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ABSTRACT

Volatile organic compounds (VOCs) are a class of liquid compounds with low saturation vapor pressures, which
enables them to change phases even at ambient conditions. This causes a huge problem when it comes to
emissions. A large portion of VOCs cause catastrophic health effects such as cancer or liver damage even at very
low concentrations (ppm), and the control of these compounds is vital in ensuring good air quality. Many VOCs
are used in common household implements such as wood finishes or paints and can even be emitted off im-
properly ventilated cooking. This significantly alters indoor air quality, and as such, a large portion of research
into these compounds have focused on indoor air. On the other hand, their widespread use as solvents in most
industries along with their emission rates from vehicular exhausts results in contamination of outdoor air as well.
The combination of these VOCs and NOy pollutants tends to cause ground level ozone formation, which has a
large bio-toxicity and causes the formation of a smog. Densely populated cities have also seen a sharp rise in VOC
emissions due to the increase in both vehicular traffic and industrialization. A myriad of options is available for
the abatement of VOCs, and they are similar to other pollution control strategies. These methods can be broadly
be classified into destruction, separation and hybrid methods. This review discusses the different perspectives to
be considered for this scenario, along with descriptions of the different methods available to the industry, along
with some novel technologies that have been introduced recently. The influential parameters for each method
have been investigated, along with optimum catalyst/material selection. In addition to this, a mathematical
modeling perspective has also been examined, with significance to simulation studies performed for the control
of VOC emission technologies.

1. Introduction

The sphere of influence of VOC emissions can broadly be classified
into biological, environmental and a direct effect on human health.

Volatile organic compounds (VOCs) are a diverse group of chemi-
cals with the unique property of vaporizing to the atmosphere at am-
bient conditions. According to EPA, VOCS are defined as “any com-
pound of carbon, excluding carbon monoxide, carbon dioxide, carbonic
acid, metallic carbides or carbonates and ammonium carbonate, which
participates in atmospheric photochemical reactions”. The significance
of VOC emissions extends beyond their exhaust from common sources
and their reactions with other pollutants result in biological and en-
vironmental consequences such as photochemical smog, which is re-
sponsible for tropospheric ozone formation with carcinogenic proper-
ties. The 18™ century brought about the industrial revolution, which
was accompanied with quantitatively large emission rates that have
been progressively increasing. While the largest emission rates are from
biological sources, human contributions from automotive and industrial
sources have resulted in unprecedented levels of VOCs [1]. Among
anthropogenic sources, industrial processes dominate emission rates, as
seen from Fig. 1.
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While anthropological emissions result in degraded soil quality, smog
formation and ozone imbalances, indoor emissions have a more direct
effect on human health because of its carcinogenic nature due to higher
concentrations. Some commonly emitted VOCs in the indoor environ-
ment are benzene, toluene, and xylene (BTX) compounds, acetone, and
formaldehyde [2,3].

Reducing the emissions of VOCs to the atmosphere is usually carried
out by the use “add-on” equipment which recover or destroy off-gas
VOC pollutants and the change in processes and/or raw materials to
reduce or destroy VOCs generation. Over the years, different “add-on”
techniques have been developed for VOCs abatement. Prominent of
these are absorption [4-7], adsorption [8-12], thermal oxidation
[13-15], catalytic oxidation [16-22], photocatalysis [23], non-thermal
plasma oxidation [24], membrane technology [25-30]. The choice of
abatement method depends on factors such as concentration, capital
and operating costs, operation environmental impacts, energy con-
sumption, etc. Dilute streams of VOCs will require long contact times
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Fig. 1. Anthropogenic VOC emission rates (Adapted from [1]).

and large volume of absorbent for effective removal thus making ab-
sorption ineffective for dilute streams separation. Thermal and non-
thermal plasma oxidation require high energy, while thermal and cat-
alytic oxidation can lead to production of harmful byproducts like CO,
SO,, NOy, etc. through incomplete/partial oxidation. High cost of cat-
alyst inventory coupled with catalyst fouling and coking also have
caused some setbacks to the use of catalytic oxidation. All these
shortcomings have necessitated the development of a hybrid methods
of abatement of VOCs. Hybrid systems of abatement are a unique
method of abatement that involves synergistic contributions from two
or more mono-operation systems, e.g., sequential adsorption and de-
structive technique [31-34], and alternate adsorption and plasma-as-
sisted regeneration [35].

Credence goes to the specific works that have been done on the
abatement methods of individual VOCs. However, this review focusses
on the categories of methods of abatement (capture, destruction or
hybrid capture and destruction) of VOCs in the industry (outdoor) and
also its indoor counterpart.

2. Commonly encountered VOCs

The molecular structure of the VOC to be destroyed is an important
factor in any abatement method. Depending on what kind of molecules
are present of what structure the VOC takes will determine the type of
method we select. In terms of biological toxicity, both concentration
levels and duration of exposure are also important factors to consider.
VOCs are a varied species and have a few basic categories that they are
broadly classified under.

2.1. Carbonyl compounds

Including aldehydes and ketones, this classification is the largest
type of VOC emitted in both indoor and outdoor scenarios. Carbonyl
compounds are frequently responsible for causing ozone imbalance
[36] by forming tropospheric ozone [37] due to their ability to form
free radicals. They are found in largest concentrations in indoor en-
vironments [38,39] and are responsible for a large number of health
effects such as allergies, respiratory illnesses, and cancer. This makes
them particularly important when it comes to the investigation of VOC
capture methods in indoor environments. Formaldehyde has been
identified as one of the most harmful carbonyl compounds in terms of
toxicity and emission rates in the indoor environment [40-43].

Formaldehyde can be produced through the degradation of other
higher VOCs [44]. This is important to note when considering solvent
use or ethanol based bio-fuels [45]. The EPA and the American lung
association recommends a maximum threshold concentration for
0.1 ppm in air to maintain acceptable indoor air quality. While ambient
concentrations are around 0.03 ppm [46], industrial workers are
commonly exposed to much higher levels of formaldehyde for extended
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durations, which can cause adverse health effects [47]. In a study done
by Jordan et al. [48], formaldehyde levels of 30 ppm or more caused
allergic reactions in patients in short durations. Ethyl acetate (EA) and
acetone are two ketone-based VOCs that are commonly emitted, al-
though recently acetone has gained VOC exempt status form the EPA.
Ketone based VOCs are dangerous, and have the capacity to cause CNS
depression, according to the US Department of Health and Human
services. They are present in smaller concentrations compared to their
aldehyde counterparts.

2.2. Aromatic compounds

This category includes the largest anthropogenic VOCs detected and
some of the most commonly encountered VOCs. They are the most
significant category to consider when assessing outdoor air quality. BTX
compounds fall under this category, and toluene has been identified to
be present in large quantities relative to other VOC types [49]. These
types of VOCs are responsible for a large portion of groundwater [50]
and soil contamination [51] through the process of vapor sorption.

Automotive exhaust is one of the largest contributors to aromatic
VOC emission, resulting in higher than normal concentrations in the
outdoor environment. Aromatic VOCs also undergo photochemical
oxidation with nitrogenous pollutants (NO, compounds), another
common type of vehicular pollutants, to form tropospheric ozone. This
leads to smog formation [52] and potentially mutagenic effects [53].
Concentrations have also been shown to be at elevated levels near
urban landfill sites [54,55]. These class of compounds have been stu-
died extensively, toluene in particular [56-61].

2.3. Halogenated compounds

Halogenated VOCs (X-VOCs, where X is the halogen) are frequently
studied due to their elevated toxicity levels, and their presence in
commonly used products [62]. They are fairly stable, leading to slower
degradation rates, and have been shown to contaminate both ambient
air and groundwater systems. More commonly, lower level halocarbons
are encountered, however, studies have indicated higher level com-
pounds as well [63].

Water purification systems have also been identified to be a source
of polychloroalkanes, PCMs in particular [64]. Their large atmospheric
lifetime causes some to remain in the atmosphere for as long as 100
years, according to the Agency for Toxic Substances and Disease Reg-
istry (ATSDR). Common VOCs of this type include chloroform, carbon
tetrachloride and dichloromethane (DCM). Due to their presence in
relatively dilute concentrations, a highly selective process must be used
for the abatement of these compounds. They also have a very strong
bioaccumulation potential. Chlorine containing VOCs (C-VOCs) are the
most abundant of this category. There are multiple challenges when
dealing with C-VOCs when compared to other types of VOCs, including
catalyst deactivation, harmful byproduct formation, such as HCl, and
higher energy requirements. They are frequently used in cleaning
agents, chemical extractants, paint additives, and as raw materials in a
number of industrial processes [65]. To overcome these issues, various
strategies are employed, such as the incorporation of an alkali earth
metal/metal carbonate [66] to counter poisoning effects of HCl during
the abatement of CVOCs (Figs. 2-4).

3. Current abatement technologies

VOC emission control can be carried out in different ways de-
pending on separation or destruction. The former is classified under
prevention methods, which involves the capture of the pollutant before
process introduction, or ‘end-of-pipe’ methods, which abates the VOC at
the exhaust of the process. The latter is the more common type of so-
lution used. Capture methods include operations based on recovery,
such as absorption, adsorption, or membrane technology. Biological
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Fig. 2. Carbonyl based VOCs (a) Formaldehyde (b) Ethyl acetate (Red -
Oxygen, Grey — Hydrogen, Black — Carbon).

methods, such as biofilters and bioreactors, fall under this category as
well. Fig. 5 illustrates the different types of VOC abatement techniques
developed so far.

Destruction methods fall under the ‘end-of-pipe’ solution strategy.
Among the methods highlighted in Fig. 5, one of the most widely used
in industry is thermal oxidation. It is a fairly simplistic process. One of
the most significant disadvantages of thermal incineration is the high
energy penalty associated with elevated temperatures. As a means to
overcome the activation energy gap required to activate a reaction, a
catalyst is used to reduce energy requirements. This can reduce the
required temperature from 900 °C to as low as 150-250 °C [45]. Among
the plethora of catalysts used, some of the most used catalysts are noble
metal based [67,68], metal [69,70] and mixed metal oxide based
[71,72], fibers [73], and zeolites [74,75].

While these methods include some of the most complete ways to
deal with VOC pollution problems, they suffer from numerous dis-
advantages, such as high energy demands, high cost of materials, and
operating conditions. The advent of new technologies has yielded a
myriad of VOC capture options. These processes involve the selective
capture of a VOC using physical or chemical separations, and can be
both preventive and ‘end-of-pipe’. The focus of these methods is the
high recoverability of materials. The most commonly used capture
methods for VOCs include adsorption, absorption, membrane separa-
tion and biofiltration. They include capturing a VOC and then re-
covering it by means of an entropy change and further recycling for use.
These methods generally involve high selectivity and the potential to
reuse the pollutant for other uses, such as a solvent. The combination of
these processes with successive destruction methods have been a focus
recently, and have been discussed further in this paper. Table 1 pro-
vides a comprehensive comparison of the different destruction methods
discussed herein, as well as representative examples of VOC abatement
for each method type.

(a)

Fig. 3. Aromatic VOCs (a) Benzene (b) Toluene (c) Ethyl benzene (White - Hydrogen, Black - carbon).
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3.1. Destruction methods

3.1.1. Thermal oxidation

Thermal oxidation, as mentioned earlier, is one of the most
straightforward operations used to destroy VOCs. This involves burning
the VOC at very high temperatures (900-1000 °C) to facilitate complete
oxidation to CO, and H,O in a highly exothermic process. This process
is suitable for removing VOCs from flue gas and highly concentrated
effluent streams [76]. The combustion of VOCs follows the reaction
described in Eq. (1) [77]:

CyHyN.04S.X; + (a + e + 0.25(b — f) — 0.5d) 0,
— aCO;, + 0.5(b — f)H,0 + fHX + eSO, + 0.5cN, 1

where X refers to a halogen molecule and a, b, ¢, d, e, and f represent the
stoichiometric number for C, H, N, O, and S, respectively.

This is classified as a combustion method. In the case of VOC
combustion, thermal oxidizers are used instead of incinerators. This is
due to the fact that incinerators generally are involved with dangerous
combustion products, such as heavy metals or dioxins. This method is
frequently employed in the industry due to the lack of necessary post
treatment of the combustion products. It is a reliable method, and the
availability of combustion operations in production facilities and fac-
tories has supported the use of this process. Halogenated VOCs tend to
cause the formation of ‘HX’ compounds, where X refers to a halogen
atom. In many cases, however, the amount of hydrogen is not sufficient
enough to cause this formation on a sufficient scale, and so, external
hydrogen must be supplied to the system. This causes a concern in the
emission of acid vapors, and therefore, usually is followed by a scrub-
bing operation. One of the most important parameters to consider
during the design of a thermal oxidation process is the destruction ef-
ficiency (DE), or destruction removal efficiency (DRE), of the VOC, and
is a mass ratio between the amounts of VOC involved in the reaction
with respect to the amount of VOC fed into the thermal oxidizer unit.
The DE of a combustion process for a VOC can be defined by Eq. (2).

VoG — VOC,

DE = X 100

Voc; )
where VOC; refers to the amount of VOC fed to the thermal oxidizer and
VOC; refers to the amount of VOC present in the stream to be purified.
This is a very important factor, as incomplete oxidation/reaction can
cause the evolution of harmful byproducts, such as CO. Modern thermal
oxidizers [78] generally have a DE or DRE of 95-99%. Apart from this,
other important parameters include temperature, residence time, and
oxygen concentration supplied to facilitate the reaction process. On an
interesting note, any amount of oxygen present in the VOC molecule
can facilitate the oxidation process, and therefore, the amount of

(b) (c)
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(b) (c)

Fig. 4. Halogenated VOCs (a) Chlorobenzene (b) Dichloromethane (c) Carbon tetrachloride (Black - Carbon, White - Hydrogen, Green - Chlorine).
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Fig. 5. Types of VOC abatement methods.

oxygen needed to be supplied can be reduced. This is useful when
considering the economics of the process. One of the primary dis-
advantages of this process is the lack of versatility.

Apart from organic molecules, it is very difficult, and in some cases
impossible, to treat the contaminated air. This could potentially be an
issue due to the myriad of pollutants commonly emitted from the in-
dustry, such as GHGs or SO,/NO, compounds, which are common
pollutants introduced during industrial operations and vehicular ex-
haust [79-81]. Another disadvantage is that thermal oxidizers are op-
timal only for VOCs at high concentrations. Such high temperature
operations with organic compounds frequently involve the formation of
coke, which can be a hindrance in thermal operations. To overcome
financial constraints associated with this process, regenerative thermal
oxidizer units [82] have been suggested.

3.1.2. Catalytic oxidation

The catalytic oxidation of VOCs is a process that is similar to
thermal combustion of VOCs. It involves the use of a catalyst in the
form of a packed column in order to reduce the activation energy of the
otherwise high temperature operation and alter the reaction kinetics of
the thermal combustion of a VOC. In general, the catalytic oxidation of
VOCs usually follows the deep oxidation pathway, which is the com-
plete conversion of the VOC to carbon dioxide and water/steam. This
reaction [83] is given by Eq. (3).

C.H,0, + [x + % - g]oz - xCO, + %HZO @
where X, y, and z represent the stoichiometric number for C, H, and O,
respectively.

The field of catalysis is a multi-faceted and complex one.
Historically, solid based catalysts have been used. The following sec-
tions describe the different types of catalytic operations used for the
abatement of VOCs. The different types of catalysis are graphically
represented in Fig. 6.

3.1.3. Thermal catalytic oxidation

The thermal combustion of VOCs using catalysts greatly reduces
operational energy requirements. The complete oxidation of VOCs have
been achieved at temperatures as low as 150-250 °C [45]. Commonly,
this involves the addition of a catalyst in a thermal oxidizer unit, a
general process configuration is illustrated by Fig. 7a. This is a very
efficient method, as it involves the complete destruction of the pollu-
tant with a high potential for reusability. Catalysts are used to accel-
erate the degradation of VOCs. Furthermore, unlike thermal oxidizers,
this process is capable of treating even dilute [84] VOC streams
(> 1%). One of the most important concepts in this process is choosing
the right catalyst. Determining operating conditions such as tempera-
ture and vapor hourly space velocity (VHSV) has also been found to be
crucial in determining or optimizing the conversion of the reactant
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Table 1

VOC destruction methods, their associated challenges and advantages, and VOC abatement examples.

Ref.

VOC Abatement

Advantages

Challenges

Destruction Method

[76,77,78,79,80,81]

-Benzene destruction (destruction efficiency of 99% at 730 °C with 2s residence
time) [144]

-Frequently employed due to supported use in

production facilities

-High thermal energy requirements (900 - 1000 °C)

-Requires high VOC concentrations

-Coke formation

Thermal Oxidation

-DCM destruction (destruction efficiency of 99% at 770 °C with 2 s residence

time) [144]

-VOC removal from flue gas

—95 — 99% destruction efficiencies

-Acid vapor formation from halogenated VOC

oxidation

[45,88,89]

-IPA oxidation (Cu-MMO catalyst, 98% CO, yield at 450 °C with 0.37 m/s

throughput at 200 ppm concentration) [145]

-Low operating temperatures (150 — 250 °C)
-VOC removal from dilute gaseous streams

(> 1%)

-Presence of catalyst poisoners in flue gas streams

(SOx/NOy, humidity)

Thermal Catalytic Oxidation

-Process performance optimized with the use of

expensive catalysts (noble-metal)

[98,99,100,128]

-Formaldehyde degradation for indoor air environments (Fe-TiO, catalyst, 93%

degradation at 300 min under visible light irradiation) [119]

-VOC removal at low concentrations (ppbs)
-Harmless oxidation byproducts (CO, and

H,0)

-High catalyst regeneration temperatures (420 °C)

-Catalyst poisoning from coke deposition

Photocatalytic Degradation

-Harmful byproduct formation from photocatalytic

irradiation

-Supports MMO catalysts

-High versatility in VOC type for abatement

-High removal efficiencies (55 — 100%)

[133,134,139,141]

-Benzene oxidation (Mn-zeolite Y catalyst, 100% conversion achieved at 200 ppm

at 7 W input power and 250 ml/min gaseous throughput) [140]

-Limited to lab scale studies

Non-Thermal Plasma

-Simultaneously oxidizes and destroys VOCs

-Use of MMO catalysts

-Formation of harmful side-reactions and

byproducts

Catalysis

-Coke deposition and catalyst poisoning
-Complicated operational parameters

-High operating temperatures (2200 °C)
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VOC. The rate mechanism has been identified as Mars-van Krevelen
(MVK) (Fig. 7b) [85] model for most VOCs, however, a decisive me-
chanism for all VOCs is still yet to be determined. This mechanism
suggests that the oxidation of VOCs is carried out by two successive
steps, namely, interaction of organic molecules with surface oxygen and
the transfer/consumption of the oxygen molecules. It is a form of a
redox reaction. The CO oxidative mechanism is similar, and many of the
catalysts used for VOC abatement could potentially be used for CO as
well [86]. The Langmuir-Hinshelwood (L-H) mechanism and the Eley-
Rideal (E-R) mechanism are also significant when considering the in-
teraction of oxygen [87], with the latter being the controlling step. The
validity of application of these mechanisms heavily depend on the type
of catalyst used [88].

The performance of a thermal catalytic oxidative unit is dependent
on operating temperature, space velocity, VOC composition and con-
centration, catalyst properties, and the presence of any poisons/in-
hibitors in the inlet stream [89].

In recent years, metal organic frameworks (MOFs) have been stu-
died as sorption media for VOC abatement [90,91] and have been in-
corporated as catalyst supports and tested for the thermal catalytic
oxidation of a variety of VOC types. Liu et al. [92] investigated the
catalytic oxidation of toluene over a ZIF-67 supported rubidium cata-
lyst. They found that the Ru-ZIF-67 catalyst composite can achieve the
complete conversion of 1000 ppm of toluene after 6 h at 240°C at a
weight hourly space velocity of 60,000 mL/gh. In a similar study, Chen
et al. [93] Pt was incorporated onto a MIL-101(Cr) precursor and tested
for the catalytic combustion of toluene. At a weight hourly space ve-
locity of 20,000 mL/gh, the resultant Pt-MIL-101 composite catalyst
achieved complete conversion of 1000 ppm toluene at 140 °C.

3.1.4. Photocatalytic degradation of VOCs

Photocatalytic oxidation of VOCs (PCO) is another abatement
method for VOCs that has been of great interest due to their high ef-
ficiency and low energy costs, with most studies done on titania based
materials [94-97]. This method is also of particular focus in indoor air
quality due to low temperature conditions [98-100]. This method is
frequently used even at very low contaminant concentrations (ppb
level). The chemistry of PCO has been greatly explored. In this method,
electron and holes form in the semiconductor-based catalyst, followed
by the excitation of the electrons from the conductance to the valance
band, and the absorption of photons from a selected energy source, such
as a UV or germicidal lamp (Fig. 8).

These highly active particles (free radicals) react with the con-
taminant and molecular oxygen to yield final relatively harmless oxi-
dation products, such as CO, and H,O. It is a redox reaction.
Photocatalytic activation of the semiconductor-based catalyst is usually
a combination of different steps involving the excitation of valence
band electrons and free radical recombination and interactions. The
following steps (Eq. (4)a-g) are a summary of this process over a TiO,
based catalyst [98], while Fig. 9 depicts the possible reaction pathways
of PCO for toluene [101]:

TiO, + hv — TiO, (e + hylp) (4a)
TiO, (hy) + OH- — TiO, + [OH'] (4b)
TiO, (elp) + 05 = TiO, + [O5]” (40)
[0;]” + H" — [H;] (4d)
[HO;I- + [HO;I™ = H,0, + 0, (4e)
TiO,(edy) + H,0, — [OH'] + OH~ 40
VOC + O, + [OH*] - H,0 + CO, + Other (49

The general scheme for a VOC can be written according to stoi-
chiometry as follows [102]:
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Fig. 6. Different types of catalytic operations for VOCs.

— h, Ti —
CH,CL, + (x +2 ; z)o2ﬂ>xco2 +ZH* + CI- + (y : Z)HZO

)

where X, y, and z represent the stoichiometric number for C, H, and CI,
respectively.

In addition to the above phenomena, the charge carriers (e~ and
h™, illustrated by Fig. 8) are constantly undergoing recombination. This
is said to cause a decreased quantum efficiency, and consequently a
lower degradation potential. This can be overcome in a number of
ways. For example, Kim at al [97]. performed a kinetic study on the
photocatalytic degradation of several VOCs over a TiO, photocatalyst
with the aim of determining optimum conditions. It was found that
molecular oxygen was a critical parameter in determining reaction
rates, as it decreases the recombination of holes and electrons by
trapping the generated photoelectrons on the surface. PCO has multiple
advantages over conventional methods, namely [99], (i) PCO uses
commonly produced metal oxides, most of which can be obtained ef-
fortlessly; (ii) molecular oxygen used in this process is a mild oxidant
and doesn’t share the dangers of commercially used oxidants such as
hydrogen peroxide; (iii) high activity rates at ambient conditions; and
(iv) high versatility in the type of VOC to be destroyed. All these factors
make PCO an optimum choice in abatement of VOCs in the indoor
environment. An issue with PCO is the possibility of harmful side
products being formed during the irradiation of the VOC and has been
identified as one of the challenges of the emergence of this technology.
Another common problem faced is catalyst poisoning due to the

VOC feed gas

Thermal
Oxidizer Unit
Heat exchanger

deposition of carbonaceous ‘coke’ on the periphery of the catalyst
system during the catalysis of bulky aromatics.

The commonly used photocatalysts are primary metal oxides such as
TiO,, ZnO, ZrO,and Fe,O3 [102]. While most active metal oxides can be
used for PCO, TiO, is usually selected due to its electronic properties,
physiochemical stability and ease of use [98,99]. The more active
anatase phase is frequently employed as opposed to its rutile phase due
to a number of reasons [100]. The significance of the phase of titania
was investigated by Tellez et al. [101] for the destruction of MEK.
UV100 was found to be more active in this case due to a larger pro-
duction of OH" radicals due to superior surface characteristics.

UV radiation intensity, type and exposure time are important factors
in PCO, especially in TiO, based catalysts. Overall quantum yield of the
light absorbed by a photocatalyst can be represented by Eq. (6) [103]:

R

¢ ta (6)
Where ¢ is the quantum yield, r is the rate of reaction, and r, is the rate
of absorption of radiation. This has an ideal value of 1, which is
achieved when all factors, such as e~ and h™ recombination are taken
care of. This suggests that the UV light has just enough energy to ac-
tivate the catalyst [104]. Vacuum UV lamps (VUV) are another type of
light source used in VOC decontamination. It is utility lies in the fact
that lower rates of accumulation have been reported [105].

While the phase of titania is crucial in determining photochemical
efficiency, the dimension of the structure also plays an influential role.
For example, while 3D structures such as monoliths have a highly

(b)

Vent

O U U

olle ( _’
Support/Catalyst

Fig. 7. (a) General scheme for thermal catalytic oxidation (b) Mars-van Krevelen (MVK) mechanism for the total oxidation of VOCs.
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Fig. 8. Primary steps in PCO over semiconductor-based catalysts.

toluene 0\ HO :'-6 ---O-}’; -:
CH; 1 1
1 1
— . a7 —! i‘©
1 ™ 1
1 1
OH J benzaldehyde 'Lbenzoic acid : benzene o —— .
_________ | /
. 5 . H
g ol ol o] e B
' X oH ' O HO Oy OH HG~ ’g\.__’: g 2 1
Z : : GSeH ! butadiene |
OH} P Aoy ! 2 e L i i i
N 0 1 —OH —5—OH fmmmmmmm—a .
-0.CHs RN AN N |-on greemasacs
OH g salicylaldehydet OH '0s.C '
......... ! 1 H H- “C”TCH.
—=| 2 !
[\ J HCx..C.: i H 1
g ¢ cH 1 1
1 H | acrylaldehyde ,
og* OH e H H 9 o '
(o] =~ ~ _C—
l HO_ H H H Xg-Cx-Csp-C-OH 0,
= 07C~g-C3¢-Cop-Cxg oy H H
0] 1 H H
CHs
oS on ! A
] 0-0 oL H_ H H
/L \\.C,C\S,C\g,C;.o
H H H
HiCun-C2n-CnrCy oH|
C c"7Cc” ™o H H
('5 H H o H.Cs _C
\\c‘q_?, \ﬁ/ =0
oH) " OH
wor B BB ‘
3 - SV H H
C'N\.7 TC O Hy - 3
5 tH g Os...c’-c"C3c-C=0p
OH T T W
l OH
H,C 27 g g 0.
IV P o aay >
ﬁ \? ﬁ o \\F CHj
O' ch
| or b | acetone jog
. Csn-C
H3C~C.CH2 +HO¢/C/ g o
HO l
O .
HC=CH .
OH'; 0, cn,;
1
22 ethanol buyraldehyde!
HO-C-C-OH acetaldehyde | = T TTTTTTTTT be----o---
oxalic acid acelic acid

acetone 7
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Fig. 11. Effect of photocatalyst loading on the PCO process for benzene [113],
acetone [114] and MEK [115] at comparable catalyst loading. (Adapted from
[113-115]).

efficient interconnected porous framework resulting in high charge
carrier mobility, 1D structures such as rods or fibers have shorter
pathways during charge carrier diffusion. These concepts are illustrated
by Fig. 10. For example, Weon and Choi [106] prepared TiO, NTs by
electrochemical anodization on Ti foil for the degradation of various
VOCs. Due to its open channels and greater exposure to diffusion and
radiation, along with consequent increased oxygen mobility, the geo-
metry/dimensionality played a crucial part in degradation efficiency.
Commonly, TiO, is used in its nano-size (< 100 nm) [107]. In a study
done by Bianchi et al. [108] on the degradation of acetone, acet-
aldehyde and toluene, the degradation rates over micro and nano-sized
TiO, were investigated. The adsorption of the pollutant was a deciding
factor, along with the higher concentration of Ti—OH-Ti bridged
groups for the lower VOCs in particular. While both types of TiO,
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showed the same activity range, micro-sized TiO, are more advanta-
geous as nano-sized particles are a health hazard [109]. Other factors,
such as the increase in water vapor concentration had also affects VOC
conversion, as it lead to a greater availability of free radicals [110].
Some common issues that exist with titania photocatalysts [111] are its
wide band gap in the bulk phase (which limits its usage in the UV or IR
spectrum), low surface characteristics and high aggregation tendency.
Loading of the catalyst is also another important factor to consider.
Exemplified by Fig. 11, the influence of loading percentages is a sig-
nificant one, and can greatly effect VOC conversion in a PCO process.

Recent advances in the field of PCO has given rise to novel materials
with respect to this process. For example, by modifying the properties
of titania, the efficiency of the PCO process can be greatly enhanced.
This is usually done by charge combination reduction, wavelength re-
sponse range and by further investigation of absorption mechanisms
[116]. The easiest way to achieve this is by impregnation of noble
metals or other active transition metal elements on titania. This also
increases quantum efficiency by offering a larger number of electron-
hole pairs. Furthermore, the reusability of the catalyst is enhanced due
to the larger number of active sites exposed to radiation. Rare earth
metals in specific, such as Pt or Pd can greatly increase PCO conversion
rates due to a larger light absorption potential and a decreased electron-
hole recombination [117]. Similar to thermal catalysis, this reduces the
activation energy required to facilitate the reaction, thereby shifting the
spectrum to a lower intensity radiation, such as visible spectrum. This
greatly reduces energy costs, as UV and IR radiations require a lot of
energy to operate. From Fig. 12, it is inferred that optimum doping
percentages of Fe onto titania can enhance the conversion of the VOC
by influencing particle growth and agglomeration. In a study done by
Grabowska et al. [118], the effect of geometry of the photocatalyst was
investigated, and was shown to have an effect on performance of the
catalyst in PCO. It was also observed that conversion rates were ob-
served in the vis spectrum with optimal loading of a noble metal due to
enhanced absorbance.

Dispersion and particle size were found to be controlling factors in
PCO processes. In an investigation performed by Li et al. [119], PCO
over Fe doped TiO2 films were shown to be more efficient in HCHO
degradation than it’s undoped counterpart. This has been attributed to a
synergistic effect between the dopant and the TiO,. The doping of Fe
further enhanced the physiochemical properties of TiO,, along with
increasing its radiation absorbance. This gave rise to a higher conver-
sion of HCHO. In a comprehensive study performed by Zeng et al.
[120], the potential of PCO combined with thermocatalytic operations
were investigated. Compared to conventional PCO processes, an in-
creased benzene conversion was detected, which implied the im-
portance of a synergistic process.
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Fig. 12. Effect of dopants on HCHO degradation over TiO, based photocatalysts
(Reprinted with permission from [119], Copyright 2018 Elsevier Inc.).
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Academic Press).

In the indoor environment, visible light responsive catalysts are
used. By combining titania with a small band gap semiconductor, such
as Cr or V, the light absorption extends to the vis-spectrum. This pro-
cess, however, may decrease the efficiency of this catalyst in the UV
spectrum [121]. A plethora of studies have focused on the photo-
degredation of formaldehyde due to its significance in indoor pollution
control [122-125].

The deactivation of photocatalysts is an important factor to consider
when designing a PCO process. Process economics focuses on catalyst
lifetime, and potential reusability. For example, the active role of hu-
midity in catalytic performance of BTEX compounds was studied by Li
et al. [126], and photocatalytic conversion rates were shown to dras-
tically increase with progressively higher humidity levels (Fig. 13).
However, rather than humidity having a negative effect in general, it
was shown that an optimum humidity level results in enhanced pho-
tocatalytic activity rates [127].

Due to the surface of most common metal oxides being covered by
hydroxyl groups, the m-election complex is formed by hydrogen
bonding, which results in a competitive adsorption between the VOC
and water on the surface of the catalyst. A strong interaction between
active sites on the catalyst and the reaction intermediates leads to a
sharp drop in destruction capability of the catalyst due to the loss of
active sites [128]. Furthermore, the deposition of various coking ma-
terials on the surface of the catalyst during the PCO of chlorinated and
heavy, aromatic VOCs due to their reaction intermediates [99]. These
compounds are chemisorbed onto the surface of the catalyst due to
ambient process conditions, and sometimes need very high regenera-
tion temperatures of above 420 °C [128].

3.1.5. Non-thermal plasma catalysis of VOCs

The chemical effect of an electrical discharge has been studied since
the 18" century and has been extensively investigated since [129].
Non-Thermal plasma catalysis (NTP) is a fairly new method introduced
recently as a means of pollutant abatement, with special focus on VOCs

Electrons
Metastables

Positive Ions
Negative Ions

Atoms
Free radicals

Fig. 14. Constituents of plasma (Adapted from [130]).

and NOy based contaminants. Fig. 14 represents the different con-
stituents of plasma. There exist two types of plasma, high temperature
plasma and low temperature or quasi-equilibrium plasma. The latter is
of particular interest to VOC decontamination, and consists of two
further sub-categories, namely, local thermal equilibrium (LTE) and
NTP states [130]. To maintain a plasma state, the applied voltage must
be quantitatively greater than the breakdown voltage of the discharge
gases. This can be assessed using Paschen’s breakdown criteria [131],
details of which exceeds the scope of this article.

This process seeks to simultaneously oxidize and destroy VOCs using
a highly active electrons produced from a high discharge voltage [132].
This is achieved by applying an intense electrical field on a neutral gas
molecule creating a highly active environment containing ions, free
radicals, neutrals and UV photons. This causes electron acceleration,
and subsequent excitation while retaining heavier particles through
energy exchange with a background gas. During electron bombardment
on bulk gas molecules, temperatures can reach 2500 K (20 eV), creating
excited gas molecules. The discharge zone subsequently facilitates io-
nization, disassociation and electron attachment. Similar to PCO, free
radical OH" and O" are produced in the channels, which react with the
pollutant to yield decomposition products [133]. Different methods
exist for creating NTPs, such as corona discharge, pulsed corona and
dielectric barrier discharge (DBD) [134]. The different configurations of
NTP reactors are illustrated in Fig. 15.

Exploration into the application of NTP reactors for air quality
control was primarily introduced by Mizuno et al. [135] for the removal
of SO, from stack gas using a pulsed corona discharge. Since then, NTP
catalysis has been investigated greatly for VOC abatement. The de-
termining factors in NTP reactor performance are the type of discharge
(corona, DBD etc.), power supply (AC, DC, radio frequency (RF) etc.).
Other factors such as electrode configuration or catalyst can also play a
crucial role and are discussed further in this section [130]. Plasma as-
sisted catalysis involves the incorporation of plasma technology in
heterogeneous catalytic operations. It can broadly be classified into two
types, plasma assisted catalysis (PEC) and plasma driven catalysis
(PDC) [136]. The former involves plasma discharge followed by solid
phase catalysis in a subsequent operation and is a dual stage operation.
This enables the combination of individual optimization techniques
being incorporated, which proves to be a significant advantage [35].
The latter involves a single stage operation, where the catalyst is acti-
vated by the plasma discharge and the system is then transferred to the
reaction zone. This is a much more complex system that requires te-
dious optimization techniques, along with the variables associated with
an uncertain and rarely explored phenomena [137]. Most studies have
focused on PEC due to its easier usage and low complexity. PEC also
enables relatively accurate assessment on the adsorption properties of
the catalyst, which leads to an easier route towards optimization. When
considering plasma treatment for air treatment, an important factor to
consider is the specific input energy (SIE) [138] which can be re-
presented by Eq. (7).
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where Pqsmq refers to the plasma discharge power and Qg is the total
gas flow rate. Karatum and Deshusses [139] performed a study on
different commonly encountered VOCs in an NTP reactor. Relatively
high removal efficiencies (RE) were observed (55-100%) for the VOCs,
with a dependence on SIE. This relationship is illustrated by Fig. 16.
Other factors such as carbonaceous deposits were also investigated and
while didn’t change the RE, but did cause blockage of the reactor.
Hamada et al. [140] studied the effect of catalyst composition and re-
actor configuration on the conversion of benzene. The dual stage sur-
face discharge reactor (SDR) configuration was revealed to have a much
better CO, selectivity. In general, the efficiency of the combined SDR
was dependent on formation of ozone within the reactor, with higher
ozone concentration corresponding to better decomposition. Different
metal oxide loadings also revealed enhanced catalytic activity, with Mn
based zeolite Y samples having the highest decomposition rate. This
corresponds to Mn being a very good catalyst for VOCs in general. This
study also highlights how dual stage systems have greater potential for
modifications, with each individual component of the system having an
effect in overall conversion.
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Fig. 17. (a) By-products formed during toluene decomposition and (b) RE and CO, selectivity as a function of SIE (Reprinted with permission from [141], Copyright

2018 John Wiley and Sons).
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In a more recent study, Guo et al. [141] performed the oxidation of
toluene and investigated the products using proton transfer reaction
mass spectroscopy (PTR-MS). This provided a real time assessment of
all by-products formed, which provided valuable insight into the side
products formed during toluene destruction using NTP reactors. This is
of concern, as one of the bottlenecks of this technology is the formation
of harmful side reactions and products. The results are displayed in
Fig. 17a. It was also observed that with the increase in SIE, the removal
efficiency of toluene and the selectivity of CO,, which corresponds to
previous studies.

Yet another factor to consider in the design of NTP reactors is the
energy efficiency of the system. This can be calculated by Eq. (8). This is
an operating parameter that is crucial in designing an optimum process
for NTP reactors.

£= Crolin X g

SIE ®

where & the energy efficiency of the NTP reactor system is, Cy i, is the
entering toluene concentration, 7, is the removal efficiency w.r.t the
pollutant, and SIE is the specific input energy. Kuroki et al. [142]
studied the decomposition of toluene at 1500-200 mg/m> using an
adsorptive SDR reactor. A unique flow system was considered, induced
by the NTP, comprising of surface discharge and circulation flow. On
reducing pressure and injection of a high concentration of ozone
(2000 ppm), enhanced CO- selectivity was obtained. The conversion
rate of toluene doubled with the ozone addition. Quantitatively similar
results were obtained for the energy efficiency of the system. The re-
lation between energy efficiency and decomposition rates is illustrated
by Fig. 18.

In a combination of the two, Li et al. [143] studied the effect of UV
rays as a means of assisting in the photocatalysis of xylene. TiO, was
selected as the catalyst, due to its superior optical and photochemical
properties (explained in previous sections). Results indicated that while
the UV rays produced from the plasma process was not sufficient to
light off xylene, introduction of UV sources increased the RE of xylene
when compared to conventional plasma method. While NTP reactor
technology is still in its infancy, extensive studies done in the past have
assisted in understanding the very complex process. Lab scale NTP
studies are common, however, industrial implementation is still not
widespread, except for a few studies [134].

4. Hybrid VOC abatement systems

Conventional systems, such as the ones described above, while
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Fig. 18. Relation between energy efficiency and decomposition efficiency
(Adapted from [142]).
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easier to operate, have their drawbacks due to a myriad of reasons. For
example, in catalytic reactors, the inlet flow of VOCs must have a suf-
ficiently high enough concentration of the reactant to achieve optimum
conversion rates. Operating conditions also have a crucial part to play
in this. It has been found that VOC value must be significantly above the
fuel values to consider recovery processes [146]. For example, Fig. 19a
describes the dependence of flow rate and concentration when using a
certain kind of process [146]. This shows us that for a particular si-
tuation, a certain type of process maybe optimum, while others may not
be. In this case, the implementation of successive operations can help
achieve the required separation and/or destruction rates.

Another important aspect to consider during the design of different
systems is the cost estimation and techno-economic analysis associated
with the process selected. While this is fairly straightforward during the
use of singular unit operations, it gets a little more complex when using
multiple operations successively or in tandem with each other. The cost
estimates with respect to flowrates is illustrated by Fig. 19b. An ac-
cepted method to determine the economics of a process is the life cycle
assessment (LCA) [147]. It is commonly defined as the environmental
footprint of a process/material through its lifespan and encompasses
everything from raw materials used to waste and disposal. When con-
sidering the efficacy of hybrid systems for VOC control, two different
perspectives are considered, namely, material and process. The former
refers to the selection of a material based off various factors such as
surface characteristics or oxygen mobility rates, while the latter in-
volves the selection of a particular process and the optimization of
parameters associated with it. Both perspectives are equally important.
This section focuses on adsorptiv E-R eactor technology in particular,
which is one of the most researched hybrid systems and is a prime
candidate for industrial implementation. In this process, VOCs feed is
first concentrated by adsorption at low temperature until the break-
through occurs. Thereafter, regeneration by desorption follows by
passing a heated inert gas through the adsorption bed. The desorbed
concentrated VOC is then passed through a catalytic combustion
chamber and converted to harmless compounds in the presence of
suitable catalyst.

The process perspective involves the selection of a hybrid tech-
nology for a particular situation in VOC abatement, such as dilute
concentrations, or combination with other pollutants. Aziz and Kim
[148] used adsorption followed by heterogeneous photo-Fenton cata-
lytic oxidation to capture and destroy benzene, toluene, ethylbenzene
and xylene (BTX) from gas and air streams on ultra-violet (UV) pre-
treated Fe-ZSM-5 adsorbent/catalyst in a batch reactor at room tem-
perature. By revealing that the change in the structure, stability, mor-
phology, and removal efficiency of the catalyst during the experiments
is negligible, they established a novelty in sustainable reuse of catalyst
with persistent VOC abatement. Moreover, by using residual materials
analysis, they showed that there is a complete mineralization of VOC
except small amount of acetone as oxidation product. Alsaqoor et al.
[149] used a low temperature, quasi-pyrolysis technique of adsorption
and catalysis to clean post pyrolysis gases with recovery of post-reac-
tion heat. The research focused on abatement of VOCs from landfills,
utilization waste, and oil shale. It was shown that the advantages of the
new method over the conventional technology which based on the
flame, are that it does not produce additional by-products such as NOx,
dioxins, furans, carbon dioxide, methane, etc., the maximum tem-
perature of the process is not higher than 550 °C with a cleaning effi-
ciency by catalytic combustion can reached 99.8%, thereby making it
an economically feasible method. Hakan et al. [150] used a microwave-
heated adsorbent-reactor system for continuous purification of air
streams containing n-hexane at low concentrations. Comparison was
made between the performance of a single catalytic bed (PtY zeolite)
and a double (adsorptive DAY zeolite + catalytic PtY zeolite) fixed-bed
reactor configurations (Fig. 20) under dry and humid conditions.

The operation was especially efficient under realistic humid gas
conditions that favored more intense microwave adsorption, producing
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a faster heating of the adsorptive and catalytic beds. Parametric sensi-
tivity is another important factor to consider in this perspective. For
example, Urbutis et al. [31] shows a cyclic process of decontamination
of benzene, toluene and o-xylene (BTX) using a dual function ad-
sorbent-catalyst. Their results indicated that at lower saturation levels
(2mg/g) and air regenerative flow rates (1 L/min), a complete oxida-
tion performance is better. The highest obtained values of the overall
conversion of toluene, o-xylene and benzene into CO, and H,O were
99.3, 99.8 and 77.5%, respectively.

While a large number of studies have been done on thermal based
hybrid system, the combination of catalysis along with other separation
methods as also been investigated. Yet another implementation of the
hybrid catalysis concept is the combination of NTP and photocatalysis,
described in a study done by Morent et al. [151], which features a pin-
to-mesh positive corona discharge with TiO, in the discharge gap for
the destruction of tricholoroethane (TCE). Various parameters were
found to be significant, such as the type of pin system and the im-
plementation of the photocatalyst, which enhanced the removal effi-
ciency of TCE from 67% to 85%. It was shown that the superimposition
of the two processes resulted in a synergetic effect, which enhanced the
overall VOC conversion. In yet another investigation [152], a multi-
stage hybrid surface/packed-bed discharge plasma (HSPBD reactor) for
the degradation of benzene was proposed (Fig. 21c). The CO, selectivity
was shown to dramatically increase on the implementation of the
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second part in the system, along with an increase in destruction effi-
ciency. Interestingly, the effect of the carrier gas used to carry the VOC
was also shown to have a significant effect on the performance of the
system, with N, showing the best results. Furthermore, this system also
manages the harmful side products formed as a result of high corona
discharge, which is a big disadvantage of the NTP system.

Two-phase partitioning bioreactors (TPPB) are an expansion upon
the traditional liquid scrubbing absorption method. TPPBs couple the
absorptive step described in previous section with an additional bio-
degradation step and have been proposed exclusively for the abatement
of hydrophobic VOCs. TPPBs require the use of a biocompatible organic
solvent, such as silicone oil or hexadecane, in addition to an aqueous-
phase, such as water. Much like the liquid absorption method, a gaseous
stream is bubbled into a scrubbing tower where the VOC contacts the
organic solvent-water emulsion and transfers from the gas to liquid
state. Upon the saturation of the solvent, it is introduced into the
bioreactor. Once in the bioreactor, the VOC partitions out of the organic
phase into the aqueous phase where it is consumed by organic cells,
such as bacteria or fungi, which live in the reactor. As the cells consume
the VOCs, disequilibrium is created which causes more VOC to be
partitioned into the aqueous phase in an attempt to restore thermo-
dynamic equilibrium. This partitioning occurs until the solvent is
completely desorbed of VOC, where it is then recycled to the scrubbing
tower for resaturation [153-156]. A simplified schematic of this process
is shown in Fig. 22.

Much like traditional liquid scrubbing, the conditions of the TPPB
are dependent on the VOC/VOC’s in question. A biocompatible organic
solvent must be chosen which has both a strong affinity to the VOC and
the capacity to facilitate cell life. The optimal solvent-water emulsion
ratio must be selected in order to enhance mass transfer in the ab-
sorption phase and also yield air/water and air/oil partition coefficients
which enhance the transport of VOCs from the non-aqueous to aqueous
phase within the reactor. The partition not only informs about the af-
finity between VOC and emulsion mixture, but also can be used to
determine reactor dimensions and operational parameters such as gas
and liquid flow rates and pressure drops [157]. The VOC partition
coefficients are best represented by Eq. (9):

1 __1-9 L_®

Hyoc,oil

©)

Hyocmix  Hyvoc,water

where Hyocmix represents the partition coefficient (Henry’s constant)
between the VOC and emulsion mixture (Pa m®/mol), Hvoc,water is the
partition coefficient between the VOC and water (Pa m®/mol), Hyoc,oi
is the coefficient between the VOC and organic solvent (Pa m®/mol),
and g is the organic solvent volume fraction of the mixture [154]. A low
partition coefficient means that the VOC and emulsion have a strong
affinity for one another. Therefore, it is desirable to minimize Hyoc mix
in order to find the optimal emulsion ratio. It is also essential to choose
an appropriate microorganism that displays a high biodegradation
yield.

Within the past 10 years, silicone oil has been extensively re-
searched as an optimal bioorganic solvent for the abatement of toluene.
Silicone oil is immiscible in water, non-toxic for microorganisms, non-
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biodegradable, and has high affinities for hydrophobic VOCs [155,158].
However, more recent studies have focused on the use of waste oils as a
more environmentally friendly alternative to silicone. In a recent study
by Lhuissier et al. [157], engine, hydraulic, transformer, and vegetable
waste oils were characterized and evaluated for the abatement of iso-
propanol, EA, n-heptane, and toluene. Exemplified in Fig. 23, it was
found that hydraulic oil is an attractive alternative to silicone oil and
should be researched further.

In another study by Castillo et al. [159], the use of hydrophobic
ionic liquids (ILs) as an alternative to organic oils was investigated.
They found that ILs exhibit some success in biodegradation but have
shown to be toxic towards several microorganisms. Another study,
which focused on ILs’ influence on toluene degradation indicated that
biodegradation rates were only improved at high toluene
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Fig. 21. Schematic of (a) surface discharge reactor, (b) packed bed discharge reactor, (c) HSPBD reactor (Reprinted with permission from [152], Copyright 2013
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Fig. 23. Partition coefficients of different waste oils for different commonly
occurring VOCs (Adapted from [157]).

concentrations [159,160]. Further investigations are required in order
to determine their efficacy for commercial use.

5. Hybrid adsorptive catalytic fixed-bed reactor modelling

Adsorption is an interior surface phenomenon which occurs at the
active sites of an adsorbent. This means that adsorbate molecules are
heavily diffusion controlled. Different steps are involved during the
aforementioned mass transfer operation and are as follows [161,162]:

(i) Deposition onto active sites in all cardinal directions.
(ii) Particle transfer from bulk fluid to catalyst surface.
(iii) Particle transfer from fluid film to mass transfer zone within pores
(iv) Pore diffusion
(v) Surface adsorption
(vi) Diffusion transfer back into fluid phase.

When considering mathematical modelling for an adsorption-based
system, we first select an appropriate adsorption isotherm model that
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fits the experimental data, followed by choosing an appropriate kinetic
model. Using this data, we can model the adsorption process over the
dual functional material. Finally, operating conditions are considered
for both the adsorption and catalysis, such as temperature, pressure or
space velocity and the process can be optimized accordingly. The fol-
lowing sections describe in detail the theory behind these steps, in-
cluding their significance in VOC removal.

5.1. Adsorption isotherms

Adsorption is usually described through isotherms, and is generally
represented as the amount of adsorbate on the adsorbent as a function
of its concentration/pressure at constant temperature. These curves
provide invaluable information about the mass transfer and molecular
mobility within the adsorption system. The quantity adsorbed is usually
normalized by the mass of the adsorbent to allow comparison of dif-
ferent materials. These curves are fundamental in our understating of
adsorption kinetics. Quite frequently, the shape and hysteresis of the
isotherm gives us a good idea about the adsorption of a particular
pollutant on a material of choice. The Brauner-Emmet-Taylor perspec-
tive is frequently used in surface characterization methods [163] for
determining fundamental aspects about the surface of an adsorbent
material, such as surface area available for multilayer adsorption and
the existing pore systems [163]. When formulating adsorption iso-
therms, two different perspectives are considered, namely, kinetic and
thermodynamic [164]. A third, the potential theory of adsorption was
proposed by M.M. Dubinin in 1959 [165]. The equations proposed in
each model are fitted with experimental data to confirm the nature of
the adsorption process. Some of the most commonly used isotherms are
based on equations developed over time and are listed below. This ar-
ticle will focus on two and three parameter models, respectively, which
encompasses most commonly used isotherms. Fig. 24 depicts the
common types of isotherms used.

5.2. Adsorption kinetics

Adsorption kinetics defines mass transfer rate during adsorption. It
is the measurement of the rate/speed at which adsorbate particles are
adsorbed onto the adsorbent active sites. Fast adsorption kinetics is a
hallmark of an excellent adsorbent, usually indicated by a steep
breakthrough curve. The commonly used models to characterize ad-
sorption kinetics are listed below.

5.2.1. Equilibrium model

This model assumes instantaneous mass transfer between the ad-
sorbent solid phase and gas phase which occurs when there is negligible
mass transfer resistance between the phases. Hence, this model is as
represented in Eq. (10).

Freundlich isotherm

Radu<hkevieh

Adsorption Isotherms

BET isotherm

Three p models

Toth isotherm

Fig. 24. Different types of VOCs isotherms.
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where g; is the average adsorbed phase concentration (mmol/g) of
species i, g; ,, is the equilibrium adsorbed concentration (mmol/g) be-

tween solid and bulk gas phase of species i, and t is time (s).

5.2.2. Lagergreen pseudo-first order model

This is a pseudo-steady state model that has been adopted to de-
scribe certain adsorption kinetic data and predates the LDF model
[166]. This is given by Eq. (11) and is commonly called the Lagergreen
model. While it has been used in many studies, its simplistic model fails
to be consistent with the theory proposed [167].

dg

i = ka(gy — @)

1n
where g represents the final adsorbed concentration (mmol/g) of
species i, g, represents the average adsorbed phase concentration
(mmol/g) of species i, k.4 is the kinetic constant (s™Y, and t is time (s).

5.2.3. Linear driving force model

Linear driving force model is one of the most commonly used
models to characterize the adsorption of gases onto solid adsorbents in
packed columns [10,168-170] and was first introduced by Glueckauf
and Coates [171]. Eq. (12) describes the classical definition of the LDF
model [172].

The mass transfer co-efficient used in the model can also be defined
by Eq. (13) [173], but can vary according to the situation considered.

dC(t) _ | (7w =
" =k [C*(t) — C(1)] (12)

15D,;
rﬁ (13)

kLZ

where C(t) is the adsorbate average concentration (mol/cm®) in the
adsorbent particle at time ¢, C*(t) is the equilibrium adsorbate average
concentration (mol/cm?®), k; is the effective LDF mass transfer coeffi-
cient (s~1!) at a particular adsorbate loading, D,; is diffusivity (cm?/s),
and r, is the radius (cm) of the particle. This model through a lumped
parameter analysis is frequently used to characterize adsorption in
column dynamics. The classical definition of this model, however,
sometimes does not accurately describe expected kinetics measured in
experimental data [174] and several modifications have been made to
overcome this issue.

5.3. Reaction kinetics

This is the measurement of the rate/speed at which the reactants
react to form products. The form of any chemical reaction kinetics
depends on the reaction mechanism/pathway. Reaction mechanism is a
sequence of reaction steps (series and/or parallel) that lead to forma-
tion of products. Three main mechanisms (ii-iv) have been proposed for
total catalytic oxidation of VOCs, namely [76]:

5.3.1. Power law (PL) mechanism

The power law (PL) mechanism is the simplest reaction kinetics
model which is commonly used as a first approximation to the reaction
kinetics. This model is as shown in Eq. (14).

'R = —Ivoc = kpypePg, (14)

where 7zeq and ryoc (mol/m3.s) are the rate of reaction and the rate of
conversion of the VOC respectively, py, and p,, (Pas or N/m?) are the
partial pressure of VOC and oxygen respectively, m and n are the re-
action order relative to gas phase VOCs and O, respectively, and k the
reaction rate constant which unit depends on the value m and n and can
be calculated using the well-known Arrhenius Eq. (15).
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k = koeEa/RT (15)

where k, is the pre-exponential factor, E, is the activation energy (kJ/
mol), R is the universal gas constant (J/mol K), and T is the reaction
temperature (K). Research study by Ozgelik, T.G [175] showed that PL
model gives a good agreement between the measured and calculated
reaction rates for total oxidation of isopropanol and ethyl acetate on
monolith-supported CeO, catalyst. Siham Behar et al. [176] used the
power law as a first approximation to model catalytic oxidation of to-
luene.

5.3.2. Eley-Rideal (E-R) Mechanism (Nonthermal Surface Reaction)

Here, reaction occurs between the VOC adsorbed species and the
gaseous oxygen molecules. The proposed reaction kinetics for E-R
mechanisms is shown in Eq. (16).

kKvocPyocPo,
1 + KvocPyoc

R = —lvoc =

(16)

where Kyoc is the equilibrium constant (s™1 relative to VOC.

5.3.3. Langmuir-Hinshelwood (L-H) Mechanism

This mechanism proposed that reaction takes place between the
VOC adsorbed species and the adsorbed oxygen. Hence it is important
that oxygen molecules are adsorbed on the adsorbent.

For single site L-H model, we have Eq. (17).

e kKyocpyocKo,Po,
Rea = —Ivoc =
e (1 + KVOvaoc)(1 + KOzpoz) (17)
For double/duel site L-H model Eq. (18) has been proposed.
kKyvocpyocKo,po,
IR = —lvoc = >
(1 + Kvocpyoc + Ko,Po,) (18)

where Ko, is the equilibrium constant (s™ 1) relative to O,.

5.3.4. Mars-Van Krevelen (MVK) Mechanism

In this mechanism, reaction is assumed to occur between VOC ad-
sorbed species and the lattice oxygen of the catalyst instead of the
oxygen molecules in the gas phase. The model is as depicted in Eq. (19).

KVOCPVOCKOzpo2
YKvocPyoc + KozPo,

IR = —lvoc =
19
where y represents the number of O, molecules required for the oxi-
dation of one aromatic molecule.

The MVK is the most complex of the reaction kinetics. This model
has been used by several authors to best describe total/complete oxi-
dation of VOCs [175]. Using nanosized Cu-Mn spinels as catalyst, re-
search work of Siham Behar et al [176]. revealed that MVK model
compared to four others is the best mechanism to model total oxidation
of toluene. E.Genty et al [177]. also confirmed that MVK is a best fit to
describe the mechanism of the total oxidation of toluene on CoAlCe
catalyst. J. Niu et al [178]. carried out total oxidation of toluene on
Cul-yMn,CeyOx/sepiolite and their results affirmed that total oxida-
tion of toluene can be best described by MVK model.

5.4. AdsorptivE-Reactor Dynamics
To accurately model hybrid adsorptive catalytic process or even the
adsorptive process, the following phases must be considered in the
modelling:
(i) The bed bulk gas phase,
(ii) The pellet pore gas phase,
(iii) The pellet solid phase.

The pellet (macroparticle) solid phase comprises the adsorbent and/
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or catalyst crystals (microparticles) impregnated on a support. In be-
tween those crystals are macropores while micropores are within the
crystals as depicted in Fig. 25 [179].

However, due to complexity and cost-intensiveness (caused by
longer compilation and execution/run times) involved in models, var-
ious means have been employed to simplify the modelling without
significant effect on the response/result. Moreover, diverse assumptions
are also made to further simplify the modelling.

6. Conclusion and Outlook

The abatement of VOCs is a complex issue with many intricacies to
consider. When selecting an appropriate system, both material and
process perspectives are considered, and a method is implemented ac-
cordingly. Thermal oxidation represents the most mature technology
for VOC abatement, and has been widely studied for over twenty-years.
While it exhibits many advantages, including high destruction effi-
ciencies (99%), it suffers from extremely high energy penalties that
make it widely inefficient for large-scale industrial deployment.
Therefore, it has been advantageous to study other VOC destruction
methods that can achieve the same removal efficiencies at lower energy
costs. The incorporation of catalysts in order to reduce activation en-
ergy and temperature requirements can greatly improve the cost effi-
ciencies, and, therefore, many methods have arisen that incorporate
catalysts to reduce reaction temperatures. Thermal catalytic oxidation
has shown incredible promise for the abatement of a wide variety of
VOC types at dilute concentrations (> 1%) in flue gas streams and has
been incorporated into many industrial systems. However, catalyst
poisoning resulting from flue gas impurities and water humidity reduce
the overall effectiveness of this method. Additionally, noble-metal
catalysts (such as platinum and rubidium) exhibit the highest conver-
sion efficiencies, but are costly to produce, which adds additional costs
for catalytic oxidation, especially when catalyst poisoning is a re-
cognized issue. Therefore, the study of transition metal catalysts and
mixed metal oxide catalysts that can achieve comparable conversion
efficiencies are a present source of many investigations. Photocatalytic
degradation has arisen in recent years as a promising alternative to
thermal catalytic oxidation due to high VOC degradation rates in ex-
tremely dilute concentrations (ppb range). This makes it a promising
method for the abatement of VOCs in indoor air environments, and has
been studied for formaldehyde degradation. Additionally, it has shown
versatility in the destruction of many different VOC types. However,
photocatalytic irradiation has been shown to formulate many harmful
byproducts. Additionally, this method has only been studied on lab
scales. Further investigations must focus on the study of the cost effi-
cacy if implementation on industrial scales. Non-thermal plasma cata-
lysis has shown promise for high removal efficiencies and for the ef-
fective use of MMO catalysts. However, it has also been largely limited
to lab scale studies and suffers from similar issues surrounding thermal
catalytic oxidation, such as catalyst poisoning. Additionally, the process
results in very high temperatures that require considerable attention to
process safety. Further investigations are required in order to determine
the overall feasibility of this method for industrial integration.

While each system has its own advantages and disadvantages, the
synergistic effect of multiple systems can play an important role in
minimizing emissions and costs. This has led to a need and investigation
into hybrid systems, which incorporate the multiple different ad-
vantages of each type of unit operation while simultaneously over-
coming their disadvantages.

For example, NTP methods frequently require significant amount of
energy to completely destroy the VOC and are frequently associated
with many harmful products which are formed due to the ionization of
the adsorbate. A catalyst can be employed to reduce activation energies
and potentially capture these harmful materials as well. Similarly, one
of the drawbacks with catalytic oxidation is that dilute concentrations
of the pollutant can greatly affect catalytic performance. This could be
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