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Abstract

:

Energy consumption is an important concern for the removal of volatile organic compounds (VOCs) from waste air with non-thermal plasma (NTP). Although the combination of NTP with heterogeneous catalysis has shown to reduce the formation of unwanted by-products and improve the energy efficiency of the process, further optimization of these hybrid systems is still necessary to evolve to a competitive air purification technology. A newly developed innovative technique, i.e., the cyclic operation of VOC adsorption and NTP-assisted regeneration has attracted growing interest of researchers due to the optimized energy consumption and cost-effectiveness. This paper reviews this new technique for the abatement of VOCs as well as for regeneration of adsorbents. In the first part, a comparison of the energy consumption between sequential and continuous treatment is given. Next, studies dealing with adsorption followed by NTP oxidation are reviewed. Particular attention is paid to the adsorption mechanisms and the regeneration of catalysts with in-plasma and post-plasma processes. Finally, the influence of critical process parameters on the adsorption and regeneration steps is summarized.
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1. Introduction


Air quality issues have become a huge concern of environmental legislation as a consequence of growing awareness in our global world. Exhausts, form outdoor sources (various chemical industries, painting and printing industries, cars) [1] as well as from indoor sources [2], pollute the air with a variety of harmful substances like volatile organic compounds (VOCs) which pose a threat to human health and the environment [3]. The European legislation related to the reduction of volatile organic compounds (VOCs) emission is getting stringent due to their potential toxicity, carcinogenicity and mutagenicity [4,5]. Furthermore, they are also responsible for odor nuisance, the creation of tropospheric ozone leading to photochemical smog, the intensification of global warming and the depletion of stratospheric ozone layer [3]. Therefore, in order to minimize these adverse effects, indoor air cleaning and end-of-pipe (EOP) treatment using various techniques for the abatement of VOCs is becoming most attractive.



Non-thermal plasma (NTP) technology has attracted growing interest of scientists over the last two decades due to its distinctive characteristic of providing a highly chemical reactive environment (e−, O*, HO2*, OH*, N2*, O3, etc.) to decompose VOCs at ambient conditions, which repudiates the use of expensive vacuum systems [6,7]. Although other commercial pollution control techniques (thermal incineration, catalytic oxidation, adsorption, biofiltration) [8] are very efficient for the removal of VOCs, these are energetically expensive and difficult to operate in case of moderate flow rates with low VOC concentration in contrast to NTP [9,10,11,12]. In a NTP, electrons with high kinetic energies (1–10 eV) are selectively produced consuming almost all the electric energy supplied to the system instead of heating the entire gas unlike thermal and catalytic oxidation. Collisions of these energetic electrons with neutral background molecules close to room temperature, generate active species such as free radicals, metastables, ions and secondary electrons through different chemical processes such as dissociation, excitation and ionization. These active species are able to decompose pollutant molecules to less harmful products (CO2, H2O, HX and X2 with X being a halogen) Additionally, the abatement of low concentrated VOCs (up to 1000 ppm), feasible in indoor air treatment application, is challenging for conventional methods because when the VOC concentrations decrease, the cost per unit pollutant treatment becomes higher in comparison to NTP. Furthermore, NTP systems have several desirable features resulting from their operating conditions, such as a quick start-up, compact system, rapid response to changes in the composition of the waste gas and non-selectivity for the treatment of waste gases with different pollutants such as particulate matters, bacteria and VOCs [13,14,15].



Unfortunately, industrial implementation of NTP for VOC abatement is impaired by three main bottlenecks such as poor product selectivity, formation of undesired by-products (O3, NOx, other VOCs, aerosols) that often increase the overall toxicity of the treated gas stream and low energy efficiency. In order to overcome these limitations, many attempts have been made and have engendered the development of a hybrid system using multiple techniques such as packed bed NTP reactors [16,17], NTP/electrostatic precipitation [18], NTP/catalysis [19,20], photocatalysis [21] and adsorption/NTP [22]. Among these VOC removal techniques, the combination of non-thermal plasma with catalysts/sorbents, i.e., plasma-catalysis, is remarkably investigated during the last decade because of their improved performance such as increased energy efficiency and suppressed unwanted by-products distribution for VOC decomposition. In such a hybrid system, the catalyst can be integrated either inside (IPC-Inside Plasma Catalysis) [23] or downstream (PPC-Post Plasma Catalysis) [24,25] of the discharge region. In both cases a synergetic effect has been reported in many studies [26,27,28].



Activation of catalyst by the NTP is expected to play an important role in the synergetic effect. There are different possible activation mechanisms ranging from UV, ozone, work function changes, lattice oxygen activation, heating at local spot, adsorption/desorption, electron-hole pair creation and gas-phase radicals which directly interact with adsorbed pollutants [29]. The abatement of VOCs by combined use of NTP and catalysis is not only governed by gas phase reactions but also by surface reactions on the catalyst. Indeed, by introducing a catalyst in the discharge zone, the discharge gap shortens causing an intensification of the electric field strength. This increases the electron density and mean energy, which increases the concentration of active plasma species, hence promoting high VOC removal efficiency. Furthermore, the introduction of a catalyst inside the plasma can change the nature of the discharge itself. Malik et al. reported that volume streamers could change into surface streamers near catalyst surfaces in case of plasma-driven catalysis IPC [30]. These surface streamers show enhanced ionization, which promotes the decomposition of VOCs. However, higher VOC mineralization is directly related with the surface reactivity of the inserted material [31]. If the catalyst has high adsorption capacity, the residence time and concentration of pollutant will increase. This will result in a higher collision probability between pollutant and active species, which will simultaneously stimulate the removal efficiency and mineralization degree. For instance, Song et al. have revealed that with NTP treatment, the removal rate of propane with molecular sieve is significantly higher (85%) than is the case with glass beads (17%) or a ɣ-Al2O3 beads (23%) reactor. This was attributed to the higher surface area and smaller pore size of molecular sieve compared to the latter cases, which have weaker adsorption capabilities for propane [32]. On the other hand, partial/soft oxidation of VOCs by active species generated from NTP can significantly enhance the pollutant affinity for the adsorbents [33,34]. During plasma treatment, modification of the VOCs structure can cause an increase of the molecular size of VOCs. It can also modify their chemical nature through formation of new polar functions on molecules which lead to better retention of VOCs on the adsorbents.



Both adsorption and reaction properties of catalysts are used to increase the residence time of VOCs and their reaction probability with active plasma species leading to high mineralization degree [35]. Considering the importance of adsorption in plasma-catalysis, investigation of NTP with the adsorption process has drawn researchers’ interest during the last decade. In 1999, an innovative approach, which increased the ratio between deposited energy and treated molecules, was suggested by Ogata et al. [31,36]. According to the authors, by using a cycled system of adsorption and NTP discharge, an energy efficient technique can be achieved when operated at optimized intervals. Besides, in comparison to the continuous treatment, the sequential treatment, i.e., adsorption followed by NTP oxidation, is expected to treat waste streams over a wide range of VOC concentrations. In many chemical facilities there is a large variation of VOC concentrations during the operation period. The adsorption step makes this cycled system effective, since energy is not continuously deposited in the treated gas stream, independently of VOC concentration variations. Thus, optimized energy consumption is achieved with this sequential treatment. Furthermore, suppressed formation of harmful inorganic by-products such as CO, O3 as well as organic by-products is another benefit of this method. This could also be an effective regeneration technique compared to conventional techniques like thermal treatment, which often leads to catalytic deactivation owing to particle agglomerations on catalyst surfaces and poses high a cost. Recently Thevenet et al. have partly reviewed the sequential treatment in their publication [37].



This paper presents an intensive literature review dealing with the abatement of VOCs and regeneration of saturated adsorbents with NTP. In the first part the concept of sequential treatment is discussed. Next, the current status and recent achievements of this new technique for the abatement of VOCs is reviewed. The present understanding of the mechanisms involved in adsorption and oxidation pathways during the regeneration process found in literature are summarized. Finally, the influence of critical process parameters on the adsorption and regeneration step is discussed in detail.




2. Sequential Treatment (Adsorption Followed by NTP Oxidation)


A schematic diagram of a continuous flow process is shown in Figure 1. The IPC process is a single stage process where the catalyst is exposed to the active discharge region. In a dry air ozonolysis (PPC) reactor, the polluted gas stream passes through the plasma discharge followed by the catalytic reactor downstream. In both cases, plasma is ignited permanently and the catalyst material can be incorporated into the hybrid reactor in different ways, for instance, as a coating on reactor walls or electrodes, as a packed bed (powder, pellets, coated fibers or porous solid foam) or a layer of catalyst material (usually powder/pellets) [25].



The conceptual diagram of sequential treatment or cycled storage-discharge (CSD) plasma catalytic process for VOC abatement is shown in Figure 2. Firstly, in the adsorption or storage stage, the polluted air stream passes through the catalyst/sorbent bed so that VOCs are removed from the gas phase by adsorption on the catalyst/sorbent until saturation occurs. Next, the saturated catalyst bed is exposed to plasma to oxidize adsorbed VOCs in the regeneration or discharge stage. During this step, the polluted gas stream can be diverted to a fresh catalyst/sorbent bed to ensure continuous operation. In this cyclic approach, surface reactions between adsorbed VOCs/intermediates and plasma generated species such as O3 or O radicals on the sorbent are of great importance for the oxidative decomposition of VOCs.
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Figure 1. Schematic diagram of continuous plasma-catalysis process. 
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The energy cost Ec (kWh/m3) for a sequential treatment is defined as followed:


    E c  =    P  discharge   ×  t 2     F 1  ×  t 1      



(1)




where F1 is the flow rate (m3/h) during the storage stage and t1 and t2 are the storage and discharge period (h), respectively. In this case, a long storage and a short discharge period are key to achieving low energy cost. The difference in the definition of energy cost between sequential treatment and a continuous flow process is attributed to the energy deposition method. In a continuous flow process, energy density (J/L) i.e., the energy deposited per unit volume of process gas, is required to calculate the energy cost as energy is consumed by the discharge to treat the polluted gas stream. Contrary, in sequential treatment, energy is only alternately deposited during the discharge stage (see Figure 2b). Therefore, the energy consumption for sequential treatment is substantially reduced compared to continuous plasma-catalysis processes. For instance, Sivachandiran et al. reported that the energy cost for Isopropanol (IPA-CH3CHOHCH3) removal using a MnxOy packed bed NTP reactor, is 14.5 times less with the sequential approach compared to a continuous treatment process [38]. Furthermore, to achieve the same mineralization degree, sequential treatment consumes 10 times less energy.
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Figure 2. (a) Conceptual diagram of sequential treatment, (b) difference in discharge power between cycled storage-discharge (CSD) and a continuous plasma catalytic flow process. Reprinted from Ref. [39], with permission from Elsevier. 






Figure 2. (a) Conceptual diagram of sequential treatment, (b) difference in discharge power between cycled storage-discharge (CSD) and a continuous plasma catalytic flow process. Reprinted from Ref. [39], with permission from Elsevier.



[image: Catalysts 05 00718 g002]





Since the sequential treatment has gained increased interest over the last decade, an overview of published papers will be given that help to understand the degradation pathway and to optimize the process parameters. Table 1 summarizes the results regarding the adsorption and regeneration stage of these publications found in literature.



Zhao et al. have investigated the removal of formaldehyde (HCHO) from air using a CSD plasma catalytic process over AgCu/HZSM-5 (HZSM-5, SiO2/Al2O3 = 360) catalyst for indoor air purification [39]. Their system combined extremely low energy cost with excellent humidity tolerance while no secondary pollution was detected. In order to achieve 100% conversion of HCHO to CO2, almost the same discharge period (t2 = 10 min) was required for different storage periods (t1 = 100, 300, 600 min). This proves that long storage periods can be employed to achieve low energy cost. It is reported that the energy cost to remove 6.3 ppm of HCHO from humid air reaches 1.9 × 10−3 kWh/m3. This cost could be further lowered to 10−5–10−4 kWh/m3 by increasing the storage period to purify diluted HCHO (several hundred ppb) in a typical indoor air environment.



Almost complete oxidation of benzene (C6H6) as well as extremely low energy cost were also achieved by using an Ag/HZSM-5 catalyst-packed dielectric barrier discharge (DBD) in sequential treatment [40]. The energy cost for sequential treatment of air containing 4.7 ppm benzene was 3.7 × 10−3 kWh/m3 while 99.8% CO2 selectivity was achieved. The catalytic effect of Ag to promote CO oxidation to CO2 and the strong adsorption of Ag with benzene through π-complexation are found to be responsible for this high selectivity [41].



The effect of different catalysts and reactor configurations on plasma catalytic oxidation of stored benzene was also investigated by the same group [42]. The performance of plasma-catalytic oxidation of stored benzene on different metal (Ce, CO, Ag, Mn, Fe, Ni, Cu, Zn) loaded HZSM-5 catalysts was evaluated in terms of carbon balance (Bc) and CO2 selectivity (    S  C  O 2      ). Experiments revealed that 0.8 wt.% Ag/HZSM-5 catalyst could significantly improve plasma catalytic oxidation of stored benzene to CO2 (    X    (  c 6   H 6  )  s    →   C  O 2     ≈ 100%) in a very short discharge time while the formation of unwanted by-products was almost completely suppressed (Figure 3). However, further increase of Ag loading decreased the carbon balance. Regarding the effect of reactor configuration, both carbon balance and CO2 selectivity reached almost 100% with an IPC reactor (C) within 10 min (Figure 3). In contrast, with a PPC reactor (A and B) the stored benzene was not able to be completely oxidized even after a long discharge time.



Wang et al. have tested various metal loaded zeolites (Ag/HZSM-5, Mn/HZSM-5, Ce/HZSM-5, Ag-Mn/HZSM-5) to remove low concentration of toluene (C6H5CH3) by intermittent use of adsorption and non-thermal plasma regeneration [43]. In this investigation, a link tooth wheel-cylinder DC plasma reactor is placed upstream of the adsorption/catalyst reactor, which is supported by a glass sieve plate. It is suggested that owing to the unique characteristics of the orbitals of Ag or Ag+, normal σ bonds to carbon as well as bonds with unsaturated hydrocarbons can be formed in a non-classical manner [44], leading to higher adsorption capacity of Ag loaded zeolites (Ag/HZSM-5, Ag-Mn/HZSM-5). Similar to previous studies, reduced energy consumption (2.2 × 10−3 KWh/m3) is also reported which is related to high adsorption capacity. Experiments reveal that the catalytic activity for toluene conversion is in the order of Ag-Mn/HZSM-5>Mn/HZSM-5>Ag/HZSM-5>Ce-Mn/HZSM-5>Ce/HZSM-5 which is in accordance with their O3 decomposition ability. Furthermore, it is widely known that oxidation of toluene is significantly affected by lattice oxygen of manganese oxides. Moreover, the ratios of lattice oxygen to surface adsorbed oxygen on the Mn catalysts is enhanced with appropriate Ag loading [45], which explained the high activity and CO2 selectivity (99.9%) of Ag-Mn/HZSM-5 for toluene decomposition.



Mok et al. have tested a ɣ-Al2O3 packed DBD reactor for the treatment of toluene in a sequential approach [46]. The removal efficiency reached 71.4% while ozone was the only by-product of toluene oxidation besides CO and CO2. The energy yield for the treatment of toluene was reported to be 41.2 J/µmol. Experiments revealed that higher discharge power favored formation of CO and CO2 at shorter discharge period.
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Table 1. Overview of published papers on sequential treatment.
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Adsorption

	
Regeneration/NTP Oxidation




	
Target pollutant

	
Catalyst/Adsorbent

	
Specific surface area (m2/g)

	
Carrier gas and flow rate (mL/min)

	
Concen-tration (ppm)

	
Plasma reactor type

	
Carrier Gas and flow rate (mL/min)

	
Pdis (W) SIE (J/L)

	
Time t (min)

	
Maximum removal efficiency (%)

	
Mineralization rate m (%) CO2 yield c (%)

	
Ec (kWh/m3)

	
Ref.






	
Acetone (C3H6O)

	
TiO2

	
38 ± 3

	
dry air 1000

	
180

	
DBD/IPC

	
dry air 1000

	
0.33 W

	
t1 = 103

t2 = 30

	
27

	
m = 12

c = 11

	
-

	
[47]




	
DBD/IPC + TPD

	
91 a

	
m = 52a




	
Benzene

	
Ag/HZSM-5

	
334

	
80% N2 + 20% O2 (50% RH) 600

	
4.7

	
DBD/IPC

	
O2 60

	
4.7 W

	
t1 = 840

t2 = 24

	
~100

	
c = 99.8

	
3.7 × 10−3

	
[40]




	
Toluene

	
Ag/HZSM-5

	
-

	
Air 3000

	
3

	
link tooth wheel cylin-der/PPC

	
synthetic air (40 ± 5% RH) 1000

	
-

	
-

	
62 a

	
c > 90

	
2.2 × 10−3

	
[43]




	
Mn/HZSM-5

	
69




	
Ce/HZSM-5

	
56 a




	
Ce-Mn/HZSM-5

	
93




	
Ag-Mn/HZSM-5

	
70 a

	
c = 99.9




	
Formalde-hyde

	
Ag(3.6 wt.%)-Cu(2.1 wt.%)/HZSM-5

	
229

	
80% N2 + 20% O2 (50% RH) 300

	
6.8

	
DBD/IPC

	
O2 60

	
2.3 W

	
t1 = 690

t2 = 10

	
100

	
c > 99

	
1.9 × 10−3

	
[39]




	
Isopropanol

	
TiO2

	
38 ± 3

	
Air (50% RH) 1000

	
163

	
DBD/IPC

	
air (50% RH) 1000

	
-

	
t1 = 1 30

t2 ≈ 60

	
91

	
-

	
-

	
[35]




	
Benzene

	
HZSM-5

	
328

	
80% N2 + 20% O2 (50% RH) 600

	
4.7

	
DBD/IPC

	
O2 60

	
4.7 W

	
t1 = 60

t2 = 9

	
100

	
c = 89 a

	
-

	
[42]




	
Ag(0.8 wt.%)/HZSM-5

	
334

	
100

	
c = 100




	
Ag(1.9 wt.%)/HZSM-5

	
329

	
92 a

	
c = 100




	
Ag(4.2 wt.%)/HZSM-5

	
306

	
63

	
c = 100




	
Benzene

	
Ag(1 wt.%)/TiO2

	
≤68

	
air (50% PP) 4000–5000

	
200

	
DBD/IPC

	
O2 5000–8000

	
169 J/L

	
-

	
100 a

	
-

	
-

	
[29]




	
Ag(4 wt.%)/TiO2

	
Air (60% PP)

	
136 J/L

	
75 a

	
c = 80 a




	
0.5%Ag/ɣ-Al2O3

	
≤210

	
160 J/L

	
90 a

	
c = 75 a




	
H-Y zeolite

	
≤520

	
Air (80% PP)10000

	
140 J/L

	
100

	
c ~64 a




	
Ag(2 wt.%)/H-Y zeolite

	
160 J/L

	
100

	
c ~73 a




	
Formaldehyde

	
mineral granulate (MP 5)

	
-

	
N2 176

	
99

	
DBD/IPC

	
N2 57

	
2.2 W

	
t1 = 250

t2 = 4

	
94

	
m = 38.7 b

c = 26.5 b

	
-

	
[48]




	
Acetaldehyde (CH3CHO)

	
α-Al2O3

	
14

	
95% N2 + 5% O2 100

	
1000

	
corona discharge/IPC

	
95% N2 + 5% O2 100

	
1 W

	
-

	
25

	
-

	
-

	
[49]




	
Toluene

	
ɣ-Al2O3

	
237

	
N2 2500

	
-

	
DBD/IPC

	
O2 2500

	
88 W

	
t1 = 190

t2 = 70

	
71.4

	
-

	
41.2 J/µmol

	
[46]




	
Isopropanol

	
Mn xOy

	
16 ± 2

	
dry air 1000

	
165

	
DBD/IPC

	
dry air 1000

	
0.82 ± 0.02 W

	
t1 = 6

t2 = 30

	
66

	
m = 56

c = 44

	
-

	
[50]




	
DBD/IPC + TPD

	
96

	
m = 84

c = 72




	
DBD/PPC

	
0.42 ± 0.02 W

	
41

	
m = 27

c = 21




	
DBD/PPC + TPD

	
84

	
m = 57

c = 51




	
Isopropanol

	
TiO2

	
45

	
dry air 750

	
98

	
DBD/PPC

	
dry air

	
68.2 mW

	
t1 = 130

t2 = 70

	
24

	
m = 2

c = 1.7 b

	
-

	
[51]




	
Acetone

	
175

	
72 mW

	
m = 6




	
Acetaldehyde

	
fibrous activated carbon textile

	
26.32 b

	
air 100

	
200

	
ac-neon transformer

	
-

	
6 J/cm2

	
-

	
100

	
-

	
-

	
[22]




	
Toluene

	
zeolites

	
-

	
air 150000

	
10–120

	
DBD/IPC

	
air 150,000

	
89 W

	
-

	
90–39

	
-

	
2.6–13 g/kWh

	
[52]








TPD—Temperature programmed desorption (296-673 K, 0.4 K/s); PP—Partial pressure of O2, RH- Relative humidity; a Approximate value extracted from graphs; b Calculated value from equations.
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Figure 3. The effect of plasma catalytic reactor configurations on removal of stored benzene over 0.8 wt.% Ag/HZSM-5 catalysts (a) the conversion of stored-benzene to CO2, (b) carbon balance and CO2 selectivity (storage stage with 4.7 ppm benzene, 50% RH (25 °C), 600 mL/min flow rate of simulated air, t1 = 1 h; discharge stage: 60 mL/min O2, P = 4.7 W). Reprinted from Ref. [42], with permission from Elsevier. 
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Kim et al. have compared the decomposition of benzene by using flow-type plasma-driven catalysis (IPC) and a cycled system [9]. In the flow type IPC reactor, the formation of NxOy is unavoidable and is correlated with the increase of the conversion of VOCs. In contrast, oxygen plasma completely oxidized the adsorbed benzene on 2.0 wt.% Ag/TiO2 to CO2 in cycled system, which is impossible with the conventional NTP alone process or the flow-type IPC system.



O2 plasma treatment as well as O3 injection were found to be effective for the regeneration of deactivated gold supported TiO2 surface after exposure to 100 ppm toluene or propylene [53]. IPC configuration showed better oxidation performance of adsorbed toluene than PPC configuration. Adsorbed toluene or propylene was preferentially decomposed to CO2 in both regeneration methods. In case of PPC configuration, direct reaction between gas phase O3 and adsorbed toluene instead of desorbed toluene is suggested by the authors as a possible pathway for toluene decomposition.



In order to understand the role of adsorption on the removal of acetaldehyde, Klett et al. have used sequential treatment [49]. A wire to cylinder configuration packed with α-Al2O3 pellets was used to adsorb 1000 ppm CH3CHO during the adsorption process. After saturation of the adsorbent it was treated with less than 1 W plasma regenerating only 25% of the saturated adsorbent. In order to analyze the role of surface reactivity on the possible decomposition pathway, adsorption of multicomponent mixtures of CH3CHO, CO, CO2 and O3 was carried out and the interactions existing between different compounds and the catalyst surface have been identified. Authors have also used diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and have detected several intermediates (acetate, formate) during the adsorption step. During the regeneration of saturated alumina with plasma, the DRIFT study revealed both the presence of acetaldehyde and some intermediates on the surface, which are incorporated in the decomposition reaction. Adsorbed oxygen species, resulting from O3 decomposition on the surface, lead to CH3CHO decomposition and CO oxidation to CO2. Clearly, more acetaldehyde was decomposed to CO and CO2 due to surface reactions than in the gas phase [49].



The regeneration of IPA and acetone saturated TiO2 surface under O3 flow produced by NTP (PPC) was investigated by Barakat et al. [51]. To elaborate the oxidation mechanism of IPA and acetone, simultaneous analysis of the gas phase and absorbed phase was carried out with Fourier transform infrared spectroscopy (FTIR) and DRIFTS, respectively. The adsorption of IPA on TiO2 surface leads to the formation of three surface species. The formation of monodentate isopropoxy groups and surface hydroxyl species indicates dissociative adsorption of IPA through Equation (2) [35], where S(1), S(2) represent two different adsorption sites. Strongly bonded IPA species on surface Lewis acid sites (Ti+δ) and weakly hydrogen bonded IPA species on surface basic sites (Ti+δ) are the result of non-dissociative adsorption of IPA on TiO2 surface. Regarding IPA oxidation, authors reported that O3 was simultaneously adsorbed on TiO2 strong Lewis acid sites and on adsorbed IPA (0.2 O3 molecule per one IPA molecule). Experiments revealed that independently of the adsorption modes, dissociated and non-dissociated IPA on TiO2 showed the same reactivity with ozone. Only 2% mineralization was achieved (since seven O3 molecules are required to release one CO or CO2 in the gas phase) and 22% of the irreversibly adsorbed IPA was desorbed as intermediate by-product acetone. Agreeing with Arsac et al. [54], the authors proposed that acetone, produced from oxidation of adsorbed IPA on S(1) sites, could not remain adsorbed on similar adsorption sites (due to competitive adsorption phenomena between IPA and acetone). Acetone either rapidly desorbed to the gas phase if no surface sites denoted by S(2) were available or diffused toward an available S(2) site. Noting that only a small fraction of TiO2 surface sites S(2) are specific to the acetone adsorption (there is no competitive chemisorption with IPA). For IPA, literature data [54,55,56] strongly suggest that acetone is the single route to produce CO2 and H2O. Experiments have revealed that when the TiO2 surface is fully saturated with IPA, small amounts of S(2) sites are accessible for irreversibly adsorbed acetone and its subsequent oxidation into CO2 [51]. Since, for mineralization, adsorbed IPA needs to go through S(2) adsorbed acetone, oxidation of IPA and acetone into CO2 have the same limiting step.


CH3CHOHCH3 + S(1) + S(2)→S(1)CH3CHOCH3ads + S(2) − Hads



(2)







The regeneration of acetone adsorbed TiO2 surface has also been conducted with an IPC process by Sivachandiran et al. [47]. The NTP regeneration is, however, limited to 30%. During the adsorption stage, 30% of adsorbed acetone is converted into adsorbed mesityl oxides by surface aldolization. These mesityl oxides are fragmented into carboxylic acid (e.g., formic acid) by NTP treatment, which was also evidenced by Barakat et al. [51]. It was confirmed that formic acid was poorly sensitive to NTP treatment but directly converted into CO2 under successive thermal treatment. Hence, enhanced mineralization can be achieved using the NTP technique followed by thermal treatment [47].



Recently, three different methods have been used by the same group for regeneration of an IPA saturated MnxOy surface [50]. In order to emphasize the proficiency of NTP treatment compared to other regeneration methods, the total carbon mass balances obtained by each method were reported and are shown in Figure 4. Although 94% regeneration efficiency has been achieved with dry air thermal treatment (DTT), 57% of carbon mass balance is accounted for molecularly by desorbed IPA and acetone, which is considered as a drawback. Dry air ozonolysis (PPC) achieved the lowest regeneration efficiency (41%) with 23% COx and 12% acetone contribution. In-situ NTP (IPC) treatment is considered as the most efficient method to obtain high mineralization and low VOCs desorption, even though 66% of irreversibly adsorbed IPA has been removed. A possible oxidation/mineralization pathway for adsorbed IPA on MnxOy surface by PPC-DTT and IPC treatment was also proposed in Equations (3–7) and (8–10), respectively. Acetaldehyde and isopropyl esters of formic and acetic acids are the main identified intermediate species in both PPC and DTT methods. This indicates the dependency of the adsorbed IPA decomposition pathway on IPA adsorption modes rather than the regeneration methods. In case of IPC treatment, acetone is the main intermediate species. As reported in [51], IPC treatment prior to thermal treatment significantly improves regeneration efficiency and mineralization degree.



Sivachandiran et al. have also studied the influence of air humidity on IPA adsorption on TiO2 surface and surface plasma regeneration efficiency [35]. During this investigation, only 36% regeneration efficiency has been obtained with dry air NTP treatment. Dry air NTP assisted regeneration of IPA saturated MnxOy showed better performance in terms of total carbon mass balance and COx selectivity compared to TiO2 surface [50]. The superior removal/regeneration efficiency of MnxOy metal oxide is ascribed to the higher ability to decompose ozone. These results revealed the importance of surface reactivity of catalyst placed inside the NTP discharge zone.
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Figure 4. Comparison of adsorbed isopropanol (IPA) mineralization on MnxOy surface using three different regeneration methods. Reprinted from Ref. [50], with permission from Elsevier. 
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    O 3  +    Mn  x   O y   →  296  K      Mn  x   O  y −    O 2  ads   + [ O ]   



(3)






     CH  3     CHOHCH  3   ads    →   [   O 3   ]   and  [ O ]    C 3   H 6   O  ads   +   Mn  x   O  y −    O 2  ads   +   CH  3     CHOHCH  3   ( g )   +  C 3   H 6   O  ( g )     



(4)






    C 3   H 6   O  ads   +   Mn  x   O  y −    O 2  ads    →  [ O ]    [  intermediate species  ]  +    CO  2   ( g )   +   CO   ( g )   +   CO  3  − ads   +   HCOO   − ads     



(5)






     CH  3     CHOHCH  3   ads    →   [ O ]       [  intermediate species  ]  +    CO  2    ( g )    +   CO    ( g )    +   CO  3  − ads   +   HCOO   − ads     



(6)






    [  intermediate species  ]  +   CO  3  − ads   +   HCOO   − ads    →  TPD    C 3   H 6   O   ( g )  +      CO  2    ( g )    +   CO    ( g )      



(7)






     CH  3     CHOHCH  3   ads    →  NTP       CO  2    ( g )    +   CO    ( g )      



(8)






     CH  3     CHOHCH  3   ads    →  NTP      C  3   H 6   O  ads    →   NTP      CO  2    ( g )    +   CO    ( g )      



(9)






     CH  3     CHOHCH  3   ads    →  NTP     [ intermediate species ]    →   NTP      CO  2    ( g )    +   CO    ( g )      



(10)





A new hybrid approach consisting of a concentration technique, followed by surface discharge plasma treatment is reported by Yamamoto et al. [57]. The process of alternate adsorption and desorption was carried out in the concentration technique where a molecular sieve was used as adsorbent and thermal heat was used to desorb toluene. The purpose of using this concentration technique is to convert low concentrated high flow rate flue gases into a low flow rate gases with high concentrations of VOCs. As a result, the size, energy consumption and operating costs of such cyclic systems are greatly reduced. Experiments revealed that more than 90% toluene decomposition efficiency was achieved by using two surface discharge units at 25 W while the energy efficiency was 34.2 g/kWh. On the other hand, the energy efficiency for continuous plasma treatment was only 1.97 g/kWh. These findings show that the consecutive process of adsorption, desorption and plasma decomposition requires 17 times less energy than the continuous plasma treatment.



The studies mentioned above mainly focus on the adsorbed VOCs oxidation performance by plasma without gas circulation. Few studies have, however, been conducted on plasma-catalytic oxidation performance with a gas circulation. For instance, investigation of plasma-catalytic oxidation of adsorbed toluene using gas circulation with MnOx and AgOx catalyst have been reported by Dang et al. [58]. Experiments revealed that when MnOx/ɣ-Al2O3 is used, continuous cycle mode exhibits better COx yield (11% higher) than intermittent cycle mode due to the enhanced utilization of reactive species by gas circulation. It is also observed that CO2 selectivity of MnOx/ɣ-Al2O3 and AgOx/ɣ-Al2O3 catalysts were both close to 100% after a 60 min oxygen plasma treatment.



A pilot-scale test of a toluene oxidation system was developed using an adsorbent (zeolite pellets) and a NTP (surface discharge) with gas circulation by Kuroki et al. [59]. When 1 mL of toluene was oxidized for 90 min, the conversion ratio of toluene to COx was 88% wherein 94% CO2 selectivity was achieved. During 6 mL toluene oxidation for 150 min, these values were decreased to 44% and 89%, respectively. However, the authors reported that the conversion rate of toluene to COx and the energy efficiency of the toluene to COx conversion were increased with the amount of adsorbed toluene. By the same research group, a xylene decomposition system was also investigated using different NTP plasma sources (60-Hz neon transformer and inverter-type neon transformer) with gas circulation [60]. Inverter-type neon transformer showed better performance (higher conversion ratio of xylene to COx and higher energy efficiency) than the 60-Hz neon transformer. However, unstable operation and large amounts of NOx production makes the inverter-type neon transformer less suitable. A conversion ratio of adsorbed xylene to COx of 43% was reached at 60 min and 90% CO2 selectivity was achieved with the 60-Hz neon transformer.



Another cyclic operation of adsorption and DBD treatment was demonstrated by Yamagata et al. for the abatement of diluted toluene (10–120 ppm) from air [52,61]. Experiments were carried out with and without gas circulation. For the latter case, enhanced decomposition efficiency was obtained with insertion of the honeycomb zeolites in the DBD reactor compared to the plasma alone system. It is suggested that an increase of the residence time due to adsorption of toluene on the zeolites honeycomb sheet is responsible for the enhanced performance. Under gas circulation with 150 L/min flow rate, the decomposition ratio was 70% to 93% while the energy efficiency was 19 to 8.4 g/kWh. Successful regeneration of zeolites honeycomb sheet was also reported with this sequential treatment.




3. Critical Process Parameters for VOC Adsorption


The most important parameters for the selection of an appropriate adsorbent are capacity, selectivity, regenerability and cost. Adsorption capacity is the most prominent characteristic of an adsorbent and is defined as the amount of adsorbate accumulated on the adsorbent surface, per unit mass or volume of the adsorbent. It is evident that better adsorption capacity assists to reduce the overall energy consumption of the process [39]. In most literature, adsorption capacity is expressed by means of an adsorption isotherm, which plots the loading/capacity as a function of concentration at constant temperature. Adsorption isotherms can provide valuable information about the surface chemistry, the fundamentals involved in the adsorption process and estimation of the surface area, pore volume and pore size. Common adsorbents are inorganic materials such as alumina (Al2O3), silica gel, zeolites and organic materials such as activated carbon (AC) and polymers. In the following sections, the parameters that affect the adsorption process will be discussed in more detail.



3.1. Physical Properties of Sorbent/Catalyst


The adsorption capacity greatly depends on the surface roughness quantified by the specific surface area (m2/g). By increasing the specific surface area, the adsorption capacity will be improved. Activated carbon, alumina and silica gel are considered as excellent adsorbents owing to their highly porous structures and large surface areas. Surface area of a powdered adsorbent depends upon its particle size: the particle size is inversely proportional to the specific surface area. Thus, finely divided metals such as nickel and platinum provide a large surface area and are ideal adsorbents. VOC adsorption capacity also depends on material pore volume, pore size, pore size distribution and diffusion rate, cation exchange capacity, pH and surface functional groups [62,63,64].



The mechanism of adsorption is dependent upon the size of the VOC molecules in comparison with the pore diameter of the adsorbent due to the energetic interactions between the chosen adsorbate and the pores [65]. It has been shown that the adsorption energy depends on the size of pores in adsorbents [66]. The enlargement of pore size reduces the overlapping potential for adsorbate between pore walls leading to lower adsorption energy [67]. Huang et al. have demonstrated that the capacity for VOCs adsorption on ACs is controlled by characteristics adsorption energy, which is inversely proportional to the local pore size [68]. VOC molecules tend to adsorb most strongly in areas where the pore diameter of the adsorbent is close to the molecular diameter of the VOCs. For instance, in a silicalite ZSM-5 with narrow pores of 5.5 Å diameter, the methyl ethyl ketone (MEK) molecules with a kinetic diameter of 5.2 Å interact strongly with the channel walls, whereas this interaction is much smaller in large pores of aluminosilicates such as de-aluminated faujasite Y (Fau-Y-7.4 Å) [69]. The effect of the porosity and the surface chemistry of ACs on the adsorption capacity of low concentrated VOCs (benzene and toluene) has been investigated by Lillo-Rodenas et al. [70,71]. Experiments revealed that in order to maximize the adsorption capacities of diluted VOCs, an AC surface discharge combined with a large volume of narrow micropores (i.e., pore size below 0.7 nm) and reduced surface oxygen groups are desired.




3.2. Nature of VOCs


The amount of adsorbate depends on the nature of VOCs. In general, the higher its critical temperature or van der Waals’ force of attraction, the more readily it will adsorb [64]. This is only valid for physisorption, since in this case the adsorbate physically adsorbs on the surface of adsorbents as a result of van der Waals interactions. Generally three different types of interaction exist among molecules, which contribute to the van der Waal’s forces. These are instantaneous dipole-induced dipole interactions, dipole-induced dipole interactions between polar and neutral nonpolar molecules and dipole-dipole interactions between polar molecules. Furthermore, the strength of van der Waals’ forces typically depends on three properties, i.e., molecule size, surface area and polarity. For instance, the surface of AC is basically nonpolar and will weakly interact with polar VOC molecules such as acetone [68]. Since chemisorption involves a chemical reaction between the adsorbent and the adsorbate, new types of electronic bonds (ionic or covalent) are created. Due to specificity, the nature of chemisorption depends on the chemical nature of the VOC and the surface morphology.



VOCs vapor pressure or boiling point is generally used to quantify the intermolecular interactions instead of their polarity. Polar compounds have higher boiling points or lower vapor pressures than non-polar compounds. VOCs, which have a high molecular weight and high boiling point can be effectively adsorbed on AC [72]. At higher boiling points, liquefaction and condensation occur more readily leading to increased adsorption capacity [67,68]. The influence of VOC molecular size and shape on adsorption has also been investigated by Yang et al. [73]. Experiments revealed that the VOC adsorption capacity on Metal-organic frameworks MIL-101 (Cr3F(H2O)2OE(O2C)–C6H4–(CO2)3·nH2O; n is ~25) decreased with an increase in VOC molecular cross sectional area since large VOC molecules cannot penetrate through the smaller size of MIL-101 cylindrical micropores. Adsorption of VOCs on MIL-101 also showed shape selectivity towards VOCs molecules: The adsorption capacity of p-xylene was higher than that of m-xylene and o-xylene even though they have almost equal molecule cross-sectional areas (Figure 5).
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Figure 5. Scheme of ethyl benzene, p-xylene, o-xylene and m-xylene entering into MIL-101 pores. Reprinted from Ref. [73], with permission from Elsevier. 
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It has also been observed that the VOC concentration can have a positive influence on the adsorption capacity of a material [22,72] and that other chemical properties of VOCs such as oxidation state can also influence adsorption.




3.3. Relative Humidity


The effect of humidity is of great interest for practical applications in industry as well as non-industrial buildings since moisture is always present in to some degree in ambient air. Regarding VOC adsorption, RH might change the chemical state of the sorbent surface or change the adsorption modes and adsorbed amount of VOC on sorbent. It seems that the effect of RH is determined by the VOC-sorbent combination. VOC adsorption can be enhanced, suppressed or remain neutral when air humidity changes, depending on the hydrophobicity of the sorbent and specific VOC properties like e.g., solubility. Kuroki et al. have mentioned that the influence of RH is negligible in a toluene adsorption process since hydrophobic zeolite honeycomb is used [74]. Similarly, Zhao et al. have investigated HCHO breakthrough capacity over AgCu/HZ catalyst in air with varying RH (dry gas and RH = 20%, 50%, 80% and 93%) [39]. HCHO breakthrough capacity slightly decreases in humid condition compared to dry gas. However, breakthrough capacity remains almost constant when RH changes from 20% to 93% due to the hydrophobic property of high-silica zeolite. Sivachandiran et al. have precisely investigated the impact of RH on IPA adsorption over TiO2 [35]. The influence of air RH on reversibly and irreversibly adsorbed IPA on TiO2 is shown in Figure 6. The amount of both reversibly as well as irreversibly adsorbed IPA continuously decreases with increasing RH. The result suggests possible competitive adsorption between water vapor and IPA molecules. Even at the lowest moisture (10% RH) content, the partial pressure of H2O is quite high compared to IPA. Hence, H2O adsorption is more favorable in this competitive process. Interestingly, the amount of irreversibly adsorbed IPA increases from 84% to 94% when the water content changes from 35% to 65%. It is expected that water forms a multilayer above 35% RH. Due to high water solubility, part of irreversibly adsorbed IPA will dissolve rather than to directly interact with TiO2 surface at highest RH.
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Figure 6. Influence of air relative humidity (RH) on IPA reversible and irreversible adsorbed fractions on TiO2 at ambient condition. Reprinted from Ref. [35], with permission from Elsevier. 
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3.4. Temperature


Adsorption process spontaneously occurs when the change in free energy, ∆G, of the system decreases. The entropy change, ∆S, in adsorption process is negative since the adsorbed gas is less mobile than its gaseous state [75]. Therefore, the heat of adsorption, ∆H, must always be negative since ∆G = ∆H − T∆S. Thus, adsorption is always exothermic. The heat of adsorption also defines the extent of the interactions between adsorbate molecules and adsorbent lattice atoms. Physisorption is predominant at lower temperatures due to weak Van Der Waals’ forces interactions. Since chemical reaction probability increases with temperature, chemisorption is favored at high temperatures. In most circumstances, the amount of adsorption decreases however with increasing temperature. For instance, Song et al. demonstrated that the breakthrough time for the adsorption process was significantly reduced at elevated temperatures compared to room temperature indicating lower adsorption capacity [32]. Brodu et al. have reported the influence of temperature on MEK adsorption capacity of two aluminosilicates (Fau-Y, ZSM-5) [69]. The quantity of adsorbed MEK on both Fau-Y and ZSM-5 decreased with increasing temperature. On Fau-Y, the adsorption rate of MEK was 87% at 298 K and 51% at 333 K, respectively. This clearly indicates a higher loss of adsorption capacity with rising temperature. However, some researchers have observed an enhanced adsorption capacity of AC in the high temperature range [76]. In this experiment, adsorption of four VOCs including carbon tetrachloride (CCl4), chloroform (CHCl3), benzene and methylene chloride (CH2Cl2) on AC at different temperatures was carried out. For a given VOC concentration, the adsorbed amount of VOC decreased with increasing temperature except for benzene. This abnormal behavior of benzene is attributed to the activated entry effect, which is responsible for the temperature-dependent nature of equilibrium adsorption [77]. At higher temperature, the diffusion of benzene molecules is facilitated into the narrow micropore channels. This promotes the rate of entry into the micropores leading to enhanced adsorption capacity.





4. Critical Process Parameters for Regeneration


To ensure an economically feasible process with uniform performance of sequential treatment, the regenerability of an adsorbent is considered as the most important parameter. The conventional and most popular regeneration techniques are thermal swing, pressure swing and chemical regeneration (displacement, elution, supercritical extraction) or a combination of those. As this review article is related to plasma regeneration processes, only the influence of process parameters on the regeneration by plasma will be discussed in the following sections.



4.1. Flow Rate


The effect of gas flow rate on the regeneration efficiency has been studied by several groups. When gas flow rate increases the residence time/space time of the gas stream is lowered. This will decrease the plasma exposure time during the regeneration stage leading to a suppression of the decomposition efficiency. Saulich et al. have investigated the influence of the N2 flow rate in a DBD packed with MP 5 on the decomposition of adsorbed HCHO [48]. From Figure 7, it is apparent that with higher N2 flow rate, the total amount of decomposed HCHO molecules increases and the formation of CO2 is greatly favored.



However, Kuroki et al. have reported opposite phenomena during the adsorption of toluene with a DBD packed with a hydrophobic zeolite honeycomb [74]. According to the authors, at a low gas flow rate, re-adsorption may occur inside the adsorbent during the plasma desorption process, resulting in a lower decomposition efficiency. Therefore, the optimum gas flow rate should be determined.
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Figure 7. Influence of flow rate on the decomposition of formaldehyde (HCHO) adsorbed on MP 5 (adsorption: 176 mL/min flow rate of polluted N2 with 99 ppm of HCHO, adsorption time t1 = 250 min, total amount of adsorbed HCHO: 155 µmol; discharge carrier gas N2, discharge power P = 2.2 W). Reprinted from Ref. [48], with permission from Elsevier. 
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4.2. Temperature


Temperature has an influence on the electrical properties of a NTP discharge. With varying temperature, the gas density varies, leading to a change in reduced electric field strength (E/N). Generally, it is known that the kinetic reaction rate of O radicals with VOCs is an increasing function of temperature due to the endothermic reaction behavior. However, the effect of temperature on the production of reactive species such as O radicals still needs detailed studies. Nevertheless, the beneficial influence of temperature on the regeneration process is counteracted by a decrease of the adsorption capacity of the sorbent at higher temperatures. These competitive effects on the plasma-assisted desorption process have been investigated by Song et al. who have used a ɣ-Al2O3 packed DBD reactor for toluene removal [32]. As expected, the thermal decomposition of NTP produced ozone increases with elevated temperature. The removal rate of adsorbed toluene on ɣ-Al2O3 beads was also improved at higher temperatures compared to room temperature. In addition, ɣ-Al2O3 was able to reduce some other by-products, such as O3 and HNO3.




4.3. Discharge Power


The oxidative ability of NTP treatment for adsorbent regeneration can be improved by increasing input power. Indeed, there is an optimal discharge power at which high oxidation rate and low energy cost can be achieved. The effect of discharge power on the plasma catalytic oxidation of adsorbed benzene over metal supported zeolite (Ag/HZSM-5) catalyst has been studied by Hong-Yu et al. [40] (Figure 8a). The optimum DBD operating power is found to be 4.7 W at which almost 100% of adsorbed benzene is oxidized to CO2. The energy cost at this optimum power was as low as 3.7 × 10−3 kWh/m³.
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Figure 8. (a) Adsorbed-benzene conversion to CO2 over Ag/HZSM-5 catalysts (b) stored-HCHO conversion to CO2 over AgCu/HZ catalysts as a function of discharge time at various discharge powers. Reprinted from Ref. [39,40], with permission from Elsevier. 
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Zhao et al. have also investigated the effect of discharge power on the plasma catalytic oxidation of stored HCHO on AgCu/HZ catalyst [39]. The conversion of HCHO to CO2 dramatically increases (Figure 8b) reaching almost 100% after 5 min of operation at 2.3 W. Further increase of the discharge power did not significantly improve the HCHO conversion.



The influence of discharge power on toluene decomposition has also been studied by Mok et al. [46] where complete toluene decomposition towards CO and CO2 was reported instead of quantifying the COx selectivity. With increasing discharge power, the concentration of CO and CO2 further increased indicating faster oxidation of adsorbed toluene.



Sivachandrian et al. have precisely investigated the effect of discharge power on the regeneration of adsorbed acetone on TiO2 surface [47]. They applied a double DBD with TiO2 coated glass beads. Although the oxidation rate of acetone is improved with increasing input power, the removal efficiency remains constant around 25%. To achieve both sufficient surface regeneration and high mineralization, 0.33 W is considered as an optimum input power. The authors confirmed that even though the regeneration efficiency was limited during NTP treatment, operation at moderate discharge power modified the nature of organic adsorbed species, which facilitated mineralization during successive thermal treatments (Figure 9). Modification of adsorbed acetone i.e., mesityl oxides into formic acid is only possible above 0.13 W. Hence, acetone desorption is decreased while CO and CO2 formation are promoted by increasing input power during successive thermal treatment. Any further increase of input power above 0.33 W is useless regarding conversion of mesityl oxide into formic acid.
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Figure 9. Contributions of CO, CO2 and acetone to the carbon balance, calculated after successive plasma treatment and thermal treatment. Data are displayed for various plasma input powers. Reprinted from Ref. [47], with permission from Elsevier. 
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4.4. Relative Humidity


During real-time operation, humidity is permanently present in air, which will impact both the adsorption mechanism and regeneration process unless hydrophobic sorbents are used. Fan et al. have studied the removal of low concentrated benzene stored on 0.8% Ag/HZSM-5 catalyst under various humidity conditions (dry air and RH = 20%, 50% and 80%) [42]. Figure 10 shows that the oxidation rate slightly decreases up to 50% RH compared to dry air. However, CO2 selectivity and carbon balance reached almost 100% in all cases. The plausible explanation of this weak effect of humidity on oxidation rate is the hydrophobic property of high-silica zeolite. Therefore, this result should be limited only to hydrophobic surfaces; moreover, no RH was introduced during the plasma-assisted regeneration process. The presence of humidity can influence the electrical and physical properties of the discharge as well as the plasma chemistry. For instance, the RH can affect the input power and change the nature and amounts of reactive plasma species, which will have an influence on the VOC oxidation pathway.
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Figure 10. Effect of relative humidity (RH) on plasma catalytic oxidation of stored benzene over 0.8 wt.% Ag/HZ catalysts to CO2 (storage stage: 4.7 ppm benzene, 0%–80% RH (25 °C), 600 mL/min flow rate of simulated air, t1 = 1 h; discharge stage with 60 mL/min O2, P = 4.7 W. Reprinted from Ref. [42], with permission from Elsevier. 
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To assess the impact of RH on both the adsorption modes and the surface plasma regeneration efficiency, Sivachandiran et al. have investigated the removal of IPA with a packed bed reactor coated with TiO2 under various RH conditions [35]. Increased RH favored IPA mineralization and diminished acetone formation. With increasing RH from 0% to 65%, the carbon balance enhanced from 36% to 91%, clearly proving that moisture has a positive influence on the plasma surface regeneration efficiency. The authors suggest that dissociative electron impact with H2O produces OH radicals, which are chemisorbed on TiO2 leading to re-hydroxylation of the pre-treated TiO2 surface. Eventually, adsorbed IPA will be replaced by hydroxyl groups and desorb. Generally, the oxidation power of OH radicals is much stronger than other oxidants such as oxygen atoms and peroxyl radicals. Increased RH favors production of OH radicals and the subsequent oxidation of VOCs leading to high mineralization rate. In comparison to dry-air experiments, almost 80% acetone production was reduced in the presence of only 10% air RH. Low surface coverage of TiO2 by H2O molecules allows the adsorption of the deprotonated CH3–CHO*–CH3 species onto the TiO2 surface [35]. Indeed, in case of humid air, the most common oxidation pathway for VOC removal with NTP is the H-atom abstraction by OH radicals. [78]. Since large amounts of OH radicals are produced by the discharge in the surface vicinity, it improves the dehydrogenation of IPA hydroxyl groups leading to the formation of acetone [35]. However, above 25% RH, formation of a water multilayer onto the TiO2 surface impeded the dissociative adsorption of IPA onto the TiO2 surface obstructing acetone formation.




4.5. O2 Content/O2 Partial Pressure


Similar to air RH, the discharge properties and VOC abatement process are sensitive to oxygen content. The presence of oxygen in the discharge generally increases the amount of O radicals leading to a high removal efficiency. However, owing to its electronegative character, oxygen limits the electron density and also reduces the formation of other reactive species e.g., N2 and N2*, which are beneficial for VOC abatement [79,80,81]. Saulich et al. have used a mineral adsorbent packed DBD reactor to see the effect of O2 on the plasma decomposition process of adsorbed HCHO [48]. Addition of 10% O2 to N2 increased both the formaldehyde decomposition efficiency and the mineralization rate compared to pure N2. Kim et al. have demonstrated the effect of oxygen content on benzene decomposition using a plasma-catalyst reactor (5% Cu/MOR) [82]. Figure 11 clearly shows that when the plasma is turned on after the adsorption mode, benzene concentration decreases and CO and CO2 formation simultaneously increases with increasing O2 percentage. Several catalysts (TiO2, ɣ-Al2O3, zeolites) loaded with nanoparticles of active metals (Ag, Cu, Zr) or noble metals (Pt, Pd) have also been investigated under various oxygen partial pressures for toluene and benzene abatement [29]. The increase of O2 content enhanced both the decomposition efficiency (~30%–100%) and the CO2 selectivity regardless of the catalyst type [29]. Operating the regeneration mode at high O2 content leads to complete oxidation of VOCs without CO, aerosol and NxOy formation and complete decomposition of VOCs to CO2 is achieved with the CSD system under O2 plasma in most literature so far.





[image: Catalysts 05 00718 g011 1024] 





Figure 11. Effect of oxygen content on the volatile organic compounds (VOC) decomposition using a plasma-catalyst reactor (5 wt.% Cu/MOR). Applied voltage and frequency were kept constant at 16 kV and 300 Hz, respectively. Temperature was 100 °C. Space velocity was 33,000/h. Reprinted from Ref. [82], with permission from Elsevier. 
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4.6 Number of Cycles


Potential irreversible ageing of adsorbent may occur during the regeneration process, which governs the life of an adsorbent. After multiple regeneration cycles, the adsorbent may not fully recover its initial properties, such as the specific surface area or adsorption capacity [83]. Adsorption capacity may decrease due to surface modification by particle agglomerations or polymerization on the catalyst surface, which results in blocking active sites during the regeneration step. Keeping this in mind, researchers should also inspect the effect after the repeatability test of this sequential treatment. For instance, Kuroki et al. performed a repeatability test of adsorption and plasma desorption and reported that toluene was almost completely adsorbed over honeycomb zeolites in each adsorption process [84]. Having 75% regeneration efficiency, both desorption and regeneration efficiencies do not deteriorate for 10 repetitions of the adsorption/desorption processes (Figure 12). Similarly, seven repetitive adsorption-discharge cycles were performed for HCHO abatement from mineral adsorbent by Saulich et al. [48]. Adsorption capacity and regeneration efficiency were found to be more or less the same in each cycle [48]. The stability of AgCu/HZ catalyst during five consecutive storage-discharge cycles was also examined by D. Zhao et al. [39]. HCHO storage capacity was almost constant, and CO2 selectivity and carbon mass balance were maintained at ~100%.
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Figure 12. Desorption and regeneration efficiencies denoted by ηd and ηr, respectively, as a function of repetitive operation. Reprinted from Ref. [84], with permission from Elsevier. 
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5. Conclusions


From the review above, it can be concluded that sequential treatment has attracted growing interest among researchers and has proven to be an effective method for VOC abatement as well as for regeneration of saturated adsorbents. However, choosing an appropriate catalyst to achieve the best performance is still a challenge since it has to combine high adsorption capacity with high catalytic activity for oxidation of adsorbed VOCs. For instance, hard-to-adsorb VOC molecules are not appropriate for adsorption processes [61]. The key factor for the abatement of this kind of compounds is either to choose appropriate catalyst materials with a large adsorption capacity or to remove them through continuous treatment.



Although the review of experimental results of cyclic VOC adsorption and plasma-assisted regeneration shows substantial progress, many questions still remain unanswered regarding the impact of process parameters and VOCs degradation mechanisms. In this regard, direct in-situ surface monitoring of the catalyst/adsorbent will be crucial to elucidate these important issues. Furthermore, modeling and simulation studies would also contribute to the understanding of the various underlying plasma-catalytic effects.



The research on sequential plasma-catalysis coupling for VOC abatement has mostly been performed on the laboratory scale. Up to now, only a few studies on pilot scales with gas circulation have been reported [59]. To achieve an economically feasible VOC removal process without gas circulation, cyclic operation of VOC adsorption and catalyst regeneration has been proposed by researchers. In this regard, future work should focus on the feasibility and optimization of the duration of the sequential intervals. Finally, to realize industrial implementation of this energy effective method for VOC abatement scalability studies will also need to be carried out in the near future.
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