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Abstract

In this work, plasma-catalytic removal of low concentrations of acetone over CuO/y-Al203
catalysts was carried out in a cylindrical dielectric barrier discharge (DBD) reactor. The
combination of plasma and the CuO/y-Al;Os catalysts significantly enhanced the removal
efficiency of acetone compared to the plasma process using the pure y-Al>O3 support, with the
5.0 wt.% CuO/y-Al203 catalyst exhibiting the best acetone removal efficiency of 67.9%.
Catalyst characterization was carried out to understand the effect the catalyst properties had
on the activity of the CuO/y-Al;O3 catalysts in the plasma-catalytic reaction. The results
indicated that the formation of surface oxygen species on the surface of the catalysts was
crucial for the oxidation of acetone in the plasma-catalytic reaction. The effects that various
operating parameters (discharge power, flow rate and initial concentration of acetone) and the
interactions between these parameters had on the performance of the plasma-catalytic removal
of acetone over the 5.0 wt% CuO/y-Al>Os catalyst were investigated using central composite
design (CCD). The significance of the independent variables and their interactions were
evaluated by means of the Analysis of Variance (ANOVA). The results showed that the gas
flow rate was the most significant factor affecting the removal efficiency of acetone, whilst
the initial concentration of acetone played the most important role in determining the energy

efficiency of the plasma-catalytic process.

Keywords: Plasma-catalysis; Dielectric barrier discharge; Acetone removal; CuO/y-Al.Os;

Response surface method
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1. Introduction

Acetone, one of the most abundant oxygenates in air, has been widely used as paint
thinner, solvent and raw material in chemical industry. The emission of acetone has negative
effects on both the global environment and human health (Koppmann, 2008). Exposure to
acetone can cause dizziness, unconsciousness and nausea (Flowers et al., 2003). Great efforts
have been devoted to technology research and development to meet the stringent regulations
for air pollution control. However, conventional technologies including catalytic combustion,
regenerative oxidation, photo-catalytic oxidation, adsorption and condensation are not
cost-effective for the removal of low concentrations of acetone in high volume waste gas
streams (Schnelle Jr and Brown, 2001).

For the last two decades, non-thermal plasma (NTP) has been regarded as a promising
gas cleaning technology for the abatement of low concentration volatile organic compounds
(VOCs) in high volume waste gas streams (Chen et al., 2009; Tu and Whitehead, 2012).
Using air as a carrier gas, energetic electrons and a large number of highly reactive species
including O, Os, N and metastable N> can be generated in the plasma even at room
temperature. Both high energy electrons and reactive species are capable of initiating a
cascade of physical and chemical reactions, which contribute to the removal of gas pollutants.
The main challenges in the industrial application of NTP for waste gas clean-up are the
formation of unwanted by-products and the low energy efficiency of the plasma process
(Kogelschatz, 2003; Kim, 2004). CO, CHs4, HCOOH and HCHO were found to be the major
organic by-products in plasma decomposition of acetone (Lyulyukin et al., 2010; Narengerile
and Watanabe, 2012; Zheng et al., 2014).

Recently, the combination of plasma and heterogeneous catalysis, namely
plasma-catalysis, has been considered as a promising solution for waste gas clean-up. The

presence of a catalyst in the plasma has great potential to generate a synergistic effect, which
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can reduce the activation energy of the reaction, enhance the removal of the gas pollutant and
the selectivity of the desired final products, and minimize the formation of unwanted
by-products. All of these contribute in different ways to increasing the energy efficiency of
the plasma-catalytic process (Van Durme et al., 2008; Chen et al., 2009; Vandenbroucke et al.,
2011). Chang and Lin (2005) reported the acetone decomposition efficiency of a plasma
process to be 25% higher in the presence of TiO2 compared to that using NTP alone. Trinh
and Mok (2014) found that placing ceramic supported MnO; catalysts in a dielectric barrier
discharge (DBD) significantly improved the removal efficiency of acetone, by 37%, at a
specific energy density (SED) of 600 J L. In our previous work, we showed that the energy
yield of acetone removal (3.72 g kWh') was 51.0% higher in the presence of y-Al.O3 than
when using plasma alone (Zheng et al., 2014).

Catalysts are of great significance in a plasma-catalysis system. Various catalysts have
been reported for plasma-catalytic oxidation of VOCs, among which Cu-based catalysts
showed their advantages over other transition metal oxide catalysts due to their low cost and
comparative reaction performance (Guo et al., 2007; An et al., 2011; Wu et al., 2013; Zhu et
al., 2015a). Our previous work showed that the addition of 10 wt% transition metal oxides
(Ce, Co, Cu, Mn and Ni) on y-Al,O3 support enhanced the removal of acetone, with the
supported copper oxide catalyst exhibiting the best performance among the tested transition
metals (Zhu et al., 2015b).

Although plasma-catalytic removal of acetone has been reported before, far less has been
done for the optimization of the plasma-catalytic process since its reaction performance is
largely affected by various operation parameters (Vandenbroucke et al., 2011; Samukawa et
al., 2012). The optimization of plasma-catalytic systems in previous work has been mostly
carried out via experimental approaches. The traditional univariate method fails to consider

and represent the interactions between different input variables. Moreover, this method
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requires a large amount of experimental data to obtain the favorable sets of operating
parameters for the optimization of the plasma process, which makes it time consuming and
labor intensive (Aerts et al., 2013; Thevenet et al., 2014; Xu et al., 2014). Recently, response
surface methodology (RSM) has drawn attention for the investigation and optimization of
processes. RSM is a statistical model considering the non-linear relationships between the
multiple input and output variables based on design of experiments (DoE), which aims to
predict and optimize the performance of complex systems via experiment design, model
building, and evaluation of the significance of independent variables and the interactions
between them. Until now, only limited work has been focused on the investigation of plasma
processes using the DoE method (Butron-Garcia et al., 2015; Mei et al., 2015), while the use
of DoE for the optimization of plasma-catalytic gas clean-up has not been reported before.

In this work, the effect of discharge power, gas flow rate, initial acetone concentration
and Cu loading amount on the performance of the plasma-catalytic removal of acetone were
investigated. Initial experiments were carried out to find an optimal Cu loading amount for
the highest removal efficiency of acetone. A series of catalyst characterization techniques
were performed to establish the relationships between catalyst properties and reaction
performance. A central composite design (CCD) method was applied to investigate the
interactions between the main process variables and to optimize the plasma-catalytic process

in terms of removal efficiency and energy efficiency.

2. Experimental
2.1 Catalyst preparation and characterization

The x wt% CuOl/y-Al,O3 catalysts (x=2.5, 5.0, 7.5 and 10.0) were prepared by incipient
wetness impregnation using copper nitrate (Alfa Aesar, 99.5%) as the precursor. The

appropriate weight of support (y-Al2O3) was added to the copper nitrate solution with a
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concentration of 0.1 M and continuously stirred at 80 °C for 4 h. The resulting slurry was
dried in an oven at 110 °C overnight, followed by calcination at 500 °C for 5 h. Pure y-Al203
support was treated in the same way for comparison in this study. All the catalysts were
sieved to 40-60 meshes prior to use.

The structural properties of the CuO/y-Al.O3 catalysts, including specific surface area,
average pore size and pore volume, were acquired via N2 adsorption-desorption experiments
using a Quantachrome Autosorb-1 instrument at -196 °C. The X-ray diffraction (XRD)
patterns of the catalyst samples were analyzed by a Rikagu D/max-2000 X-ray diffractometer.
The instrument was equipped with a Cu-Ka radiation source, with the scan conducted in the
20 range from 10 ° to 80 ° with a scanning rate of 4 °min™ and a step size of 0.02°. The
reducibility of the CuO/y-Al;O3 catalysts was evaluated by temperature-programmed
reduction with hydrogen (H2-TPR) using a gas chromatograph (GC-1690). Each catalyst (50
mg) was pre-treated at 200 °C in a N2 flow for 1 h before the test. The samples were then
heated from room temperature to 800 °C at a heating rate of 10 °C'min™. A 5% H/Ar flow
with a flow rate of 40 mL min was used. The amount of consumed H was calculated by the

integration of the H>-TPR signals.

2.2 Experimental set-up

The schematic diagram of the experimental set-up is shown in Fig. 1. A 60 mm-long
aluminum foil (ground electrode) was wrapped over a quartz tube with an inner diameter of 8
mm and wall thickness of 1 mm. A stainless steel rod with an outer diameter of 4 mm was
placed in the axis of the quartz tube and acted as a high voltage electrode. The length of the
discharge zone was 60 mm with a discharge gap of 2 mm. Zero grade air (99.999%) was used
as carrier gas in this work. Gaseous acetone was generated from a gas cylinder (0.5% acetone,

balanced air). All gas streams were controlled by mass flow controllers and premixed prior to
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the DBD reactor. In each experiment, catalyst samples with a dielectric constant of around
12.6 were placed in the discharge region, held in place by glass wool. The reactor was
powered by an AC power supply with a frequency of 10.2 kHz, while the maximum peak

voltage was 30 kV.

r*"—‘_‘—:

5 J
. b |

\

3

: \
1l

M Power I I _ﬁt
AcetonelAuri Supply Oscilloscope

o il
»"f“

i"*

e

)

Plasma

MFC-2 |

~ B g

Mixer

] A0, =
L10

Effluent

Fig. 1. Schematic diagram of the experimental setup

The applied voltage was measured by a Tektronix 6015A high voltage probe (1000:1),
while the voltage across the external capacitor (0.47 puF) was monitored by a Tektronix
TPP500 probe. All electrical signals were sampled by a digital oscilloscope (Tektronix
3034B). The discharge power was calculated using Q-U Lissajous method.

Gas products were measured by an online multi-component analyzer (Gasmet Dx4000,
Finland) with a resolution of 8 cm™. The Gasmet was calibrated with a standard acetone gas
cylinder (1%, air balanced). The effective path length of the gas analyzer was 5 m, while the
volume of the gas cell was 0.4 L. Measurements were carried out after running the plasma
reaction for about 40 min, when a steady-state of the process was reached. All experimental

data were obtained by repeating 3 times, with the average value of the three measurements
being presented. The removal efficiency of acetone (7,.... ) and energy efficiency (EE) of the

plasma-catalytic process can be defined as:
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where ¢, and C,, are the inlet and outlet acetone concentration (ppm); Macetone IS the molar

out
weight of acetone (g mol™); Q is the total flow rate (L min'), P is the discharge power (W)

and Vn is the gas molar volume.

2.3 Response surface exploration

In this work, a three-factor, five-level central composite design was used to investigate
the effects of the independent variables and the interactions of these factors on
plasma-catalytic removal of acetone using the trial version of Design-Expert® 8.05b
(Stat-Ease Inc., Minneapolis, USA). Three plasma process parameters, discharge power (Xz1),
gas flow rate (X2), and the initial concentration of acetone (Xs), were chosen as the input
factors for the design, while the removal efficiency (Y1) and energy efficiency (Y2) of the
plasma-catalytic process were employed as the responses based on our previous work [19]. A
total of 20 experiments including 6 axial points, 8 factorial points and 6 replicates at the
central point were designed using the CCD method (Table 1). Each input parameter was
coded into five levels as -2, -1, 0, +1 and +2 according to Eq. (3):

X =(X; =X, )/ AX, A3)
where xi is the coded value of the i variable, Xi is the original value of the i variable, Xo is

the value of Xj at the centre point of the tested data range and AX; is the step size. The levels
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of the selected plasma processing parameters were given in both coded and real values (Table

1).

Table 1. Independent variables and their levels used in the CCD method.

Ranges and levels

Symbols Variables
-2 -1 0 +1 +2
X1 Discharge power (W) 15 17.5 20 22.5 25
X2 Gas flow rate (L-min™) 0.5 0.75 1 1.25 1.5

Initial concentration of

100 150 200 250 300
acetone (ppm)

X3

In the CCD design, a quadratic polynomial response equation was used to correlate
and describe the relationship between the independent plasma processing parameters and the

responses:

Y:,BO+Zk:ﬂixi+Zk:ﬂ“xi2+22ﬂijxixj+g @)

i<j

where Y, k, xi and ¢ are the response, the number of variables, the coded values of
independent variables and the residual value, respectively. Bo iS a constant coefficient, whilst
Bi. Bii and Bijj are linear, quadratic and interaction coefficients, respectively. The quality of fit
and the significance of the polynomial model can be identified by the coefficient of
determination (R?) and the F-test, which were completely analyzed by the analysis of variance
(ANOVA). The interactions of the independent variables were investigated by constructing

the response surfaces and contour plots based on the model (Montgomery et al., 1984).
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3. Results and discussions
3.1 Catalysts characterizations

The physicochemical properties of the CuO/y-Al,Oz catalysts were analyzed by N
adsorption-desorption experiments. The isotherms of all the catalysts are of typical type V,
while the hysteresis loops exhibit type H4, indicating the formation of narrow slit-like pores
in the catalysts (Lippens and De Boer, 1965; Sing, 1985). The y-Al.O3 support has a large
specific surface area (241.6 m?g?) and a well-developed total pore volume (0.377 cm3g™).
The specific surface area and total pore volume of the CuO/y-Al,O3 catalysts decreases from
209.6 to 187.8 m?g* and from 0.338 to 0.299 cm® g in the Cu loading amount range of 2.5%
to 10%, which can be attributed to the partial coverage of the y-Al.Ozsurface by Cu species.
In contrast, the average pore diameter slightly increases from 5.01 to 5.19 nm, indicating the
clogging of micro-pores in the presence of Cu species (Zakaria et al., 2012).

Table 2. Physicochemical properties of CuO/y-Al203 catalysts.

Total pore Average Amount of H
SeeT pore
Sample 5 1 volume . consumed
(m?g™) (cm*g™) diameter (umol g2)
(nm) "
v-Al,03 241.6 0.377 4.99 -
2.5 wt % CuO/y-Al;03 209.6 0.338 5.01 233.4
5.0 wt % CuO/y-Al;03 206.7 0.324 5.07 422.7
7.5 wt % CuO/y-Al;03 192.8 0.315 5.14 594.0
10.0 wt % CuO/y-Al03 187.8 0.299 5.19 791.9

The XRD patterns of the CuO/y-Al>Oz catalysts and y-Al203 support are shown in Fig. 2.
All the catalysts show diffraction peaks that correspond to the typical cubic structure of
v-Al203 crystalline (JCPDS 00-010-0425). No obvious diffraction peaks ascribed to the
crystalline phase of copper oxides are observed at low Cu loading (2.5 wt % and 5.0 wt%),

which suggests the Cu species are well dispersed on the y-Al,Os3. The diffraction peaks of

10
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crystalline CuO (JCPDS 01-089-5899) located at 26=35.5° and 38.8° are clearly seen when
increasing the Cu loading amount, indicating the formation of bulk CuO at high Cu loading

(7.5 wt % and 10.0 wt%).
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LK 2
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L
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. e *

y-AIan. b .
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10 20 30 40 50 60 70 80
2 Theta (°)

Fig. 2. XRD patterns of the CuO/y-Al,O3 catalysts.

Fig. 3 shows the H>-TPR profiles of all the CuO/y-Al>O3 catalysts used in this study as
the y-AlO3 support cannot be reduced within the tested temperature range (Zhu et al., 2015b).
The amounts of consumed Ha were calculated based on the H2-TPR profiles. As expected, the
intensities of the reduction peaks increase significantly with increasing Cu loading amount. It
can be seen that there exists a single reduction peak located at around 240 °C at the Cu
loading amount of 2.5 wt%. At higher Cu loading amounts, the reduction peaks are shifted to
lower temperatures. At low loading amount, the existence of isolated Cu species was
dominant, leading to a higher reduction temperature (Yamamoto et al., 2002). For the other
catalysts, the H>-TPR profiles show two distinct peaks. The first peak can be attributed to the
reduction of highly dispersed CuO species, while the second peak is associated with the
reduction of bulk CuO (Aguila et al., 2008). The XRD spectra also confirm the existence of

bulk CuO at the Cu loading amounts of 7.5 wit% and 10 wt%. The lowest reduction
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temperature of 182 °C can be observed for the 5.0 wt% CuO/y-Al,O3 catalyst, indicating that
it is easy to activate oxygen species on the surface of the 5.0 wt% CuO/y-Al>O3 catalyst. At
the Cu loading amounts of 7.5 wt% and 10 wt%, the reduction peaks shift to higher

temperatures (Lopez-Suarez et al., 2008).
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Fig. 3. H2-TPR profiles of CuO/y-Al.O3 catalysts.

3.2 Plasma-catalytic removal of acetone

Fig. 4 shows the effect of Cu loading on the plasma-catalytic removal of acetone. The
removal of acetone increases monotonically with increasing discharge power regardless of the
Cu loading amount. The maximum acetone removal efficiency of 67.9% was achieved at a
discharge power of 25 W in the presence of the 5.0 wt% CuO/y-Al>Oz. It is widely recognized
that higher discharge power could lead to the formation of more microdischarges in the DBD,
which generates more reaction channels and chemical reactive species (e.g., O, Oz, N and
metastable N.) for chemical reactions. These reactive species collide and react with acetone
and intermediates, forming reaction products including organic fragments, CO, CO: and H-O.
Hence, higher discharge power improves the removal efficiency of acetone in the

plasma-catalytic process.
12
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Fig. 4. Effect of Cu loadings on the plasma-catalytic removal of acetone.

The Cu loading amount significantly affects the reaction performance of the
plasma-catalytic oxidation of acetone in the tested discharge power range. The acetone
removal efficiency increases with the Cu loading amount up to 5%, while further increasing
the Cu loading decreases the reaction performance of the plasma-catalytic process. The
catalysts play an important role in the plasma-catalytic system for VOC removal. In the
presence of the catalysts, acetone molecules and the organic fragments could be adsorbed and
oxidized to CO2 and H2O via surface reactions on the surface of the catalysts (Zhu et al.,
2015a). The different reaction performances might be attributed to the different
physicochemical properties of the CuO/y-Al>O3 catalysts.

As presented in section 3.1, all the CuO/y-Al203 catalysts possessed comparable specific
surface area, with no obvious changes found in the structure and crystallites of the catalysts.
The large specific surface area of the catalysts could offer many adsorption sites for acetone
molecules and intermediates, resulting in a longer residence time of the pollutants in the
plasma region and benefitting the removal of acetone. The adsorbed species are further

converted via surface reactions driven by surface oxygen species. The H>-TPR profiles show
13
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that the most easily reducible Cu species (corresponding to the first peak in H2-TPR profiles)
increase significantly from 2.5 wt% CuO/y-Al203to 5.0 wt% CuO/y-Al203, and continue to
slightly increase for higher Cu loadings, indicating the abundance of surface oxygen species
with high mobility which could participate in the plasma-induced surface reactions.
Lopez-Suarez et al. (2008) reported that a maximum surface Cu loading amount on Al,O3 can
be achieved at around 5.0 wt% Cu loading, with further addition of Cu decreasing the surface
Cu amount. This is in line with the formation of bulk CuO at a high Cu loading amount
derived from the XRD results, which could in turn inhibit the surface reactions (Luo et al.,
2005). Among the tested catalysts the lowest reduction temperature is found when using the
5.0 wt% CuO/y-Al.Oz catalyst, indicating easier activation of the catalyst. This is closely
related to the redox properties of the catalyst and consequently affects the reaction
performance.

The main gaseous products in the effluent were CO, CO; and H20, while small amounts
of HCOOH, HCHO, NO: and N2O were also detected. The removal of acetone in the
plasma-catalytic process could be attributed to the combination of plasma-induced gas phase
reactions and plasma-assisted surface reactions on the CuO/y-Al>O3 catalysts. The plasma gas
phase reactions for acetone removal were initiated by direct electron impact dissociation of
the carrier gas (air) to form chemically reactive species such as O, OH, N and metastable N>
for the stepwise decomposition and oxidation of acetone and/or intermediates into CO, COs,
H20 and other by-products (Fridman, 2008). Acetone molecules can be decomposed by the
rupture of C-C and C-H bonds, forming methyl groups (CHs-) and acetone groups
(CH3COCH2). Consequently, acetone radicals can be oxidized by O and OH to acetyl
radicals, methyl groups and ketenes. The further oxidation of acetyl radicals leads to the
formation of methanol and acetic acid (Magne et al., 2009). Methyl groups can be further

decomposed to CH and CH> by energetic electrons (Huang et al., 2011). These species can
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react with O and OH radicals, forming CO, CO,, HCHO and HCOOH. In the plasma-catalytic
process, catalysts were placed in the plasma region in direct contact with the discharge. Both
short-lived radicals and acetone/intermediates can be adsorbed on the catalyst surfaces to

initiate a series of surface oxidation reactions, forming CO, CO2, H2O and by-products.

3.3 DoE analysis
3.3.1 Regression models and data analysis

In this work, optimization of the plasma-catalytic removal of acetone was carried out
using the CCD method in the presence of the most active catalyst (5.0 wt% CuO/y-Al2O3).
The designed experiments and corresponding results of the CCD method are summarized in
Table 3. The removal efficiency of plasma-catalytic removal of acetone varies from 44.3% to
81.3%, while the energy efficiency of the plasma-catalytic process is in the range of 0.60 ¢
kwh? to 1.30 g kwWh™. The obtained responses were correlated to the aforementioned
independent plasma processing parameters using the polynomial equation (4). The best-fit

models of removal efficiency and energy efficiency in terms of coded factors are as follows:

Removal Efficiency(%):
Y, =59.69 +4.75x, —8.43x, —4.99x%, +0.74% X, —0.67X X, +1.86X,X, (5)

+0.075%° +0.72x,> +0.79x%,?

Energy Efficiency (gkwh):
Y,=0.92-0.043x, +0.11x, +0.16x, +0.012x,x, —0.015x,X;+0.04x,x,  (6)
+7.222x107°x” —0.021x,* — 7.736 x10°x,*

Table 3. Experimental design matrix and experimental results of the CCD

Coded values (X) Responses (Y)
Run — - -
order  Discharge Gas flow rate Initial Y1 Removal  Ya: Energy
concentration efficiency efficiency
power b)) () (%) (g kwh)

15
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332

333
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335

336

1 20 1 200 59.3 0.91

2 20 1 200 59.2 0.91
3 20 0.5 200 78.5 0.60
4 15 1 200 49.7 1.02
5 20 1 200 59.5 0.92
6 17.5 0.75 250 59.7 0.98
7 20 1 300 51.1 1.18
8 22.5 0.75 250 68.7 0.88
9 22.5 1.25 250 55.4 1.18
10 20 1 200 59.3 0.91
11 17.5 1.25 250 47.2 1.30
12 25 1 200 67.9 0.84
13 22.5 0.75 150 81.3 0.63
14 20 1.5 200 443 1.02
15 20 1 100 72.2 0.56
16 22.5 1.25 150 64.3 0.82
17 20 1 200 59.2 0.91
18 17.5 0.75 150 73.4 0.73
19 20 1 200 59.3 0.91
20 17.5 1.25 150 49.7 0.82

Table 4 shows the ANOVA of the generated regression models. The results confirm that
the models are highly significant since the F-values for both Y and Y are found to be 72.33
and 83.20, both of which are greater than the critical value of 3.02 in our case (Montgomery
et al., 1984). Moreover, the ultimate low probability value (p-value < 0.0001) indicates the
significance of both models at a confidence level greater than 95%. It can be confirmed that

most variations in the response can be explained by the generated models considering the high
16
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F-values and low p-values. The obtained regression correction coefficients (R?) (0.9849 for Y1
and 0.9868 for Y>) are close to unity, indicating the regression models are well fitted to the
experimental results. The adequate precision presents the signal-to-noise ratio of the models,
while values greater than 4 are desirable. In this study, the adequate precisions are 29.645 and
32.610 for the removal efficiency and energy efficiency of the plasma-catalytic process,
respectively, which indicate adequate intensities of the signals. The coefficients of variations
(C.V.), as the ratio of the standard error of the estimations to the mean value of the responses,
could be used to measure the reproducibility of the regression models. The obtained C.V. are
2.84% for Yrand 3.33% for Y2, which are less than the critical value of 10%, indicating the

reliability and reproducibility of the models (Mousavi et al., 2014).

Table 4. ANOVA of magnitude and significance of factor effects on the responses

Response  Model terms ig:;fef [:fgerggrgf Sl\éljaarne F-value p-value
(Prob.>F)
Model 1957.54 9 21750  72.33  <0.0001
X1 361.50 1 36150 120.22  <0.0001
X2 1137.46 1 1137.46  378.28  <0.0001
X3 398.40 1 398.40 13249 <0.0001
X1X2 4.43 1 4.43 1.47 0.2527
Removal X1Xa 3.58 1 3.58 1.19 0.3005
Efficiency XoX3 2758 1 2758 917 00127
X12 0.14 1 0.14 0.047  0.8333
X2 13.01 1 13.01 4.33 0.0642
X3 15.62 1 15.62 5.19 0.0459
Residual 30.07 10 3.01
Total 1987.61 19
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R?=0.9849, Adequate precision=29.645, C.V.=2.84%

Model 0.67 9 0075 8320  <0.0001

X1 0.029 1 0029 3214  0.0002

X2 0.19 1 019 21141 <0.0001

X3 0.42 1 042 46964 <0.0001

XX 1152E-3 1 1152E-3 128  0.2843

Eneray XiXa 1872E3 1 1872E-3 208  0.1797
Efficiency XX 0.013 1 0013 1446  0.0035
X’ 1311E3 1 1311E-3 146  0.2551

X2 0.012 1 0.012 12.88  0.0049

X 1505E-3 1 1505E-3 167  0.2250

Residual 8.997E-3 10 8.997E-4
Total 0.68 19

R2=0.9868, Adequate precision=32.610, C.V.=3.33%

3.3.2 Effect of variables on removal efficiency

A model term is considered to play an important role in the plasma-catalytic process
once its p-value is below the level of significance (0.05 in this work). In the plasma-catalytic
removal of low concentrations of acetone, Xi, Xz, X3, X2Xs and xs? are identified as the
significant terms for the removal efficiency of acetone, while X1, X2, X3, X2x3 and x2? are
important for the energy efficiency of the plasma-catalytic process. Considering the highest
F-value of 378.22, the air flow rate is believed to be the most important factor affecting the
removal efficiency of the plasma-catalytic process. Similarly, the largest F-value of initial
concentration confirms its role in determining the energy efficiency of the process.

Three-dimensional (3D) response surfaces and two-dimensional (2D) contours are

presented (Fig. 5 - Fig. 7) based on the quadratic polynomial regression models to gain new
18
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insights into the effects of each individual factor and their interactions on the plasma-catalytic
process. Fig. 5 shows the combined effect of discharge power and flow rate on the removal
and energy efficiency at the initial acetone concentration of 200 ppm (the center level). The
acetone removal efficiency increases significantly with an increase in the discharge power and
flow rate (shown in Fig. 5a). The maximum acetone removal efficiency of 86.2% is achieved
at a discharge power of 25 W and a flow rate of 0.5 L min™’. As discussed earlier, the number
of micro-discharges increases with increasing discharge power, which could contribute to the
generation of more reaction channels and reactive species, and consequently enhance the
reaction performance. Significant decreases in removal efficiency are observed with
increasing flow rate. The residence time of pollutants at 0.5 L min* is 3 times that at 1.5 L
min. Longer residence time is beneficial for the removal of acetone as the possibility of
collisions between the reactive species and the pollutants is much higher than at shorter
residence times. The highest energy efficiency of 1.12 g kWh? is obtained at a discharge
power of 15 W and flow rate of 1.5 L min', which may be attributed to heating and excitation
of the carrier gas by the dissipated discharge power. Similar observations have been reported
elsewhere in cases of VOC removal using either DBD reactors or packed-bed reactors (Zheng
et al., 2014). The interactions between the two terms on the reaction performance are regarded
as insignificant as the gradients are almost the same at varied flow rates and discharge powers,
while the contours are almost linear (Mei et al., 2015). The p-values of 0.2527 and 0.2843

(greater than the critical value of 0.05) also support this conclusion.

19



382
383

384
385

386

387

388

389

390

391

392

393

e
CSIITIITICTIN,
EESICSITES
ST SIS SIS, | 80
SRS
LS ST IS TSSOSO ™
SRS S RTINS
D e s tae sy e st
S RIIISISSISISS S SIS
3 3 > :

70

60

Removal Efficiency (%)
(=x)

G g SIS TS ST 5SS
RISt
o
5 IS IS
05 T~ : RS3 eSessess
o o

STev ety
0.75 LS,

40

Flow Rate ’ 15 e Discharge Power
(L min™) 5B (W)

-
[N
7

e N
SIS CICSCSISISoT R,
O PO e T O o N
T O e e 0 0 s et et o e N
H SIS ST SN I ST LT R OCRIE A T,
e e St S S eSS OC I SIS SCICE IS ST,
B T e r 2t
S ST a oS SO S e SO SO S BSOS P e et 0 e S
R R T e e s e s e e s s et oS SN
N S S S i
e e S b e S H
R S S T e S
e e s
oS

ssigs! 35S
\ esiie et e tie
. et
s
QOSRCSIRTSICEI
Bt et iatt st gt
T S RS S SRR
RN
“‘:8:“‘“\:‘
CSocess
o

Energy Efficiency (g kWh™)

Flow Rate Discharge Power
(L min™) (W)

(b)
Fig. 5. Effect of discharge power and flow rate on plasma-catalytic removal of acetone at the

initial concentration of 200 ppm: (a) removal efficiency; (b) energy efficiency.

Fig. 6 illustrates the effect of discharge power and initial concentration on
plasma-catalytic removal of acetone. The maximum acetone removal efficiency of 85.2% is
obtained at a discharge power of 25 W and an initial acetone concentration of 100 ppm, while
the highest energy efficiency of 1.51 g kWh? is reached at an initial concentration of 300 ppm

and a discharge power of 15 W. The removal efficiency of acetone is doubled when the
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discharge power is increased from 15 W to 25 W at 100 ppm, but only increases by 34.8% at an
initial concentration of 300 ppm. Higher initial concentration of acetone exhibits a negative
effect on acetone removal regardless of the discharge power. For constant reactor and
operation parameters, the generation of reactive radicals in the plasma process is almost the
same (Nie et al.,, 2013). At higher initial concentration, more acetone molecules are
introduced into the plasma-catalytic system, whilst the concentration of reactive species has
been diluted, which lowers the probability of acetone molecules reacting with these reactive
species. Consequently, the removal efficiency of acetone decreases with increasing initial
concentration. On the other hand, higher initial concentration enhanced the chance of reactions
occurring between reactive species and methanol molecules, which led to better utilization of
the reactive species. At this point, more acetone molecules can be converted and the energy
efficiency of the plasma process is increased at higher initial concentration. The interaction
between the discharge power and initial concentration is not significant as the contour lines are
linear and the p-values are greater than 0.05, namely 0.3005 for removal efficiency and 0.1797

for energy efficiency.
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Fig. 6. Effect of discharge power and initial concentration on plasma-catalytic removal of

acetone at the flow rate of 1 L min: (a) removal efficiency; (b) energy efficiency.

The effect of flow rate and initial concentration on the performance of plasma-catalytic
removal of acetone is plotted in Fig. 7. The two terms exhibit a similar effect on the process
performance as discussed before. The highest removal efficiency of 99.8% is obtained at a gas
flow rate of 0.5 L min' and an initial concentration of 100 ppm, while the maximum energy
efficiency is reached at a flow rate of 1.5 L min"tand an initial concentration of 300 ppm. The
removal efficiency of acetone appears to be more sensitive to the flow rate as the gradient of
the removal efficiency is much larger at 100 ppm compared to that at 300 ppm, while the
initial concentration of acetone is more important for improving the energy efficiency,
considering the energy efficiency of the plasma process is almost independent at 100 ppm.
This can also be confirmed by the F-values of each term for Y1 and Y2 in Table 4. Moreover,
the low p-value (<0.001) of the term x»xz also confirms the strong interactions between initial
concentration and flow rate and the effect these have on the reaction performance of

plasma-catalytic removal of acetone.
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435 adischarge power of 15 W: (a) removal efficiency; (b) energy efficiency.

436

437 4. Conclusions

438 In this work, the plasma-catalytic removal of acetone was investigated using a series of
439  CuO/y-Al;Os catalysts. The integration of plasma with the CuO/y-Al2O3 catalysts significantly
440  improves the removal efficiency of the plasma-catalytic gas cleaning process by 15% to 20%

441  in the tested discharge power range compared to the plasma process using pure y-Al2Os3
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support. The 5.0 wt% CuO/y-Al,O3 catalyst exhibits the best activity with the maximum
acetone removal efficiency of 67.9% at a discharge power of 25 W. Catalyst characterization
including BET, XRD and H>-TPR demonstrates that the activation of surface oxygen species
were crucial for the oxidation of acetone molecules and organic by-products on the catalyst
surface, which in turn enhances the reaction performance.

The effects of various plasma operating parameters, including discharge power, flow rate
and initial concentration of acetone, on the plasma-catalytic process and the interactions
between these parameters were investigated using CCD method in the presence of the 5.0
wt% CuO/y-Al2O3 catalyst. The generated regression models fits very well with the actual
data considering the high coefficient of determination (R?=0.9849 for removal efficiency and
0.9868 for energy efficiency). The ANOVA results show that the flow rate was the most
significant factor affecting the removal efficiency of acetone and the initial acetone
concentration was the most important parameter in determining energy efficiency of the
plasma-catalytic process. Moreover, the interactions between flow rate and initial

concentration impose a significant effect on the plasma-catalytic process for acetone removal.
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