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Abstract 29 

In this work, plasma-catalytic oxidation of low concentration ethyl acetate (100 ppm) over 30 

La1-xCexCoO3+δ (x=0, 0.05, 0.1, 0.3 and 0.5) perovskite catalysts was carried out in a coaxial 31 

dielectric barrier discharge (DBD) reactor. The effects of Ce-doping on the removal of ethyl 32 

acetate and COx selectivity in the plasma-catalytic oxidation process were investigated as a 33 

function of specific energy density (SED). Compared to the plasma reaction without a catalyst, 34 

the presence of the LaCoO3 catalyst in the plasma enhanced the removal of ethyl acetate and 35 

COx selectivity. The use of the Ce-doped catalysts further enhanced the performance of the 36 

plasma-catalytic oxidation process. The highest removal efficiency of ethyl acetate (100%) 37 

and COx selectivity (91.8%) were achieved in the plasma-catalytic oxidation of ethyl acetate 38 

over the La0.9Ce0.1CoO3+δ catalyst at a SED of 558 J.L-1. The interactions between Ce and 39 

LaCoO3 resulted in an increased specific surface area (by 17.1% to 62.9%) and a reduced 40 

crystallite size (by 13.5%-68.2%) of the Ce-doped LaCoO3 catalysts compared to pure 41 

LaCoO3, which favours the oxidation of ethyl acetate in the plasma process. Compared to the 42 

LaCoO3 catalyst, the Ce-doped perovskite catalysts showed higher content (maximum 54.9%) 43 

of surface adsorbed oxygen (Oads) and better reducibility, both of which significantly 44 

contributed to the enhanced oxidation of ethyl acetate and intermediates in the 45 

plasma-assisted surface reactions. The coupling of plasma with the Ce-doped catalysts also 46 

reduced the formation of by-products including NO2 and N2O. The possible reaction pathways 47 

involved in the plasma oxidation process have been discussed.  48 
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Highlights 52 

 Coupling plasma with Ce-doped catalysts enhanced plasma oxidation of ethyl acetate  53 

 La0.9Ce0.1CoO3+δ catalyst showed the highest removal efficiency and COx selectivity 54 

 Ce-doped catalysts generated more surface adsorbed oxygen species for oxidation 55 

 Combining plasma with Ce-doped catalysts reduced the formation of by-products  56 

 57 
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1. Introduction 66 

Ethyl acetate is an organic ester compound, commonly used as a solvent for cleaning 67 

electric circuit boards, paint removal and coating. Ethyl acetate easily evaporates, resulting in 68 

a large amount being released into the environment, which could cause health problems. 69 

Exposure to ethyl acetate even at low concentration may cause nausea, dizziness, irritation 70 

and even cancer. Currently, incineration and catalytic oxidation have been the most widely 71 

used technologies for the removal of ethyl acetate. However, these technologies are not 72 

cost-effective when dealing with the abatement of low concentration ethyl acetate contained 73 

in high volume waste gas streams due to the requirement of externally heating large volumes 74 

of gas. 75 

Non-thermal plasma (NTP) has been regarded as a promising and attractive alternative to 76 

conventional technologies for the removal of a range of low concentration volatile organic 77 

compounds (VOCs) in waste gas streams [1, 2]. Energetic electrons and highly reactive 78 

species including O, O3, N and N2 excited states could be generated in an air NTP even at 79 

room temperature, while these energetic species are capable of initiating a variety of chemical 80 

reactions, involving direct and indirect destruction of pollutants and intermediates. However, 81 

the main challenges in the use of NTP for gas clean-up are the formation of hazardous organic 82 

by-products and the relatively low energy efficiency of the plasma process [3, 4]. 83 

The combination of non-thermal plasma and heterogeneous catalysis has shown great 84 

potential to overcome the disadvantages of using NTP alone for gas clean-up and purification. 85 

The presence of the catalysts in the plasma could potentially extend the discharge region, 86 

offering extra adsorption and active sites for the oxidation of ethyl acetate and driving the 87 

reactions with reduced formation of undesirable by-products. This could consequently 88 

enhance the overall performance of the plasma-catalytic oxidation of ethyl acetate in terms of 89 

the removal efficiency of ethyl acetate, product selectivity and energy consumption [5, 6]. 90 

Perovskite-type oxide catalysts have been widely used in thermal catalytic reactions due 91 

to their comparative catalytic activity, high thermal stability and low cost. However, very 92 

limited perovskite-type catalysts have been explored and investigated in low temperature 93 



 

 

plasma-catalytic reactions for either gas cleaning or the synthesis of fuels and chemicals. Sun 94 

et al. reported that the removal efficiency of toluene was enhanced by ~25% in a 95 

La0.8Sr0.2CoO3 catalyst packed DBD reactor at an applied voltage of 21.5 kV compared to that 96 

achieved in the reaction using plasma-alone [7]. Dinh et al. also found that the removal of 97 

trichloroethylene was increased by over 15% when placing a LaMnO3 catalyst in a plasma 98 

reactor at a specific energy density (SED) of 300 JL-1, while the CO2 selectivity was slightly 99 

enhanced [3]. Pahm et al. reported that the reaction selectivity and carbon balance of plasma 100 

methane conversion was considerably enhanced when operating in the temperature range 101 

from room temperature to 400°C in the presence of a LaAlO3 catalyst [8]. 102 

Recent studies pointed out that partial substitution of A-site of the perovskite catalysts by 103 

cations with different oxidation states could result in the formation of structural defects in the 104 

catalysts, changing the redox properties of the catalysts and consequently enhancing the 105 

catalytic activity. The most popular substitutes for A-site are rare earth, alkali or alkaline earth 106 

metals including Sr, Ce, K, Ca and Ba, etc. [9-12]. Among these metals, cerium (Ce) has been 107 

widely used as a promoter for catalytic oxidation of VOCs due to its excellent oxygen storage 108 

capacity and redox properties between different valences. Previous works have demonstrated 109 

that the incorporation of Ce into various perovskite-type catalysts benefits the catalytic 110 

oxidation of a variety of pollutants including vinyl chloride [12], benzene [13], methane [14] 111 

and even soot [15]. However, the application of Ce-doped perovskite-type catalysts in 112 

plasma-induced oxidation of VOCs to enhance the reaction performance of the 113 

plasma-catalytic process has not been reported to the best of our knowledge. 114 

In this work, the effect of Ce-doped LaCoO3 catalysts on the plasma-catalytic oxidation 115 

of ethyl acetate (100 ppm) was investigated in terms of the removal efficiency of ethyl acetate, 116 

COx selectivity and by-product formation in a cylindrical DBD reactor. A range of catalyst 117 

characterization, including Brunauer-Emmett-Teller (BET) surface measurement, X-ray 118 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and temperature programmed 119 

reduction of H2 (H2-TPR), was performed to get a better understanding of the interactions 120 

between Ce-doping and LaCoO3 catalyst and the roles of Ce-doping in the plasma-catalytic 121 



 

 

oxidation process. The formation of by-products in the plasma-catalytic oxidation process and 122 

possible reaction mechanisms behind the plasma oxidation reaction has also been discussed. 123 

 124 

2. Experimental 125 

2.1 Catalyst preparation 126 

The La1-xCexCoO3+δ (x=0, 0.05, 0.1, 0.3 and 0.5) perovskite type catalysts were prepared 127 

by sol-gel method using citric acid as complexing agent and nitrate salts (La, Ce and Co) as 128 

precursors. All chemicals were analytic reagent grade (Aladdin). The desired amount of metal 129 

nitrates were firstly dissolved and mixed in deionized water to get 0.1M solutions. Citric acid 130 

with an excess molar ratio of 50% (compared to metal cations) was added to the above 131 

solution as a ligand. The solution was vigorously stirred and evaporated in a water bath (80 °C) 132 

to get viscous gel. The obtained sample was then dried in an oven at 110  oC overnight 133 

followed by calcination at 700 °C for 5h. The catalyst samples were pressed and sieved to 134 

35-60 meshes. 135 

 136 

2.2 Catalyst characterization 137 

The structural properties of the La1-xCexCoO3+δ catalysts including specific surface area, 138 

average pore size and pore volume were determined via N2 adsorption-desorption 139 

experiments using a Quantachrome Autosorb-1 instrument at -196 °C (77 K). Prior to each 140 

measurement, the catalyst samples were degassed at 200 °C for 5 h. The XRD patterns of the 141 

catalysts were analyzed by a Rikagu D/max-2000 X-ray diffractometer. The instrument was 142 

equipped with a Cu-Kα radiation source, while the scan was conducted in the 2θ range from 143 

10° to 80° with a step size of 0.02°. X-ray photoelectron spectroscopy experiments were 144 

performed with a Thermo ESCALAB 250 instrument equipped with an Al Kα X-ray source 145 

(hυ = 1486.6 eV) at 150 W. Sample charging effect was calibrated by correcting the obtained 146 

spectra with the C1s binding energy (B.E.) value of 284.6 eV. The relative concentrations of 147 

cerium ions and oxygen species were calculated based on the areas of the corresponding 148 

peaks derived from the XPS spectra of the La1-xCexCoO3+δ catalysts. The reducibility of the 149 



 

 

La1-xCexCoO3+δ catalysts was determined by H2-TPR using a chemisorption analyzer 150 

(Micrometrics, Autochem II 2920). For each test, 50 mg catalyst samples were pre-treated at 151 

250 °C in a N2 flow for 1 h and cooled down to room temperature. The samples were then 152 

heated to 800 °C at a heating rate of 10 °Cmin-1 with a 5 vol. % H2/Ar flow at a flow rate of 153 

40 mLmin-1. The amount of consumed H2 was calculated by the integration of the peaks in 154 

the H2-TPR profiles. 155 

 156 

2.3 Experimental set-up 157 

The experimental set-up consisted of a gas supply system, a DBD reactor, a high voltage 158 

power supply, and gas analysis instruments (Fig. 1). Zero grade air (99.999%, Jingong, 159 

Hangzhou) was used as a carrier gas in this work. Gaseous ethyl acetate was generated from a 160 

gas cylinder (0.5% ethyl acetate, balanced air). All gas streams were regulated by mass flow 161 

controllers (Sevenstars D07B, China) and premixed in a mixing chamber before being 162 

injected into the DBD reactor. Typically, the experiments were carried out at a total flow rate 163 

of 1 Lmin-1, while the initial concentration of ethyl acetate was 100 ppm. The geometry of 164 

the DBD reactor has been described in detail elsewhere [16]; the discharge gap was fixed at 4 165 

mm in this work. 100 mg La1-xCexCoO3+δ catalyst sample was placed in the plasma region and 166 

held in place by quartz wool before each experiment. The length of the catalyst bed was 5 mm. 167 

The reactor was connected to an AC high voltage power supply (Suman CTP2000-K, China).   168 

 169 

 170 

Fig. 1 Schematic diagram of the experimental set-up 171 



 

 

 172 

The applied voltage was measured by a high voltage probe (1000:1, Tektronix 6015A, 173 

USA), while the voltage across the external capacitor (0.47 μF) was monitored by a voltage 174 

probe (Tektronix TPP500, USA). All the electrical signals were sampled by a four-channel 175 

digital oscilloscope (Tektronix 3034B). The discharge power was calculated using Q-U 176 

Lissajous method. The specific energy density of the plasma process is defined as follows: 177 

-1

-1

P (W)
SED (J L )= 60

Q (L min )
 


                                           (1) 178 

where P is the discharge power and Q is the gas flow rate. 179 

Gas analysis was performed by an online multi-component analyzer (Gasmet Dx4000, 180 

Finland) with a resolution of 8 cm-1. The analyzer was calibrated with a standard ethyl acetate 181 

gas prior to use. The effective path length of the analyzer was 5 m, while the volume of the 182 

gas cell was 0.4 L. Measurements were carried out after running the plasma system for about 183 

40 min, when a steady-state had been reached. All the measurements were repeated three 184 

times. The removal efficiency of ethyl acetate ( ethyl acetateη ) and COx (x=1 and 2) selectivity 185 

(SCOx) of the plasma-catalytic process can be defined as: 186 
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where inc  and outc  are the inlet and outlet concentration of ethyl acetate, respectively, 189 

while coc  and 
2coc are the outlet concentration of CO and CO2. 190 

 191 



 

 

3. Results and discussions 192 

3.1 Physicochemical properties of the catalysts 193 

Fig. 2 shows the XRD patterns of the La1-xCexCoO3+δ catalysts. The LaCoO3 catalyst 194 

exhibited a typical rhombohedral perovskite structure (JCPDS 25-1060), with the main peak 195 

(110) split into two sub-peaks at around 2θ=33.0°. The addition of Ce (x > 0.1) changed the 196 

perovskite structure of the La1-xCexCoO3+δ catalysts as two sub-peaks were merged together, 197 

suggesting the formation of a cubic structure of the LaCoO3 catalyst (JCPDS 75-2079). A 198 

similar finding was reported in a Sr-doped LaCoO3 catalyst [17]. Phase segregations were 199 

expected in the presence of Ce in LaCoO3 catalyst since CeO2 (JCPDS 34-0394) and Co3O4 200 

(JCPDS 42-1467) were observed in the La1-xCexCoO3+δ samples. Wen et al. also found 201 

segregations in Ce-doped LaCoO3 catalysts when Ce loading was larger than 0.1 [18]. The 202 

diffraction peaks of CeO2 and Co3O4 were intensified when increasing Ce content. For the 203 

La0.5Ce0.5CoO3+δ catalyst, no obvious diffraction peaks of perovskite structure were observed; 204 

only the characteristic peaks of CeO2 and Co3O4 were present [19].  205 

Table 1 shows the physicochemical properties of the catalysts. Compared to the LaCoO3 206 

catalyst, the introduction of cerium increased the specific surface area (SBET) of the 207 

La1-xCexCoO3+δ catalysts by between 17.1% (x=0.05) and 68.5% (x=0.1), suggesting more 208 

surface active sites could be formed on the catalyst surface for the oxidation of ethyl acetate. 209 

The La0.9Ce0.1CoO3+δ catalyst showed the largest specific surface area SBET of 11.8 m2 g-1.  210 

 211 



 

 

 212 

Fig. 2 XRD patterns of La1-xCexCoO3+δ catalysts (♦ CeO2; ♣ Co3O4; ♥ LaCoO3). 213 

 214 

Table 1. Physicochemical properties of LaxCe1-xCoO3+δ catalysts 215 

Sample 
SBET 

(m2.g-1) 
La/Co Ce/Co 

Co/(La+Ce

+Co) 

Ce3+/(Ce3++ 

Ce4+) (%) 

Co2+/(Co2++

Co3+) (%) 

Oads/(Ototal) 

(%) 

LaCoO3 7.0 1.94 - 0.34 - 38.8 49.9 

La0.95Ce0.05CoO3 10.6 1.76 0.09 0.35 20.6 40.9 52.1 

La0.9Ce0.1CoO3 11.8 1.64 0.29 0.34 21.0 42.3 53.6 

La0.7Ce0.3CoO3 9.7 1.52 0.62 0.31 20.3 44.0 51.6 

La0.5Ce0.5CoO3 8.2 1.22 0.81 0.33 19.2 46.9 50.2 

 216 

3.2 Redox properties of the catalysts 217 

The chemical states of major elements (Ce 3d, Co 2p and O 1s) in the La1-xCexCoO3+δ 218 

catalysts were examined using XPS, as shown in Fig. 3. The binding energy of La 3d5/2 (837.7 219 

eV) and La 3d3/2 (834.5 eV) corresponded to pure lanthanum oxides, which indicates that La 220 

ions existed in a trivalent form in all the catalysts. No obvious changes were observed with 221 

the partial substitution of lanthanum by cerium in the La1-xCexCoO3+δ catalysts (not shown 222 



 

 

here). 223 

Fig. 3a shows the Ce 3d spectra of the La1-xCexCoO3+δ catalysts. The spectra of Ce 3d 224 

could be divided into eight peaks corresponding to the spin-orbit splitting. The peaks of Ce 225 

3d3/2 centred at 900.4 eV, 901.7 eV, 907.2 eV and 916.4 eV were labelled as u, u’, u’’ and u’’’, 226 

respectively, while the peaks of Ce 5d3/2 located at 882.0 eV, 883.5 eV, 888.4 eV and 897.9 eV 227 

were labelled as v, v’, v’’ and v’’’, respectively. Among the eight peaks, u’ and v’ peaks 228 

corresponded to Ce3+ species, while the others belonged to Ce4+ [20, 21]. The relative 229 

concentration of Ce3+, defined as Ce3+/(Ce3++Ce4+), varied from 19.2% to 21.0%, indicating 230 

that the majority of surface Ce species formed on the catalyst surface were tetravalent.  231 

The XPS spectra of Co 2p in the La1-xCexCoO3+δ catalysts (Fig. 3b) showed two main 232 

peaks located at around 780.0 eV (Co 2p3/2) and 795.0 eV (Co 2p1/2), which is consistent with 233 

that reported in previous study [22]. The spectrum of Co 2p can be divided into six peaks. The 234 

peaks centred at 780.2 eV and 795.2 eV belonged to Co3+, while the peaks around 781.9 eV 235 

and 796.9 eV corresponded to Co2+ species [23]. The typical shake-up peaks for Co2+ species 236 

were found at 790.3 eV and 805.8 eV [24]. The substitution of lanthanum by cerium slightly 237 

shifted the binding energies of the La1-xCexCoO3+δ catalysts towards higher values. The shift 238 

of the Co 2p peaks towards higher binding energy could be attributed to the variation of the 239 

valences of Co species from trivalent to divalent. With the addition of tetravalent Ce species, a 240 

part of Co species become divalent to maintain electronic neutrality in the catalyst structure 241 

[18]. This could be confirmed by the increased relative concentration of Co2+ species (Table 242 

2). 243 

The O 1s spectra were deconvoluted into three components, as shown in Fig. 3c. The 244 

peak at around 531.2 eV was identified as the formation of surface adsorbed oxygen (Oads), 245 

while the peak at 528.9 eV was assigned to the generation of lattice oxygen (Olat). In addition, 246 

the peak located at around 533.2 eV indicated the formation of surface adsorbed molecular 247 

water [25]. The relative concentration of Oads, defined as Oads/Ototal, varied from 49.9% to 248 

53.6%. In all the Ce-doped catalysts, the La0.9Ce0.1CoO3+δ catalyst possessed the highest 249 

relative concentration of Oads (53.6%), while further increasing or decreasing Ce doping led to 250 



 

 

a drop in the relative concentration of Oads formed on the catalyst surface. 251 

The surface atomic ratio of the elements in the La1-xCexCoO3+δ catalysts was listed in 252 

Table 1. The surface enrichment of the A-site element was observed for all samples since the 253 

Co/(La+Ce+Co) ratio was between 0.31 and 0.35. This phenomenon could be ascribed to the 254 

formation of lanthanum oxides or cerium oxides on the catalyst surface. The missing 255 

diffraction peaks of these species could be due to them only being present in low quantities 256 

[26]. There is no remarkable relationship between the surface enrichment and reaction 257 

performance of the plasma process. Wen et al. also reported similar phenomenon in the 258 

oxidation of NO over La1-xCexCoO3 catalysts [18].  259 

 260 



 

 

 261 

(a)   262 

 263 

(b) 264 



 

 

 265 

(c) 266 

Fig. 1. XPS spectra of La1-xCexCoO3+δ catalysts: (a) Ce 3d; (b) Co 2p; (c) O 1s. 267 

 268 

The reducibility of the La1-xCexCoO3+δ catalysts was analyzed using H2-TPR. For the 269 

LaCoO3 catalyst, three reduction peaks were clearly observed at 353°C, 401°C and 550°C, 270 

respectively. The first two peaks can be assigned to the reduction of Co3+ to Co2+, while the 271 

third peak can be attributed to the reduction of Co2+ to elemental Co [27]. The presence of 272 

Ce-doping in the LaCoO3 catalyst decreased the reduction temperatures of the La1-xCexCoO3+δ 273 

catalysts as the relevant reduction peaks shifted to lower temperatures. For instance, three 274 

reduction peaks of the La0.9Ce0.1CoO3+δ catalyst were identified at 322 °C, 363 °C, and 275 

520 °C, respectively; lower than those of the LaCoO3 catalyst. Compared to the 276 

La0.9Ce0.1CoO3+δ catalyst, increasing or decreasing Ce-doping affected the reduction of Co3+ 277 

to Co2+ due to the increased relevant reduction temperatures of these catalysts. By contrast, 278 

increasing Ce-doping of these catalyst from 0.05 to 0.5 decreased the temperature associated 279 

with the reduction of Co2+ to Co. Note that the reduction peaks approached the reduction 280 



 

 

temperature of pure Co3O4 (405 °C), which suggests that the segregation of Co species 281 

favours the formation of Co3O4 as observed in the XRD patterns of the catalysts (Fig. 2) and 282 

from the shifting of binding energies of Co 2p in the XPS spectra (Fig. 3). 283 

 284 

 285 

Fig. 2. H2-TPR profiles of La1-xCexCoO3+δ catalysts 286 

 287 

3.3 Plasma-catalytic oxidation of ethyl acetate  288 

Fig. 5 shows the effect of the La1-xCexCoO3+δ catalysts on the plasma oxidation of ethyl 289 

acetate in terms of removal efficiency and COx selectivity as a function of SED. The removal 290 

of ethyl acetate increased significantly with the increase of SED regardless of the catalysts 291 

used. In the plasma oxidation without a catalyst, the removal of ethyl acetate increased from 292 

3.0% to 80.0% when increasing SED from 275 J.L-1 to 558 J.L-1, while the COx selectivity 293 

increased from 38.4% to 73.4%. It is well known that initially formed energetic electrons 294 

generated in non-thermal plasmas interact with the gas molecules present to produce a 295 

cascade of processes, leading to the formation of a variety of chemically reactive species 296 



 

 

including free radicals, excited atoms, molecules and ions. These energetic species are crucial 297 

for the initiation and propagation of a variety of chemical reactions for VOC oxidation. Tu et 298 

al. reported that the local electric field could be intensified near the contact points of packing 299 

materials in a packed bed DBD plasma [28]. The presence of catalyst materials in the DBD 300 

plasma could shift the discharge mode to a combination of micro-discharges in the void and 301 

surface discharge on the catalyst surface with enlarged discharge area. Increasing SED by 302 

changing the applied voltage at a constant gas flow was also reported to increase the number 303 

of micro-discharges generated in each discharge cycle, creating more reaction channels, 304 

which consequently enhances the generation of the aforementioned reactive species and 305 

contributed to the enhanced plasma oxidation of ethyl acetate [25, 29]. In typical air plasmas, 306 

the major reactive species include O, OH, and metastable N2 (A). The energetic electrons and 307 

highly reactive species have sufficient energy to break the chemical bonds of pollutants (e.g. 308 

ethyl acetate) and convert the pollutants to intermediates. The oxidative radicals (e.g. O) 309 

could react with the intermediates, forming final products such as CO, CO2 and H2O. The 310 

internal energy of the rotational and vibrational excited species could be transferred to the 311 

intermediates, accelerating the oxidation of ethyl acetate and intermediates [30]. 312 

 313 

 314 

(a) 315 



 

 

 316 

(b) 317 

Fig. 5. Effect of SED on plasma-catalytic removal of ethyl acetate: (a) removal efficiency of 318 

ethyl acetate; (b) COx selectivity. 319 

 320 

The integration of the plasma with the La1-xCexCoO3+δ catalysts significantly enhanced 321 

the removal efficiency of ethyl acetate and COx selectivity compared to the plasma reaction 322 

without a catalyst. The removal of ethyl acetate increased from 10.9% to 85.1% in the tested 323 

SED range when placing the pure LaCoO3 catalyst in the DBD, while the COx selectivity was 324 

enhanced by 35%. Coupling the DBD with Ce-doped catalysts further enhanced the removal 325 

of ethyl acetate in the plasma-catalytic reaction. The highest ethyl acetate removal efficiency 326 

of 100% and COx selectivity of 91.8% were achieved when using the La0.9Ce0.1CoO3+δ 327 

catalyst in the plasma oxidation process at a SED of 558 J.L-1. The removal efficiency of ethyl 328 

acetate and COx selectivity followed the order of La0.9Ce0.1CoO3+δ > La0.95Ce0.05CoO3+δ > 329 

La0.7Ce0.3CoO3+δ > La0.5Ce0.5CoO3+δ > LaCoO3 > plasma-alone over the SED range as shown 330 

in Fig. 5. 331 

Catalysts play an important role in determining the performance of plasma-catalytic 332 

chemical reactions. The enhanced reaction performance using the Ce-doped catalysts also 333 

indicates that there are strong interactions between the dopant Ce and the LaCoO3 catalyst, 334 

which in turn affect the plasma oxidation of ethyl acetate. It is well recognized that the 335 

specific surface area of a catalyst is closely associated with the density of active sites on the 336 



 

 

surface of the catalyst for the adsorption of pollutants and intermediates. As shown in Table 1, 337 

the specific surface area of the catalysts was improved by between 17.1% and 62.9% by 338 

Ce-doping compared to that of the LaCoO3 (7.0 m2.g-1) catalyst, which should result in more 339 

adsorption sites on the surface of the La1-xCexCoO3+δ catalysts. The residence time of ethyl 340 

acetate and intermediates in the plasma reaction region could be prolonged due to the catalyst 341 

effect [29]. Thus, the possibilities of effective collisions between ethyl acetate (including 342 

intermediates) and chemically reactive species were enhanced over the catalysts with larger 343 

specific surface area. Consequently, more efficient utilization of chemically reactive species 344 

was expected as these species can be generated both on the catalyst surface and at the 345 

interface between gas phase and the catalyst surface [31, 32].  346 

The partial substitution of trivalent La3+ by tetravalent Ce4+ in the A-site of the perovskite 347 

structure causes charge imbalance. Electron compensation effect was expected to maintain the 348 

electron neutrality and form oxygen vacancies on the catalyst surface [33], which can be 349 

evidenced from the presence of Ce3+ species on the surface of the La1-xCexCoO3+δ catalysts. 350 

As given in Table 1, the relative content of Ce3+ of the La1-xCexCoO3+δ catalysts, defined as 351 

Ce3+/(Ce3++Ce4+), decreased from 21.0% to 19.2% when changing the amount of Ce-doping, 352 

indicating the decrease of oxygen vacancies on the catalyst surface. Oxygen vacancies are 353 

regarded as the adsorption-desorption sites for gas phase oxygen species. Table 1 gives the 354 

relative percentage of Oads, defined as Oads/Ototal, for all the catalysts. The La0.9Ce0.1CoO3+δ 355 

catalyst showed the highest Oads percentage of 53.6%, whilst the pure LaCoO3 had the lowest 356 

(49.9%). The relative concentration of Oads was slightly higher in the catalysts with a low 357 

Ce-doping (x=0.05, 0.1 and 0.3), while further increasing the content of Ce reduced the 358 

relative concentration of Oads to 50.2%, This phenomenon could be attributed to the blockage 359 

of oxygen vacancies on the surface of LaCoO3 by the segregated CeO2 and Co3O4 phases, 360 

considering the lower relative percentage of Oads on pure CeO2 and Co3O4 [16, 34]. The 361 

presence of oxygen vacancies in the catalysts significantly benefits the generation of surface 362 

adsorbed oxygen species (Oads) on the catalyst surface using gas phase oxygen and 363 

plasma-generated O species including O(3P) and O(1D). The surface adsorbed oxygen (Oads) 364 



 

 

species play a decisive role in the oxidation of ethyl acetate on the catalyst surface, which 365 

could react with the pollutant and intermediates adsorbed on the adjacent sites, forming final 366 

products such as CO, CO2 and H2O, etc. [35]. At this point, the segregated phases of CeO2 367 

and Co3O4 observed in the La0.7Ce0.3CoO3+δ and La0.5Ce0.5CoO3+δ catalysts would have 368 

inhibited the formation of oxygen vacancies on the catalyst surfaces (as confirmed by the XPS 369 

pattern of O 1s), which in turn inhibited the plasma-catalytic oxidation of ethyl acetate [36]. It 370 

should be noted that the reaction performance of the plasma-catalytic process was closely 371 

aligned with the relative concentrations of Ce3+ and Oads for the La1-xCexCoO3+δ catalysts in 372 

this work.  373 

The redox properties of the catalysts were determined using H2-TPR. Clearly, Ce-doping 374 

significantly affected the redox properties of the La1-xCexCoO3+δ catalysts. Ce-doped catalysts 375 

showed a better reducibility as the reduction temperatures of these catalysts were lower than 376 

those of the LaCoO3 catalyst without Ce-doping. This could be attributed to the electron 377 

compensation effect caused by the substitution of La3+ by Ce4+ in the La1-xCexCoO3+δ catalysts, 378 

resulting in the formation of defects and weakened chemical bonds in the perovskite structure 379 

of the catalysts. The enhanced oxygen mobility of the La1-xCexCoO3+δ catalysts contributed to 380 

the accelerated surface oxidation of ethyl acetate and intermediates. The sequence of 381 

reduction peaks of these catalysts was also consistent with the reaction performances of the 382 

plasma-catalytic removal of ethyl acetate. 383 

 384 

3.4 Analysis of by-products  385 

In this work, no nitrogen monoxide (NO) was detected under all the experimental 386 

conditions. A similar finding was reported by Durme et al. in previous study [37]. Fig. 6 387 

shows the effect of SED on the formation of NO2 and N2O in the plasma-catalytic oxidation 388 

of ethyl acetate over the La1-xCexCoO3+δ catalysts. In the plasma oxidation without a catalyst, 389 

the concentration of NO2 increased from 14.0 ppm to 58.5 ppm when increasing the SED 390 

from 275 J.L-1 to 558 J.L-1. Clearly, the combination of the plasma with theses catalysts 391 

significantly reduced the production of NO2. For example, the NO2 concentration varied from 392 



 

 

8.3 ppm to 49.6 ppm over the tested SED range when coupling the LaCoO3 catalyst with the 393 

DBD; much lower concentrations in comparison to the case in the absence of a catalyst. The 394 

presence of the Ce-doped catalysts in the plasma reaction further reduced the formation of 395 

NO2. The lowest NO2 concentration was achieved when placing the La0.9Ce0.1CoO3+δ catalyst 396 

in the DBD reactor, while the formation of NO2 was weakly dependent on the amount of Ce 397 

present in the catalysts. In addition, the concentration of N2O produced in the plasma process 398 

increased almost monotonically with increasing SED (Fig. 6). N2O is generated from the 399 

collisions between N and O radicals or the reduction of NO2. Compared to the plasma 400 

reaction without a catalyst, the coupling of plasma with the catalysts reduced the formation of 401 

N2O, while the effect of Ce doping on the formation of N2O was insignificant in the 402 

plasma-catalytic oxidation process.  403 

 404 



 

 

 405 

(a) 406 

 407 

(b) 408 

Fig. 6. Effect of SED on the formation of by-products in plasma-catalytic removal of ethyl 409 

acetate: (a) NO2; (b) N2O 410 

 411 

Fig. 7 shows the FT-IR spectra of the gas phase products in the plasma processing of 412 

ethyl acetate under different conditions (plasma-alone, plasma with LaCoO3 catalyst and 413 

plasma with La0.9Ce0.1CoO3+δ catalyst). CH3CH2OH, CH3OH, CH4, HCOOH and HCHO were 414 

identified as by-products, while CO, CO2, NO2 and N2O were also detected. It is widely 415 

recognized that the removal of low concentration pollutants in air plasmas is mainly initiated 416 

by direct electron impact reactions and collisions with chemically reactive species including 417 

O, N and N2 excited states. In this study, the energetic electrons could collide with ethyl 418 



 

 

acetate and carrier gases (N2 and O2), forming intermediates and a variety of chemically 419 

reactive species. The possible major reaction pathways in the plasma oxidation of ethyl 420 

acetate are plotted in Fig. 8. The dissociation energy of C-O bonds in ethyl acetate is 3.38 eV, 421 

which is smaller than that of C-C (3.44 eV), C-H (4.29 eV) and C=O (7.55 eV) bonds [38]. 422 

Considering the chemical structure of ethyl acetate, the initial reaction pathways of ethyl 423 

acetate decomposition are via breaking of the C-C and C-O bonds, forming ethyl (CH3CH2), 424 

acetate (CH3COO), acetyl (CH3CO), ethoxide (CH3CH2O) and methyl (CH3) groups [39]. 425 

In a highly chemically reactive plasma environment, most of the C2 groups would be further 426 

decomposed to C1 species including CH3, CH2O, CO and CO2 by electrons or reactive 427 

species [40]. Both C2 and C1 groups would go through a series of oxidation reactions via 428 

collisions with O and OH radicals. As a result, the formation of ethanol, acetic acid and 429 

acetaldehyde is possible. Sawyer et al. also reported the formation of ethanol, acetic acid and 430 

acetaldehyde as major products in the partial oxidation of ethyl acetate over an alumina 431 

catalyst without plasma [41]. However, only ethanol was detected due to the limitation of 432 

FT-IR in this work. The methyl group (CH3) plays a key role in the C1 chemistry, as it can be 433 

oxidized by O and OH to form HCHO or HCO; these can be further oxidized to generate 434 

HCOOH in the presence of O and OH radicals. The formation of CH4 and CH3OH could be 435 

attributed to the recombination of methyl with H and OH radicals, respectively. A proportion 436 

of intermediates and by-products would be oxidized to the final products including CO, CO2 437 

and H2O [29]. Both ethyl acetate and the intermediates could be adsorbed onto the surface of 438 

the catalysts. In a single-stage plasma-catalytic system, the short-lived reactive species 439 

generated near the interface between the La1-xCexCoO3+δ catalysts and the gas phase could 440 

diffuse onto the catalyst surface and participate in the surface reactions. The adsorbed ethyl 441 

acetate and intermediates could react with the adjacent oxygen species or hydroxyl groups 442 

(OH) generated from the oxygen vacancies or plasma environment. It is generally recognized 443 

that the oxygen species or hydroxyl groups (OH) driving surface reactions were the major 444 

pathways to form the final products of CO, CO2, H2O and other organic by-products. The 445 

redox cycles between Ce4+/Ce3+ and Co2+/Co3+ species determine the reducibility of the 446 



 

 

La1-xCexCoO3+δ catalysts, which in turn affects the release of surface oxygen species during 447 

the surface oxidation of the ethyl acetate and intermediates. As shown in Table 1, the doping 448 

of Ce species in the LaCoO3 catalysts increased the relative concentrations of Oads and Ce3+. 449 

As a results, the combination of the plasma with the La1-xCexCoO3+δ catalysts decreased the 450 

formation of organic by-products, as evidenced by the enhanced COx selectivity (Fig. 5) [42]. 451 

 452 

 453 
Fig. 7. FT-IR spectra of gas phase products in the plasma removal of ethyl acetate at a SED of 454 

491 J.L-1 455 

 456 

Fig. 8. Possible major reaction pathways in the plasma removal of ethyl acetate 457 



 

 

 458 

4. Conclusions 459 

In this work, the effect of Ce-doped perovskite catalysts on the plasma-catalytic 460 

oxidation of low concentration ethyl acetate was investigated in terms of the removal 461 

efficiency of ethyl acetate, COx selectivity and the formation of by-products. Compared to the 462 

plasma reaction in the absence of a catalyst, the integration of the plasma and the LaCoO3 463 

catalyst improved both the removal efficiency of ethyl acetate and COx selectivity, while 464 

placing the Ce-doped catalysts in the DBD reactor further improved the reaction performance 465 

of the plasma-catalytic oxidation process. The highest removal efficiency of ethyl acetate 466 

(100%) and COx selectivity (91.8%) were obtained when using the La0.9Ce0.1CoO3 catalyst in 467 

the plasma at a SED of 558 J.L-1. The doping of Ce on the LaCoO3 catalyst significantly 468 

increased the specific surface area of the La1-xCexCoO3+δ catalysts by 17.1%-62.9% as a result 469 

of the interactions between the dopant Ce and LaCoO3. Compared to the properties of pure 470 

LaCoO3 catalyst, the Ce-doped catalysts formed more surface adsorbed oxygen (maximum 471 

53.6%) and showed better reducibility with decreased reduction temperatures, as evidenced 472 

by the results of XPS and H2-TPR. All these effects of Ce-doping make a significant 473 

contribution to the enhanced removal efficiency of ethyl acetate and COx selectivity in the 474 

plasma-catalytic oxidation of ethyl acetate. The combination of DBD with the Ce-doped 475 

catalysts also reduced the formation of by-products compared to the plasma process without a 476 

catalyst.  477 
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