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Abstract
The energy utilization and kinetic characteristics in pulsed bipolar plasma cataly-
sis of organic reactants were investigated. A kinetic theoretical formula was established 
for depicting the plasma dissociation and synergistic catalysis. The synergy factors 
of  C5 −  C10 n-alkanes were independent of the number of secondary hydrogens, but for 
 (CH3)m-benzenes (m = 0 − 3), as the number of methyl groups increased, the synergy fac-
tors slightly increased. The rate of increase in energy utilization due to the synergy effect 
was inversely proportional to the reactivity of reactants. Some energy from plasma dis-
charge was wasted at low conversion until the catalytic activity began to play a role. The 
energy utilization increased considerably once the catalytic effect was activated. However, 
when the reactant was close to its complete oxidation, the plasma dissociation and catalysis 
reactions competed with each other, leading to wastage of some of the energy. These phe-
nomena were more remarkable for the alkanes than for the aromatics.
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Introduction

High-concentration alkanes and aromatics are widely present in vehicular and industrial 
exhaust gases. [1–4] The carbon numbers of these compounds are usually between 5 and 
10, which implies that they represent the dominant components of ambient volatile organic 
compounds (VOCs). [5, 6] Ambient VOCs severely affect human health, [7, 8] especially 
owing to their poisoning effect. [9] Existing organic waste gas removal technologies are 
mainly based on activated carbon adsorption, [10] catalyst incineration, [11] and thermal 
incineration. [12] Atmospheric-pressure nonthermal plasma-catalytic processing is one of 
the most promising technologies for removing VOCs from exhaust gases. [13]

Plasma-enhanced catalysis (PEC) and plasma-driven catalysis (PDC) are two common 
plasma catalysis systems. [14] The PEC system uses a nonthermal plasma (NTP) reactor 
and a catalytic reactor in series to achieve complementary effects. [15] Ozone is generated 
by the NTP reactor, and this ozone accelerates VOC decomposition in the downstream cat-
alyst bed. [16, 17] Jarrige and Vervisch [18] investigated the PEC of propane and isopropyl 
alcohol at ambient temperature over  Al2O3–MnO2 catalyst. Lin et al. [19] combined NTP, 
adsorption, and catalysis to remove  C3F8. In a previous study, we investigated the kinetic 
characterization of high-concentration VOCs in the PEC system. [20] In the PDC system, 
the catalyst is placed in the NTP reactor and directly activated through NTP. [21] Kim 
et al. [22] investigated VOC decomposition by using flow-type PDC over different metallic 
catalysts (Ag, Ni, Pt, Pd) in conjunction with  TiO2, α-Al2O3, or zeolite as the catalyst sup-
porter. Kim and Ogata [23] used an intensified charged coupled device camera to visualize 
the interaction of discharge plasma with catalyst at atmospheric pressure and ambient tem-
perature. In a previous study, we determined the kinetics of energy synergy in the pulsed 
bipolar plasma-catalytic reaction of VOCs. [24] Li et  al. [25] reviewed recent advances 
related to the use of dielectric barrier discharge plasma in catalysis.

The chemical and physical interactions between plasma and catalyst produce beneficial 
results for plasma catalysis, but they also make it difficult to understand the reaction energy 
mechanism, which must consequently be determined experimentally to obtain sufficient 
evidence. The energy mechanism depends on various factors, such as reaction species and 
concentrations, dielectric barrier, and electric fields. Among the factors, the increase in 
energy utilization in the atmospheric-pressure nonthermal plasma-catalytic reaction must 
be further elucidated. This paper describes the Energy utilization and kinetic character-
istics for several common high-concentration organics, namely  C5 −  C10 n-alkanes and 
 (CH3)m-benzenes (m = 0 − 3), under the pulsed bipolar plasma-catalytic synergy effect 
with a focus on the role of reactant structurally steric strain (alkanes) and induction effect 
(aromatics) in plasma catalysis. Additionally, the kinetics of energy synergy in the pulsed 
bipolar plasma-catalytic reaction are elaborated, especially for the phenomenon of energy 
utilization.

Materials and Methodology

Catalyst Preparation

Perovskite-type oxides have excellent properties in plasma discharge and catalysis, such as 
high temperature resistance, a high dielectric value (ε = 2000–10,000), [26] ferroelectric-
ity, [27] and high oxidation and reduction catalytic ability. [28] Among the perovskite-type 
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oxides, La − Sr − Mn − O perovskite is the most widely used [29]. Therefore, we employed 
 La0.7Sr0.3MnO3 as the catalyst in this study. A two-stage preparation method was used to 
prepare  La0.7Sr0.3MnO3/mullite catalyst. This preparation method was developed in our 
previous study. [20] The first stage was calcination at 700 °C by using Kaolin K99-C pel-
lets (diameter: approximately 2  mm) as the raw material of the support to obtain semi-
finished mullites. In the second stage, the semi-finished mullites were impregnated with 
the precursor solution and then calcined at 1100  °C. The precursor solutions contained 
the starting materials of the perovskite, namely La(NO3)3, Sr(NO3)2, and Mn(NO3)3, in 
stoichiometric proportions. The nitrate was converted into nitrogen dioxide gas and oxygen 
during the calcination process. 20 Each gram of supported catalyst pellet contained approxi-
mately 0.126 g of  La0.7Sr0.3MnO3 catalyst. The X-ray diffraction (XRD) pattern (obtained 
using a Bruker D2 Phaser XRD) showed that the catalyst had a predominantly perovskite 
structure. [24] The results of surface characterization performed using a porosimetry ana-
lyzer (Micromeritics ASAP 2020) showed that the specific surface area, pore volume, and 
pore diameter of the  La0.7Sr0.3MnO3/mullite catalyst were 1.6778  m2  g−1, 0.01395  cm3  g−1, 
and 52.226 Å, respectively. The results demonstrated the catalyst’s strong activity in the 
plasma catalysis of VOCs, especially at low reaction temperatures. [20, 24]

Reaction Apparatus and Procedures

A schematic of the experimental apparatus is presented in Fig. 1. The apparatus consisted 
of pulsed bipolar plasma power, electrical measurement, feed, reaction, and analysis sys-
tems. The plasma power system was composed of a dual-channel DC generator (ENI 
DCG-100), pulsed DC power controller (SPIK 2000A), and high-frequency transformer 
(ShenChang HV-3  K-40–1), which provided the high-frequency pulse bipolar discharge 

Fig. 1  Schematic of the experimental apparatus
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for plasma catalysis. The electrical measurement system consisted of a four-channel dig-
ital storage oscilloscope (Tektronix TBS 1064) with a high-voltage passive probe (Tek-
tronix P6015A) and an AC/DC current probe (Tektronix Tcp-A300) for measuring the 
applied voltage and plasma current, respectively. The feed system consisted of high-purity 
(> 99.995%) air cylinders, a mass flow controller, a syringe pump (Stoelting, Model-100), 
and an evaporator equipped with a proportional–integral–derivative (PID) temperature 
controller (Shinko, MCD-100). Liquid organic reactants from the syringe pump were 
mixed with the air stream from the mass flow controller and introduced into the evaporator 
to prepare the feed gas with a VOC concentration of 4000 ± 100 ppmv. The feed gas was 
introduced into the plasma-catalytic reactor.

The reaction system comprised a pulsed bipolar atmospheric pressure (PBPAP) plasma-
catalytic apparatus, which consisted of a coaxial dielectric barrier discharge plasma-cat-
alytic reactor, furnace (two curved heaters, HCYTECH models FTE and T-FTE), and 
PID temperature controller. A quartz tube with an inner diameter of 21.4 mm was used 
as the reactor. A stainless-steel tube (outer diameter: 21  mm, thickness: 1.3  mm, and 
length: 140 mm) was used as an external electrode, and it was placed in the quartz tube. 
A mica O-ring and a ceramic honeycomb structure were installed at the upper and lower 
ends, respectively, of this external electrode as a sealing washer and gas distributor. The 
internal electrode was a stainless-steel rod with an outer diameter of 4  mm, and it was 
placed in a bottom-sealed quartz tube of outer diameter 6 mm and thickness 1 mm. This 
quartz tube also acted as a dielectric barrier layer. An amount of 34.5 g of  La0.7Sr0.3MnO3/
mullite catalyst pellet was placed in the gap between the external electrode and dielectric 

Fig. 2  Schematic of one cycle of pulsed bipolar procedure and the curves of applied voltage and plasma 
current of air under frequency of 12.5 kHz and atmospheric pressure
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layer, and the gas flow rate through this gap was 1 L  min−1. The resulting weight hourly 
space velocity (WHSV) was maintained at 1739 mL  h−1  g−1 of the supported catalyst (or 
13,378 mL  h−1  g−1 of the catalyst).

The analysis system comprised an optical emission spectrometer (Avantes, AvaSpec-
USB2 Fiber Optical Spectrometer) for obtaining the emission spectra of the element and 
specie products of plasma catalysis, an ozone analyzer (ShengYi, Ozone Monitor Model-
205) for analyzing residual  O3, an  NOx analyzer (API,  NOx Monitor Model-8200A), 
and a dynamic double-flow dilution set for diluting the gases for analysis. The gases at 
the inlet and outlet of the plasma-catalytic reactor were analyzed using a gas chromato-
graph equipped with a flame ionization detector (Shimadzu, GC14B-FID) and a 0.25-mm 
Chrompack DB-1 60-m-long capillary column. In addition, a gas chromatograph–mass 
spectrometer (Shimadzu QP-2010 SE GCMS) equipped with another Chrompack DB-1 
capillary column was used as an auxiliary unit for the qualitative and quantitative analyses 
of the products.

Applied Electric Field

The electric fields of NTP reactors have various types of discharge, such as DC/pulsed 
corona, dielectric barrier, microwave plasma, plasma jet, and gliding arc. [14, 30 − 32] 
Because pulsed bipolar power (PBP) has higher energy efficiency in terms of generat-
ing plasma discharge for plasma catalysis than AC power, [33] atmospheric-pressure 
PBP was used to treat high-concentration organic waste in this study. In our previous 
study, the frequency of 12.5 kHz was found to be favorable for supplying energy to the 
plasma discharge reaction. Figure 2 shows a schematic of one cycle of the pulsed bipo-
lar procedure at 12.5 kHz, with a bipolar cycle of 80 μs. The curves of applied voltage 
and plasma current are the typical pulsed waveforms of voltage and discharge current, 
34 which are not square waves. The plasma current exhibited typical filamentary PBP 
comprising dielectric barrier discharge and surface discharge.

The specific energy density (SED) of plasma can be defined as the average power 
(pavg, in W or J  s−1) deposited per unit volume of gas flow (Q):

Fig. 3  Optical emission spectra of air over  La0.7Sr0.3MnO3/mullite catalyst in the plasma-catalytic reactor at 
different applied SEDs
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Nine organic reactants, namely  C5 −  C10 n-alkanes and  (CH3)m-benzenes (m = 0 − 3), 
were considered the target VOCs in this study. Although the feed concentration of 
organic compound reached 4000 ppmv, the reaction gas stream mainly consisted of air. 
Although different organic reactants have differing effects on the intensity of optical 
emission spectra (OES), they do not alter the spectral pattern. Therefore, the OES of 
air was selected as the representative for illustrating the products generated (either ele-
ments or species) over the  La0.7Sr0.3MnO3/mullite catalyst in the pulsed bipolar plasma-
catalytic reactor under atmospheric air pressure. Figure 3 shows the OES of air over the 
 La0.7Sr0.3MnO3/mullite catalyst in the plasma-catalytic reactor under different applied 
SED. The dominant emission peaks were in the wavelength region 310–440  nm, cor-
responding to emissions from excited O, N, and  O3 atoms, ions, or molecules. The seven 
minor emission peaks at 406.05, 631.0, 673.8, 715, 727, 777.53, and 844.63 nm repre-
sented the excited O atoms, OH radicals, and  O2 molecules. The peak with the maxi-
mum intensity was observed at 336.62 nm, and it corresponded to an emission from N 
I 336.62*. In the subsequent work, the intensity of this peak was used as the representa-
tive emission for the characterization of optical emission. This was because its intensity 
was related to the plasma discharge at different reaction temperatures.

(1)SED
(
J L−1

)
=

pavg(W)

Q
(
L min−1

) ×
60 s

min

Fig. 4  Conversion curves of 
C5 − C10 alkanes oxidation over 
 La0.7Sr0.3MnO3/mullite catalyst 
at a SED = 1.02 ± 0.02 kJ  L−1 
and b SED = 0 kJ  L−1 via the 
pulsed bipolar plasma-catalytic 
reactor. The feed concentration 
of reactants and the weight-
hour space velocity (WHSV) 
were kept at 4000 ± 100 ppmv 
and 1,739 mL  h−1 g-supported 
catalyst −1, respectively



1045Plasma Chemistry and Plasma Processing (2021) 41:1039–1058 

1 3

Results and Discussion

Catalysis and Plasma Catalysis of  C5 −  C10 n‑alkanes

For alkanes, differences in reactivity can only be attributed to differences in C–H bond 
dissociation energy. The bond dissociation energy of alkane depends on its structurally 
steric strain [35]. The reactivity of hydrogen atoms in organics has the following order: ter-
tiary > secondary > primary. [36] The high numbers of secondary hydrogens in n-alkanes 
means that they are more easily oxidized. The number of secondary hydrogens (N) in 
alkanes is 2n − 4, where n is the carbon number and n ≥ 3. Figure 4 presents the conversion 
curves of  C5 −  C10 n-alkanes in the PBPC reaction over the  La0.7Sr0.3MnO3/mullite catalyst 
at SED = 1.02 ± 0.02 and 0 kJ  L−1. According to these curves, the temperatures required for 
complete catalytic oxidation and plasma-catalytic oxidation decrease as the number of sec-
ondary hydrogens in n-alkanes increases. Under the plasma discharge, the conversion rate 
at 40ºC changed from 22.1% of pentane (N = 6) to 38.5% of decane (N = 16). The effects of 
the number of secondary hydrogens on the catalytic oxidation and plasma-catalytic oxida-
tion will be discussed in subsequent sections.

No organic end- or by-products or CO were detected in this study implying that their 
concentration is below 0.4 ppmv, the quantification is using the method of semiquantita-
tive analysis by GCMS with a unit in as toluene-ppmv. The concentrations of residual  O3, 
NO, and  NO2 produced by the  C5 −  C10 n-alkanes after the pulsed bipolar plasma-catalytic 
reactions over the  La0.7Sr0.3MnO3/mullite catalyst are shown in Fig. 5. Compared with the 
high concentration of reactants (4000 ± 100 ppmv), the residual amounts of  O3, NO, and 
 NO2 were low, especially  O3 (< 0.62 ppmv) and  NO2 (< 0.21 ppm). The residual  O3 con-
centration increased proportionally as the number of secondary hydrogens in n-alkanes 

Fig. 5  Residual  O3, NO, and  NO2 
concentrations produced by the 
 C5 −  C10 n-alkanes after pulsed 
bipolar plasma-catalytic reactions 
over the  La0.7Sr0.3MnO3/mullite 
catalyst



1046 Plasma Chemistry and Plasma Processing (2021) 41:1039–1058

1 3

increased. By contrast, the residual concentrations of NO and  NO2 decreased as the num-
ber of secondary hydrogens in the n-alkanes increased. The presence of a greater amount 

Fig. 6  Conversion curves of 
 Cm-benzenes (m = 0 − 3) oxida-
tion over  La0.7Sr0.3MnO3/mullite 
catalyst at a SED = 1.16 ± 0.05 kJ 
 L−1 and b SED = 0 kJ  L−1 
(namely thermal catalysis) via 
the pulsed bipolar plasma-cata-
lytic reactor. The feed concentra-
tion of reactants and the weight-
hour space velocity (WHSV) 
were kept at 4000 ± 100 ppmv 
and 1,739 mL  h−1 g-supported 
catalyst −1, respectively

Fig. 7  Residual  O3, NO, and 
 NO2 concentrations produced by 
the  (CH3)m-benzenes (m = 0 − 3) 
after pulsed bipolar plasma-
catalytic reactions over the 
 La0.7Sr0.3MnO3/mullite catalyst
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of residual ozone indicated that an organic reactant generated more ozone under plasma 
discharge, which accelerated its decomposition on the catalyst.

Catalysis and Plasma Catalysis of  (CH3)m‑Benzenes

The inductive effect of a molecule is its atom or group transfer electron density through the 
σ bonds to  sp2-hybridized carbon atoms of benzene ring. Methyl groups donate electron 
density to the benzene ring through an inductive effect that activates the aromatic ring. 
Thus, the high proportion of methyl groups in the aromatics indicated that these groups 
were more easily oxidized. Figure 6 displays the conversion curves of  Cm-benzenes in the 
PBPC reaction over the  La0.7Sr0.3MnO3/mullite catalyst at SED = 1.16 ± 0.05 and 0 kJ  L−1. 
The reaction is thermal catalysis when SED = 0 kJ  L−1. According to the curves, the cata-
lytic reactivity and plasma-catalytic reactivity of the four aromatics were in the following 
order: mesitylene > xylene > toluene > benzene. And no organic by-products were detected 
by GCFID or GCMS. When more electrons from more methyl groups are pushed toward 
the benzene ring, oxidation of the benzene ring is accelerated, especially in plasma catal-
ysis. Aromatics are more easily decomposed than alkanes by plasma discharge at lower 
temperatures. Owing to the plasma discharge, the conversion rate at 40 °C changed from 
37.5% of benzene to 57.2% of mesitylene. The effects of the number of methyl groups on 
the catalytic oxidation and plasma-catalytic oxidation were extremely strong, which may 
be attributed to the higher electron density in the benzene ring and is favorable for both the 
oxidation reactions. This effect will be quantified in subsequent sections.

The concentrations of residual  O3, NO, and  NO2 produced by the  Cm-benzenes after 
the pulsed bipolar plasma-catalytic reactions over the  La0.7Sr0.3MnO3/mullite catalyst 

Fig. 8  The relationship between the intensities of N I 336.617* peak and temperatures of (a1 − a5)  C5 −  C10 
alkanes and (b1 − b4)  (CH3)m-benzenes (m = 0 − 3) over the  La0.7Sr0.3MnO3/mullite, which is using box plot 
to graphically depict groups of 5 measurements at each reaction temperature



1048 Plasma Chemistry and Plasma Processing (2021) 41:1039–1058

1 3

are shown in Fig.  7. Compared to high reactant concentrations (4000 ± 100 ppmv), the 
amounts of residual  O3, NO, and  NO2 were low. The residual  O3 concentration increased 
as the number of methyl groups in the aromatic reactants increased, whereas the residual 
NO and  NO2 concentrations exhibited the reverse trend. These results are similar to those 
presented in Fig. 5, but the amount of residual ozone after the plasma catalysis of each aro-
matic reactant was considerably higher than that of each n-alkane. This may be attributed 
to the higher electron density of the benzene ring that favors shorter on-time pulses, which 
is more conducive to the formation of ozone in plasma discharge [37]. Thus, the reactivity 
of the aromatic reactants in plasma catalysis was higher than that of the n-alkanes.

The results in Figs. 5a and 7a show that the residual ozone increased with the increasing 
secondary hydrogens or methyl groups. The formation of ozone depends on the intensity of 
plasma discharge, so the residual ozone increased with the increasing secondary hydrogens 
or methyl groups due to the relative dielectric constants of organic reactants, high dielec-
tric constant is beneficial to plasma discharge intensity. For example, the relative dielectric 
constants of benzene, toluene, xylene, and mesitylene are about 2.27, 2.38, 2.57, and 3.4, 
respectively.

Effect of Temperature on the Intensity of Plasma Discharge

As mentioned, the maximum intensity peak of N I 336.62* was used as the representative 
emission for elucidating the optical emission characteristics of VOC plasma catalysis at 
different reaction temperatures, which was based on using constant applied SED to plasma 
catalysis of organic reactants. The SED applied to the five alkanes and four aromatics was 
1.02 ± 0.02 and 1.16 ± 0.05 kJ  L−1, respectively. The relationship between the intensity of 
the N I 336.62* peak and temperature is illustrated in Fig. 8. The results indicated that the 
plasma discharge intensity was influenced by the reactant and temperature. Low-reactivity 
organic reactants required higher reaction temperature. Therefore, the plasma discharge 
versus temperature curve exhibited higher intensity at 40ºC and a higher rate of increase, 
especially for benzene (Fig. 8b1). When the reactant conversion rate was close to 100%, 
the plasma discharge intensity gradually flattened out or slightly decreased. Therefore, the 
presence of organic reactants enhanced the plasma discharge. At high reaction tempera-
tures, large quantities of low-reactivity reactants were present, and therefore, the plasma 
discharge intensity was high. A comparison of the amount of residual ozone (Figs. 5a and 
7a) with the plasma discharge intensity (Fig. 8) revealed an inverse relationship, possibly 
because when the applied energy was used to generate more ozone, the intensity of the 
plasma discharge decreased. Therefore, the plasma catalysis of organic reactants was domi-
nated by large quantities of ozone rather than high plasma discharge intensity. In addition, 
the intensity of plasma discharge is function of the equivalent capacitance of reactant and 
product gases strongly, which will depict in our follow-up study.

Kinetics of Catalysis Alone

For catalysis alone, the reaction rate of catalytic oxidation can be expressed as follows: [24, 
38]

(2)
dC

dt
= −kSC = −kcC
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where C is the reactant concentration, S is an adsorption site on the catalyst surface, and 
the apparent rate constant kc = kS. Equation (2) can be integrated as

where C and Co respectively denote the reactant concentrations at the reaction times t = t 
and t = 0, The expression of the conversion rate Xc is as follows:

(3)
C

C0

= e−kct

Fig. 9  Plot of ln[− ln(1 − Xc)] versus 1/T for the oxidation of a  C5 −  C10 alkanes and b  (CH3)m-benzenes 
(m = 0 − 3) over the  La0.7Sr0.3MnO3 catalyst/mullite, from which their − b and ln a values are obtained

Table 1  Summary the kinetic 
parameters of the nine organic 
reactions in the catalysis over the 
 La0.7Sr0.3MnO3/mullite catalyst

Reactants ln a b ko  (s−1) Ea (kcal  mole−1) R2

Alkanes
 Pentane 14.046 8910 1.66 ×  105 17.70 0.995
 Hexane 15.945 9792 1.11 ×  106 19.46 0.998
 Heptane 16.724 99,521 2.41 ×  106 19.77 0.998
 Octane 17.575 10,063 5.65 ×  106 20.00 0.997
 Decane 20.144 11,028 7.37 ×  107 21.91 0.995

Aromatics
 Benzene 18.782 11,841 1.89 ×  107 23.53 0.998
 Toluene 20.956 12,353 1.66 ×  108 24.55 0.998
 Xylene 22.530 12,455 8.01 ×  108 24.75 0.996
 Mesi-

tylene
23.248 12,267 1.64 ×  109 24.37 0.999
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The apparent rate constant can be calculated using the Arrhenius law as follows:

where Ea, R, T, and ko denote the activation energy, gas constant, temperature, and pre-
exponential factor of the reaction, respectively. Rearranging and applying the natural loga-
rithm to this expression yields the following:

where a = kot and b = Ea/R. Equation  (6) yields a straight line, as in the graph of 1/T 
versus ln[− ln (1 − X)] with the intercept being ln a and the slope being b, from which 
ko and Ea can be calculated. In this study, the reaction time t = V/Q = 0.1267 L / 1 L 
 min−1 = 0.1267  min = 7.6  s, where V denotes the volume of the catalyst bed. Figure  9 
shows plots of ln[− ln(1 − Xc)] versus 1/T for the oxidation of  C5 −  C10 alkanes and 
 Cx-benzenes over the  La0.7Sr0.3MnO3/mullite catalyst. Table 1 presents a summary of the 
kinetic parameters of the nine organic reactions in the catalysis. The results show that 
ln a and b increase as the numbers of secondary hydrogens and methyl groups increase. 
The ranges for  C5 −  C10 n-alkanes and  (CH3)m-benzenes (m = 0 − 3) are 17.70 − 21.91 and 
23.53 − 24.75 kcal  mol−1, respectively. As the number of secondary hydrogens in alkanes 
or number of methyl groups in monocyclic aromatics increased, ko increased exponentially, 
which is consistent with the results presented in Figs. 4b and 6b.

Kinetics of Plasma Catalysis with Energy Synergy

Plasma-catalytic reactions involve plasma dissociation of the reaction gas flowing between the 
electrodes and catalysis of the dissociated products (active species such as excited atoms, ions, 
and molecules) combined with undissociated reactants. The active species can enhance the 
catalysis process by participating in the reaction, which is favorable for oxidation of the reac-
tants. Thus, the catalysis in a PDC system is a synergistic process, and its strength depends on 
the applied SED and temperature. The overall plasma-catalytic reaction can be construed as 
plasma dissociation and synergistic catalysis:

The differential rate formula of Eq. (7) is as follows:

where kE and kSC are the rate constant of plasma dissociation (L  kJ−1) and the apparent 
rate constant of synergistic catalysis  (s−1), respectively. Integration of Eq.  (8) yields the 
following:

(4)Xc = 1 −
C

C0

= 1 − e−kct

(5)kc = k0e
−

Ea

RT

(6)ln
[
−ln

(
1 − Xc

)]
= lna −

b

T

(7)roverall = rplasma dissociation + rsynergistic catalysis

(8)
dC

C
= −kEdSED − kSCdt

(9)ln
C

Co

= −kESED − kSCt
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The overall conversion rate XPC of plasma catalysis can be described as follows:

The rate equation of plasma dissociation alone is as follows [39, 40]:

Equation (11) can be integrated to obtain the conversion rate formula of plasma dissocia-
tion alone:

where the subscript p indicates that the reaction involves only plasma dissociation. Rear-
ranging and applying the natural logarithm to Eq. (12) yields the following:

As mentioned, the strength of plasma dissociation depends on the applied SED and tem-
perature. Thus, Eq. (13) can be described as a function of SED and T:

(10)XPC = 1 −
C

C0

= 1 − exp
(
−kESED − kSCt

)

(11)
dC

C
= −kEdSED

(12)
C

C0

||||p
= e−kE ⋅SEDorXp = 1 −

C

C0

||||p
= 1 − e−kE ⋅SED

(13)kE = −
ln
(
1 − Xp

)

SED

(14)kE = −
ln
(
1 − Xp

)

SED
= kE0 + kE1 ⋅ T + kE2 ⋅ SED

Fig. 10  Plot of apparent energy constants (kE =  − ln(1 − Xp)/SED, L  kJ−1) versus at T (K) for the plasma-
catalytic reactions of a  C5 −  C10 alkanes at SED = 1.02 ± 0.02 kJ L −1 and b  (CH3)m-benzenes (m = 0 − 3) at 
SED = 1.16 ± 0.05 kJ L −1 over  La0.7Sr0.3MnO3/mullite catalyst
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where kE0, kE1, and kE2 are the coefficients of the multivariate equation. When SED is con-
stant, Eq. (14) can be simplified to the following form:

Equation (15) represents a straight line in the graph of − ln(1 − Xp)/SED versus T with the 
intercept being kE0 and slope being kE1, from which kE0 and g kE1 can be obtained. Figure 10 
presents the plots of − ln(1 − Xp)/SED versus T for the plasma dissociation of the organic reac-
tants over the  La0.7Sr0.3MnO3/mullite catalyst. The results shown in Figs. 4 and 6 indicate that 
catalysis was not evident at temperatures lower than 120  °C, and only plasma dissociation 
may have occurred. Therefore, the data obtained at temperature ≤ 120  °C were fitted using 
Eq. (14) to determine the coefficients kE0 and kE1 for the given SED and T values. Figure 10 
shows plots of the apparent energy constants (kE =  − ln(1 − Xp)/SED, L  kJ−1) versus at T (K) 
for the plasma-catalytic reactions of the nine organic reactants over the  La0.7Sr0.3MnO3/mullite 
catalyst.

Synergistic catalysis comprises catalysis and energy synergy. The ratio of energy (R × T) 
terms is a quantitative index that can be used to evaluate the synergy effect. In our previ-
ous research, [24] the synergy factor ΨX was defined to evaluate the energy synergy effect as 
follows:

where TX,exp and TX,cal denote the experimental temperature in the plasma catalysis and 
calculated temperature in the PEC for the conversion X of the reactant, respectively. The 
formula for computing TX,cal is as follows: [20]

where ΨX is constant throughout the plasma-catalytic reaction, so it expressed as Ψ in the 
subsequent equations. In this study, the synergy factor was obtained using the ratio of both 
temperatures at the conversion rate of 80% (T80,exp and T80,cal), because synergistic catalysis 

(15)kE = −
ln
(
1 − Xp

)

SED
= kE0 + kE1 ⋅ T

(16)Synergy factor�X =
TX,cal

TX,exp

(17)TX,cal =
b

lna − ln
{
−
[
ln(1 − X) + kE ⋅ SED

]}

Table 2  Summary the kinetic 
parameters of the nine organic 
reactions in the PBPAP 
plasma catalysis over the 
 La0.7Sr0.3MnO3/mullite catalyst

Reactants kE0 (L  kJ−1) kE1 (L  kJ−1  K−1) R2 Ψ

Alkanes at SED = 1.02 ± 0.02 kJ L −1

 Pentane − 0.234 1.458 ×  10−3 0.994 1.04
 Hexane − 0.258 1.760 ×  10−3 0.991 1.04
 Heptane − 0.278 1.994 ×  10−3 0.992 1.04
 Octane − 0.292 2.240 ×  10−3 0.990 1.03
 Decane − 0.312 2.524 ×  10−3 0.998 1.04

Aromatics at SED = 1.16 ± 0.05 kJ L −1

 Benzene − 0.389 2.131 ×  10−3 0.996 1.17
 Toluene − 0.431 2.603 ×  10−3 0.996 1.17
 Xylene − 0.786 4.116 ×  10−3 0.997 1.18
 Mesitylene − 3.212 1.230 ×  10−2 0.993 1.19



1053Plasma Chemistry and Plasma Processing (2021) 41:1039–1058 

1 3

was dominant over catalysis. Thus, Eq. (5) can be rewritten as the following expression for 
determining kSC in synergistic catalysis:

By substituting Eq. (18) into Eq. (10), the theoretical equation of plasma catalysis can 
be obtained as follows:

Equation (19) can be used to predict the conversion rate XT for the plasma catalysis of 
organic reactants at various SED and T. Table 2 shows the kinetic parameters of the nine 
organic reactions in the PBPAP plasma catalysis over the  La0.7Sr0.3MnO3/mullite catalyst. 
The applied SED for the five alkanes and four aromatics was 1.02 ± 0.02 and 1.16 ± 0.05 kJ 
 L1, respectively. The results indicate that kE0 and kEa increased as the number of secondary 
hydrogens or methyl groups increased, especially for mesitylene. The synergy factor of the 
five alkanes was approximately 1.04, which indicates that the reaction was independent 
of the number of secondary hydrogens. As the number of methyl groups increased, kE0 
and kEa increased, leading to corresponding increases in the synergy factors of the four 
aromatics.

Comparison of Theoretical and Experimental Results

The kinetic parameters of the plasma catalysis of the nine organic reactants with the 
 La0.7Sr0.3MnO3/mullite catalyst are listed in Tables 1 and 2. These parameters were used 

(18)kSC = k0e
−

Ea

RT90,T orkSC = aexp
(
−
b

T

)

(19)XT = 1 − exp

[

−
(
kE0 + kE1 ⋅ T

)
SED − aexp

(
−b

T ⋅ �

)]

Fig. 11  Comparison of the conversion–temperature curves between theoretical and experimental results of 
a1 − a5 alkanes and b1 − b4 msonocyclic aromatics over  La0.7Sr0.3MnO3/mullite catalyst. Solid and dashed 
lines are the theoretical and experimental results, respectively
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to obtain theoretical conversion–temperature curves by using Eq. (19). Figure 11 displays 
the theoretical and experimental results of the nine organic reactants obtained using the 
 La0.7Sr0.3MnO3/mullite catalyst in the PBPAP plasma catalysis reaction. According to these 
results, the relative error was extremely small for the oxidation of each organic reactant, 
especially for the plasma catalysis of the four aromatics. The theoretical equation could be 
used to explain the behavior of plasma dissociation and synergistic catalysis in the plasma 
catalysis of organic waste gas and accurately predict conversion–temperature curves. Thus, 
the equation is useful for designing practical measures for controlling air pollution.

Energy Utilization Characteristics

For plasma catalysis of organic reactants, the conversion energy in the reactor is supplied 
by the applied SED and heat. The applied SED and heat initiate the plasmolysis and cataly-
sis of the reaction gas, respectively. A higher rate of utilization of the conversion energy 
amounts to higher conversion efficiency. Therefore, the conversion energy required for the 
reaction is proportional to the rate of energy utilization. On the basis of this concept, an 
increase in energy utilization due to the energy synergy effect at the same temperature can 
be defined as ΔE,T:

Fig. 12  The relationship between the energy utilization increment of synergy effect and reaction tempera-
ture of a the five alkanes (at SED = 1.02 ± 0.02 kJ  L−1) and b the four aromatics (at SED = 1.16 ± 0.05 kJ 
 L−1) in the PBPAP plasma catalysis over  La0.7Sr0.3MnO3/mullite catalyst
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where Xs,T, Xp,T, and Xc,T denote the conversion rates due to the energy synergy, plasma 
dissociation alone, and catalysis alone at temperature T, respectively. Because the catalyst 
also serves as the dielectric barrier material, plasma dissociation alone cannot occur in the 
absence of the catalyst. Therefore, we estimated Xp,T using Eq. (12) to obtain a conversion 
rate in the absence of catalysis.

Figure 12 illustrates the relationship between the increase in energy utilization due to the 
synergy effect and reaction temperature for the five alkanes and four aromatics in the plasma 
catalysis reaction over the  La0.7Sr0.3MnO3/mullite catalyst. The SED values applied in the 
plasma catalysis of the alkanes and aromatics were 1.02 ± 0.02 and 1.16 ± 0.05 kJ  L−1, respec-
tively. The results indicated that the increase in the energy utilization rate due to the synergy 
effect was inversely proportional to the plasma-catalytic reactivity of the organic reactant. 
Therefore, in terms of the increase in the energy utilization rate, plasma catalysis is favora-
ble for the removal of organic waste gases that are not easily oxidized. The increase in the 
energy utilization rate of alkanes was low (or even negative) and inconsistent when the reac-
tion temperature was less than 200 °C (overall conversion rate XPC < 50%, except for decane; 
see Fig. 4a). When the conversion rate was higher than 75%, the increase in the energy utiliza-
tion rate was significantly smaller. The rate of increase in energy utilization for aromatics was 
also low and inconsistent when the reaction temperature was less than 140ºC, but it remained 
positive for all the aromatics. As illustrated in Fig. 12a, the rate of increase in energy utiliza-
tion significantly decreased, but XPC for the plasma catalysis of the aromatics was higher than 
95% (Fig. 6a). Therefore, part of the energy supplied by the plasma discharge or heating was 
wasted at low and high XPC. When the catalytic activity began to play a role, the active spe-
cies (excited atoms, ions, or molecules) generated through plasma dissociation greatly accel-
erated the catalytic reaction. Thus, synergistic catalysis occurred. In addition, when the reac-
tion temperature was close to the complete oxidation temperature, the plasma dissociation and 
catalysis reactions competed with each other, resulting in wastage of some of the energy. This 
phenomenon was more pronounced for the n-alkanes than for the monocyclic aromatics.

Conclusions

High proportion of secondary hydrogens in alkanes and high amount of methyl groups 
in aromatics indicate that are more easily oxidized, which are attributed to their lower 
bond dissociation energy and higher inductive effect, respectively. In this study, we sys-
tematically investigated the plasma dissociation and synergistic catalysis of the alkanes 
and aromatics based on their kinetic characterizations in the PBPAP plasma catalysis 
reaction. The induced effect of the methyl group weakened the conjugated benzene ring 
and made it more susceptible to destruction by plasma discharge. Thus, the synergy fac-
tor of the aromatics increased as the number of methyl groups increased. The activities 
of the five alkanes were dependent of the number of secondary hydrogens, but their syn-
ergy factor does not increase accordingly. These results demonstrate that the effect of 
reactant structurally bond strength and inductive effect on synergy factor of plasma-cat-
alytic reaction are slightly and obviously, respectively. The calculation results obtained 
using the established theoretical formula revealed that the relative error was small for 
the oxidation of each organic reactant, especially for the plasma catalysis of the four 

(20)ΔE,T (%) =
Xs,T −

(
Xp,T + Xc,T

)

Xp,T + Xc,T

× 100
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aromatics. Moreover, the increase in energy utilization due to the synergy effect was 
inversely proportional to the reactivity of the organic reactants. Some of the energy 
supplied by the plasma discharge or heating was wasted at low XPC until the catalytic 
activity began to play a role. The increase in energy utilization was remarkable when 
catalytic activity at work. When the reaction temperature was close to the complete oxi-
dation temperature, plasma dissociation and catalysis competed with each other, result-
ing in the loss of some of the supplied energy. These phenomena were more pronounced 
for the n-alkanes than for the monocyclic aromatics.
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