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Abstract. A dielectric barrier discharge reactor packed with both Hopcalite & glass beads has been 

investigated for the total oxidation of toluene adsorbed on Hopcalite. The catalytic activity and 

selectivity through the possible formation of by-products during the NTP discharge for the abatement 

of irreversibly adsorbed toluene have been investigated by FT-IR and mass spectrometer. The 

regeneration of the used Hopcalite by NTP discharge has been established by (i) determining the amount 

of toluene adsorbed on NTP regenerated Hopcalite, (ii) investigating the catalytic activity of NTP 

regenerated Hopcalite and (iii) comparing the bulk and surface properties of the fresh calcined and NTP 

regenerated Hopcalite. The ratio of amount of irreversibly adsorbed toluene to that of the total amount 

of adsorbed toluene adsorbed is similar for the fresh calcined and NTP (I) regenerated Hopcalite. The 

catalytic activity of the NTP (I) regenerated Hopcalite is slightly enhanced when compared to that of 

the fresh calcined Hopcalite. Although the first NTP treatment induces partial transformation of 

Hopcalite into Mn3O4 with no detected related CuOx and reduces specific surface area by a factor of 2, 

the toluene adsorption capacity remains less affected. A plausible reaction scheme for toluene 

decomposition in Hopcalite PBDBD reactor is proposed. 
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1. Introduction 

Volatile organic compounds (VOCs) are one of the major sources of indoor air pollution [1] 

and considered to be one of the main causes of sick building syndrome [2] with symptoms 

including eye irritation, sore throat and headaches. Among the various VOCs, toluene is 

believed to be widely present in indoor and outdoor air [3] due its application as solvents. 

Aromatic hydrocarbons including toluene play an important role in the formation of ground 

level ozone, aerosols and smog [4]. Due to its effects on human health and environment, their 

elimination from the atmosphere is of prime importance and numerous works have been carried 

out for the efficient removal of VOCs. Various technologies such as adsorption [5–7], thermal, 

catalytic [8,9] and photocatalytic oxidation [10], non-thermal plasma (NTP) [11], biological 

methods (biofiltration, bioscrubbers, etc.,) [12,13] etc., have been extensively investigated for 

the removal of VOCs from air.  

In the last two decades, NTP has been proven to be a useful technique for simultaneous 

removal of different VOCs of low concentration at ambient conditions [14–16]. But the main 

drawbacks of VOCs removal by NTP such as low energy efficiency and formation of unwanted 

by-products such as ozone, nitrogen oxides and other toxic organic compounds [17] hinder the 

commercialization of this technique. As an alternative technique, researchers have shown that 

plasma catalysis (the combination of NTP and catalysts) enhances the VOC removal efficiency 

and reduces the formation of unwanted by-products [18]. The catalysts can be placed either in 



NTP discharge region (in plasma catalysis, IPC) or placed in the downstream of the NTP 

discharge (post plasma catalysis, PPC). Recently several catalysts such as individual and binary 

metal oxides [19,20], metal loaded on supports [21,22] and supported metal oxides [23,24] have 

been investigated for the plasma catalytic removal of toluene from air.      

Even though, plasma catalysis has been proven to be more efficient than the individual 

techniques such as NTP and catalytic oxidation, the plasma discharge is continuously operating 

which results in higher energy consumption [25]. Recently, an alternative approach of 

adsorption plasma catalysis (APC), also known as cycled ‘storage-discharge’ (CSD) has been 

proposed and investigated to mitigate the energy cost of the process [26,27]. This technique 

involves two steps as follows: (i) first, VOC in low concentration is trapped/adsorbed on the 

adsorbent and (ii) then, the trapped/adsorbed VOC is oxidized by NTP discharge. For this 

approach of adsorption plasma catalysis, one of the key factors is to find a suitable dual 

functional material which has the following properties: (i) high capability of adsorption which 

reduces the energy cost (EC) of the APC process [28], a higher ratio of adsorption time (t1) to 

the NTP discharge time (t2) means lower energy cost !𝐸𝐶$%& =
%()*+,-./012

3414
5, (ii) ability for the 

total oxidation of the adsorbed VOC to avoid the formation of unwanted toxic by-products, (iii) 

stability of the catalyst in the NTP discharge and (iv) ability to be regenerated by the NTP 

discharge, to avoid the extra step of calcination to regenerate the catalyst [29]. Dhal et al [30] 

proposed that the regeneration of Hopcalite can be carried out by washing, drying and/or 



calcination depending on the deactivation mechanism. For example, coke removal from 

Hopcalite is effective by heating the catalyst to 550 ˚C. Xu et al reported that the approach of 

APC slightly improved the toluene conversion efficiency and significantly improved the carbon 

balance when compared to the convention plasma catalysis [21]. Fan et al reported the complete 

oxidation of benzene adsorbed on Ag/HZSM-5 by an APC approach with an energy cost as low 

as 3.7×10-3 kWhm-3 [31]. Sivachandran et al reported that the energy required to remove the 

same amount of isopropyl alcohol by an APC technique is 14.5 times lesser than that of the 

continuous discharge method [32]. Zhao et al investigated the different metal loaded HZSM-5 

catalysts for the removal of formaldehyde by APC and reported that AgCu/HZSM-5 exhibited 

excellent humidity tolerance, low energy cost and almost no formation of secondary by-

products [28]. The above-mentioned works demonstrated the stability of the catalysts in NTP 

discharges by comparing the amount of VOCs adsorbed and the catalytic activity during NTP 

discharge for used and fresh catalysts. However, the surface and bulk properties of the catalysts 

can change after exposure to NTP discharge. Very recently, the effect of NTP plasma on the 

oxidation state and morphology of metal oxide catalysts has been reported. Ansari et al 

discussed the changes in SBET, surface morphology and surface oxidation state of ZnO/α-Fe2O3 

catalyst. They also observed that there is no change in crystallinity after exposure to air plasma 

[33]. Thus, it is important to gain more insight about the stability of catalysts in a NTP discharge.   

In this work, Hopcalite (Purelyst MD101), a commercial Cu-Mn oxide based mixed oxide 



catalyst is used for the adsorption plasma catalytic removal of toluene. Hopcalite is one of the 

traditional catalysts mainly used in devices for respiratory protection due to its good CO 

oxidation ability [34]. Different works have shown that Cu-Mn based oxides including 

commercial Hopcalite can be efficient catalysts in the oxidation of toluene at moderate 

temperatures [35]. Li et al showed that the Cu-Mn mixed oxide catalyst is efficient for the 

catalytic oxidation of toluene [36]. Hopcalite has been used at elevated temperature for the 

oxidation of different VOCs [36,37], but it has low catalytic activity at ambient temperature 

[38]. On the other hand, plasma catalysis has been proven to show synergic effects at lower 

catalyst temperature and specific input energy of NTP discharge [39]. In terms of regeneration, 

Vepřek et al used the plasma oxidation on the deactivated Hopcalite in order to establish Cu2+ 

at the catalyst surface at low temperature [40].  

This work investigates the approach of adsorption plasma catalysis for the oxidation of 

toluene adsorbed on calcined Hopcalite at room temperature in a Hopcalite/glass beads packed 

bed dielectric barrier discharge (PBDBD) reactor. In addition to the oxidation of adsorbed 

toluene, this work also studies the regeneration of used Hopcalite after APC by NTP discharge 

by (i) adsorbing toluene from dry air on NTP regenerated Hopcalite, (ii) comparing the 

formation of by-products and catalytic activity during NTP discharge while using the fresh 

calcined and NTP regenerated Hopcalite and (iii) investigating and comparing the surface and 

bulk properties of fresh and NTP regenerated Hopcalite. The catalytic activity of different 



catalysts and the formation of by-products during the NTP discharge for the oxidation of 

adsorbed toluene are investigated using a Fourier-transform infrared (FTIR) spectrometer and 

a mass spectrometer. The stability of the catalysts in the NTP discharge is investigated by 

studying the surface and bulk properties of the catalysts using powder X-ray diffraction (XRD), 

scanning electron microscopy (SEM), nitrogen adsorption-desorption isotherms and X-ray 

photoelectron spectroscopy (XPS). The correlation between the physicochemical properties of 

the catalysts and their activity during adsorption plasma catalysis for the oxidation of adsorbed 

toluene has been established. A plausible reaction scheme for the decomposition of toluene in 

Hopcalite PBDBD reactor has been proposed. 

2. Experimental 

2.1 Experimental set-up 

A general schematic of the experimental set-up used in this work is shown in Fig. S1. The 

set-up consists of three main parts (i) flue gas preparation; (ii) adsorption and/or non-thermal 

plasma reactor and (iii) gas analysis instrumentation. The initial concentration of toluene 

(Toluol ≥ 99.5 %, Carl Roth) in dry air (Alphagaz 1, Air Liquide) and the total gas flow rate are 

maintained at 500 ± 10 ppm and 0.2 L/min, respectively using a bubbler and a mass flow 

controller (MFC, El-flow®, Bronkhorst). The relative humidity and the inlet temperature of the 

flue gas during the experiment were 3 % and 25˚C, respectively.  



  

Fig. 1 Cross sectional view of Hopcalite & glass beads packed bed dielectric barrier discharge (PBDBD) reactor 

The schematic of the PBDBD reactor which is used as adsorption and NTP reactor is shown 

in Fig. 1. The dimensions of the DBD reactor are described in detail elsewhere [41]. The 

discharge gap is filled with 2 g of commercial Hopcalite (PureSphere) with particle sizes in the 

range of 200-300 µm and borosilicate glass beads (Sigma-Aldrich) of 3 mm diameter on both 

the sides of Hopcalite as shown in Fig. 1. The PBDBD plasma reactor was ignited with an AC-

power supply of 50 kHz frequency. The power injected in the plasma reactor is calculated by 

integrating the instantaneous voltage and current waveform averaged over four cycles. The 

calculation of the average power injected in the plasma reactor is explained in detail elsewhere 

[41].  

The flue gas composition during different stages of the experiment such as adsorption, 

desorption by air and desorption by NTP discharge is investigated in-line with a FTIR 

spectrometer (Bruker, Tensor 27) and a quadrupole mass spectrometer (Hiden Analytical, 

HPR20 QIC R&D). The FTIR is equipped with a DTGS (deuterated triglycine sulfate) detector 

and a gas cell with a 20 cm optical path length fitted with ZnSe windows. After reaching steady 

state conditions, the FTIR spectra averaged over 20 different samples are obtained with a 



resolution of 4 cm−1 and an aperture of 6 mm. OPUS (Bruker) software is used to collect and 

analyze the obtained spectra. The concentrations of toluene and products such as CO and CO2 

were measured quantitatively after calibration using standard gas mixtures; whereas the other 

by-products such as NO, NO2, N2O and O3 were analyzed qualitatively. The peak positions used 

for the identification of by-products and the wavenumber range used for the integration of area 

under the peak for the qualitative and quantitative comparison are given in the Table S1. The 

mass spectrometer is equipped with a dual Faraday (1-44 u) and electron multiplier detector 

(SEM, 45-150 u). MASoft PC (Hiden Analytical) software is used for collecting and analyzing 

data. The peaks are represented as bar lines over the corresponding mass (u). The measurements 

were also made in MID (multiple ion detection) mode for toluene (91 u, SEM detector), CO2 

(44 u, Faraday detector) and benzene (78 u, SEM detector), which allows the collection of data 

as function of time for the preselected mass. 

2.2 Adsorption-plasma catalysis 

The schematic flow chart of the experimental steps of adsorption plasma catalysis for the 

abatement of toluene is shown in Fig. 2. The three steps involved in every cycle of the 

experimental flow are as follows: (i) adsorption of toluene from dry air on Hopcalite to quantify 

the adsorption capacity of Hopcalite, (ii) desorption by dry air to remove the reversibly 

adsorbed toluene and (iii) NTP discharge for total oxidation of adsorbed toluene and 



regeneration of used Hopcalite (also mentioned as NTP regenerated Hopcalite). Just before the 

first cycle, Hopcalite is calcined to remove the adsorbed carbonaceous compounds and moisture.  

In this work, first, Hopcalite is packed in the DBD reactor as shown in the Fig. 1 after 

calcination at 300˚C for 4 hours in 0.2 L/min of dry air. Then, the dry air (0.2 L/min) containing 

toluene (500 ± 10 ppm) is introduced in PBDBD reactor until the toluene the toluene 

concentration is nearly stable in the outlet. Then, dry air (0.2 L/min) is flushed through the 

reactor to remove the reversibly adsorbed toluene. Finally, Hopcalite with irreversibly adsorbed 

toluene is exposed to a dry air (0.2 L/min) NTP discharge (44 W). Then, the same sequence of 

steps except calcination such as adsorption, desorption by air and desorption by plasma are 

carried out on the NTP regenerated Hopcalite. The experimental parameters used during 

different steps of adsorption plasma catalysis such as calcination, adsorption, desorption by air 

and NTP discharge are summarized in Table. 1. 

 

 

 

 

 

 

                                                               



 

 

 

 

  

Fig. 2 Flow chart of experiment (one cycle) for adsorption plasma catalysis for abatement of toluene using PBDBD 

reactor 

The total amount of toluene adsorbed on Hopcalite (in mmol/g) is calculated from the 

breakthrough curve by integrating the area, as follows: 

[𝑇𝑜𝑙𝑢𝑒𝑛𝑒]1?1@A	@CD?EFGC(𝑚𝑜𝑙/𝑔) = ∫
&(NNO)	P4!

Q
R)S5C14(OTU)

VW.W! Q
RYZ5	O([)

1
\ × 10`a              (1) 

where C is the difference between the inlet and outlet concentration of toluene, f1 is the total 

flow rate during adsorption, m is the mass of Hopcalite packed in PBDBD reactor and t1 is the 

total adsorption time. The amount of toluene desorbed by dry air flushing (reversibly adsorbed 

toluene) and NTP discharge (unconverted irreversibly adsorbed toluene) is also calculated using 

equation (1) from the desorption curves. 

Adsorption of 
toluene in dry air 

on Hopcalite

Desorption by dry 
air (to remove 

reversibly adsorbed 
toluene)

NTP discharge
- to oxidize irrversible 
adsorbed toluene
- to regenerate Hopcalite

Calcination of Hopcalite 



[𝑇𝑜𝑙𝑢𝑒𝑛𝑒]TEEGbGEDTFAc	@CD?EFGC = [𝑇𝑜𝑙𝑢𝑒𝑛𝑒]dUe?UbGE1GC + [𝑇𝑜𝑙𝑢𝑒𝑛𝑒]e?UbGE1GC       (2)   

     Thus, the difference between the ‘total amount of toluene adsorbed’ on Hopcalite and the 

toluene desorbed by dry air flushing (reversibly adsorbed toluene) gives the amount of 

‘irreversibly adsorbed toluene’. The difference between the amount of ‘irreversibly adsorbed 

toluene’ and the toluene desorbed by NTP discharge, i.e. unconverted toluene gives the amount 

of ‘toluene converted during NTP discharge’ (equation (2)). 

The energy cost for remedying 1 m3 of polluted air (EC, kW.hm-3) and energy yield (EY, 

g/kWh) which is a measure of energy efficiency of the adsorption plasma catalysis process is 

calculated using the following equations: 

𝐸𝐶(𝑘𝑊. ℎ𝑚`j) = %(kl)×12(OTU)
34(Om n⁄ )×14(OTU)

                                          (3) 

𝐸𝑌(𝑔 𝑘𝑊ℎ⁄ ) = [q?AdGUG]rYr-Z	-(*Y.s0((O?A)×tV.uW([ O?A⁄ )×a\
%(kl)×12(OTU)

                       (4) 

 where P is the discharge power, t1 and t2 are the adsorption and discharge time respectively, 

F1 is the total flow rate during adsorption. 

The CO2 yield is defined as the ratio between the total amount of CO2 formed and the the 

theoretical amount of CO2 produced from the amount of toluene irreversibly adsorbed on 

Hopcalite (𝐶v𝐻x∗ + 18𝑂∗ → 7𝐶𝑂V + 4𝐻V𝑂). The CO2 selectivity is a parameter which reflects 

the percentage of converted toluene that has been converted to CO2. The CO2 yield and CO2 

selectivity are calculated as following formula :  

𝐶𝑂VcTGAC(%) =
[&�2]�Y.R0(

v×[q?AdGUG])..0�.*)sZ�	-(*Y.s0(
× 100                             (5) 



𝐶𝑂VDGAGe1TbT1c(%) =
[&�2]�Y.R0(

v×[q?AdGUG]+YS�0.r0(
× 100                                (6)   

where [𝑇𝑜𝑙𝑢𝑒𝑛𝑒]e?UbGE1GC  is the amount of toluene irreversible adsorbed on Hopcalite 

converted by NTP discharge and [𝐶𝑂V]P?EOGC is the amount of CO2 formed during the NTP 

discharge. 

Table 1 Experimental parameters used for adsorption plasma catalysis for abatement of toluene using Hopcalite  

& glass beads PBDBD reactor 

Calcination 

Gas  Dry air 

Flow rate 0.2 L/min 

Temperature 300˚C for 4 hours 

Heating rate 1˚C/min 

Adsorption 

Gas  Dry air 

Flow rate 0.2 L/min 

Toluene concentration 500 ± 10 ppm 

Desorption by air 

Gas  Dry air 

Flow rate 0.2 L/min 

NTP discharge (for oxidation and regeneration) 



Gas  Dry air 

Flow rate  0.2 L/min 

Applied power 44  

The catalysts are labelled as fresh calcined Hopcalite, NTP (I) regenerated Hopcalite (after 

one cycle of adsorption-plasma catalysis) and NTP (II) regenerated Hopcalite (after two cycles 

of adsorption-plasma catalysis). 

2.3 Catalyst characterization 

Powder X-ray diffraction (PXRD) patterns of Hopcalite were collected using Thermo 

Scientific (ARL X'Tra) diffractometer, operated at 40 kV, 30 mA using Cu-Kα radiation 

(λ = 1.5406 Å). The surface morphology of Hopcalite was imaged using a JEOL (JSM-6010 

PLUS/LV) SEM. SEM images were acquired with an accelerating voltage, working distance 

and spot size of 7 kV, 11 and 30 mm, respectively after coating the samples with a thin layer of 

gold using a sputter coater (JFC-1300 autofine coater, JEOL). Nitrogen adsorption-desorption 

measurements were carried out at the temperature of liquid nitrogen (-196.0 ˚C) using a 

Micromeritics Tristar II 3020. Hopcalite samples were degassed at 120 °C overnight prior to 

measurement. The specific surface area and pore volume were determined using the Brunauer-

Emmett-Teller (BET) method. The total pore volumes and pore sizes were calculated using the 

Broekhoff-de Boer method with the Frenkel-Halsey-Hill modification. The survey spectra and 

the detailed C 1s, O 1s, Mn 3s, Mn 2p and Cu 2p spectra of different Hopcalite samples were 



obtained using XPS analysis, in particular with a PHI Versaprobe II spectrometer equipped with 

a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The pass energies used for acquiring 

the survey and individual high resolution XPS spectra were 187.85 eV and 23.5 eV, respectively. 

The atomic elemental composition was calculated from XPS survey spectra using Multipak 

software. The adventitious carbon at 285 eV was used as internal standard and an iterated 

Shirley background was used to obtain the elemental composition.  

3. Results and Discussion 

3.1 Adsorption of toluene on Hopcalite 

The breakthrough curve of toluene on fresh calcined Hopcalite surface and following dry 

air flushing is shown in Fig. 3. Quantification of this process indicates that the total adsorption 

capacity of Hopcalite is 0.25 mmol/g. The amount of toluene desorbed by air (reversibly 

adsorbed toluene) which is quantified from the desorption curve is 0.05 mmol/g, resulting in 

0.20 mmol/g of toluene irreversibly adsorbed on fresh calcined Hopcalite surface.  

 



 

Fig. 3 Adsorption of toluene in dry air (initial concentration = 500 ppm; total flow rate = 0.2 L/min) and desorption 

of reversibly adsorbed toluene (total flow rate = 0.2 L/min) in fresh calcined Hopcalite & glass beads packed bed 

DBD reactor 

3.2 Abatement of toluene adsorbed on Hopcalite 

As shown in Fig. 4, during the first few minutes of the NTP discharge, a significant amount 

of toluene was desorbed along with the formation of CO2. About 30 % of irreversibly adsorbed 

toluene was desorbed by the NTP discharge but not converted. The remaining 0.14 mmol/g of 

toluene irreversibly adsorbed on Hopcalite is converted to other by-products during the NTP 

discharge. The total amount of CO2 formed during the NTP discharge was 0.84 mmol/g 

(quantified from the Fig. 4) which corresponds to a CO2 selectivity of 86 % 

The FT-IR spectra of outlet gas from the PBDBD reactor during the NTP discharge at three 

different times (2, 15 and 30 minutes) are shown in the Fig. 5. The main products which were 

formed during the NTP regeneration of toluene saturated Hopcalite are CO2 and H2O. There 

was no formation of CO as Hopcalite is proven to be the best catalyst for the oxidation of CO 
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[34]. The mass spectra obtained in bar mode during the first two minutes of the NTP discharge 

are shown in Fig. S2 (a) and Fig. S2 (b) and they are measured using Faraday and SEM detector, 

respectively. From the mass spectrum, it is observed that there is formation of CO2 (mass = 44 

u, Fig. S2 (a)) and desorption of toluene (mass = 91, 92, 65, 63, 62, 51, 50 u, Fig. S2 (b)). The 

temporal evolution of partial pressure of mass corresponding to toluene (mass = 91 u), benzene 

(mass = 78 u) and CO2 (mass = 44 u) measured in MID mode are shown in the Fig. S3. The 

temporal evolution of partial pressure corresponding to toluene and CO2 measured by mass 

spectrometer are in good agreement with that of the FTIR. The partial pressure corresponding 

to benzene (mass = 78 u) which is one order of magnitude lower than that of toluene suggests 

that the main carbon containing product formed during the decomposition of irreversibly 

adsorbed toluene is CO2. 

The carbon balance plays an important role in determining the formation of the 

carbonaceous deposits or polymeric oil-like compounds, if any, on the catalysts, glass beads 

and in the inter wall of the reactor. The carbon balance of this process was determined by 

considering the amount of toluene adsorbed (0.25 mmol/g) on fresh calcined Hopcalite as 

100 % and it is shown in Fig. 6. During the desorption by flushing the dry air, 20 % of carbon 

has been desorbed as toluene. During the NTP discharge of 60 minutes, there was a desorption 

of a significant amount of toluene and formation of CO2 which corresponds to 24 % and 48 % 

respectively. Using FT-IR and mass spectrometry, it can be concluded that there was no other 



carbon containing gaseous by-products were detected and thus resulting in the missing carbon 

mass balance of 8 % which can be attributed to carbon deposited on the inner wall and packing 

glass beads of the PBDBD reactor, which was not visually observed.   

Ozone was not detected in the outlet of the PBDBD reactor although NTP reactors produce 

ozone [41]. After 8 minutes of the NTP discharge, there was formation of N2O (Fig. 5 (b)). As 

the absolute quantification of N2O was not possible in this work, the temporal evolution of the 

integration area under the peak corresponding to the N2O bands (2259 – 2223 cm-1) is presented 

in Fig. 7 (a). In addition, the formation of NO2 was observed in the last 15 minutes of the NTP 

discharge and the temporal evolution of the integration area under the peak corresponds to NO2 

(1641 – 1619 cm-1) is shown in Fig. 7 (b).  

 

Fig. 4 Temporal evolution of concentration of toluene desorbed by NTP discharge and CO2 formation during NTP 

discharge at the outlet of the packed bed DBD reactor measured by FTIR (dry air, total flow rate = 0.2 L/min, 

discharge power = 44 W)  
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Fig. 5 FT-IR spectra of the outlet gas during NTP discharge (a) at three different time (2, 15 and 30 minutes after 

NTP ignition) and (b) the zoom-in spectra to visualize bands corresponding to N2O after 30 minutes of NTP 

ignition in packed bed DBD reactor (dry air, total flow rate = 0.2 L/min, discharge power = 44 W)  
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Fig. 6 Carbon balance of the toluene saturated fresh calcined Hopcalite during one cycle of adsorption plasma 

catalysis for abatement of toluene using PBDBD reactor  

  

Fig. 7 Temporal evolution of the integration area under the peaks corresponding to different by-products such as 

(a) N2O and (b) NO2 obtained during NTP discharge  

3.3 Regeneration of Hopcalite by NTP 

As already mentioned, in addition to the total oxidation of toluene adsorbed on Hopcalite 
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The regeneration of used Hopcalite by NTP discharge can be determined by (i) adsorbing 

toluene on NTP regenerated Hopcalite and thus comparing the total amount of toluene adsorbed 

on fresh calcined and NTP regenerated Hopcalite, (ii) studying the oxidation ability of the NTP 

regenerated Hopcalite and comparing it’s carbon balance and CO2 selectivity to that of the fresh 

calcined Hopcalite during NTP discharge and (iii) investigating the surface and bulk properties 

of both the fresh calcined and NTP regenerated Hopcalite.   

3.3.1 Adsorption of toluene on NTP (I) regenerated Hopcalite  

The breakthrough curves of toluene on fresh calcined and the NTP (I) regenerated Hopcalite 

surface are shown in Fig. 8. The total amount of toluene adsorbed on NTP (I) regenerated 

Hopcalite is 0.22 mmol/g (quantified by using equation (1)) and this is similar to that of the 

total amount of toluene adsorbed on fresh calcined Hopcalite. The total amount of toluene 

adsorbed, the amount afterwards desorbed by dry air and the amount irreversibly adsorbed 

toluene on the fresh calcined and NTP (I) regenerated Hopcalite are shown in Table 2. As it can 

been seen, the ratio of the irreversibly adsorbed toluene to the total adsorbed toluene on the 

NTP (I) regenerated Hopcalite (0.82) is similar to that of fresh calcined Hopcalite (0.80), 

suggesting a good regeneration of the used Hopcalite by NTP discharge in terms of adsorption 

capacity. 



 

Fig. 8 Adsorption of toluene in dry air on fresh calcined and NTP (I) regenerated Hopcalite in Hopcalite & glass 

beads PBDBD reactor (initial concentration =500 ppm; total flow rate = 0.2 L/min) 

3.3.2 Oxidation ability of NTP (I) regenerated Hopcalite  

The temporal evolution of the toluene concentration desorbed by the NTP discharge and the 

formation of CO2 during the NTP discharge for both the fresh calcined and NTP (I) regenerated 

Hopcalite are shown in Fig. 9 (a) and Fig. 9 (b), respectively. These temporal profiles were 

integrated in order to get the amount of unconverted toluene desorbed by NTP and CO2 formed 

during the NTP discharge (using equation (1)) and the results are reported in Table 2. The 

amount of unconverted toluene desorbed by NTP discharge was 0.06 mmol/g for both the fresh 

calcined and NTP (I) regenerated Hopcalite. This results in 0.14 mmol/g and 0.12 mmol/g of 

converted toluene for fresh calcined and NTP (I) regenerated Hopcalite respectively. It has been 

mentioned in the previous section that the only carbon containing gaseous by-product detected 

by FTIR and mass spectrometer during the NTP discharge is CO2. The total amounts of CO2 
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formed during the NTP discharge are 0.84 mmol/g and 0.78 mmol/g for the fresh calcined and 

NTP (I) regenerated Hopcalite, respectively. The CO2 selectivity of this process using fresh 

calcined and NTP (I) regenerated Hopcalite are 86 % and 93 %, respectively. The higher CO2 

selectivity of NTP (I) regenerated Hopcalite despite the lower amount of CO2 produced while 

using NTP (I) regenerated Hopcalite when compared to that of the fresh calcined Hopcalite is 

explained partly by the lesser amount of toluene adsorbed on NTP (I) regenerated Hopcalite.  

  

Fig. 9 Temporal evolution of concentration of (a) NTP desorbed toluene and (b) CO2 formation during NTP 

discharge at the outlet of the packed bed DBD reactor for fresh calcined Hopcalite and NTP (I) regenerated 

Hopcalite (dry air, total flow rate = 0.2 L/min, discharge power = 44 W) 

Table 2 Amount of toluene adsorbed, desorbed by air and NTP discharge, CO2 formation during NTP discharge 

energy cost and energy yield for fresh calcined and NTP (I) regenerated Hopcalite in Hopcalite & glass beads 

PBDBD reactor 

Catalyst Fresh calcined  NTP (I) regenerated  
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Total adsorbed toluene (mmol/g)  0.25 0.22 

Toluene desorbed by air (mmol/g) 0.05 0.04 

Irreversibly adsorbed toluene (after air) 

(mmol/g) 

0.20 0.18 

Unconverted toluene desorbed by NTP discharge 

(mmol/g)  

0.06 0.06 

Converted toluene (during NTP discharge) 

(mmol/g) 

0.14 0.12 

CO2 formation (mmol/g) 0.84 0.78 

Energy cost (kWhm-3) 0.74 0.77 

Energy yield (g/kWh) 1.03 0.93 

The carbon balance of the process while using fresh calcined and NTP (I) regenerated 

Hopcalite is shown in Fig. 10. The carbon balance is calculated considering the amount of 

toluene irreversibly adsorbed on fresh calcined (0.20 mmol/g) and NTP (I) regenerated (0.18 

mmol/g) as 100 %. As shown in Fig. 10, the total amount of toluene desorbed by NTP discharge 

for NTP (I) regenerated Hopcalite (33 %) is higher than that of the fresh calcined Hopcalite 

(30 %). The amount of carbon that is irreversibly adsorbed on Hopcalite which is converted to 

CO2 (CO2 yield) is higher for the NTP (I) regenerated Hopcalite. Also, it is evident from Fig. 

10 that the amount of missing carbon while using NTP (I) regenerated Hopcalite is 



approximately two times less than that of the fresh calcined Hopcalite. Thus, less converted 

toluene, more CO2 yield and less missing carbon while using NTP (I) regenerated Hopcalite 

results in higher CO2 selectivity, suggesting that the oxidization ability of the NTP (I) 

regenerated Hopcalite is slightly better than that of the fresh calcined Hopcalite. The CO2 yield 

and CO2 selectivity during the NTP discharge for the oxidization of irreversibly adsorbed 

toluene calculated using equation (5) and equation (6), respectively are shown in Table 3.    

 

Fig. 10 Carbon balance for the adsorption plasma catalytic abatement of toluene adsorbed on fresh calcined and 

NTP (I) regenerated Hopcalite in Hopcalite & glass beads PBDBD reactor 
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Table 3 CO2 yield and CO2 selectivity during the NTP discharge using fresh calcined and NTP (I) regenerated 

Hopcalite 

Catalyst Fresh calcined 

Hopcalite 

NTP (I) regenerated 

Hopcalite 

(%) 

CO2 yield 60 62 

CO2 selectivity 86 93 

The regeneration of the activity (SCO2) of the used Hopcalite when compared to the fresh 

calcined by non-thermal plasma is comparable to the work reported in literature. Kireev et al 

[42] developed a procedure for the activation of the deactivated Hopcalite using CaO as a binder 

for the preparation of the extrudes followed by washing, drying and calcination. The activity of 

the reactivated catalyst for ozone decomposition was 0.81 to 0.85 when compared to the fresh 

catalyst (0.93) at 200 ˚C. 

3.3.3 Surface and bulk properties of fresh calcined and NTP regenerated Hopcalite 

 The surface and the bulk properties of fresh calcined and NTP regenerated Hopcalite such 

as crystallinity, surface morphology, specific surface area (SBET) and pore size and surface 

elemental composition, the oxidation state of metals and the relative amount oxygen species 

are measured and estimated by XRD, SEM, N2- adsorption desorption isotherms and XPS, 

respectively. Vepřek et al [40] investigated the deactivation of Hopcalite in detail and reported 



that the following changes in the catalytic properties are associated with the deactivation of 

Hopcalite: (i) segregation of K to the surface of Hopcalite, (ii) surface enrichment of Cu relative 

to Mn, (iii) formation of spinel phase and (iv) transformation of Cu2+ → Cu+ and Mn3+ →	Mn4+.	

The catalytic properties of fresh calcined and NTP regenerated Hopcalite are thus compared to 

establish the effect of the NTP discharge on Hopcalite. In order to understand the relationship 

between the properties of Hopcalite and their performance during toluene adsorption (total, 

reversible and irreversible) and NTP oxidation of irreversible adsorbed toluene, the surface and 

bulk properties are measured on fresh calcined Hopcalite, NTP (I) regenerated Hopcalite and 

NTP (II) regenerated Hopcalite.  

The X-ray diffraction patterns of the fresh calcined, NTP (I) regenerated and NTP (II) 

regenerated Hopcalite are shown in Fig. 11. The XRD pattern of the fresh calcined Hopcalite is 

characteristics of an amorphous material. New diffraction peaks have been detected in the XRD 

pattern of the NTP (I) regenerated Hopcalite located at 36.2˚, 32.2˚ and 29.1˚ which match with 

those characteristics of the (211), (103) and (112) planes of tetragonal Mn3O4 (JCPDS 04-007-

1841). Such peaks are observed on the NTP (II) regenerated Hopcalite. Consequently, NTP 

discharge affects the structure and crystallinity of Hopcalite after the first cycle while the 

characteristics of the material do not significantly change after the second NTP treatment. 



 

Fig. 11 XRD patterns of fresh calcined, NTP (I) regenerated and NTP (II) regenerated Hopcalite  

The SEM images of the fresh and NTP (II) regenerated Hopcalite (Fig. S4) clearly show 

that there is no agglomeration or sintering occurring on the NTP regenerated Hopcalite in 

comparison to that of the fresh Hopcalite. The textural properties of the fresh calcined, NTP (I) 

regenerated and NTP (II) regenerated Hopcalite are listed in Table 4. The N2 adsorption-

desorption isotherms of fresh calcined and NTP (II) regenerated Hopcalite (Fig. S5) illustrate a 

type IV isotherm with a hysteresis loop in the relative pressure range (P/P0) of 0.45-1.00 and 

0.55-1.00 for fresh calcined and NTP (II) regenerated Hopcalite, respectively, indicating the 

mesoporosity of the material. The specific surface area and pore volume of fresh calcined and 

NTP (II) regenerated Hopcalite are 215 m2/g and 94 m2/g, respectively and 0.36 cm3/g and 0.18 

cm3/g, respectively. The SBET and pore volume of the NTP (I) regenerated Hopcalite is 

approximately two times lower than that of the fresh calcined Hopcalite. On contrary, the total 

amount of toluene adsorbed per unit area of the NTP (I) regenerated Hopcalite is two times 
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higher than that of the fresh calcined Hopcalite which is calculated using the equation given 

below (Table 4), suggesting that the specific surface of Hopcalite is not main determining factor 

for toluene adsorption. Also, it is noted that the pore size is higher in the NTP regenerated 

Hopcalite when compared to the fresh calcined Hopcalite.  

𝑇𝑜𝑙𝑢𝑒𝑛𝑒	𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑	𝑝𝑒𝑟	𝑢𝑛𝑖𝑡	𝑎𝑟𝑒𝑎	 !�O?A
O2 5 =

q?1@A	@CD?EFGC	1?AdGUG	!RRYZ
/ 5

�����
R2
/ �

× 10j          (7) 

Table 4 Surface properties of fresh calcined and plasma regenerated Hopcalite 

 Fresh calcined 

Hopcalite 

NTP (I) regenerated 

Hopcalite  

NTP (II) regenerated 

Hopcalite  

BET surface area (m2/g) 215 99 94 

Pore size (Å) 61 72 69 

Pore volume (cm3/g) 0.36 0.19 0.18 

Total adsorbed toluene (mmol/g) 0.25 0.22 -- 

Amount of toluene adsorbed per unit area 

of Hopcalite (µmol/m2) 

1.16 2.21 -- 

The elemental composition of fresh calcined and NTP (II) regenerated Hopcalite obtained 

from the survey spectra (Fig. S6) of XPS is shown in Fig. 12 and Table S2. The atomic percent 

of Cu (0.3 % higher) and K (0.8 % higher) in NTP (II) regenerated Hopcalite are marginally 

higher than fresh calcined Hopcalite. This indicates that there is no relative surface enrichment 

of Cu and a slight surface segregation of K on NTP regenerated Hopcalite. There is no 



comparable difference in the atomic percent of Mn in fresh calcined and NTP (II) regenerated 

Hopcalite. The ratio Cu/Mn of the NTP (II) regenerated Hopcalite is only very marginally 

higher when compared to the fresh calcined Hopcalite, suggesting that there is no surface 

enrichment of Cu relative to Mn. The ratio K/Mn has increased from 0.09 (fresh calcined 

Hopcalite) to 0.12 (NTP (II) regenerated Hopcalite) and suggests that there is slight aggregation 

of K on the surface of Hopcalite after being exposed to a NTP discharge. The increase in the 

ratio of K/Mn is very small when compared to the data which has been already reported 

resulting in the deactivation of the Cu-Mn oxide based catalysts [43]. This is in agreement with 

the results obtained in this work that the catalytic activity Hopcalite is maintained after being 

exposed to the NTP discharge.  

 

Fig. 12 Surface elemental composition of fresh calcined and NTP (II) regenerated Hopcalite as analyzed from XPS 

survey spectra 
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The high-resolution detailed spectra of fresh calcined and NTP (II) regenerated Hopcalite 

are shown in the Fig. 13 and Fig. S7. The nature of oxygen atoms bound to metal in Hopcalite 

and their relative abundance plays an important role in its catalytic activity for hydrocarbon 

oxidation [44]. The O 1s detailed spectra of fresh calcined and NTP (II) regenerated Hopcalite 

are shown in Fig. 13 (a). The three kinds of oxygen species that are identified in these samples 

are lattice oxygen (Ol, 529.7 – 530.2 eV), adsorbed oxygen (Oa, 531.3 – 532 eV) and adsorbed 

water molecule (~533.4 eV). The adsorbed oxygen species are more mobile than the lattice 

oxygen and they play an important role in the oxidation of hydrocarbons at low temperature 

[45]. The peak position and abundance of the lattice oxygen, adsorbed oxygen and adsorbed 

water and the ratio of adsorbed oxygen to lattice oxygen (Oa/Ol) on fresh calcined and NTP (II) 

regenerated Hopcalite are listed in Table 5. The ratio of Oa/Ol for NTP (II) regenerated 

Hopcalite is higher than that of the fresh calcined Hopcalite. This explains the good catalytic 

activity and higher CO2 selectivity of NTP regenerated Hopcalite despite its reduced SBET .     

The oxidation state of Mn has been determined from the Mn 3s splitting originating from 

the exchange coupling between the 3s hole and the 3d electrons. It is already known from the 

literature that the splitting energy (𝛥E) for Mn4+, Mn3+ and Mn2+ are 4.5 eV, 5.5 eV and 6 eV, 

respectively [46]. The Mn 3s spectra of the fresh calcined and NTP (II) regenerated Hopcalite 

are shown in the Fig. 13 (b). The splitting energy of the fresh calcined and NTP (II) regenerated 

Hopcalite are 5.1 eV and 5.2 eV, respectively, suggesting that the oxidation state of Mn in 



Hopcalite is predominantly Mn3+ and there is no noticeable change in the oxidation state of Mn 

after NTP regeneration.  
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Fig. 13 XPS detailed spectra of (a) O 1s, (b) Mn 3s, (c) Mn 2p and (d) Cu 2p for fresh calcined and NTP (II) 

regenerated Hopcalite 
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Table 5 Abundance of oxygen species obtained from XPS detailed spectra 

 Ol Oa H2O Oa/Ol 

Peak position  

(eV) 

Atomic 

% 

Peak position  

(eV) 

Atomic 

% 

Peak position  

(eV) 

Atomic 

% 

 

Fresh 

calcined  

529.9 ± 0.1 68.0 531.5 ± 0.1 22.0 533.4 ± 0.3 10.0 0.32 

NTP (II) 

regenerated  

529.9 ± 0.1 61.1 531.6 ± 0.2 32.1 533.2 ± 0.3 6.8 0.53 

Table 6 Binding energies of Mn 2p and Cu 2p peaks obtained from XPS detailed spectra 

 Peak position (eV) 

Mn 2p3/2 Mn 2p1/2 Cu 2p3/2 

Fresh calcined Hopcalite 642.3 ± 0.1 653.4 ± 0.1 933.8 ± 0.1 

NTP (II) regenerated 

Hopcalite 

642.5 ± 0.1 653.5 ± 0.1 933.9 ± 0.1 

The peak position of Mn 2p3/2, Mn 2p1/2 and Cu 2p3/2 of the fresh and NTP (II) regenerated 

Hopcalite obtained from the high resolution XPS spectra are listed in the Table. 6. These peak 

positions remain the same suggesting that these species are not affected by the overall process 

or effectively regenerated by NTP discharge. The binding energy of Cu 2p3/2 (933.8 eV) shows 

the presence of copper (II) oxidation which is common for the binary copper manganese oxide. 



The presence of the shake-up peaks in Cu 2p spectra indicated that Cu2+ phase is present 

predominantly on the surface of the catalyst. Veprek et al reported that thermally deactivated 

Hopcalite (> 773 K) was regenerated by a low pressure (1.3 mbar) O2 glow discharge through 

Cu1+ to Cu2+ conversion; whereas, in this work, the used Hopcalite was regenerated by air NTP 

at atmospheric pressure. 

3.4. Reaction scheme of toluene oxidation in Hopcalite PBDBD 

During the NTP discharge, the proposed reaction pathway can be divided into two parts, (i) 

the part of toluene which is desorbed resulting in the reaction in gas phase and (ii) the toluene 

remained adsorbed results in the reaction at the catalyst surface. The former involves the direct 

degradation of desorbed toluene by electron collision followed by the reaction with other short 

life active species (such as N+, N2+, O+ and O2+). The latter involves the total oxidation of 

adsorbed toluene by Hopcalite which is often described by Mars and Van Krevelen (MVK) 

mechanism. A plausible degradation route for desorbed toluene in gas phase and adsorbed 

toluene on the catalyst surface is illustrated in Fig 14. Among the main decomposition gas phase 

by-products of toluene oxidation in glass beads DBD reactor (such as CO2, CO, N2O and ozone) 

which has been already reported [41], CO2 and N2O are present in Hopcalite/glass beads 

PBDBD. However, the oxidation of CO and decomposition of ozone in the presence of 

Hopcalite can be elucidated by MVK mechanism.   



 

Fig. 14 Plausible degradation route for desorbed toluene and adsorbed toluene in gas phase and on the catalyst 

surface, respectively.  

For the degradation of gas phase toluene which is desorbed from Hopcalite, the following 

energetic electron impact dissociations and radical impact dissociations form the reaction 

scheme [47–49]:   

𝐶a𝐻�. 𝐶𝐻j + 𝑒` → 𝐶a𝐻� + 𝐶𝐻j + 𝑒`                                       (8) 

𝐶a𝐻�. 𝐶𝐻j + 𝑒` → 𝐶a𝐻W. 𝐶𝐻j + 𝐻 + 𝑒`                                     (9) 

𝐶a𝐻�. 𝐶𝐻j + 𝑒` → 𝐶�𝐻a + 𝐶V𝐻V + 𝑒`                                      (10)  

𝐶a𝐻�. 𝐶𝐻j + 𝑒` → 𝐶j𝐻W + 𝐶W𝐻W + 𝑒`                                      (11) 

𝐶a𝐻�. 𝐶𝐻j + 𝑂�,𝑂V�, 𝑁,𝑁V� → 𝐶a𝐻�. 𝐶𝐻j + 𝑂,𝑂j,𝑁, 𝑁V                       (12) 

The reaction of the above formed intermediates and toluene with radicals such as O+, N+ 

and N2+ leads to the formation of CO2 and H2O. The formation of N2O involves the species 

produced by electron collisions on N2 and O2 following the reactions [50]: 



𝑁V∗ + 𝑂V → 𝑁V𝑂 + 𝑂∗                                                   (13) 

𝑁 + 𝑁𝑂V → 𝑁V𝑂 + 𝑂∗                                                  (14) 

 According to MVK mechanism, the adsorbed organic species are oxidized by the lattice 

oxygen and the gas phase oxygen re-oxidizes the oxygen vacancy [51,52]. Thus, the presence 

of metal couples with different oxidation state which can be easily oxidized and reduced in the 

reaction cycle is crucial [53]. Based on the XPS results, the presence of Mn3+ and Cu2+ in 

Hopcalite can result in solid state charge transfer redox system. 

𝐶𝑢V� +𝑀𝑛j� → 𝐶𝑢� +𝑀𝑛W�                                            (15) 

Oyama et al [54] reported that the ozone decomposition ability of the p-type oxide catalysts 

such as MnOx is higher than the n-type oxide catalysts. Thus, according to the equations (16)-

(18), ozone can be efficiently adsorbed decomposed by Lewis acid sites of manganese oxide in 

Hopcalite to form oxygen species. Liang et al [55] proposed that the oxidation of CO on MnO2 

nanorods could occur by the adsorption of gas phase CO on the active oxygen species of the 

catalyst. It has been reported that the CO yield of reactor used (<1 %) in dry air NTP discharge 

and this is a reasonable explanation for the oxidation of CO to CO2. According to MVK 

mechanism, it is reasonable to propose that the adsorbed toluene which are converted by NTP 

discharge and the intermediate products of toluene oxidation reacts with the lattice oxygen to 

form CO2 and H2O and creates oxygen vacancies. The presence of the redox couple in Hopcalite 

results in the continuous charge transfer and the reduced metal oxide is replenished by the active 



oxygen formed by the decomposition of ozone [56–58]. Thus, the reducibility of the metal oxide 

and replenishing of the oxygen vacancies are the rate determining step in the oxidation of 

toluene in Hopcalite packed bed DBD reactor. 

𝑂j +	∗	→ 𝑂V + 𝑂∗                                                     (16) 

𝑂j + 𝑂∗ → 𝑂V∗ + 𝑂V                                                     (17)      

𝑂V∗ → 𝑂V +∗                                                           (18)     

𝑂∗ + 𝐶𝑂 → 𝐶𝑂V +∗                                                     (19)            

18𝑂∗ + 𝐶v𝐻x∗ → 7𝐶𝑂V + 4𝐻V𝑂                                           (20)                                                                               

where * denotes the active sites on the surface of the catalyst. 

4. Conclusion 

A DBD reactor packed with Hopcalite and glass beads was investigated for the adsorption 

plasma catalysis for the oxidation of adsorbed toluene on Hopcalite and the regeneration of the 

used Hopcalite by NTP discharge. The main carbon containing gaseous product formed during 

the NTP discharge is CO2 where ~86 % of the abated toluene has been converted to this CO2 

using fresh calcined Hopcalite. The similar amount of irreversibly adsorbed toluene with 

respect to the total amount of adsorbed toluene on fresh calcined and NTP (I) regenerated 

Hopcalite suggests a good regeneration of Hopcalite by a NTP discharge. The carbon balance 

and CO2 selectivity during the NTP oxidation of irreversibly adsorbed toluene on NTP (I) 

regenerated Hopcalite proves that the catalytic activity of NTP regenerated Hopcalite is slightly 



better than that of the fresh calcined Hopcalite. This is mainly explained by the higher ratio of 

Oa/Ol for NTP regenerated Hopcalite when compared to the fresh calcined Hopcalite. The XRD 

spectra, elemental composition and oxidation state of metals demonstrate the regeneration of 

the used Hopcalite. The first NTP regeneration induces partial transformation of amorphous 

Hopcalite into Mn3O4 with no detected crystallized CuOx oxides and decreases SBET by a factor 

2; however, without significantly modifying the toluene adsorption capacity. Thus the structure 

of the Hopcalite is stabilized after the NTP (I) regeneration which is evident from the XRD 

patterns and SBET of NTP (I) and NTP (II) regenerated Hopcalite. 

Thus, three of the four main criteria for the selection of catalysts for adsorption plasma 

catalysis of VOCs such as good oxidation ability for the total oxidation of VOCs, stability of 

catalyst in NTP discharge and ability to be regenerated by NTP discharge are fulfilled by 

Hopcalite. However, further work has to be done to increase the proportion of converted toluene 

with respect to total adsorption capacity and thus to improve the overall efficiency of the process. 
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