Activated Carbon

e 2

Shih-Ying Hsiao

IhERE A BL
Advisor: Hsing-Cheng Hsi, Ph.D.

¢ EA R 109 & 7
July 2020

doi:10.6342/NTU202003443



B i 2
5 s g

RE7

BRAR & Mg AR VA Al 69 RO O B A

Adsorption of Volatile Organic Compounds and Microwave

Regeneration on Beaded Activated Carbon

WX ABYRE(EE ROTM4INNNAB L EH X LB TS
Eﬁmﬁﬁmﬁszﬁﬁ—_{:m{ﬁ XoMEBE 10957 A2 AATHLZRES

& #44%

EERBROKAEAE 0 H LB
WXEELE
2K iq 1 JE AT B £
L2 0= B &S AERBET RS H 3%
b
f'k'ﬁ'\ f’g J,/f} i 2 4
A = AN R PES T RET S ETE
/i\% §¥ fohm Bt £
‘ ~ B sbfHEAEHHATRIES
7} f LEEE L
A oAp KA HM T AR 5 % B 2008
\
Y U & 4
35 WA (A LT
X b
w R: V| [ETZ

doi:10.6342/NTU202003443



]
Pk g B E auT g AT SR ﬁ;gm;\ op AR ATHNER E KRG
SAchfle @Rl R S S RAALE Co Y R HA XA & o eh o b
&I B2 oo ARAGFOREEAGHY L7 QAR e B 235 50 - g
o EE B o HREE AW BE VLR B AU RS AT SRR R LB
2R o
TR T FEELP > AF 2T &Z %fﬁ“fﬁ?*%@w@%mﬁhm
4o RS B P A g R hBKE A Sl o SR R R B Rl
THEEL N TGA L P fapt AR ¥ o { EHHIEE L LT R E 2 6 of g
o AFEBO PRI B ) RN R AETRE I RE -
WHARE PP L P LA AT ETF O FF - EH LT L I pth
s TARM s o TS E RIS AT bt - BEHRF R Lo BEAP
- R FER L SEHE SR R R TR int s B ekARF e 2 A

FFern BET ey 0 { £ & 08 & B Adrienne 2%/ 2 chE 2 % F 2 2 23t en

w A ApEL s B ENG G F g «3}1];{:,\;0

BRI B Ar b R DA RS CEE S RF R EI AR
o BN AT B 2 FHE WE LY - G ot BAT fp R RSN
A A B AR o B AR AARLY B ;j:}gﬂ AR S AR A AR D

TR AREP . LRPEEE 0 A A
Bois BB PSR A B S PRAT Y LG AT B R A ik R

ESEEET) BT SR

doi:10.6342/NTU202003443



v 2 .f%.ﬁ
HEBG BF(VOOLELEL S § 7 AP HEELI LM AHERE LG &

FPEBHE L BT F AP Ao i VOC it iE s £8

=

FRAL o AU R - B L RARGR G - B pReh VOC AR 5 tp T T o g
MOER VOC b 4 3 wic B B2 B EF VY o asRiEBAE ¥ 23 B
BSRR B A G 2 RIS R F R S AR AIRRE T B Y o

AT R U EERA IR S R o BE I E G A G (X 32000 m? g -
BACTUVHA(<209em’ gD P F B R F sk AR 0 FH B AR
F(TOL)Z = ik (MEK) itk b5 & gile ot e 2 300 0 B it f Mk
SR R PR ALRE FIT P o 0 R T Y TR S A g 2
I B e o

iR 2. F B % % 12 Langmuir ~ Freundlich 2 Dubinin-Radushkevich(D-R) %
BB RPN E TR E BT N B HE AR o @ 11 Clausius-Clapeyron = #2358 12 2
d D-R #5891 en it B 8 3 oo AP SO B @ s i I3 IEY I
BHp S Lo

@k TOL 2 MEK 3 & fe2 i s il 4 2 Mie iR 40 % 4
Ay p IRk A B (SBAC) M A ] Mok 7 2 el R T E @ EE ¢ ot
HE R (KBAC)® th 4 s o @ L iflhe'didsk > 6 > 5B 8 B KL - =t
TOL 0 SBAC %t % £ F B F eijft > > @ fvidif MEK & & Rl&tjieenge = 7 worig
i o A MR B KBAC 1 0 546 5 B TR b asE g B

shipdt > B B A L ey ¥ AL

MeEF D IE G b 7 F T HOREER S ML 2

doi:10.6342/NTU202003443



Abstract

Volatile organic compounds (VOCs) are a great threat to the environment and human
health. Thus, it is very important to abate the emission of VOCs. Activated carbon has
been one of the most prevalently used adsorbents for VOC emission control, and in a
beaded shape, the activated carbon has potential to be applied in fluidized bed adsorption.

In this study, self-prepared activated carbon beads (SBAC) were synthesized using
commercial phenol-formaldehyde resin sphere precursors, which have a very high
specific surface area (>2000 m? g') and micropore volume (>0.9 cm® g!). These
experiments used methyl ethyl ketone (MEK) and toluene (TOL) as adsorbates in fixed-
bed adsorption tests, and regenerated them via microwave heating with inert gas purging.
All adsorption and desorption experiments were also performed using commercial BAC
(KBAC) for comparison.

The Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm models were
used to fit the experimental adsorption data. All three models showed good fitting
suitabilities. The isosteric heat of adsorption was calculated using the Clausius-Clapeyron
(C-C) equation and the parameters obtained from D-R isotherm indicates that the
interactions between adsorbate and adsorbent are due to physisorption.

Moreover, microwave heating was applied to the regeneration of saturated adsorbents,
in order to analyze the effect of irradiation power and time on the desorption behavior of
adsorbate. It was shown that compared to KBAC, SBAC reached relatively higher
regeneration efficiencies at lower microwave powers and shorter irradiation times. After
eight cycles of regeneration, the adsorption capacity for SBAC was significantly lost

when loaded with TOL, whereas in SBAC loaded with MEK it was even greater than the

\Y

doi:10.6342/NTU202003443



virgin sample. However, KBAC was able to sustain the adsorption capacities after eight
cycles of microwave regeneration, proving its hardiness. In conclusion, this study
demonstrates the excellent adsorption performance of SBAC and the possibility for

microwave regeneration of BACs.

Keywords: volatile organic compounds, toluene, methyl ethyl ketone, beaded

activated carbon, microwave regeneration
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Chapter 1 Introduction

1.1 Background

In urban environments, anthropogenic activities have emitted numerous air pollutants,
and volatile organic compounds (VOCs) are one of the major air pollutants. Some organic
vapors are dangerous to human health and natural ecosystems, and may be accompanied
by severe odor problems. The possible impact of VOCs on health is far-reaching, and
may cause eye and respiratory irritation, as well as allergic reactions. Moreover, some
VOCs, such as some carbonyls and aromatic compounds, are mutagenic and carcinogenic,
posing a serious threat to our health. Also, VOCs are essential precursors for the formation
of photochemical smog, and some VOCs, such as chlorofluorocarbons (CFC) and
hydrochlorofluorocarbons (HCFC), are recognized to contribute to the global greenhouse
effect.

Among the stationary sources, the primary sources of VOCs are the chemical,
electronics manufacturing, and petrochemical industries. In Taiwan, the major VOC
emission source is the polyurethane (PU) industry, which produced about 5000 tons/year
of VOCs. Methyl ethyl ketone (MEK) and toluene (TOL) are the major emission of VOCs
from solvents (Chang & Lin, 2006; Shen et al., 1999).

In general, many VOC abatement techniques have been developed and applied,
including destructive methods (such as thermal/catalytic oxidation and biofiltration) and
recovery methods (such as absorption, adsorption, condensation, and membrane
separation). Among them, adsorption is considered a very economical method, due to its

simplicity and high removal efficiency, in addition to its recoverability for valuable
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organic vapors.

Activated carbon (AC) is a very common adsorbent for the removal of hazardous
pollutants. Recently, many novel forms of carbon materials have been developed and
applied. Beaded activated carbon (BAC) is a novel morphology of this carbonaceous
material. Owing to its high mechanical strength, high specific surface area, and high
fluidity, it is suitable for many industrial applications.

Microwave heating technology has been widely used since the 1960s. This heating
technology can directly heat materials. Thus, it has been used in the regeneration of
adsorbents in recent years. Contrary to the conventional conduction heating regeneration
methods, microwave heating has a higher heating rate, yet lower energy consumption,
and thereby improves the efficiency. Therefore, microwave heating can potentially

replace traditional conductive heating.
1.2 Objectives

This study concentrates on BAC adsorption performances of toluene (TOL) and methyl
ethyl ketone (MEK), as well as the microwave regeneration of saturated BAC. The BAC
prepared from the phenol-formaldehyde resin sphere was compared with commercial
BAC.

The specific objectives of this study were as follows:

1. Establish equilibria and kinetic mechanisms of the TOL and MEK adsorption process
on BAC, as both mechanisms are recognized as useful tools to understand the

interactions between adsorbate and adsorbent surfaces.

doi:10.6342/NTU202003443



2. Explore the effect of microwave power output and irradiation time on the
regeneration of spent BACs.

3. Identify and report the effect of regeneration heating on heel buildup during
adsorption/regeneration cycling of a VOC, and subsequently proving the feasibility

of this technology.
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Chapter 2 Literature Review

2.1 Volatile Organic Compounds (VOCs)

2.1.1 Definition of VOCs

The U.S. EPA defines VOCs as "any compound of carbon, excluding carbon monoxide,
carbon dioxide, carbonic acid, metallic carbides or carbonates, and ammonium carbonate,
which participates in atmospheric photochemical reactions." (Spengler et al., 2001).
Organic compounds can be classified into various sub-groups according to their boiling
points (World Health Organization, 1989). Although a large number of substances are
considered VOCs, the most abundant in the environment are benzene and some of its
organic derivatives like toluene, ethylbenzene and xylene, which are collectively named

BTEX (Montero-Montoya et al., 2018).

Table 2-1 WHO classification system for indoor organic pollutants

Group Boiling Point (°C)

VVOC - very volatile organic compounds <0 to 50-100
VOC — volatile organic compounds 50-100 to 240-260
SVOC — semi volatile organic compounds 240-260 to 380-400

POM - organic compounds associated with 380
>
particulate matter

2.1.2 Source of VOCs

Globally, natural VOCs are abundant, and isoprene and monoterpenes are the most

prominent compounds, followed by alcohols and carbonyls (Kesselmeier & Staudt, 1999).
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Although VOCs emitted into the atmosphere from biogenic sources are the primary
sources overall, anthropogenic VOCs often dominate in urban areas (Atkinson & Arey,
2003).

Since the industrial revolution, many activities have emitted anthropogenic pollutants,
including toxic gases and VOCs. The major classes of emitted VOCs are alkanes, alkenes,
aromatic hydrocarbons, and oxygenated compounds (Atkinson & Arey, 2003). For
stationary emission sources, the primary sources of VOCs are the chemical, electronics
manufacturing, and petrochemical industries. Some solvents are used as cleaners, thinners,
and plasticizers, etc. Consequently, VOCs can be emitted from the vent gas, water
separation techniques, industrial wastewater, batch processes, petroleum refining, natural
gas processing, petrochemical processes, and painting processes (Chang & Jeng, 1994;
Khan & Kr. Ghoshal, 2000; Mirzaei et al., 2016). Anthropogenic activities have become
an inevitable source of VOC emissions, and they account for 25% of VOCs in our global
atmosphere (Montero-Montoya et al., 2018). Additionally, vehicular emissions are
another source of VOCs, accounting for about one-half to two-thirds of airborne VOCs
in an urban area. Among these benzene, toluene, ethylbenzene, and m/p/o-xylene are the

main components (Chang et al., 2010; Fujita, 2001).

2.1.3 Effects on Environment and Health

From an environmental perspective, it is necessary to limit and control the emissions
of VOCs. These vapors may have both short- and long-term impacts on the natural
ecosystem as well as on human health (Collins et al., 2013; Kampa & Castanas, 2008;
Mirzaei et al., 2016). Furthermore, the emitted VOCs generate severe odor problems,

which frequently lead to disputes between factories and nearby residents (Chang & Chiou,
5
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2006).

VOCs are central to atmospheric chemistry from the urban to the global scale. For
example, VOCs are known to be crucial precursors of tropospheric ozone. In the presence
of sunlight, VOCs react with nitrogen oxides and other airborne chemicals to undergo
photochemical reactions by forming secondary organic compounds, or degrading to free
radical species that contribute to the formation of ozone. Those compounds are
components of environmentally hazardous photochemical smog (Atkinson, 2000;
Seinfeld & Pandis, 2016; Sillman, 1999). A significant fraction of the excess secondary
organic aerosol is formed from anthropogenic VOCs' oxidation products, which could be
responsible for an additional 3-25 Tg yr ! secondary organic aerosol production globally
(Volkamer et al., 2006).

Besides this, some greenhouse gases, such as chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs), are also part of a group of VOCs (Hansen et al.,
1989). The infrared bands of these greenhouse gases absorb radiation from the earth's
surface and emit it. These bands lead to a reduction in the net infrared radiative flux
emitted to space, where the trapping of surface radiation by the infrared bands affects the
atmospheric temperature and climate (Ramanathan, 1975).

Several VOCs have been perceived as toxic, carcinogenic, or mutagenic at
concentration levels present in the urban environment. The possible health effects of
VOCs span quite a broad range. Adverse health effects from exposure to VOCs are caused
by a wide range of reactions and interactions occurring in the body, which depend mainly
on the chemical structure and reactivity of the substance. These contaminants' short-term

effects include sensitivity, irritation and allergic reactions, respiratory effects, and
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carcinogenic effects (Rumchev et al., 2007). For example, methyl ethyl ketone (MEK),

which resembles acetone in odor and physical properties, is more irritating to the eyes

and upper airway than acetone, and has even been known to cause dermatosis (Chang &

Chiou, 2006). The long-term health effect of these pollutants may be life-threatening

diseases. Some carbonyl and aromatic compounds like HCHO, CH3CHO, benzene,

toluene, and xylene have been correlated with the development of cancer in the human

body. It has also been proven that polycyclic aromatic hydrocarbons (PAHs), after

metabolic activation in vivo, are capable of inducing mutations in oncogenes and may

result in tumor growth after multiple mutations (Baird et al., 2005; Soni et al., 2018).

Table 2-2 Sources and health effects of dominant VOCs (Zhang et al., 2017)

Classification  Representatives IDLH* Sources Health effects
Antiseptics Throat irritation and
Methanol 6000 ppm Preservative shortness of breath
Alcohols Ethyl alcohol 3300 ppm C X Eye irritation
osmetics and
Isopropyl alcohol 2000 ppm Central nervous
personal care products -
system depression
Decorative and
construction materials
Cosmetics and plastic
adhesives Irritation of the throat,
Aldehydes Formaldehyde 20 ppm Fabrics an_d_bio—waste eyes and skin
Acetaldehyde 2000 ppm decomposition Nasal tumors
Biomass burning Predecessor of ozone
Degradation of VOCs
in multiple steps
oxidations
Petrochemical
syntheses Photochemical ozone
Production of creativity potential
Propylene varnishgs _ Pote_ntially_
Alkenes Ethylene - Synthetic resins, carcinogenic and
adhesives, printing ink adversely affects the
Organic intermediates  odor and taste of
of pharmaceutical and  drinking water
perfumes
. Benzene 500 ppm  Petroleum products Carcinogen
Aromatic
compounds Toluene 500 ppm Incomplgte o Damage the ozone
Ethylbenzene 800 ppm  combustion of liquid layer
7
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Classification  Representatives IDLH* Sources Health effects
fuels Produce
Adhesives photochemical smog,
Lacquers and pose mutagenic
hazards
. Strong
Carbon tetrachloride 200 ppm Chemical extractant bioaccumulation
Chlorobenzene 1000 ppm Paints otential
1,1,2-Trichloroethane 100 ppm . P -
Halogenated Adhesives Acute toxicity
1,1,2,2-Tetrachloroethane 100 ppm :
VOCs : Polymer syntheses Destruction of the
Trichloroethylene 1000 ppm S
Water purification ozone
Tetrachloroethylene 150 ppm
; systems Cause greenhouse gas
Dichloromethane -
effects
Irritation of eyes,
Varnishes, window nose, and throat
Acetone 2500 ppm .
Ketones Ethvl butvl ketone 1000 bpm cleaners, paint Central nervous
yiouty PP thinners, adhesives system depression
Headache and nausea
Release from creosote
Polycygllc Phenanthrene and mco_mplete . _
aromatic - combustion of organic  Carcinogen
Pyrene .
hydrocarbons matter, coal, oil, and

biofuels

*IDLH (immediately dangerous to life or health) from the National Institute of Occupational Safety and Health.

2.1.4 VOCs Abatement Methods

Table 2-3 lists several methods used for controlling VOCs. These methods can be

broadly divided into recovery methods and destruction methods, based on whether the
VOCs can be recovered. The destruction techniques involve incineration, catalytic
oxidation, and biological treatment, while the recovery methods include condensation,
absorption, and adsorption (Zhang et al., 2017). Different techniques are appropriate for
different uses, depending their pollution characteristics (see Figure 2-1).

Adsorption is a very prevalent method for VOC emission control with the potential to
recover valuable vapors. Adsorption can be seen as the removal of VOCs from an exhaust
stream by adhering these compounds to the surface of a porous solid. High removal

efficiencies are attainable with a suited adsorbent and enough contact time between the

8
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sorbent and the exhaust stream (Cooper & Alley, 2010). Generally, the adsorbents have

high porosity and large surface areas. There are four kinds of commercial adsorbents

commonly used in industrial applications, including activated carbon, zeolites, silica gel,

and activated alumina (Yang, 2003). The carbon adsorption systems are flexible and

economical to operate and install. Despite some disadvantages such as hygroscopicity

and pore-blocking, carbon materials are low-cost, efficient, and stable adsorbents for

VOC abatement. (Khan & Kr. Ghoshal, 2000; Zhang et al., 2017)

Details of the theory of activated carbon adsorption are introduced in subsequent

sections.

A
1,000,000
Biofiltration
Biotrickling
filtration
100,000
Scrubbing
=
= Incineration
@ 10,000 (thermal or catalytic)
-
= Regenerative
§ adsorption
£
< 1,000 Condensation
aclsorptloa i l Cryocondensation
100 L. "

0.1 1 10 100
Pollutant concentration (g/m?)

Figure 2-1 Ranges of suitability for VOC control technologies (Cooper & Alley, 2010)

Table 2-3 Technological characteristics of VOC removal methods (Zhang et al.,

2017)
Methods Efficiency Market Reuse Waste . Energy . VOCs .
sales generation consumption concentration
. . >99% . 0 0
Incineration . High No CO, NOx Moderate 20%—-25%
(40 min)
9
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Methods Efficiency Market Reuse Waste . Energy . s .
sales generation consumption - concentration
Condensation =~ Moderate High Yes - High >5000 ppm
Biological 100% Acetaldehyde,
de ragation (~7 Nc? No Propanal, Low <5000 ppm
£ months) Acetone
Absorption - Low Yes Spent absorbent  Moderate -
Adsorption >90% High Yes Spent adsorbent  Moderate 700~
10000 ppm
Plasma Formic acid,
catalvsis 74%—-81%  Nc* No Carboxylic acids, High -
Y NOx, O3
Photocatalytic ~ 100% Low- Strong oxidant
oxidation (5 min) moderate No OH' radicals Moderate B
Ozone-catalytic 100% . Secondary .
oxidation (2h) High No organic aerosols High B
Membrane Ne® yes ~ Clogged High <25%
separation membranes

2 Not widely commercialized.

2.2

Activated Carbon

In a broad definition, activated carbon (AC) can be seen as a wide range of processed

amorphous carbon-based materials, and has a highly developed porous structure and an

extensive internal surface area (Bansal & Goyal, 2005).

Internal surface

NI External surface

Figure 2-2 Schematic model of activated carbon (Henning & Schéfer, 1993)

2.2.1 Type of Activated Carbon

Activated carbon has been extensively applied in various fields, such as in the removal

10
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of toxic substances from aqueous phase (Perrich, 1981) and gas phase (Mohamad Nor et
al., 2013), as well as being catalysts or catalyst supports (Jiintgen, 1986; Pereira et al.,
1999). The conventional AC types are powdered activated carbon (PAC) and granular
activated carbon (GAC), as shown in Figure 2-3(a) and (b), respectively. However, there
are some disadvantages in the application of conventional powdered and granular ACs,
such as their high demand, difficult regeneration, and the high pressure drop they cause.

For more industrial applications, some novel morphologies have been developed, such
as the monolith, fibrous, and bead forms (Luo et al., 2006). Activated carbon monolith,
as (ACM) shown in Figure 2-3(c), has been developed to overcome the existing problems
with the direct application of carbon materials. Compared to the conventional AC types,
ACM has better mass transfer, reusability, and dispersion of catalysts (Hosseini et al.,
2020). Activated carbon fibers (ACF), as shown in Figure 2-3(d), are relatively costly,
but the advantages of ACF are that they can be more easily molded to the shape of the
adsorption system, and produce lower hydrodynamic resistance to flow (Bansal & Goyal,
2005). Lastly, activated carbon beads (BACs), shown in Figure 2-3(e), have unique
characteristics. Due to their high mechanical strength, excellent adsorption performance,
good fluidity, and high micropore volume, they have a wide range of uses, including as
catalyst supports and adsorbents (Romero-Anaya et al., 2014; Wang et al., 2012; Xu et

al., 2007).

11
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Figure 2-3 Different types of activated carbon: (a) powder (Carbon Activated Corp.), (b)
granule (Carbon Activated Corp.), (¢) monolith (Applied Catalysis Corp.), (d) fiber
cloth (Kureha Corp.), and (e) bead (Kureha Corp.)

2.2.2 Preparation of BAC

The preparation of AC involves two main steps: (1) carbonization and (2) activation.
During the carbonization process, raw materials are heated at a moderate temperature
(below 800°C) in an inert atmosphere. Most of the non-carbon elements (e.g., oxygen,
hydrogen and nitrogen) are released as volatile gaseous species in the pyrolytic
decomposition processes. The residual elementary carbon atom groups rearrange into
irregular stacks of aromatic sheets. These interstices lead to pores, and the pores are filled
or partially blocked by disorganized carbon (Bansal & Goyal, 2005). Afterwards, the
activation process can further develop the pore structure of the materials. Although the
porosity type of carbon materials is typically determined by the carbonaceous precursor,
the activation method used is another parameter that influences the final pore size
distribution (Laine & Yunes, 1992).

In chemical activation, the char is impregnated with chemical agents, such as H3POs,

12
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NaOH, and KOH, and subsequently pyrolyzed. The chemical additive is eliminated by
heat treatment, and the pore structure is produced during the pyrolysis process (Jagtoyen
& Derbyshire, 1998; Lozano-Castell6 et al., 2001; Tseng, 2007). On the other hand, in
physical activation, the carbonized product is usually implemented in a temperature range
between 800 to 900°C in air, carbon dioxide, or steam. During the process, oxidation of
some regions within the char are preferential to others, resulting in the selective
elimination of carbon atoms and the development of a large internal surface (Bansal &
Goyal, 2005).

A variety of materials can be precursors for BAC, including coal, pitch and many other
manufactured polymeric materials (e.g. resins). Traditionally, coal-based BAC uses tar or
phenolic resin as adheres, and the carbon beads are formed with a disc pelletizer machine.
As for pitch-based BACs, the emulsion method is a mainstream technology. In this
preparation method, molten pitch particles are spheroidized in a heat-stable liquid
medium as it has a lower solubility. This adheres-free method improves sphericity and
enhances mechanical intensity (Kodama et al., 1991; Qi et al., 2017).

The precursor of resin-based BAC is a spherical resin, which can be produced by
polymerization in heterogeneous systems, such as emulsion, suspension, and other
methods. Due to the minimization of interfacial free energy between the particle and the
medium, the polymer particles have a spherical shape (Liu et al., 2012; Yuan et al., 1991).
Typically, coal and pitch based carbons are manufactured from impure and non-uniform
feedstocks, and result in non-uniform porous solids. On the contrary, resin is a more pure
and uniform precursor, and the activated carbons made from it have relatively uniform

pores distribution (Pelekani & Snoeyink, 2000).
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2.3  Adsorption/Desorption Systems

In Taiwan, there are a number of solvents used in many industrial processes. According
to the Taiwan Industrial Development Bureau, the PU industry and PVC wallpaper
production industry account for roughly 5000 tons and 113,000 tons per year, respectively,
of solvent use. Main emission sources of VOCs from factories are the coating, adhering,
drying, and surface treating processes. Emitted VOCs include methyl ethyl ketone (MEK),
toluene (TOL), dimethylformamide (DMF), and cyclohexanone (ANONE), which can be
recovered to reduce production cost and air contamination (Chang & Chiou, 2006). In
recent years, numerous adsorption studies of MEK and TOL on activated carbons have
been performed (Cha et al., 2004; Cherbanski, 2018; Coss & Cha, 2000; Emamipour et
al., 2007; Kim & Ahn, 2010; Lee et al., 2008; Romero-Anaya et al., 2010; Shah et al.,

2014).
2.3.1 Adsorption Mechanism

Generally, adsorption is the term for the enrichment of molecules, atoms, or ions in the
vicinity of the adsorbent (Thommes et al., 2015). The adsorbents' surfaces have active
sites that can bind with foreign molecules, and when bound, are referred to as adsorption.
Desorption can be described as the reversal of the adsorption process, which is the
liberation of the adsorbed molecules (Wypych, 2019). A distinction is made between two
types of adsorption mechanisms: physical adsorption (physisorption) and chemical
adsorption (chemisorption) depending on the interaction between adsorbate and
adsorbent. Physisorption is driven by van der Waals forces between the molecules located

on the surface of adsorbents, and are assisted with various electrostatic contributions (e.g.
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from polarization, field—dipole and field gradient—quadrupole interactions). During
adsorption, there are no violent or disruptive structural changes that occur on the surface
of the adsorbent. In contrast, the molecular interaction potentials of chemisorption are
more robust and involve a chemical reaction between the surface of the adsorbent and the
adsorbate, which leads to high heats of adsorption, often approaching the value of
chemical bonds. (Khan & Kr. Ghoshal, 2000; Lowell et al., 2012; Ruthven, 2006). The

general characteristics of physisorption and chemisorption are shown in Table 2-4.

Camer gas
O @""——-—-_-___, Componeinl
Gas phase bod
Adsormption Desorplion @/’ fo bo ads
{exothermic) {endothermic)
2 Ads
g Q9 & Z Jrﬂer:::.fe
g N A=277;
Helercgensous
/ % Adsorbent
Distribution of the aclive
s silas ovor the Innar

surace of a pare

Figure 2-4 Adsorption terms (Wypych, 2019)
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Table 2-4 Physisorption and chemisorption (Ruthven, 2006)

Physisorption Chemisorption

Low heat of adsorption High heat of adsorption

(1.0 to 1.5 times latent heat of evaporation) (> 1.5 times latent heat of evaporation)
Nonspecific Highly specific

Monolayer or multilayer Monolayer only

No dissociation of adsorbed species May involve dissociation

Only significant at relatively low temperature Possible over a wide range temperatures

Rapid, non-activated, reversible Activated, may be slow and irreversible

No electron transfer although polarization of  Electron transfer leading to bond formation

sorbate may occur between sorbate and surface

In the context of physisorption, the surface area and pore size distribution (PSD) of the
adsorbent are factors of primary importance in the adsorption process. Generally, due to
the availability of adsorption site, the higher the specific surface area, the higher the
adsorption capacity will be. Nevertheless, the surface area within the adsorbent must be
accessible (Wypych, 2019). Pore size and PSD are affected by the precursor, degree of
activation, and the regeneration frequency. It is convenient to classify pores according to
their size, which is determined by the analysis of nitrogen (77 K) adsorption-desorption
isotherms. According to the International Union of Pure and Applied Chemistry (IUPAC)
classification of pore size, pores are divided into three categories as shown in Table 2-5
(Thommes et al., 2015).

These are distinguished by the type of adsorption controlling force. The overlapping
surface forces from opposite walls within the pore play an important role in the micropore

range. Surface forces and capillary forces are dominant in mesopores, and for macropores,
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pore characteristics contribute very little to the adsorption capacity, but rather, they are

essential in for transport properties (Choi et al., 2001).

Table 2-5 Classification of pores

Categories Width of pores
Micropores d<2nm
Mesopores 2nm<d <50 nm
Macropores d> 50 nm

2.3.2 Adsorbent

Generally, the surfaces of activated carbon are nonpolar, which have a relatively low
water affinity and strong affiliation to organic substances with non-polarity or weak
polarity, which are often described as hydrophobic. With those carbonaceous adsorbents,
physisorption is the dominant adsorption mechanism. The affinity between adsorbent and
adsorbate is the primary interaction force controlling adsorption, and is dependent on the
size and polarizability of the sorbate molecules, as well as the pore size (Ruthven, 2006).

Activated carbon has attracted considerable attention for its remarkable properties,
such as its predominantly hydrophobic surface properties, high thermal stability, low cost,
chemical inertness, excellent mechanical stability, and low energy requirement for
regeneration (Guo et al., 2009; Wickramaratne & Jaroniec, 2013).

The adsorbent applied in this study is activated carbon with a beaded shape, also termed
BAC. Its unique properties, such as high mechanical strength, excellent attrition
resistance, high fluidity, and high specific surface area, all contribute to the broad

utilization of this carbonaceous material in industries (Romero-Anaya et al., 2014).
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In this study, the phenol-formaldehyde (PF) resin beads have been used as a precursor
to prepare activated carbon beads. Compared to other feedstock (e.g. coal and pitch), the
advantage of using synthetic polymers is owing to their chemical composition, rendering
better control of the resulting carbon materials' morphology and pore structure (Sun et al.,
2013). The essential advantage of the phenolic resin-based BACs is that the ash content
of the synthesized phenolic resin is very low. Thus, the impurities of BACs can be kept
to a very low level (Cai et al., 2004). These resin-based BAC adsorbents have ideal
spherical shapes, high mechanical strength, and low dusting properties, which are the

ideal features for fluidized bed looping applications (Wickramaratne & Jaroniec, 2013).
2.3.3 Adsorption Isotherms

The surface microstructure of activated carbons is generally relative to its adsorption
capacity. In the 2015 IUPAC reports, the physisorption isotherms were grouped into eight
types, as shown in Figure 2-5, which were identified and shown to be closely related to
particular pore structures. The classifications of physisorption isotherms are discussed as

follows (Thommes et al., 2015):

(1) Type I isotherms typically depict microporous materials with relatively small external
surfaces. A Type | isotherm is concave to the P/Po axis, and the amount adsorbed
approaches a limiting value. In lieu of of the high adsorbent-adsorptive interactions
in narrow micropores, a precipitous uptake at very low P/Po occurs. Type I(a)
isotherms are found with microporous materials having mainly narrow micropores,
and Type I(b) isotherms are given by materials with broader pore size distributions,

including wider micropores and narrow mesopores.
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(2) Type Il isotherms are typically used to describe the physisorption of most gases on
nonporous or macroporous sorbents. Its shape is the outcome. of unrestricted
monolayer-multilayer adsorption, reaching high P/Po. The inflection point is called
point B, which corresponds to the completion of monolayer coverage.

(3) Type 11l isotherms are convex to the P/Po axis without a point B, indicating that there
is no identifiable monolayer formation. This isotherm represents a relatively weak
gas-solid interaction; therefore, the adsorbed molecules are clustered around the most
favorable sites on the surface of a nonporous or macroporous solid.

(4) Type IV isotherms are usually observed in mesoporous adsorbents. The curve takes
the same path of the corresponding part of a Type Il isotherm by rising steeply, with
a prominent intermediate saturation of the adsorption surface at low P/Po. Then, at
higher P/Po, there is a limiting value as saturation pressure is reached. In the Type
IV(a) isotherm, when the pore width exceeds a certain critical width, a hysteresis loop
occurs due to the pore condensation. If an adsorbent has mesopores with smaller
widths or conical and cylindrical shapes, an utterly reversible Type 1V(b) isotherms
are observed.

(5) Type V isotherms are usually observed for water adsorption on hydrophobic
microporous and mesoporous adsorbents. This results from relatively weak
adsorbent—adsorbate interactions. Adsorption is low at low P/Po, but increases at
higher P/Po once capillary condensation takes place, and then levels off at high
concentrations.

(6) Type VIisotherms are observed in a highly uniform nonporous surface. This is a more

complicated case, showing that the adsorption isotherms can have more than one step,
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which is representative of layer-by-layer adsorption, and illustrates an adsorption of

adsorbate molecules up to the limit of condensation phenomenon (Ng et al., 2017).

Amount adsorbed ——————m—

I(a)

I(b)

s r
] 1
B
\
IV(a) IV(b)
/)1t
v Vi

Relative pressure ————— m—

Figure 2-5 The IUPAC Classification of physisorption isotherm shapes.

2.3.3.1 Adsorption isotherm models

Since activated carbon has multiple isotherm properties, the adsorption processes are

attributed to various interactions. Adsorption isotherm models are beneficial tools to

describe the adsorbate-adsorbent interactions. They provide essential information on the

adsorption mechanisms and the surface properties and affinities of the adsorbent (Vargas

et al., 2011). More importantly, such isotherm models provide the design data required

for developing adsorption systems (Ng et al., 2017). Linear regression analysis has been

one of the most applied tools for defining the best fitting adsorption models. There are a
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variety of equations for analyzing experimental adsorption equilibrium data (Ayawei et

al., 2017; Vargas et al., 2011). The most commonly used models are as follows:
(1) Langmuir isotherm model

The Langmuir isotherm model broadly utilizes gas-solid phase adsorption. The Type I
isotherm is characterized by Langmuir-type adsorption (Ng et al., 2017). Langmuir
introduced a concept of monomolecular adsorption on energetically homogeneous
surfaces. This model assumes uniform energies of adsorption onto the surface and no
transmigration of adsorbate on the plane of the surface. (Chiou, 2003; Dabrowski, 2001)

The form of the Langmuir isotherm is as follows (Yang, 2003):

— quLP
1= 17k p

(2-1)

where s is the maximum capacity of adsorption, q is the amount of adsorbate on the
adsorbent at equilibrium, and P is the partial pressure of the adsorbate in the gas-phase.
The constant Kj, is a Langmuir isotherm constant related to the affinity of the binding

sites.
(2) Freundlich isotherm model

The Freundlich isotherm is a classical empirical adsorption model rather than a
physical model. This model was formulated to define the surface heterogeneity and the
exponential distribution of active sites and their energies. As a result, the Freundlich
model is a considerably simple mathematical tool for many applications. It is regarded as
an excellent way to present the toluene adsorption on activated carbon (Ayawei et al.,

2017; Benkhedda et al., 2000; Chiou, 2003). The Freundlich exponential equation is
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expressed as:

q = Kg - P1/n (2-2)
where Ky and n are empirical constants, which indicate a relative distribution of
energy and the heterogeneity of the adsorbent sites, q is the amount of adsorbate in the

adsorbent at equilibrium, and P is the partial pressure of the adsorbate in the gas-phase

(Ayawei et al., 2017).
(3) Polanyi-theory-based models

In the case of highly energetic heterogeneous adsorption, the adsorption data show a
considerable deviation from the Langmuir model or the BET model. It usually happens
in high-surface-area, microporous solids, as the force field within a pore space of a
microporous material varies by location. The Polanyi adsorption potential theory has been
recognized as one of the most influential models for describing gas adsorption on
energetically heterogeneous adsorbents. The theory considers that the attractive
adsorption potential (€) between the molecule and the solid surface is highest in the
narrowest pore (Chiou, 2003). Polanyi thought that the potential energy (¢) could be
expressed by the isothermal compression work of the adsorbed gas as such (Wang et al.,

2014):

e = RTIn (%) (2-3)

where R is the gas constant (8.31Jmol?k?), T is absolute temperature, P, is the
saturation pressure corresponding to the adsorption temperature, and P is the adsorption

equilibrium pressure.
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Connecting the points in adsorption space with the same & forms a series of

equipotential surfaces, as depicted in Figure 2-6 (Chiou, 2003).

Gas phase

Figure 2-6 Illustration of equipotential surfaces

Dubinin's approach was developed from the Polanyi concept of adsorption potential
and from the concept of the volume filling of micropores, rather than a defined model
process to describe the physisorption of the adsorbate (Dgbrowski, 2001; Hutson & Yang,
1997). It is regarded as a suitable way to characterize the equilibrium adsorption process
between the adsorbate vapor and activated carbon (Wang et al., 2014).

The Dubinin-Radushkevich (D-R) isotherm model is a semi-empirical adsorption
expression, which has a significant correlation with temperature; therefore, when
adsorption data at different temperatures are plotted as a function of the logarithm of the
amount adsorbed versus the square of potential energy, all suitable data can be obtained.

The D-R isotherm is derived as:
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W =W, exp {— [A%]z} (2-4)

where W is the total volume of the adsorbed space, and W, is the limiting volume of
the adsorbed space. E is the characteristic energy of the tested adsorbate and E, Is that
for the reference adsorbate. 3 is an affinity coefficient characterizing the polarizability
of the adsorbate, which is equal to the ratio of E and E,, or § = E/E,.

Alternatively, the D-R isotherm can also be shown as:

q = qs exp[—Kpre?] (2-3)
where Kpg is the D-R equation constants, g is the maximum capacity of adsorption,
and q is the amount of adsorbate in the adsorbent at equilibrium. The constant Kpgr

gives the characteristic energy (or free energy) E, which was computed using the

relationship (Ayawei et al., 2017):

1

v 2Kpr

The modified D-R equation is vital to the adsorption methods analysis of properties in

E = (2-6)

most industrial adsorbents. These sorbents have complex pore structures, and micropores
play an essential role in the structures (Dgbrowski, 2001). The Dubinin—Astakhov (D-A)

approach is a revised equation from the D-R equation:

W = W, exp [— (A %)n] (2-7)

where n is the D-A equation adjustment parameter, generally ranging from 1.5 to 3 in

the case of activated carbon (Monneyron et al., 2003).

(4) Brunauer—-Emmett-Teller (BET) model
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The BET theory is a special type of Langmuir isotherm, in which the assumption is
that the Langmuir equation applies to every adsorption layer (Dgabrowski, 2001; Khan et
al., 1997). It represents the entire course of the isotherm, including the areas of
monomolecular adsorption, polymolecular adsorption, and capillary condensation. This
model is the theoretical basis for calculating the surface area of fine powders and porous

materials (Chiou, 2003). The BET equation for physical adsorption is given as:

q qoCP
e = (2-8)
(P —P) (1 +(C- 1)1%)
C=Aexp (ElR_TEL) (2-9)

where . is the amount adsorbed at a pressure P, q, is the amount the gas required to
form a monolayer on the surface of the adsorbent, and P, is the saturation vapor pressure
of the adsorbate at the adsorption temperature. E; is the mean enthalpy of adsorption of

the first layer and E;, the enthalpy of liquefaction of the adsorbate (Parra et al., 1995).

2.3.4 Adsorption Heat

Adsorption heat 1s composed of two parts: one part is the condensation heat of the
vapor, and the other is called surface energy. The first part can be found in the steam table,
whereas the second part is difficult to measure. Fortunately, the adsorption heat can be
estimated by the adsorption equation (Wang et al., 2014).

The isosteric heat of adsorption is the differential heat of adsorption, which reflects the
interaction between the adsorbate molecules and the active sites on adsorbent surfaces
(Bansal & Goyal, 2005). Adsorption is an exothermic process. When the vapor condenses

on the surface of the solid adsorbent under constant temperature and pressure, the degree
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of freedom decreases. Thus, the degree of disorder decreases, and the entropy (S)
decreases. The free enthalpy (H) on the surface of the adsorbent also declines (Wang et

al., 2014). Free enthalpy is:

AH = AG + TAS (2-10)

When it is under constant temperature and pressure conditions, the Equation 2-10 is
less than 0 (AH < 0). Hence, heat is released in the adsorption process. Conversely,
desorption is an endothermic process (AH > 0) and requires a large amount of heat when
the adsorbed gas is discharged (Menon & Komarneni, 1998). Nevertheless, a large
exothermic heat of adsorption can result in a significant temperature increase during the
adsorption process, which can be detrimental to the performance of the adsorption unit.
For instance, the reduction of dynamic adsorption capacities and induction of the
oxidation reaction, may even lead to bed ignition at a rather low temperature (Giraudet et
al., 2009). Consequently, in lieu of ensuring the efficiency and safety of the adsorption
process in practical application, a high AHg is not always an advantage.

Conventionally, to explain the variation in adsorption heat, the isosteric heats of
adsorption can be calculated from isotherms at different temperatures by using the

Clausius-Clapeyron (C-C) equation (Ruthven, 2006):

dInP
— _RTZ2 2-11
AH; = —RT ( h )q (2-11)

Assuming that the heat of adsorption is independent of temperature, integration of

Equation 2-11 yields:
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AH
InP=-— R_TS + constant (2-12)

where AH; (kJ/mol) is the isosteric heat and P (Pa) is the vapor pressure.
Substituting the Polanyi's potential (Equation 2-3) into Equation 2-11 yields an

analytical solution for AH; (Ramirez et al., 2005):

ot
AHg = AHyg, +€—T <ﬁ)q (2-13)
where the AH; is the summation of the heat of vaporization (AH,q),), the adsorption

potential (€), and the change of maximum adsorption capacity with temperature.
The change in maximum adsorption capacity with temperature can be modified and

combined with Equation 2-13 to become:

de de
AH, = AH —T(=] —aT 2-14
s = Bllvap + £ ((’)T)e ¢ (a In q)T @19

Assuming that € is temperature independent, it can be rewritten as:

1/2

Wo (2-15)
—£(l —)
¢ ( "w
Yielding a modified Equation 2-14 expressed as:
Wo\"/?  EaT/ Wo\ 2 2-16
—AHg = AHyy, + E (1n W) e (1n W) (2-16)

where E is the characteristic energy and a is the coefficient of thermal expansion of the

adsorbate.
2.3.5 Adsorbent Regeneration

Regeneration (or desorption) is implemented by changing the conditions in the

adsorber to achieve a lower equilibrium capacity by methods including pressure swing
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adsorption (PSA) and temperature swing adsorption (TSA) (Wypych, 2019). Because the
PSA process requires constant pressure control which causes enormous energy
consumption, the TSA process is currently most prevalent. This is based on the periodic
variation in the temperature of an adsorbent bed, where the bed is regenerated by raising
the temperature (D1, 2016). A typical TSA system is dual- (adsorption and regeneration)
or three-bed (adsorption, regeneration and cooling), as shown in Figure 2-7 (Ko, Moon,
& Choi, 2001). In order to optimize the AC bed regeneration process, efficiency and
energy requirement are important parameters for the advancement of VOC capture
technologies. Moreover, parameters such as the selection of a carbon adsorbent, bed
design, and effect of gas inlet conditions have effects on abatement performances (Shah

etal., 2014).

Purified Purified Cooling
gas N> gas gas

T l

Feed Regenerated Cooled
gas gas gas
(a) adsorption (b) regeneration (c) cooling

Figure 2-7 Dual-bed or three-bed operation of TSA process: (a) adsorption; (b)

regeneration; (c) cooling
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The regeneration of ACs has numerous economic advantages and has relative
operational ease in adsorption processes. In the past, when AC became saturated, it was
simply discarded, generating a secondary source of pollution (Ania et al., 2005).
Additionally, the spent carbon adsorbents, which may have been toxic and flammable or
explosive, needed to be treated as hazardous waste. Regeneration allows for the
stabilization of spent ACs, and the solvents can be recovered for reuse, minimizing the

demands of both solvents and virgin adsorbents (Shah et al., 2014).

2.3.6 Microwave Swing Adsorption (MSA)

Microwaves are a form of electromagnetic energy, which incorporates those
wavelengths roughly between 1 m to 1 mm or the bands of frequencies from 300 MHz to
300 GHz. The two standard frequencies in commercial applications are 915 and 2450
MHz (Chandra, 2011; Metaxas, 1991). Materials can be classified into three groups
according to their interaction with microwaves: absorbers (or dielectric loss materials),
insulators, and conductors, as shown in Figure 2-8. Figure 2-8 illustrates several points:
(1) electrical conductors, such as aluminum or stainless steel, can reflect microwaves; (2)
most carbon-based materials are absorbers of microwaves (depending on their structural
composition) and convert microwave energy to heat; (3) insulating materials like quartz
are microwave transparent. Microwaves are transmitted through the material with little

attenuation. (Binner et al., 2014; Chandrasekaran et al., 2012)
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material type material behavior Penetration

conductor
wo example: metals

;‘L ‘ ... reflection None

”
e 4~ Dielectric
> b) example: water, solvent, zeolites
©
g %----» ‘ ... absorption Partial to total
. =
o Insulator SR
= example: quartz, teflon, glass

> ... transparent Total
l | AT=0

Figure 2-8 Microwaves and (a) conductors, (b) dielectric loss materials, and (c)

insulators (Palma et al., 2020)

Microwave heating is caused when applied energy is transformed into heat by mutual
interactions between media. The materials or media, which absorb the microwave
radiation, are termed as dielectrics. With microwaves, the energy transfer is not primarily
by conduction or convection as in conventional heating, but by dielectric loss. The
literature reveals that microwave heating occurs by dipolar and interfacial polarization
(Menéndez et al., 2010). When microwaves are applied to the dielectric materials with an
oscillating electric field, its electric field polarizes the workload's molecules. The dipoles
within the material then realign themselves and flip around in the presence of the high-
frequency electric field. Due to the high frequency, this realignment occurs at a million
times per second, causing an internal friction of molecules, and thereby resulting in
volumetric heating of the material (Binner et al., 2014; Chandrasekaran et al., 2012;
Metaxas, 1991; Nigar et al., 2016). In the case of dielectric solid materials with charged
particles that are free to move in a delimited region of the material, such as n-electrons in
carbon materials, a current traveling in phase with the electromagnetic field is induced.

As the electrons cannot couple to the changes in the phase of the electric field, energy is
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released in the form of heat due to the interfacial polarization (Menéndez et al., 2010).

It has been reported that carbon is a proper receptor of microwaves (Yuen & Hameed,
2009). Charcoal is classified as a hyperactive material with regards to its interaction with
microwaves. Depending on the power of the irradiation microwave, very high
temperatures (>1000°C) can be achieved within seconds. Therefore, it would be expected
that activated carbon would absorb microwave energy and display a high heating rate
(Amankwah et al., 2005).

Molecules with symmetric charge distributions are nonpolar, meaning they have a very
small dipole moment and loss factor. Hence, they exhibit a limited absorption of
microwaves. The aliphatic hydrocarbon structures are inclined to have weak microwave
absorbing potential. By contrast, water and a wide range of organic compounds such as
MEK are polar because they have charge asymmetry, which can affect a molecule's
otherwise non-polar structure and lead to an increased absorbing capability of
microwaves (Binner et al., 2014; Hashisho et al., 2005; Metaxas, 1991).

There 1s a growing body of evidence that microwave technology is a promising
available technology for the regeneration of carbon materials (Table 2-6). Microwave
swing adsorption (MSA) is a system that uses microwave energy to capture and recover
organic vapors from airstreams for reuse (Hashisho et al., 2005). Compared with
conventional heating techniques, the additional advantages of microwave heating are
rapid heat transfer, volumetric and selective heating, compactness of equipment, speed of
switching on and off, and no by-products of combustion (Metaxas, 1991). The benefits
of microwave regeneration are the microwave regeneration capability of molecular-level

heating, which leads to homogeneous and quick thermal reactions (Ania et al., 2007).
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Consequently, the heating mechanism of microwaves is dependent on the dielectric
properties of the workload rather than the purge gas flow rate during regeneration
(Hashisho et al., 2005). Due to the direct and homogeneous heating from microwaves on
adsorbents, Kim and Ahn (2012) reported that microwave heating regeneration showed a
higher desorption efficiency than conventional heating regeneration methods.

Generally, the traditional conductive heating regeneration methods (e.g. hot gas or
steam purge) have low energy efficiency not only because the adsorbent was heated, but
also because of the need to heat the purge gas. In contrast, microwaves can offer target
heating of the material, and directly heat the inside of the workload (i.e. adsorbate and/or
adsorbent). It allows for a higher energy efficiency and the rapid and precise control of
the workload temperature, resulting in energy savings and shortening in processing time.
(Hashisho et al., 2005). Heating times using microwave treatment can be decreased to
less than 1% of those needed using conventional conductive heating methods with the
associated reduction in inert gas consumption (Jafarinejad, 2017; Jones et al., 2002).
Hazervazifeh et al. (2017) reported that the microwave technology using in fruits
dehydrate could decrease 60% of energy costs compared with conventional heating
methods (Hazervazifeh et al., 2017). Though the capital costs of microwave regeneration
units were higher than those of conventional heating units, the total operating cost for
microwave regeneration is likely to be less. A comparison between a microwave system
and a conventional kiln regenerating 120 kg/h activated carbon revealed that operating
costs could be reduced by 1/3 using the microwave unit (Bradshaw et al., 1997).

Carbons can not only be recycled and reused several times by microwave regeneration,

but this technique sometimes increases its surface area and accordingly increases its
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adsorption capacity (Ania et al., 2004). Liu et al. (2004) have shown that after seven

cycles of adsorption/microwave regeneration of GAC, the adsorption capacity was higher

than the virgin, and attributed to the increase in the surface area and total pore volume

during microwave heating.

Microwave heating Conductive heating

-‘
/7

&
:

Temperature

Time Time

i
o Temperature
N\
i

Figure 2-9 Difference in heating between microwave and conductive heat (Palma et al.,

2020)

Table 2-6 Researches of microwave regeneration of activated carbons with VOCs

Type of AC Adsorbate Reference
PAC The aqueous solutions of ethanol and acetone Fang and Lai (1996)
Coal-based Methyl ethyl ketone, acetone, and tetrachloroethylene Coss and Cha (2000)
GAC vapors
Cha and Carlisle
GAC Methyl ethyl ketone (2001)
GAC and . Toluene, ethyl acetate and methylene chloride Cha et al. (2004)
natural zeolite
The aqueous solutions of pentachlorophenol,
GAC dichloromethane, sodium hydroxide, hydrochloric acid, Liu et al. (2004)
methanol and acetonitrile
GAC Phenol Ania et al. (2004)
ACF Methyl ethyl ketone, water vapor and tetrachloroethylene  Hashisho et al. (2005)
Emamipour et al.
ACF Methyl ethyl ketone (2007)
BAC n-Dodecane Fayaz et al. (2015)
GAC Toluene Cherbanski (2018)
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2.3.7 Heel Formation

One of the challenges of adsorbent regeneration is the amount of adsorbate left on the
BAC following the regeneration cycle, which is commonly known as the build-up of the
heel and reduces the lifetime of the adsorbent. The heel formation usually can be
described as the combined result of strong physisorption, oligomerization, and
chemisorption (Niknaddaf et al., 2016), where some solvents may decompose, react, or
polymerize when in contact with activated carbon and steam (Wypych, 2019).

The physisorption mechanism in small micropores is mainly pore filling, due to the
overlapping of pore wall potentials that enhance adsorption capacity. Still, an increasing
portion of adsorbed species is converted into heel on highly microporous adsorbents.
Owing to the lower adsorption energy, the larger pores are usually associated with lower
VOC adsorption capacities, which also lead to higher adsorbate elimination during
desorption. In other words, there is lower heel formation during regeneration of the
adsorbent in larger pores (Pelekani & Snoeyink, 2000). Lashaki et al. (2012) reported that
micropore volume reduction for BACs confirmed that heel accumulation took place in
the highest energy pores. That is, a more significant portion of adsorbed species was
converted into heel on highly microporous adsorbents due to a higher share of high energy
adsorption sites in their structure. They also reported that heel formation decreases with
increasing regeneration temperature, which is possibly due to the desorption of chemical
compounds from narrow micropores.

However, some researchers noted that AC regeneration at high temperatures (> 400°C)
and high heating rates can cause permanent pore blockage due to coke formation, along

with an increased heel formation (Niknaddaf et al., 2020; 2016). Although the microwave
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regeneration technique has superior performance to conventional heating regeneration,
some literature reported that due to an enhanced cracking of the adsorbed compounds
resulting from direct adsorbate-microwave interaction, a decrease in the efficiency of the
regeneration process occurred, and suggested that rapid heating could be associated with
reduced adsorbent performance (Niknaddaf et al., 2016). Ania et al. (2005) reported the
formation of coke deposits within the pore because of the high-temperature
decomposition of adsorbed phenol molecules after microwave regeneration of activated
carbons at 850°C. Caliskan et al. (2012) considered that for a given compound, especially
a polar adsorbate which readily adsorbed microwaves, decomposition was accelerated in
the presence of microwaves. Therefore, to find a balance between reversibility and
capacity, it is of paramount importance to understand these mechanisms for designing

and selecting adsorbents for practical applications.
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Chapter 3 Materials and Methods

3.1 Research Framework

This research divided into four parts: adsorbent preparation and characterization, the
adsorption test, microwave heating regeneration, and cyclic adsorption/regeneration tests.

For the one thing, the BAC we prepared and the commercial BAC for comparisons
characterized by their physical and chemical properties. Then, based on the adsorption
isotherm models and kinetic models, we studied the VOC adsorption process onto BAC
samples. Using the C-C equation and the parameters obtained from the D-R model fitting
calculate the isosteric heat of adsorption process. After that, spent BAC was regenerated
by microwave heating with N> as a purging gas. Lastly, cyclic microwave regeneration
tests appraised the long-term applications of the adsorbents. The change of adsorption
capacity was estimated by a new adsorption test after each regeneration. Figure 3-1

illustrates the research procedures of this study in detail.
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Figure 3-1 Flowchart of this study
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3.2 Materials

3.2.1 Preparation of Adsorbent

In this research, the self-prepared adsorbent was BAC prepared from commercial
phenol-formaldehyde (PF) resin sphere precursor (Sumitomo Chemical Co., Ltd.). The
PF spheres were sieved to select sizes (around 150 um) and carbonized under 500°C for
1 h and purged with N> gas to remove volatile content in the materials and reform the
carbon structure. After that, the carbonized sphere underwent physical activation in a
fluidized bed reactor. The temperature of the reactor was increased from room
temperature to 900°C with high-purity N> purging, and then the flow-gas was switched to
COz at 900°C for 4 h. During the activation process, the heating rate was set at 10°C min
!, and the flow rate was controlled at 0.1 L min' by a rotameter. Moreover, the
commercial BAC (termed KBAC, where K stands for Kureha CORP.) used for
comparison in this study was heated in an oven at 373 K over 24 h to remove adsorbed

water vapor. Afterwards, all products were stored in a desiccator until used.

Off-gas Temperature
4 controller

Rotameter

NQ gas —j i
_,_ Heating Carbonized spheres
Q]—F— furnace oo
I it1~ Quartz distributer
CO, gas

Cylindrical
quartz tube

L J

Figure 3-2 The fluidized bed reactor system
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Figure 3-3 (a) PF resin spheres, (b) SBAC, and (c) KBAC in this study

3.2.2 Adsorbate

In Taiwan, according to the Taiwan Emission Data System (TEDS) version 10.0 (2016),
the emission of THC was around 627,452 tons in 2016. The industrial plastic products
manufacturing, the major VOC emission source in Taiwan, produced about 31500
tons/year, accounting for 5 % of total stationary emissions of VOC. The amount of VOC
as a fugitive emission was around 100,027 tons in 2016, and the main source was volatile
organic solvents used in the surface coating, which was around 51,000 tons/year
(accounting for 8 % of total stationary emissions of VOC). MEK and TOL are the
dominant emission of VOCs from the solvents (Chang & Chiou, 2006; Dinh et al., 2016;
Zhong et al., 2017). Also, near the petrochemical industrial park, TOL and MEK are also
the main species measured in the ambient air (Tsao, 2014).

Since both chemicals were the most abundant solvents commonly used in Taiwan's
major industries and have different chemical structures and physical properties. The

VOCs studied were MEK (Merck, > 99.0%) and TOL (Honeywell Riedel-de Haén, >

39

d0i:10.6342/N'TU202003443



99.7%). TOL is aromatic and has a higher boiling point than MEK, while MEK is a ketone
with an oxygen group, and has higher polarity compared to TOL. The main properties of

MEK and TOL are given in Table 3-1.

Table 3-1 Properties of MEK and TOL

Property Methyl ethyl ketone (MEK) Toluene (TOL)
o]
Chemical structure® \)J\
Molecular form Ketone Aromatic
Molecular formula C4HsO C7Hg
Molar mass (g mol!)? 72.11 92.14
Density at 25 °C (g cm3) P 0.799 0.865
Boiling point at 1 atm (°C)? 79.6 110.6
Vapor pressure at 25°C (kPa)®  12.0 3.79

Heat of vaporization at the

31.21 32.80
boiling point (kJ/mol) ?
Kinetic diameter (A)" 5.2 5.8
Dipolar moment (D) ? 2.78 0.375

2 (Poling et al., 2001), ® (Jahandar Lashaki et al., 2012),

3.3 Material Characterization

3.3.1 Surface Area, Pore Volume, and Pore Size Distribution (PSD)

A Micromeritics ASAP 2420 instrument was used to determine the specific surface
area (Siotal), micropore surface area (Smicro), total pore volume (Viota), micropore volume
(Vmicro), and PSD of the adsorbents. Before starting the analysis, the samples were
degassed at 350 °C for more than 15 h to remove impurities and moisture on the surface

of samples. Then, the adsorption measurements were carried out by N at 77 K. Stotal Was
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calculated using the BET equation. Smicro and Vmicro were obtained from the t-plot analysis
by applying the Harkins and Jura thickness curve, t = [13.99/(0.034 — log(P/Py))]°>.
The range of relative pressures used to determine Smicro and Vmicro based on a statistical
thickness t-value of 0.45 - 0.80 nm. Vil was determined by the Barrett-Joyner-Halenda
(BJH) method and recorded at P/Po = 0.994. The PSD of the mesopore and macropore
range was also evaluated by the BJH method. Nonlocal density functional theory

(NLDFT) was used to assess the PSD of the micropore size range.
3.3.2 Elemental Analysis (EA)

The Elementar Vario EL cube instrument was applied to analyze the nitrogen (N),
carbon (C), sulfur (S), hydrogen (H), and oxygen (O) content of samples. For the NCSH
content determinations, the tested samples were burned in a pure oxygen environment at
1200°C, and all elements were converted into a gas mixture containing nitrogen oxides
(NOx), carbon dioxide (CO), sulfur oxide (SO2), and water vapor (H»0). NOx
immediately reduced into N>. Besides N», other gases (CO2, SO, and H>O) were
separated by specific absorber columns. The thermal conductivity detector (TCD) at the
effluent detected the concentration of each gas to obtain the elemental content ratio of the
sample. For the O content determination, the sample was mixed with a high carbon-
content compound combusted without oxygen at 1100°C. The oxygen content calculated

by the amount of CO; and CO produced.
3.3.3 Electron Microscopy

The surface characteristics of the materials were analyzed using scanning electron

microscopy (SEM). The Hitachi S-4800 Field-Emission SEM used an accelerating
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voltage of 10 kV in this study. It yielded high-resolution images of the samples by
scanning the surface with a focused beam of electrons. Hence, it is useful for observing
the surface structure of the sample. The materials were also examined by a transmission
electron microscope (TEM), which is uses high-energy electron beams to penetrate
samples with an ultrathin section. The samples were ground to a fine powder and added
into 95% alcohol and shaken for 30 min. The solution was dropped on a copper gridded
specimen holder, and left to dry. Afterwards, the image was magnified and focused on a

screen.
3.3.4 Thermogravimetric Analysis (TGA)

TGA is an experimental method for assessing a system (element, compound, or mixture)
by measuring the weight loss as a function of temperature (Coats & Redfern, 1963). In
this study, the pyrolysis tests were performed in a thermogravimetric analyzer
(SHIMADZU, model TGA-51). The sample was put into a platinum crucible. The
experiments were carried out at atmospheric pressure and purged with 50 ml/min N> to
desorb the species at a heating rate of 5, 10, and 20°C/min. The weight loss of the sample

and the temperature were recorded continuously between the range of 25 to 600°C.
3.4 Adsorption Test

The diagram of the experimental setup of the adsorption testing system is depicted in
Figure 3-4. This system comprised of a VOC generating system, a temperature-controlled

adsorption bed, and a total hydrocarbon (THC) detecting system.
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Figure 3-4 Process flowchart of the adsorption testing system

3.4.1 VOC Generating System

In this study, the dynamic gas mixture generation method was chosen for preparing
VOC gases, which has the capability of continuously generating a vapor mixture (Nelson,
1992). The mechanically driven injection methods was used to produce a reasonably
accurate concentration of vapors, but short-term fluctuations may occur when using
pulsed systems (Barratt, 1981).

In this VOC generation system, the selected solvent (TOL or MEK)) was supplied at a
constant rate with a syringe (Hamilton Company) and a syringe pump (New Era Pump
Systems Inc., model NE 1000). The solvent was injected into a small flow of nitrogen
and vaporized in a heating furnace (designed by Fortelice International Co., Ltd.). The set
temperature of the heating furnace was above the boiling point of the selected solvent to
provide adequate heat for immediate vaporization. The solvent injection rate was adjusted

according to the desired VOC concentration, and was calculated from the ideal gas law
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(Nelson, 1992):

L axao (z73) (52 Quow @3-
ppmy — QcM

Mass flow controllers (Brooks, mode 5850) were used to control the flow rates of the
purge gas streams, and the flow rates were calibrated with a gas flowmeter (MesaLabs,
model Defender 510). The nitrogen gas stream was directed into the furnace and mixed
with the vaporized organic solvent. Furthermore, taking into account that the
concentrations of the organic vapor produced may be unstable, two glass bottles in series
(nominal volume was 1.4 L) and a static mixer were used to smooth out potential
fluctuations. Variations of the concentration were kept within £5% and checked before

each run.
3.4.2 Adsorption Bed Operation

A fixed-bed configuration was used in this study, and a VOC laden air stream was
introduced from the top to flow through the adsorption bed. The adsorption tube, made
from Pyrex glass, was about 40 cm in length and 1 cm in diameter, and BAC was inserted
and supported by a sintered glass filter. The bed was heated by wrapping heating tape
(Omega) around the tube. The temperature was measured and controlled by a proportional
integral derivative (PID) controller, and a type K thermocouple was inserted from the top
and left at the center of the bed. The adsorption of VOCs on the surface of the tube and
glass filter was assumed negligible during the test.

Two types of experiments were conducted: (1) adsorption isotherm tests and (2) a
dynamic analysis of the fixed bed adsorption. The total gas flow rate was set at 1.6 SLPM

to ensure the sufficient uptake of the FID sampling line in both experiments. About 20 to

44

doi:10.6342/NTU202003443



50 mg of BAC was measured and placed in the adsorption bed. For the adsorption
isotherm tests, the concentration of VOCs ranged from 0.0007 to 0.16 P/P¢ and 0.002 to
0.21 P/Po for MEK and TOL, respectively. Table 3-2 offers the saturation vapor pressure
(Po) of MEK and TOL at different temperatures (Poling et al., 2001). The operating
temperature was set at 30, 40, or 50°C. The saturated adsorption capacity was calculated
using the gravimetric and integration method. For the dynamic analysis of the adsorption
bed, the operating temperature and the inlet MEK or TOL concentrations were controlled
at 40°C and 500 ppmy. Smooth breakthrough curves were generated, and data were stored
for subsequent analysis. The adsorption runs were repeated three times for all

experimental concentrations.

Table 3-2 Saturation vapor pressure data for MEK and TOL

Temperature Saturated vapor pressure (kpa)
0 MEK TOL

30 15.10 4.85

40 23.49 7.84

50 35.36 12.22

3.4.3 THC Detection System

The main composition of the THC detecting system was a THC analyzer (Ratfisch
Analysensysteme, model RS53-T), which was a flame ionization detector (FID) fueled
by a hydrogen cylinder. The outlet VOC concentrations of the adsorption bed were
measured continuously by the FID with 1.5 SLPM of the sampling flow rate. For the inlet
VOC concentration, five measuring ranges (from 0-10 ppmy to 0-100,000 ppmy as

methane) were chosen for better accuracy. The two-point calibration was carried out
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periodically with pure nitrogen for the zero and methane for the span. The magnitude of
the FID measurement signal was approximately proportional to the number of carbon
atoms of the sample gas. The actual carbon concentration from the measured FID value
was as in the following equation:

Cex = Ac/frex (3-2)
where C., (mgC m™)is the actual carbon concentration of gas x, A, (mgC m™) is FID
reading value, and frcy is the carbon related response factor of the gas (0.80 and 0.95
for MEK and TOL, respectively).

The data of outlet VOC concentrations were recorded at 1-second intervals through a
data acquisition unit (DAQ), which was consisted of a data logger (National Instruments,
model USB 6000) and a LabView software (National Instruments, the program developed
by Institute for Information Industry). This equipment transformed an analog output of a
voltage signal from the FID into a digital output, so the online measurement can be

visualized.
3.5  Adsorption Capacity

Two methods for obtaining adsorption capacities were used. In the gravimetric methods,
the adsorption capacity is obtained from the weight change of the adsorbents during the

adsorption test. The adsorption capacities were calculated as follows:

WBA - WAA

W (3-3)

Adsorption capacity =

where Wg, and Wy, is the weight of the adsorbent before and after the adsorption test,
respectively.
On the other hand, the adsorption capacities were also calculated from the adsorption
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breakthrough curve, determined by integrating the areas above the breakthrough curves.
In the integration method, the dynamic breakthrough adsorption capacity of BAC was

calculated by the following equation:

. . 1 t100
Adsorption capacity = — ) Qg (Cip — Cout)PcAt (3-4)
Waa &
where Qg is the total gas flow rate, C;, and C,,. are the inlet and outlet concentration

during a time step At (set at one second in this experiment), pg is the density of the

organic vapor, and t;q, is the time needed to reach 100% breakthrough.
3.6 Microwave Regeneration

Regeneration was attained by microwave heating. Figure 3-6 shows the experimental
setup of the microwave regeneration system in this study. Prior to microwave application,
all adsorbents were saturated with MEK or TOL under an inlet concentration of 500 ppmy
at 40°C. In the regeneration tests, the spent BAC was heated in a microwave muftle
furnace (Milestone, model Pyro 260), which was operated at 2.45 GHz with an adjustable
output power. The setting power level ranged from 400 W to 1000 W, and the heating
time was between 4 to 12 min in this research. The spent BAC was put into a quartz boat
(Figure 3-7(b)), and the boat was put into a 1.5 L quartz reactor (Figure 3-7(a)) inside the
microwave furnace. Before each run of the experiment, nitrogen gas purged for more than
5 min to create an oxygen-free atmosphere in the reactor. Then, the heating began. The
temperature profile of the adsorbent bed was obtained using a K-type thermocouple with
a ceramic sheath, which was inserted into the carbon bed during microwave heating.
Nitrogen gas flowed through a rotameter and entered the reactor at the flow rate of 1.5 L

min’!, and the desorbed adsorbates were immediately removed from the reactor and
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detected for concentration by the FID.

In addition, a portable gas analyzer (HORIBA, model PG-350) was used for measuring
NO, SO, CO, and COz in the exhaust gas. This analyzer uses two measurement principles,
chemiluminescence for NO, and non-dispersive infrared (NDIR) for the measurement CO,
CO2, SO,. About 20 mg of saturated BACs placed in the microwave furnace. The
measurement range is setting at 0 ppm to 200 ppm for SO, and CO, 0 ppm to 25 ppm to
NOx, and 0 vol% to 10 vol% for COz. The data of outlet gas concentrations were recorded
at 1-second intervals.

The desorption efficiency is defined as:

Wgr - W,
PR AR % 100% (3-5)

Desorption efficiency (%) =
WgRr X gs00ppm

where Wpr and W,y is the weight of the adsorbent before and after regeneration,
respectively, and qsgoppm 18 the adsorption capacity at 40°C and 500 ppmy.
The adsorption capacities were also calculated from the desorption curve, which were

determined by integrating the areas under the curve:

1
Desorption efficiency (%) = Woa E QCpgAt X 100% (3-6)
BR
t=0

where Q is the purged gas flow rate, C is the detected concentration, pg is the density
of the organic vapor, and t, is the time needed for the detected concentration to reach
Zero.

It should be noted that according to the user manual, the actual applied power was
generally not entirely equal to the set power level. Hence, the actual output power of the
furnace had to be calibrated. We used one liter of water in a beaker, measured the

temperature changes before and after the microwave application, and obtained the actual
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applied power in a build-up program of the furnace controller. The calibration curve and
correlation between the set power level (Wseting) and the actual power level (Wacwal) are
shown in Equation 3-7 and Figure 3-6.

Wactual = 0.8387 X Weetting + 22.4 (3-7)

1100
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600 4

Real power level (W)
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y=08387x+224
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Figure 3-5 Calibration curve of microwave muffle furnace
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Figure 3-6 The scheme diagram of the microwave regeneration system
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Figure 3-7 (a) the quartz reactor and (b) the quartz boat

3.7  Adsorption/Desorption Kinetic Analysis

It is necessary to understand adsorption equilibrium and kinetics to design an
adsorption bed properly. The equilibrium data are easily collected from experiments,
while the kinetics data are more difficult to obtain. In this study, we used the diffusion-
controlled kinetic models because external diffusion and intraparticle diffusion were
considered to be the rate-controlling steps of an adsorption process.

The three consecutive steps of a species physisorbed onto a porous adsorbent are (i)
transport of the adsorbate from gas film to the external surface of the solid adsorbent
(external diffusion), (i1) transport of the adsorbate within the pores of the adsorbent

(intraparticle diffusion), and (iii) adsorption of the adsorbate on the exterior surface of the
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adsorbent (surface diffusion). Generally, it is accepted that surface diffusion is very rapid
(Singh et al., 2002). The intraparticle diffusion rate is often considered to be the rate-
controlling step in an adsorption process (Fournel et al., 2010). In desorption, the process

is opposite that of adsorption.
(1) Pseudo-first-order (PFO) model

If external diffusion was the rate-controlling step, the rate of adsorption can be

described by PFO model (Zhou et al., 2015):

dq _
- Kl@e—a) (3-8)
Integral solution of Equation 3-8 is:
In (1 _ ﬂ) = kgt (3-9)
e

where q. and q; is the amount of adsorbate uptake to the sorbent at equilibrium and

time t, respectively, and k; is the PFO adsorption rate constant.
(2) Intraparticle diffusion model (IPD)

If intraparticle diffusion was the rate-controlling step, the IPD model proposed by
Weber and Morris is widely used for the analysis of adsorption kinetics (Wu et al., 2009).

The IPD model could be described as:
qe = kpt¥/2 +1 (3-10)
where q; is the amount of adsorption at time t, K, is the IPD rate constant, and I is the

intercept reflecting the extent of the boundary layer thickness.
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3.8 Cyclic Adsorption Test

Preliminary tests showed a significant deviation of the adsorption capacities calculated
from integration and gravimetric methods. To ensure the accuracy and consistency of the
data, in the cyclic test, the adsorption capacity after each cycle was calculated by the
gravimetric method.

The regeneration performance was evaluated by regeneration efficiency, which was
calculated by Equation 3-11:

Regeneration efficiency in cycle i (%)
adsorption capacity of regenerated BAC in cycle i (3-11)

= x 100%
adsorption capacity of BAC °

where i was the number of the adsorption—regeneration cycles.
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Chapter 4 Results and Discussion

In this chapter, code names were used to describe the activated carbon. For instance,
MEK-SBAC represents that SBAC (the self-prepared BAC, “S” stands for self-prepared)
saturated under 40°C with 500 ppmy of MEK. TOL-KBAC represents the KBAC (the
commercial BAC, “K” stands for Kureha CORP.) saturated under 40°C with 500 ppmy of
TOL. MEK-SBAC-800W4min represents that the MEK-SBAC regenerated at a power

level of 800 W, with an irradiation time of 4 min.

4.1 Physical and Chemical Properties of BAC

4.1.1 Flemental Analysis

Table 4-1 shows the concentration of major elements in the BAC samples, including
virgin and post-regeneration samples under 800 W for 8 min. In the results of EA, KBAC
has a relatively higher proportion of sulfur, but sulfur is not considered as an important
factor of VOC adsorption. The percentages of hydrogen and oxygen of both virgin BAC

are similar, which may imply that the surface polarities are similar.

Table 4-1 Elemental analysis of the BAC samples

Elemental analysis (Wt%)

N C S H Q)
Virgin samples
KBAC 0.12+0.17 87.61£0.16  0.77+0.34  2.95+1.57 10.86+0.04
SBAC 1.08+0.31 82.68+14.6  0.09+0.10  2.86+0.87  11.52+8.52

Regenerated samples

MEK-KBAC-800W8min  0.22+0.01  80.81+0.23  0.13+£0.03  4.39+0.11  13.68+0.11
MEK-SBAC-800W8min 1.11£0.08  85.51+0.12  0.37+0.07  4.25+0.13  14.05£3.08
TOL-KBAC-800W8min 0.20+£0.02  84.37+0.68  0.13£0.00  4.24+0.30  7.11+0.21

TOL-SBAC-800W8min 0.95+0.04  85.42+2.90  0.00+£0.00  2.63+0.48  4.47+0.03
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4.1.2 Pore Structures

The N> adsorption-desorption isotherms of BAC samples are shown in Figure 4-1. It is
worth noting that both KBAC and SBAC presented as Type I isotherm shapes, which is
typically indicative of microporous character. The isotherm of SBAC is tended more
towards Type I(b), while that of KBAC presented more as Type I(a), revealing that SBAC
had wider PSD including wider micropores and narrow mesopores.

The PSDs of BAC samples were examined based on the BJH model (in Figure 4 2),
which is suitable for meso and macropore analysis. It can be observed that the width
developed pores was mainly below 10 nm. The NLDFT method is applied to examined
microporous PSD (in Figure 4-3), which confirms the results obtained from the N
adsorption-desorption isotherms, showing the existence of a wider PSD for SBAC, which

included wider micropores and narrow mesopores.
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Figure 4-1 Standard N> adsorption-desorption isotherm of SBAC and KBAC
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The physical properties of the BAC samples and 8-cycle regenerated samples are given

in Table 4-2 and 4-3, compiling the total BET surface area (Siotal), micropore surface area

(Smicro), total micropore volume (Viowl), micropore volume (Vmicro), and average pore width

(davg). The porous properties of the commercial KBAC are in accordance with those

published previously (Zhu et al., 2004), in which Stotal was 1300 m? g! and Vimicro is 0.56

cm’ g'!. Overall, both BAC samples have excellent development of micropores.

Table 4-2 The physical properties of samples

Sample SBAC KBAC

Stotal (m* g) 2114.29 +236.41 1210.41 +58.56
Smicro (M?* g7) 2084.97 £ 195.54 1136.03 +20.32
Smicro/Stotal (%o) 98.61 93.85

Viotal (cm® g™) 1.361 +0.66 0.602 +0.18
Vmiero (cm® g™) 0.958 £0.14 0.534+£0.05
Vicro/ Viotal (%0) 70.39 88.70

davg (Nm) 2.65+0.42 3.66+0.33

Table 4-3 The physical properties of samples after 8-cycle and 800W-8min

microwave regenerations

Sample MEK-KBAC MEK-SBAC TOL-KBAC  TOL-SBAC
Stotal (M2 g1 1104.23 1737.98 1115.17 1280.06
Smicro (m2g")  1083.89 1708.90 1079.02 1212.13
Smicro/Stotat (%) 98.16 98.33 96.76 94.69
Voot (cm* g)  0.535 0.785 0.529 0.598
Vimiero (em® g)  0.508 0.771 0.483 0.534
Vaicro/ Veotat (%)~ 94.95 98.22 91.30 89.30
davg (nm) 2.82 2.66 3.11 2.52
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4.1.3 Morphology of BAC

Figures 4-4 and 4-5 depict the SEM images of SBAC and KBAC. As we can see from
these figures, both samples are spherical with a smooth surface. The size of KBAC is
much bigger than that of SBAC, and its surface does not show significant pores. It is
noteworthy that the images of SBAC showed a highly developed inner structure,
contributing to a higher surface area for SBAC than KBAC. Furthermore, the TEM
images of crushed SBAC (see Figure 4-6) revealed a more detailed understanding of its
structure, showing that the amount of 3-D pores were randomly combined and

constructed amorphous nano-structures.

54800 10.0kV 8. 1mm x8 020 5 ‘ n 54800 10.0k\J

Figure 4-4 SEM images of KBAC
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Figure 4-6 TEM images of SBAC
Moreover, the morphologies of BACs were used to evaluate the effects of microwave
regeneration. MEK-KBAC, TOL-KBAC, MEK-SBAC, and TOL-SBAC regenerated at
800 W for 8 min were chosen as the SEM samples. As observed in Figures 4-7 and 4-8,

there were no significant differences between virgin and post-regeneration KBAC.
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However, SEM images of the regenerated MEK-SBAC (Figures 4-9 and 4-10) show
changes in pore structure. Due to the polarity of MEK and contact with microwaves, the

original structure of the adsorbent changes, as a result of severe heating.

$4800 10.0kV 10.1mm x80

|
$4800 10.0kV 10.1mm x5 00k 0 ) b /2 100um

Figure 4-7 SEM images of TOL-KBAC-800W8min
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Figure 4-8 SEM images of MEK-KBAC-800W 8min
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Figure 4-9 SEM images of MEK-SBAC-800W8min
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Figure 4-10 SEM images of TOL-SBAC-800W8min

4.2  Adsorption Test

4.2.1 Adsorption Isotherm Experiments

Adsorption isotherm describes the relationship between the adsorbate concentration
and adsorption capacity. The data for VOC adsorption was analyzed by three isotherms,
namely Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherms. The inlet
concentrations of the VOCs were set to range from 100 to 20,000 ppmy for MEK and 100
to 10,000 ppmy for TOL, or in other words, from a low to high concentration in the FID
detection range. The adsorption capacities were obtained from both integration and
gravimetric methods. The parameters of isotherms were determined from fitting the

equations using the computer program SigmaPlot version 12.5.
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4.2.1.1 Langmuir Isotherm

The Langmuir isotherm is a simple theoretical model for monolayer adsorption and has
been widely used to describe the activated carbon adsorption of VOCs. Table 4-4 presents
the parameters of the Langmuir isotherm fitting for MEK/TOL adsorption onto SBAC
and KBAC. Based on the value of determination coefficient (R?), the Langmuir isotherm
showed a good fit with the experimental data. The plots of the experimental and Langmuir
isotherm modeled data are presented in Figures 4-11 to 4-14.

Graphically, the Langmuir isotherm is characterized by a plateau corresponding to a
saturated adsorbed amount (qgs). As shown in Figures 4-11 to 4-14 and Table 4-4, the gs
calculated by the integration method seems much higher in comparison to that calculated
by the gravimetric method. According to our test data, the adsorption capacities calculated
from both methods were similar at a lower concentration range, whereas the capacities
showed a significant deviation as the concentration increased. The distinction may be
explained by the response time of the THC detector. In the high concentration range (i.e.
short breakthrough time), the response time amplified the deviation of the breakthrough
curve. As a result, the qs estimated from the adsorption isotherm calculated by the
gravimetric method should be more accurate. According to the result calculated by the
gravimetric method, it was observed that adsorption capacities of SBAC are consistently
higher than those of KBAC. This can be related to the fact that SBAC has a much higher
surface area and larger pore volume (Table 4-2), and therefore has a higher adsorption

capacity.
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Table 4-4 Langmuir parameters for different adsorbate-adsorbent systems at

different temperatures

Langmuir parameter

Integration method

Adsorbate  Adsorbent T (°C) R? gs(mggl) Ki
MEK SBAC 30 0.9571 1956.8 40.2
40 0.9559 1701.5 60.3
50 0.9904 2382.2 299
KBAC 30 0.9321 547.6 230.6
40 0.8572 538.9 419.2
50 0.9730 568.3 238.8
TOL SBAC 30 0.8669 1686.0 64.6
40 0.8551 1222.0 168.6
50 0.9405 1433.7 105.4
KBAC 30 0.9902 593.1 176.3
40 0.9838 557.1 218.9
50 0.9866 555.6 362.9
Gravimetric method
Adsorbate  Adsorbent T (°C) R? gs(mgg?l) Ko
MEK SBAC 30 0.9683 962.7 112.5
40 0.9906 770.2 100.4
50 0.8936 610.1 211.3
KBAC 30 0.9924 365.1 368.0
40 0.9849 358.8 286.0
50 0.9652 377.4 255.3
TOL SBAC 30 0.9612 1323.9 71.7
40 0.9343 997.3 147.5
50 0.9456 978.2 123.7
KBAC 30 0.9944 421.8 468.6
40 0.9995 413.0 491.5
50 0.9912 400.9 653.6

63

doi:10.6342/NTU202003443



2000

@ 1000 4 (0)

1500 1 800 |

600

1000 1 i ®  300°C - Experiment
B 40 °C - Experiment
¢ 50 C - Experiment

— 30 °C - Langmuir

- Experiment
B 40 9C - Experiment
¢ 50 OC - Experiment

— 30 °C - Langmuir

400

500 +

Adsorption capacity (mg/g)
Adsorption capacity (mg/g)

; 40 °C - Langmuir 40 °C - Langmuir
— 50 °C - Langmuir — 50 °C - Langmuir
0 T T T 0 T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
PP, PP,

Figure 4-11 Experimental and Langmuir modeled adsorption isotherms for MEK and
SBAC by (a) integration method and (b) gravimetric method
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Figure 4-12 Experimental and Langmuir modeled adsorption isotherms for MEK and

KBAC by (a) integration method and (b) gravimetric method
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Figure 4-13 Experimental and Langmuir modeled adsorption isotherms for TOL and

SBAC by (a) integration method and (b) gravimetric method
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Figure 4-14 Experimental and Langmuir modeled adsorption isotherms for TOL and

KBAC by (a) integration method and (b) gravimetric method

4.2.1.2 Freundlich Isotherm

Table 4-5 shows the results from the Freundlich isotherm model fitting for MEK/TOL
adsorption onto SBAC and KBAC. Judging by the R? values, the Freundlich model also
fit the experimental data with a level of conformity. The coefficient Kr is related to the
adsorption capacity of the adsorbent, and n is a function of the strength of adsorption or
surface heterogeneity. The larger the value of n, the stronger the adsorption affinity,
indicating a more heterogeneous adsorption (Do, 1998). As can be seen in Table 4-5, in
most cases, Kr increased and n decreased with increasing operating temperature. The
value of n was greater than one for all scenarios, revealing the heterogeneity of the carbon
surface.

The plots of experimental and Freundlich isotherm modeled data are presented in
Figures 4-15 to 4-18. Owing to it lack of a finite limit under high pressure, the Freundlich
isotherm cannot be fit for broad concentration ranges. To deepen the understanding of

adsorption mechanisms, the D-R isotherm model is presented in the next section.
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Table 4-5 Freundlich parameters for different adsorbate-adsorbent systems at

different temperatures

Freundlich parameter

Integration method

Adsorbate  Adsorbent T (°C) R? n Kr
MEK SBAC 30 0.9657 2.302 42433
40 0.9896 2.309 4431.1
50 0.9999 1.746 7927.5
KBAC 30 0.9822 4.778 890.8
40 0.9410 4.995 954.2
50 0.9931 3.352 1360.9
TOL SBAC 30 0.9486 3.942 2426.1
40 0.9825 4.496 2013.0
50 0.9669 3.041 3060.9
KBAC 30 0.9927 7.886 737.1
40 0.9925 6.382 783.6
50 0.9967 6.662 824.7
Gravimetric method
Adsorbate  Adsorbent T (°C) R? n Kr
MEK SBAC 30 0.9483 3.336 1793.6
40 0.9769 2.531 2005.2
50 0.9637 3.105 1569.8
KBAC 30 0.9960 6.784 518.7
40 0.9946 4.407 656.4
50 0.9947 3.386 905.4
TOL SBAC 30 0.9555 3.824 1988.3
40 0.9900 3.902 1777.6
50 0.9857 3.187 2107.6
KBAC 30 0.9989 15.97 475.8
40 0.9960 12.42 494.1
50 0.9890 10.67 515.3
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Figure 4-15 Experimental and Freundlich modeled adsorption isotherms for MEK and

SBAC by (a) integration method and (b) gravimetric method
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Figure 4-16 Experimental and Freundlich modeled adsorption isotherms for MEK and
KBAC by (a) integration method and (b) gravimetric method
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Figure 4-17 Experimental and Freundlich modeled adsorption isotherms for TOL and

SBAC by (a) integration method and (b) gravimetric method
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Figure 4-18 Experimental and Freundlich modeled adsorption isotherms for TOL and
KBAC by (a) integration method and (b) gravimetric method

4.2.1.3 Dubinin-Radushkevich Isotherm

The D-R model has proven suitable to describe the adsorption isotherms of activated
carbon (Ayawei et al., 2017). Since the pore structure analysis revealed that the materials
examined in this study have high microporosities, the D-R isotherm model was used in
this study. Adsorption isotherms were fit to the D-R equation, with R? values mostly
above 0.96, to compare adsorbent-adsorbate interactions. The D-R isotherm parameters
are summarized in Table 4-6, and the plots of the experimental and D-R isotherm modeled
data are presented in Figures 4-19 to 4-22. The affinity coefficient () was derived in
Appendix A.1.

The characteristic energy, E (or Eof3), is a parameter concerning pore size, surface
chemistry, and adsorbate structure. In brief, the smaller the E is, the easier for adsorbates
to adsorb onto the adsorbent (Chiang et al., 2002). It is known that the magnitude of E is
useful in the estimation of the type of adsorption mechanism followed. When one mole
of the matter is transferred, the value of E in the range below 8 kJ mol ™! indicates physical

adsorption, whereas a value in the range from 20 to 40 kJ mol™! indicates chemisorption
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(Mishra, 2016). In this study, the characteristic energies of adsorption of MEK and TOL
onto SBAC were about 8 to 10 kJ mol!, suggesting that physical adsorption predominates
in the adsorption process. Compared with SBAC, the free energy of MEK and TOL
adsorbed onto KBAC was higher (10 - 18 kJ mol ™), but still suggests physical adsorption.

Once the characteristic energy is gained from the adsorption isotherm data, the
characteristic pore dimensions of a porous carbon can also be estimated. There is an
inverse proportionality between E and the slit-pore half-width (xo) which takes the
following form:

Xo = k/Eq (4-1)

For the majority of industrial active carbons whose E is less than 22 kJ mol™!, the
corresponding values of k are almost constant, and can be set approximately to 13 kJ nm
mol™! (Dubinin & Stoeckli, 1980).

As observed in Table 4-6, the xo of SBACs are larger than KBACs. Most results showed
an acceptable agreement using MEK or TOL as a probing molecule, while some deviated
results could be attributed to data error or narrower pore sizes in adsorbents, which
hindered diffusion of larger molecules. It should be noted that the VOCs considered in
this study are relatively small, and adsorption capacity trends may differ from those
established here for larger adsorbates (e.g. polychlorinated dibenzo-p-dioxins and -furans)
(Ghafari & Atkinson, 2018).

Wy is the limiting pore volume, which is determined by the micropore volume. The
calculated Wy seems inconsistent with that obtained by using N> adsorption. The main
reason is that the calculated Wy used MEK or TOL as a probing molecule, and the

difference in kinetic diameters of the probing molecules (N2: 4.02 A, MEK: 5.25 A, and
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TOL: 5.85 A) contributed to the different Wo. Generally, the smaller the value of Wy, the
less micropore volume it has. As expected, in consistence with the PSD analysis shown

previously, SBACs developed higher proportions of small pores compared to KBAC (as

seen in Table 4-2).
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Table 4-6 D-R parameters for different adsorbate-adsorbent systems at different

temperature

D-R parameter

Integration method

T Wo Eo E Xo
adsorbate adsorbent ©C) R? Mgy (kImol) (kJmol)  (nm)
MEK SBAC 30  0.9685 2.711 7.44 7.20 1.747

40 009778 2.536 8.17 7.92 1.592
50  0.9949 3.367 7.30 7.09 1.780
KBAC 30 0.9709 0.787 11.09 10.74 1.172
40  0.9200 0.808 12.52 12.14 1.039
50  0.9954 0.927 10.67 10.36 1.218
TOL SBAC 30  0.9020 2.014 7.45 8.88 1.745
40  0.9559 1.590 9.12 10.88 1.425
50  0.9636 1.962 7.84 9.36 1.658
KBAC 30 0.9956 0.724 10.19 12.15 1.276
40  0.9935 0.710 10.21 12.18 1.273
50 0.9974 0.728 11.45 13.66 1.136
Gravimetric method

T Wo Eo E Xo
adsorbate adsorbent ©C) R? Mgy (kImol) (kImol)  (nm)
MEK SBAC 30 0.9690 1.389 9.22 8.92 1.410

40  0.9932 1.219 8.67 8.41 1.500

50  0.9477 1.008 10.34 10.04 1.258

KBAC 30 0.9998 0.510 13.14 12.72 0.989
40  0.9990 0.540 11.44 11.10 1.136

50  0.9936 0.618 10.77 10.46 1.207

TOL SBAC 30  0.9768 1.635 7.83 9.34 1.659
40  0.9834 1.342 8.41 10.03 1.546

50  0.9811 1.368 8.13 9.70 1.599

KBAC 30 0.9982 0.505 14.84 17.68 0.876
40  0.9982 0.505 14.23 16.98 0.913

50  0.9905 0.503 14.53 17.34 0.895
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Figure 4-19 Experimental and D-R modeled adsorption isotherms for MEK and SBAC

by (a) integration method and (b) gravimetric method
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Figure 4-20 Experimental and D-R modeled adsorption isotherms for MEK and KBAC

by (a) integration method and (b) gravimetric method
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Figure 4-21 Experimental and D-R modeled adsorption isotherms for TOL and SBAC

by (a) integration method and (b) gravimetric method
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Figure 4-22 Experimental and D-R modeled adsorption isotherms for TOL and KBAC

by (a) integration method and (b) gravimetric method

4.2.2 Isosteric Heat of Adsorption

The D-R equation offered an analytically calculable method for the isosteric heat of
adsorption (AHg). In our study, AHg was determined via the C-C and D-R equations,
where the equation for the AHg is derived in Section 2.3.4 and expressed in Equation 2-
16. Details of the thermodynamic parameters (AH,,, and «) are proposed in Appendix
A.2. As mentioned in previous sections, the deviation of adsorption capacities from the
different calculation methods was significant. In order to maintain the accuracy and
consistency, the data for the D-R isotherms used in calculating AHg are from gravimetric
methods. The dependence on adsorbate, temperature, and surface loading in calculating
AHg are represented graphically in Figure 4-23.

The isosteric heats may be interpreted as the criterion of the energetic heterogeneity of
the adsorbent surface, or it may be represented as an indicator of the interaction strength
between the gas molecules and the adsorbent (Cinke et al., 2003; Park et al., 2002). A rule
of thumb in adsorption is that for the heat of adsorption of 80 kJ/mole or more, the
adsorption process is chemisorption and smaller values are representative of
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physisorption (Cinke et al., 2003; Sui et al., 2017; Webb & Orr, 1997). As shown in Figure
4-23, AHg ranges from 35 kJ/mol to 60 kJ/mol, indicating a physical adsorption type.
The data in Figures 4-23(a) and (b) show that AHg of MEK and TOL on the SBAC
are nearly constant (=45.47 and 45.52 kJ mol”, respectively) and independent of
temperature in the range of surface loading. This indicates a relatively energetic
homogeneity of the adsorbent surface (Buss, 1995). However, as observed in Figure
4-23(c), AHg of MEK on KBAC at 30°C is relatively lower. One explanation for this is
the surface heterogeneity of adsorbent (Huang, 1972), but this also may be attributed to
experimental error in measuring the adsorption isotherm. It should be noted in Figure
4-23(d) that AHg for TOL adsorption on KBAC increased drastically at higher surface
loading, which reflected a stronger dependence upon surface loading. Such results are
consistent with those of Chen et al. (2020), and can be explained by the following: (1) the
surfaces of KBAC are energetically heterogeneous towards adsorption of TOL (Park et
al., 2002) , (2) the stronger lateral interactions occur between the adsorbed molecules at
higher surface coverage (Chowdhury et al., 2011), or (3) as surface loading increases,
a stronger interaction between TOL (weak polarity) and the nonpolar adsorbent resulting

in high heats of adsorption.
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Figure 4-23 Isosteric heat of (a) MEK and (b) TOL adsorption on SBAC; (¢c) MEK and

(d) TOL adsorption on KBAC

4.2.3 Adsorption Kinetics

External diffusion coefficients (ki) and intraparticle diffusivities (kp) for adsorption

were determined using the PFO (Equation 3-9) and IPD (Equation 3-10) models. The

kinetic results were obtained from 500 ppmy of the inlet adsorbate concentration. The

results are given in Table 4-7.

In general, adsorption on an adsorbent is controlled by the intraparticle diffusion step,

where the relationship between q: and t'/? is linear (Zhou et al., 2015). In Table 4-7, the

obtained correlation coefficient R? for the PFO and IDP kinetic equation was similar,
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indicating that MEK and TOL adsorbed onto SBAC and KBAC followed both kinetic
models. Consequently, it demonstrated that external and intrapariticle diffusion control
are both possible to be the rate-limiting step for adsorption of MEK and TOL on

adsorbents.

76

doi:10.6342/NTU202003443



Table 4-7 Kinetic parameters of adsorption and correlation coefficient R? obtained from PFO and IPD Kkinetic models

Adsorbate  Adsorbent Temperature PFO model IPD model
(®) ki (mint) R? kp(mgg's™)  1(mgg?) R?
MEK SBAC 30 0.612 +0.054 0.988 — 1.000 17.06 = 0.90 -32.47+7.40 0.978 — 0.984
40 0.804 £+ 0.083 0.978 — 0.986 17.76 + 1.14 -38.18+5.61 0.984 — 0.987
50 0.824 + 0.094 0.984 — 0.998 13.30 £ 1.52 21.24+£5.97 0.984 — 0.987
KBAC 30 0.160 £ 0.021 0.982 —0.997 10.80 = 0.54 4826+ 7.71 0.985-0.991
40 0.114£0.012 0.996 — 0.998 11.33+£0.83 -58.55+£6.62 0.980 - 0.991
50 0.204 +0.048 0.988 — 0.998 7.95+0.44 -27.94 £ 8.38 0.985-0.989
TOL SBAC 30 0.268 +0.021 0.991 - 0.994 31.45+2.54 -98.98 + 34.95 0.986 — 0.991
40 0.244 £ 0.057 0.995 —0.998 26.83 +£2.37 -56.75+22.18 0.980 — 0.991
50 0.352+£0.118 0.984 — 0.998 17.16 £ 1.67 -20.81 + 1.90 0.989 —0.990
KBAC 30 0.158 £0.015 0.986 — 0.995 14.83 + 1.09 -69.27+17.93 0.975-0.988
40 0.186 £ 0.026 0.910-0.973 11.51+1.40 -72.78 £ 15.09 0.984 — 0.987
50 0.170 £0.015 0.994 — 0.997 14.28 £ 0.20 -67.98 £4.12 0.984 — 0.987
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4.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) has been used to study the thermal regeneration
behavior of adsorbents. Virgin BACs (without organics) showed only slight changes in
weight during the temperature rise, as shown in Figure 4-24. The weight loss observed
around 90°C is attributed to water desorption, which is usually observed in activated

carbon previously exposed to ambient air (Popescu et al., 2003).
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Figure 4-24 TG thermal curves of virgin BACs at heating rates of 10 °C/min

The TGA results of BACs loaded with MEK and TOL at different heating rates are
shown in Figures 4-25 and 4-26. The thermal desorption of the adsorbed VOCs and the
decomposition of organics on the adsorbent surface were expected to occur during the
temperature rise (Suzuki et al., 1978). For all samples, it was observed that the desorption

of compounds occurred at temperatures between 100 and 400°C. Hence, the results
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showed that these sorbents could be regenerated at temperatures below 400°C.

The TGA results indicate that, under conventional conductive heating, the weight loss
percentages of loaded BACs were less significant at rapid heating rates. That may result
in more heel formations at rapid heating rates. Niknaddaf et al. (2020) have pointed out
that the increase in heel formation is a consequence of the simultaneously rapid heating
rates due to higher concentrations of residual VOCs that are exposed to the high

temperatures.
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Figure 4-25 TG thermal curves of (a) MEK-SBAC and (b) MEK-KBAC at heating rates
of 5, 10, and 20 °C/min
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Figure 4-26 TG thermal curves of (a) TOL-SBAC and (b) TOL-KBAC at heating rates
of 5, 10, and 20 °C/min
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The differential thermal gravimetry (DTG) curve is a plot of the adsorbate’s desorption
rate as a function of the sample temperature. As a whole, the DTG data were used to
evaluate kinetic parameters, such as activation energy of different organic materials.
According to the curve, we could easily identify the interactions between the gas and the
solid. Since the desorption peak temperature is related to the adsorption strength, a more
robust interaction gives rise to a higher peak temperature. A desorbed peak under 100°C
is attributed to water desorption (Popescu et al., 2003). Assuming that the desorption
followed first-order kinetics and the heating rate is constant (i.e., T = To + Bt), based on
the Arrhenius equation, the activation energy for desorption could be calculated from the

following equation (Cvetanovi¢ & Amenomiya, 1972):

B Eq
n(——)=_24 (4-2)
. (RTI\Z,[ RTy T C

where Ty is the peak desorption temperature, [ is the heating rate, E4 is the
desorption activation energy, R is the gas constant, and C is a constant that depends on
the desorption kinetics. Therefore, a plot of In(B/RTg) versus 1/Ty yielded a line
with slope: -E4/R.

In general, the desorption energy from a physisorbed state is close to or slightly higher
than the heat of vaporization (Popescu et al., 2003). According to the results in Table 4-
8, it is seen that Eq is approximately the same or slightly higher than the heat of
vaporization for TOL and for MEK (32.8 and 31.21 KJ mole™! at boiling point for TOL

and MEK, respectively). This showed that these compounds were physisorbed.
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Table 4-8 Peak desorption temperatures at different heating rates and activation

energies for desorption

Peak desorption temperatures (K) at

different heating rates Eq AHvap
20°C/min  10°C/min  5°C/min  KV/moD . (kJ/mol)
MEK-SBAC 488 461 432 36.45 3191
MEK-KBAC 488 468 441 46.41 .
TOL-SBAC 494 459 430 30.40 1280
TOL-KBAC 520 476 446 27.15 '
2 at boiling point (Poling et al., 2001)
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Figure 4-27 DTG of MEK-SBAC at various heating rates. (a) DTG peaks; (b) linear

form providing the heat of desorption.
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Figure 4-28 DTG of MEK-KBAC at various heating rates. (a) DTG peaks; (b) linear

form providing the heat of desorption.
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Figure 4-29 DTG of TOL-SBAC at various heating rates. (a) DTG peaks; (b) linear

form providing the heat of desorption.
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Figure 4-30 DTG of TOL-KBAC at various heating rates. (a) DTG peaks; (b) linear

form providing the heat of desorption
4.4 Microwave Regeneration

The saturated BACs (loaded under 40°C and 500 ppmy of MEK or TOL) were
regenerated by microwave irradiation. The desorption tests were evaluated for different
durations (2, 4, or 8 min) and different power outputs (400, 600, 800, or 1000 W) of
microwave application under a constant flow rate of purging gas (2.0 SLPM). Preliminary
tests revealed temperature variations for the virgin BACs (without adsorbate loading) for
12 min at different power outputs, as shown in Figure 4-31. To avoid damaging the
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equipment, due to the upper detection temperature limit of the thermocouple, the

temperature profile of SBAC under 1000 W was only detected for 5 min.
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Figure 4-31 Temperature profile of virgin (a) KBAC and (b) SBAC under 12 min of

microwave irradiation (5 min for SBAC under 1000 W irradiation)

It was shown that the higher the power output of the microwave, the higher the heating
rate. More specifically, this demonstrated the effects of microwave power on the rising
temperature of adsorbents. After turning off the microwave, the temperature of the
adsorbent quickly decreased to the ambient temperature.

However, some previous studies have reported that the temperature measured by a
thermocouple shows significant measurement errors compared to the real reaction
temperature of the carbons. Firstly, local high-temperature regions at the contact points
of the carbon spheres under microwave irradiation have been observed, whereas the
thermocouple can only measure the temperature at a very limited region (Haneishi et al.,
2019). Also, the presence of thermocouples in microwave furnaces locally perturbs the
microwave field and induces thermal instabilities. That is, the temperature distribution in
the BAC bed is non-uniform during desorption processes (Pert et al., 2001). As a result,

in order to prevent any temperature interferences from a thermocouple, we removed the
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thermocouple during the desorption tests, meaning the temperature profile of virgin BACs

is the only reference.

4.4.1 Desorption Kinetics

To study the difference in the desorption performances of TOL and MEK on BACs

under different microwave powers, experimental data for the desorption curves of TOL

and MEK were obtained for different power outputs, ranging from 400 to 1000 W,

respectively. The THC concentration of the outlet nitrogen sweep gas as a function of

time during regeneration of the carbon beds at different power outputs are presented in

Figures 4-32 and 4-33.
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Figure 4-32 THC desorption curves of (a) MEK-SBAC and (b) MEK-KBAC at

different microwave power outputs for 12 min of irradiation time
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Figure 4-33 THC desorption curves of (a) TOL-SBAC and (b) TOL-KBAC at different
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microwave power outputs for 12 min of irradiation time

The results showed that the maximum signal of the VOCs’ intensity gradually
increased with the increase of microwave power, and this increasing tendency was more
significant in KBAC. This could preliminarily confirm that the desorption rate increased
when the temperature increased. The desorption rates of SBAC were significantly faster
in comparison to those of KBAC. The concentration signal increased sharply as soon as
exposure to microwave irradiation. The desorption process of SBAC basically completed
within 500 sec. The fast desorption rate and high outlet concentration are crucial factors
in optimization the desorption performance.

Moreover, there was sometimes a noticeable, significant peak at the beginning. Foo
and Hameed (2012) regenerated activated carbon at 600 W of microwave power, and
defined three steps of the heating phenomenon in activated carbon:

(1) At the initial stages of microwave radiation, sudden and intensely bright sparks
(known as microplasmas) appeared around the carbon layer. Meanwhile, a large amount
of VOCs was released from the carbon samples.

(2) As the microwave radiation continued, the samples were heated rapidly, and the
carbon samples facing the microwave source displayed a bright incandescent color.

(3) The carbon samples then turned red and remained incandescent for the entire
treatment period, which lead to the desorption of adsorbate from the carbon surface.

In sum, the conspicuous peak at the start is attributed to the presence of microplasmas.

In this section, the diffusion-controlled kinetic models (Equations 3-9 and 3-10) were
also used to determine the external diffusion coefficient (ki) and the intraparticle

diffusivities (kp) for desorption. Results are given in Table 4-9. However, since the
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amount of desorbate detected from FID showed deviations between the actual and
detected values, the kinetic results from the desorption curve could not represent the real

situation. The details of the deviation are explained in the next section.
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Table 4-9 Kinetic parameters of desorption and correlation coefficient R? obtained from PFO and IPD Kinetic models

Adsorbate  Adsorbent Irradiation PFO model IPD model
power (W) ki (min?) R? kp(mggls'?) 1 (mgg?) R?
MEK SBAC 400 0.328 £0.030  0.889-0.921 9.17 £ 0.49 -8.23 +4.40 0.889-0.912
600 0.372+0.027 0.900-0.934 9.50+0.20 -7.67 £5.55 0.886—-0.916
800 0.350+0.009 0.895-0.926 8.60+1.65 -7.97 £ 6.86 0.881 -0.912
1000 0.309+0.030 0.875-0.904 8.75+0.64 -3.35+6.15 0.877 - 0.893
KBAC 400 0.064+0.017 0.953-0.975 4.03 +£0.67 -25.30+6.39 0.973 - 0.985
600 0.068 £0.007  0.842-0.987 3.87 £0.67 -17.87 £8.32 0.949 — 0.988
800 0.138+0.036  0.902-0.973 5.83 +0.55 -24.30 £ 21.61 0.901 —0.955
1000 0.204 £0.021  0.904 —0.937 7.17+£0.12 -23.43 £6.95 0.907 — 0.940
TOL SBAC 400 0.158+£0.044  0.868 —0.951 18.07+1.72 -20.17 £49.80 0.896 —0.944
600 0.230+0.012 0.887 —0.926 22.20+0.98 7.23 £ 18.65 0.874 — 0.905
800 0.212+0.019 0.803-0.870 19.90 + 0.85 5453+ 13.78 0.799 — 0.850
1000 0.232+£0.031 0.814 - 0.895 20.43 +£0.32 33.70+£42.86 0.817 —0.888
KBAC 400 0.026 £0.007  0.949-0.972 430+1.18 -35.50 £ 7.66 0.958 —0.976
600 0.078 £0.026  0.981 -0.985 9.33+1.62 -64.70 £ 8.22 0.975-0.987
800 0.126 £0.042  0.963 —0.990 11.20 +0.70 -56.93 £20.97 0.928 — 0.982
1000 0.170 £0.009  0.899 —0.947 11.33 £ 0.64 -10.13+17.22 0.866 — 0.908
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4.4.2 Desorption Efficiency

The desorption efficiencies for MEK-SBAC, MEK-KBAC, TOL-SBAC, and TOL-
KBAC were evaluated from the change in sample weight Equation 3-5, and the mass
balance of the desorption concentration curve detected by FID Equation 3-6. The results

are shown in Figures 4-34 to 4-37.
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Figure 4-34 Desorption efficiency for MEK-SBAC evaluated by (a) change of sample
weight and (b) desorption curve detected by FID
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Figure 4-35 Desorption efficiency for MEK-KBAC evaluated by (a) gravimetric

measurements and (b) desorption curve detected by FID
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Figure 4-36 Desorption efficiency for TOL-SBAC evaluated by (a) change of sample
weight and (b) desorption curve detected by FID
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Figure 4-37 Desorption efficiency for TOL-KBAC evaluated by (a) change of sample
weight and (b) desorption curve detected by FID

As expected, an increase in irradiation power and time led to an increase in desorption
efficiency. The desorption efficiency of MEK and TOL onto SBAC could achieve a higher
level with smaller microwave power and shorter irradiation time than KBAC. This may
be due to the smaller size of SBAC, which contributed to more “hot-spots” in the carbon
bed. In other words, the smaller size of SBAC allowed for better heat retention within the
carbon bed. The high-temperature regions accelerated the desorption of VOCs under

microwave irradiation. In short, SBAC has better desorption performance and energy
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utilization efficiency in the desorption process.

In addition, the amount of MEK desorbed was higher than that of TOL on both SBAC
and KBAC. Possible reasons could be the lower boiling point of MEK, or the difference
in dielectric permittivity between TOL and MEK. Kim and Ahn (2012) reported that the
desorption of VOCs in microwaves becomes more noticeable when the adsorbate is polar.
Moreover, the desorption efficiency for MEK-SBAC was beyond 100%. A possible
reason for this is that some water and impurities may have existed in the pores or on the
surface, and desorbed during the heating processes. A change in the porous structure was
also observed from the SEM images. A previous study reported that the dielectric
permittivity of adsorbate influenced the heating behaviors in the microwave (Polaert et
al., 2010). That is, the polarity of MEK leads to a higher temperature in certain regions
of the beaded carbon, which results in the desorption of impurities.

It was worth noting that the difference between the desorption efficiency evaluated by
desorption concentration versus that evaluated by weight change. Regarding desorption
efficiency evaluated from MEK on BACs, the calculated desorption efficiency from the
mass balance of the desorption concentration was significantly lower than that calculated
from weight change (-28.01% and -22.37% on the average for MEK-SBAC and MEK-
KBAUC, respectively).

Originally, we considered that the difference in efficiency obtained from the two
methods might be because of the thermal decomposition of MEK. The gas emission
curves (including NO, SO, CO, and COz2) of 20 mg samples regenerated under 800 W
microwave for 8 min are given in Figure 4-38. For MEK-SBAC, the amount of emitted

CO plus CO; was approximately 85.52 pg as C (causing about 17.63% of efficiency
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difference), and there was no other obvious gas outflow. This phenomenon supports the
inference of the thermal decomposition of MEK. Since MEK has a carbonyl group, partial
carbons may form inorganic compounds during the heating process. Waring and Spector
(1955) reported that MEK was decomposed into several products in an N> environment
at 550°C, including 26.6% CO and 1.6% CO..

However, the amount of CO and CO; released from MEK-KBAC is only about 5.11
pg as C (only cause about 1.15% efficiency difference), but it can be seen that there was
a significant SO emission (25.04 g as S). That is to say, the decomposition of MEK may
only account for a small part of the efficiency difference for MEK-KBAC. The removal
of impurities such as sulfur under high temperatures might be another reason for the
difference of efficiency, which may cause the overestimation of desorption efticiencies
obtained from weight change.

On the other hand, for TOL on BACs, the efficiency evaluated by desorption
concentration was only slightly lower than that by weight change (-4.31% and -4.48% on
average for TOL-SBAC and TOL-KBAC, respectively). A likely explanation for this
difference owes to the reaction between TOL and oxygen-containing substances (such as
residual water) on the surface of carbon, which released inorganic compounds (i.e. CO or
CO») that the THC detection system could not detect (Bhandari et al., 2014). This was
also reflected in the results of elemental analysis (Table 4-1), in which the percentage of
oxygen in the BACs slightly decreased after saturation and regeneration (i.e. the
percentage of oxygen of TOL-KBAC-800W8min and TOL-SBAC-800W8min were
lower than that of virgin KBAC and SBAC).

According to the gas analysis results, for TOL-SBAC, the amount of CO plus CO;
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obtained from gas analysis results was about 57.02 pg as C (causing about 6.19% of
efficiency difference). Nevertheless, for TOL-KBAC, the amount of releasing CO plus
CO; was only 1.37 ng as C (causing only about 0.22% of difference) and accompanied
by 3.08 ng as S of SO, release. In brief, the results showed that the efficiency differences
of TOL-SBAC were possibly associated with the reaction of TOL on the carbon surface.
However, the efficiency difference of TOL-KBAC might be due, in large part, to the
release of impurities such as sulfur, accordingly overestimated the efficiency obtained

from weight change.
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Figure 4-38 NO, SO», CO, and CO; emission curves of (a) MEK-SBAC, (b) MEK-
KBAC, (c) TOL-SBAC, (d) TOL-KBAC at 800 W microwave heating for 8§ min
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4.5 Cyclic Test

When determining a suitable adsorbent and proper desorption technique, aside from a
high desorption efficiency, the cyclic adsorption capability draws attention. The
successive cycles may change the porous structure of activated carbon because of the
collapse of the porous structure or the formation of coke inside the pores. In this study,
BAC samples were subjected to eight adsorption/desorption cycles. The adsorption
capacity after each regeneration cycle was evaluated by the gravimetric method.

Figures 4-39 and 4-40 show the effect of different regeneration conditions on MEK-
KBAC and TOL-KBAC’s capacity loss after eight adsorption/regeneration cycles, and
Table 4-3 provides the physical properties of cyclic regenerated samples. While the
KBAC:s showed fluctuating adsorption capacity throughout the cycles, and the adsorption
capacity slightly decreased, the results showed that the adsorption capacities of KBAC
loaded with MEK and TOL were still in the range of 114.2-151.9 and 237.2-306.4 mg g
! throughout the cycles, respectively. Also, the porous properties maintained after cycles.

The slow decline in adsorption capacity also proves a favorable stability.
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400
TOL-KBAC mmm 300W8min - 120
mE 300W 12min
~ s [000WS8min | .0 —
. 100 =
50 300 - >
en
g o
> 80 5
= 2
§ 200 - 5
8 g
B F40 £
2 100 - g
g ~
- 20
0 - )
1 2 3 4 5 6 7 8

Adsorption-regeneration cycles
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The results of the 8-cycle test of MEK-SBAC and TOL-SBAC are presented in Figures
4-41 and 4-42. The results between MEK-SBAC and TOL-SBAC showed a significant
difference. Figure 4-41 shows that the adsorption capacities of all SBACs loaded with
MEK were higher than their initial values after the cycles, and the improvements were
undulated. However, as seen in Table 4-3, the total and microporous surface area and pore
volume of MEK-SBAC all decreased after the 8-cycle MSA test (800W-8min). in other
words, the increase of adsorption capacity was not owing to the improvements in the pore
structure. The more likely explanation rests in the polarity of regenerated BACs. As can
be seen in Table 4-1, the results of EA reflected that the percentages of H and O of MEK-
KBAC grew after regeneration. The increasing surface polarity of sorbents accordingly

increased its adsorption capacity of MEK (high polarity).
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Figure 4-41 Variation in adsorption capacity of MEK-SBAC over the 8-cycle MSA test
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Figure 4-42 Variation in adsorption capacity of TOL-SBAC over the 8-cycle MSA test

As opposed to MEK-SBAC, the adsorption capacities of TOL-SBAC decline gradually
throughout the cycles. This may be related to relatively low desorption efficiencies
(around 90%, as seen in Figure 4-36). As shown in Table 4-3, the total and microporous
surface area and pore volume of TOL-SBAC all significantly declined after 8-cycle of
800W-8min MSA test. Suzuki et al. (1978) have indicated that the regeneration behavior
of activated carbon was significantly correlated with the aromaticity of the organic
compound. TOL is a typical aromatic compound, and at high temperatures, the coke
species grew faster and reached molecule sizes larger than the pores. Therefore, they
became trapped in the pore structure (Korus et al., 2017). In brief, coke formation may
be more significant in materials with smaller pores. SBAC is an adsorbent with more

micropores and a higher micropore ratio (Table 4-2), which increased desorbate diffusion
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resistance during regeneration. This explained why the loss in adsorption capacity (i.e.
the buildup of heel) was not notable in KBAC loaded with TOL. throughout the
adsorption/regeneration cycles, but resulted in upwards of a 35% loss in SBAC loaded
with TOL after eight cycles. However, even though the capacities of TOL-SBAC seriously

decreased, the adsorption capacities after 8 cycles were still better than TOL adsorbed onto

KBAC.
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Chapter 5 Conclusions and Suggestions

51 Conclusions

This study is divided into three parts. Firstly, it aims to analyze the performances of
beaded activated carbons (BACs) in adsorption towards TOL and MEK. The self-
prepared BAC (SBAC) was compared with the commercial BAC (KBAC). Secondly, the
spent BACs were regenerated using microwave heating, which studied the effect of
regeneration performance due to microwave power output and irradiation time. Finally,
cyclic adsorption/regeneration tests were conducted to prove the feasibility of this

technology.
5.1.1 Adsorption Equilibrium and Kinetics

To better understand the adsorption behavior on materials, equilibrium and kinetics
models were used, including the Langmuir isotherm, the Freundlich isotherm, the
Dubinin-Radushkevich (D-R) isotherm, the Clausius-Clapeyron (C-C) equation, the
pseudo-first-order (PFO) model, and the intraparticle diffusion (IPD) model. The results
demonstrated that:

1.  The saturated adsorption capacities of TOL were greater than MEK under the same
operating conditions (i.e. temperature and inlet concentration) for the BACs. The
main reasons were attributed to the higher boiling point, larger molecular weight,
and lower polarity of TOL. SBAC was superior to KBACs in capturing VOCs. This
was attributed to the much higher surface area and larger pore volume of SBAC.

2. Considering the results of both MEK and TOL adsorbed onto BACs, three isotherm

models showed good fits in this study. The isosteric heat of adsorption (AH) was
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obtained from the D-R parameters. The AHg of MEK and TOL on the SBAC were
nearly constant and temperature-independent, which was possibly due to the
energetic homogeneity of the surface of the adsorbent. However, the AHg for TOL
adsorption onto KBAC increased at higher loading. The influence of surface
loading and temperature on AH; were more noticeable when TOL and MEK
adsorbed onto KBAC. This indicated the surface heterogeneity of KBAC.

3. The PFO and IPD models were applied to determine the external diffusion
coefficient (ki) and intraparticle diffusivities (kp) for adsorption. Based on the value
of R?, the both kinetic model was good in describing cases. They indicated that both
the external and intraparticle diffusion control was possible to be the rate-limiting

step of MEK and TOL adsorbed on the adsorbent.
5.1.2 Microwave Regeneration

The spent BACs were regenerated by a novel microwave regeneration technique. The
results demonstrated that:

1. The maximum signal intensity of VOCs desorbed from BACs gradually increased
with the increment of microwave power, and the rates of MEK and TOL desorbed
from SBAC were much faster than those desorbed from KBAC. That is, SBAC
showed superior desorption performance due to the fast desorption rate and high
outlet concentration.

2. The desorption efficiencies were evaluated by the change in sample weight and the
mass balance of the desorption concentration curve detected by FID. As expected,

an increase in irradiation power and time caused an increase in desorption
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efficiency. Also, MEK and TOL desorbed from SBAC showed better performance
at a relatively smaller irradiation powers and time. It implied that the more efficient
energy utilization on SBAC regeneration.

3. The polarity of MEK may led to a higher adsorption capability of the microwaves,
and resulted in higher temperatures in certain regions of the adsorbent, as well as
the desorption of impurities.

4.  The desorption efficiencies of MEK-SBAC and MEK-KBAC obtained from the
sample weight showed around 28.01% and 22.37% lower than evaluated by the
desorption curve, respectively, while this phenomenon was only 4.31% and 4.48%
in TOL-SBAC and TOL-KBAC. For MEK-SBAC, this is presumably due to the
thermal decomposition of MEK into CO and CO.. For TOL-SBAC, one possible
explanation is that TOL reacted with oxygen functions on the carbon surface.
Moreover, for MEK and TOL desorption from KBAC, the efficiency difference is

presumably mainly due to the desorption of impurities such as sulfur.
5.1.3 Cyclic Adsorption/Desorption Test

Cyclic tests of SBAC and KBAC were conducted to demonstrate the practice of using
microwave swing adsorption. Unsurprisingly, the adsorption capacities of commercial
KBAC remained relatively unchanged after 8-cycle tests. However, the high
microporosity of SBAC possibly caused the decrease in TOL's adsorption capacity over
these 8 cycles. Additionally, the formation of coke may block pores and generate the

build-up of heel in the adsorbent.
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5.2 Suggestions

SBAC has been proven to possess greater adsorption capacity than KBAC due to its
high surface area and micropore volume. Nevertheless, it is important to emphasize that
the high microporosity of SBAC may limit its repeated use. These results indicate that
pore structure could be optimized to allow for great adsorption performance and fast
desorption with minimum heel buildup.

Moreover, the physical properties of adsorption bed packing, including the bulk density,
particle hardness, and abrasion, were important in practical applications, especially
fluidization. Since this study concentrated primarily on adsorption and regeneration
performance, this has not yet been tested.

Regarding regeneration, microwave heating is a rapid and energy-saving technology
that can potentially replace traditional conductive heating. However, it is important to
emphasize that the microwave sensitivity of the thermocouple limited the temperature
measurement in our experiments. Future studies should consider a method to track the
temperature of samples during microwave heating. The precise measurement of the
temperature would be the next step in analyzing microwave heating behavior of adsorbent

regeneration more thoroughly.
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Appendix A: Thermodynamic Calculation

A.l1.Determination of Affinity Coefficient ()

The affinity coefficient (B) of adsorbate is usually calculated according to the dominant
interaction force of adsorbate and adsorbent. For cases where forces and interactions other
than dispersion forces are important, 3 could be obtained from using the ratio of molecular

parachors of the test () and reference (Q,.f) adsorbates (Jahandar Lashaki et al., 2012):

g (A-1)
-Qref
and
1/4
M (A-2)
PL

where v is the surface tension (dynes cm™) of the adsorbate in the liquid phase, M (g
mol™?) is the molecular weight of the adsorbate, and p, (g cm?) is the density of the
adsorbate in the liquid phase. The calculated parameters are in Table A-1, and benzene

was selected as the reference compounds.

Table A-1 Parameters used in calculating and the affinity coefficient ()

Parameter
Adsorbate Temperature  Yrer * ya P B
(°C) (dynes cm?)  (dynes cm?) (g em)
30 27.56 23.40 0.795 0.968
MEK 40 26.25 22.28 0.785 0.970
50 24.96 21.16 0.774 0.971
30 27.56 27.33 0.858 1.192
TOL 40 26.25 26.15 0.848 1.193
50 24.96 24.95 0.839 1.193
A (Jasper, 1972), ® (Poling et al., 2001)
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A.2. Determination of Heat of Vaporization (AHv.p) and Coefficient
Expansion (o)

Assuming that the limiting pore volume (Wo) is independent of temperature. The

thermal expansion coefficient (o) is expressed as (Ramirez et al., 2005):

o= fpib d[In(pWp)] _ 1 ln& (A-3)
f,I:rc dT Tc—Tp, pc
b

where p, and p. are saturated liquid densities at normal boiling temperature (T,) and
the critical temperature (T;). The calculated parameters and a are in Table A-2.
The heat of vaporization from bulk liquid adsorbate can be computed by using Wagner

equation (Ramirez et al., 2005):

AH,,, _RT*dR
Py dT (A-4)
RT? [—a; — 1.5a,x%5 + 0.5a,x'° — 3a3x% + 2a3x> — 6a,x° + 5a,x°
T -2

where x = (1 — T/T¢). The Wagner equation constants a;-a, are shown in Table A-3.

Table A-2 Parameters used in calculating and thermal expansion coefficient (o)

Parameter
Adsorbate o
Tp?* (K) T (K) Pp* (gem™)  pcP (g em™)
MEK 352.71 536.80 0.742 0.270 0.00168
TOL 383.79 591.75 0.779 0.294 0.00113

? (Poling et al., 2001)

Table A-3 Wagner equation constants used in calculating the heat of vaporization

Adsorbate aq a, as ay
MEK -7.6642 1.7175 -2.0991 -4.5861
TOL -7.4183 1.8401 -2.1458 -3.7081

(Forero G & Velasquez J, 2011)
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