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Abstract

In this study, a coaxial dielectric barrier discharge (DBD) reactor has been used for plasma-catalytic
removal of low concentration formaldehyde over a series of Cu-Ce oxide catalysts prepared by the
citric acid sol-gel method. The effect of the Cu/Ce molar ratio on the removal of formaldehyde and
CO: selectivity has been investigated as a function of specific energy density (SED). In comparison
to the plasma-only process, the combination of plasma with the Cu-Ce binary oxide catalysts
significantly enhances the reaction performance, while the presence of CuO or CeO: in the DBD
reactor has a negative effect on the removal of HCHO. This suggests that the interactions between
Cu and Ce species change the properties of the catalysts and consequently affect the performance of
the plasma-catalytic process. The highest removal efficiency of 94.7% and CO: selectivity of 97.3%
were achieved when the CulCel catalyst (Cu/Ce = 1:1) was placed in the DBD reactor at the SED of
486 J L. The interaction between Cu and Ce species results in a larger specific surface area and pore
volume, along with a greater formation of surface adsorbed oxygen (Oags), Which favor the oxidation
of formaldehyde in the plasma process. In addition, the redox cycles between Cu and Ce species
facilitate the formation of additional active oxygen atoms and contribute to the plasma-catalytic
oxidation reactions. Plausible reaction mechanisms involved in the plasma-catalytic oxidation of
HCHO have been proposed.

Keywords: Plasma-catalysis; Dielectric barrier discharge (DBD); Formaldehyde; Cu-Ce catalysts
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Highlight

e Cu-Ce binary catalysts show excellent HCHO removal efficiency and CO> selectivity.
e Electronic excitations become more important with increasing specific energy density.
e Surface adsorbed oxygen plays an important role in plasma-catalytic reactions.

e Both gas phase and surface reactions contribute to HCHO removal.
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1. Introduction

Formaldehyde (HCHO) is a hazardous air pollutant that is mainly emitted from industrial
processes such as the manufacturing of wood products and building materials, and combustion
processes. As one of the toxic volatile organic compounds (VOCs), the emission of formaldehyde has
become a great concern in our society due to its harmful effects on our health and environment,
especially as a suspected carcinogen. Significant efforts have been devoted to the development and
investigation of various pollution remediation technologies including adsorption, membrane
separation, biological process, thermal combustion and catalytic oxidation for the removal of
formaldehyde. However, conventional technologies are not cost-effective for the removal of low
concentration VOCs (e.g. formaldehyde) in high volume waste gas streams. For example, thermal
processes require large amounts of energy for heating the high volume gas flow to clean only a low
concentration of environmental pollutants.

Non-thermal plasma (NTP) has been regarded as a promising method for the removal of a wide
range of low concentration volatile organic compounds (VOCSs) due to its non-equilibrium character,
fast reaction, low energy cost and unique ability to initiate both physical and chemical reactions at
low temperatures [1]. Energetic electrons generated in non-thermal plasma can collide with carrier
gases, forming highly reactive species such as free radicals and excited atoms, molecules and ions.
These species are capable of breaking most chemical bonds or initiating chemical reactions, leading
to the removal of various VOC pollutants [2]-[5]. However, the selectivity toward the desired final
products (e.g. CO2 and H20) through deep oxidation is typically low when using plasma discharge
alone, whilst the formation of unwanted by-products is inevitable [3][5]. Recently, a hybrid plasma-

catalysis technology has been developed to combine the advantages of high selectivity from catalysis
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with the low temperature, fast reaction provided by non-thermal plasma [6]-[8]. The integration of
plasma and catalysis has great potential to reduce the operating temperature of catalyst activation,
enhance the removal efficiency of the gas pollutant and increase the selectivity of the desired final
products to minimise the formation of unwanted by-products (such as NOy); all of which contribute

to enhancing the energy efficiency of the process [8]-[10].

Catalysts are regarded as one of the most important factors to determine the reaction performance
of a plasma-catalysis system. Different catalysts including y-Al203, TiO2, zeolite 13X and NaNO-
coated raschig rings, have been shown to enhance the process performance for the plasma-catalytic
oxidation of formaldehyde [11][12]. Ding et al. found that the presence of Ag/CeO; catalysts in a
dielectric barrier discharge (DBD) significantly improved the removal efficiency and CO: selectivity
of formaldehyde, which can be attributed to the formation of plasma-enhanced catalytic redox cycles
between Ag and Ce species [13]. Zhao et al. also reported a similar interaction effect from Ag and Cu
in the AgCu/HZSM-5 for formaldehyde removal in a cycled storage—discharge (CSD) system [14].
However, high costs of noble metals could limit the use of these catalysts for industrial applications.
Up until now, the knowledge of supported metal oxide catalysts, especially the binary oxide catalysts,

for the plasma-catalytic oxidation of formaldehyde is rather limited [15][16].

Cu-based catalysts have been widely used in the oxidation of VOCs due to their sufficient
catalytic activity and relatively low cost [17]. Cerium oxide (CeO-) has been regarded as an effective
promoter in thermal catalytic reactions due to its high oxygen storage capacities and redox properties
between Ce** and Ce®* CeO2 can also act as a local source/sink of oxygen species due to its high bulk
oxygen mobility and oxygen vacancies [18]. Cu-Ce mixed oxides have been regarded as promising

catalysts for thermal catalytic oxidation of VOCs, such as benzene and toluene, due to the strong
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interactions between Cu and Ce species [19][20]. However, the combination of Cu-Ce oxide catalysts
with non-thermal plasmas for the oxidation of VOCs has not yet been reported [21]. It is still not clear

how the interactions between Cu and Ce species will affect the plasma-catalytic oxidation process.

In this study, a series of Cu-Ce oxide catalysts with different molar ratios have been prepared by
a citric acid method. The effect of these catalysts on plasma-catalytic removal of formaldehyde as a
function of specific energy density (SED) has been investigated in terms of formaldehyde removal
efficiency and CO; selectivity. Catalyst characterization has been carried out using a wide range of
analytic techniques such as Brunauer, Emmett and Teller (BET) surface measurement, X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) to get a better understanding of the
roles of these catalysts in the plasma-catalytic process. Plausible reaction mechanisms and pathways

have also been proposed and discussed.

2. Experimental Section
2.1 Experimental Setup

Fig. 1 shows the schematic diagram of the experimental setup. 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. As a result, the length of the discharge zone was 60 mm
with a discharge gap of 2 mm. Catalysts (100 mg, 35-60 mesh) were packed in the discharge region
and held by quartz wool, corresponding to a gas hourly space velocity (GHSV) of 600000 mL g*h™.
In this study, simulated dry air was used as carrier gas. Gaseous formaldehyde was acquired by

feeding a dry air stream through paraformaldehyde powders (99.9%, Alfa Aesar) which were



134  contained in a vessel heated in a water bath (60 °C). The total flow rate for the experiments was fixed
135 at 1 L min?' with a corresponding residence time of 0.23 s in the discharge area. The initial

136  concentration of formaldehyde was kept at 57.7 ppm.
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140
141 The DBD reactor was supplied by an AC high voltage power supply with a maximum peak

142  voltage of 30 kV and a frequency of 10 kHz. A high voltage probe (Testec, HVP-15HF, 1000:1) was
143  used to measure the applied voltage of the discharge, while a Tektronix P5100 probe was used to
144 measure the voltage across the external capacitor Cext (0.47 puF). All the electrical signals were
145  monitored by a digital oscilloscope (Tektronix 3034B). V-Q Lissajous method was used to calculate
146  the discharge power (P) of the DBD reactor. In the present work, specific energy density has been

147  defined as energy dissipated to the plasma per unit volume:

PW)
148 SED ¢ L :)mn)e

149  where P is the discharge power and Q is the total flow rate.
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Effluent compositions were analyzed online using a Fourier transform infra-red (FTIR)
spectrometer (Jasco FT/IR-4200, resolution of 2 cm™) equipped with a 1-16 m variable gas cell
(PIKE Technologies). The effective pathlength of the gas cell used in this study was 5.3 m.
Measurements were carried out after running the plasma system for about 40 minutes, when a steady-
state had been reached. All the signals were obtained by averaging 128 scans. Quantitative analysis
was carried out by comparing the obtained signals with the standard FTIR spectra from Pacific
Northwest National Laboratory (PNNL) database. The removal efficiency of formaldehyde is defined

as:

C —C
Mhcno — - x100%

in
where C, and C,, are inletand outlet concentrations of formaldehyde, respectively.

The selectivity of carbon dioxide (CO.) is defined as follows:

c
CO, selectivity( %) =—=—x 100
Cco + 0002

where C, and Cy are CO and CO; concentrations in the effluent, respectively.

2.2 Model Description

A Boltzmann equation solver called BOLSIG+ was used to calculate the electron energy
distribution in the plasma together with the energy deposition in various electron-induced collisions
[22][23]. Based on the classical two term approximation, BOLSIG+ provided steady solutions to the
Boltzmann equation in the selected range of the reduced electric field (E/N, ratio of electric field to
the number density of carrier gas molecules, in Td) and gave outputs of the corresponding electron

energy distribution function (EEDF), mean electron energy, reaction rate coefficients and energy
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fractions of each plasma reaction channel. The reduced electric field was obtained from the
experimental data, while an electron number density of 10*® m was chosen as the initial condition
for the calculation, which was within the same order of magnitude of experimental results (10'8-10?
m) of air DBDs [24][25]. The cross section data of N2 and O, used in this study was obtained from
Phelps [26] and Lawton [27], while the effect of formaldehyde was excluded due to its low
concentration (57.7 ppm) in the air flow (79% N2 and 21% O.). A list of chosen reactions has been

given in Table S1 (Supporting Information).

2.3 Catalysts Preparation

A series of Cu-Ce mixed oxides with different Cu/Ce molar ratios (1:3, 1:1 and 3:1) were
prepared using the citric acid method. The desired amount of copper nitrate, ceria nitrate and citric
acid (99.9%, Alfa Aesar) were mixed and then dissolved in deionized water. The molar ratio of citric
acid to metal salts was 1.5. The above solution was stirred at room temperature for 2 h, followed by
drying in a water bath at 80 °C. The obtained samples were heated overnight at 110 °C and then
calcined at 500 °C for 5 h. All the catalysts were sieved in 35-60 meshes for testing. Pure copper

oxide and ceria oxide were prepared using a similar procedure.

2.4 Catalyst Characterization

N> adsorption and desorption experiments were carried out to determine the specific surface area,
pore size distribution and average pore diameter of the catalysts using an Autosorb-1-C instrument
(Quantachrome Instrument Crop). XRD patterns of the catalyst samples were recorded by a Rigaku

D/max 2550PC system with a Cu-Ka radiation in the 26 range from 10° to 80°. X-ray photoelectron
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spectroscopy spectra were recorded with a Thermo ESCALAB 250 using Al Ka X-ray (hv = 1486.6
eV) at 150 W as a radiation source. Sample charging effect was eliminated by correcting the observed
spectra with the C 1s binding energy (B. E.) value of 284.6 eV. Carbon deposition on the surface of
spent catalysts was evaluated by thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) in an air atmosphere using a Thermal MAX 500 instrument at a heating rate of 10 °C min'*

from 20 °C to 900 °C.

3. Results and Discussions
3.1 Catalyst properties
3.1.1 Structure of Cu-Ce catalysts

The isotherms of nitrogen adsorption/desorption for all the samples are of type IV, which is
associated with capillary condensation in mesopores [28]. Type H3 hysteresis loops are observed
closing at P/Po = 0.4 for all the catalysts, which indicate typical open slit-shaped pores with parallel
walls and ink-bottle-shaped pores [29]. Table 1 shows the specific surface area (Sger), total pore
volume and average pore diameter of all the fresh catalysts. A synergy resulting from the interactions
between Cu oxide and Ce oxide can be clearly observed. The specific surface area (33.0 — 64.4 m? g
1y of the Cu-Ce catalysts is significantly enhanced compared to that of pure CuO (3.6 m? g?) and
CeO2 (10.3 m? g1). The highest Sger and total pore volume were obtained for the CulCel catalyst,
while further increasing of the amount of Cu or Ce resulted in a decrease of the Sgerand pore volume

of the catalysts.
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Table 1.

Sample Seer  Total pore  Average Crystallite Lattice Ce®* Oads
(m?g?)  volume pore size* (nm) constant®  /Ce3*+Ce** ¢  /Oggs + Ol
(cm3g?l)  diameter A) (%) (%)
(nm)

CuO 3.6 0.010 8.4 25.43 - -- -
Cu3Cel 33.0 0.044 6.7 5.12 5.4095 19.94 34.05
CulCel 64.4 0.081 4.4 4.58 5.4097 24.54 38.22
CulCes 41.7 0.063 6.2 4.77 5.4100 14.55 36.12

Ce02 10.3 0.035 7.7 17.44 5.4104 9.78 26.70

Spent CulCel 60.8 0.078 4.8 4.58 5.4097 23.87 33.02

& All column data correspond to crystallite size of CeO2 except for the first one, which corresponds
to CuO.

b Calculated from the characteristic peak of CeO2 (111) crystal face located at 26 = 28.5° in the XRD
patterns.

¢ Relative percentage of Ce3* on catalyst surface are calculated from XPS data.

d Relative percentage of surface oxygen species (Oags) are calculated from XPS data, while Oy is
lattice oxygen species of Cu-Ce catalysts.

Fig. 2 presents the XRD patterns of the fresh and spent catalysts. For the CuO catalyst, typical
diffraction patterns of CuO phase (JCPDS 45-0937) can be clearly seen, while the CeO2 and all fresh
Cu-Ce catalysts show a typical cubic fluorite-type oxide structure (JCPDS 34-0394). No obvious
reflections of a copper oxide phase are found in the CulCel and CulCe3 samples, which can be
attributed to the well dispersed CuO on the surface of CeO, [30]. Further increasing of the Cu
content leads to the formation of bulk CuO particles, since the characteristic peaks of CuO at 26 =
35.5° and 38.5° are detected in the Cu3Cel catalyst. The diffraction peaks of all the Cu-Ce catalysts
are broader compared to those of CuO and CeO., while the peak intensities of the Cu-Ce catalysts are
smaller, indicating the decrease of CeO> crystallinity by Cu doping, which is in accordance with the

calculated crystalline size of CeO- (Table 1) using the Scherrer’s equation [31]

0.894

- (f — po)cos @)
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where d is the average volume diameter of the crystallite, A is the wavelength of the incident X-rays
from the Cu source, @is the X-ray incidence angle with respect to the sample surface, S is the peak

width at half peak height (in radians) and /o is the instrumental line broadening.

Pure CeO2 and CuO have a crystallite size of 17.44 nm and 25.43 nm, respectively, but it
decreases significantly to 4.58-5.12 nm in the case of the Cu-Ce catalysts, which is in agreement with
the results of N2 adsorption-desorption experiments in this study. The XRD patterns of the Cu-Ce
catalysts show a slight shift of about +0.3° for the characteristic peak of CeO, (111) crystal face
located at 26 = 28.5°. This behavior can be explained by the incorporation of CuO into the CeO:
lattice and the partial substitution of Ce cations by Cu cations. Since the radius of Cu?* (0.73 A) is
smaller than that of Ce** (0.97 A), a contraction of the CeO lattice would occur when Ce** is replaced

by Cu?*, as confirmed by the decrease of the lattice constant in Table 1.

v v CuO & CeO:2
v
Ccuo . \ vy vv v vv
owon K o

Cu1Ce1

CuiCe3 /*\ ~ N\ ~

L) + e
CeO:2 A J‘, A » M

Spent Cu1Ce1 /

Itensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta (deg)

Fig. 2.

3.1.2 Surface analysis of Cu-Ce catalysts



251 XPS technique has been used to gain a better insight into the chemical states of all the elements
252  on the surface of the Cu-Ce catalysts. Fig. 3 shows the XPS spectra of Cu 2p, Ce 3d and O 1s. The
253  Cu 2p (Fig. 3a) spectra show a main peak of Cu 2ps/, at around 934.0 eV, along with the shake-up
254  peaks at 940-945 eV for all the Cu-Ce catalysts. The presence of the shake-up peaks and their binding
255  energy demonstrate the existence of Cu?* species on the catalyst surface [32]. Deconvolution of Cu
256  2ps2 shows two peaks centered at 934.2 and 932.6 eV, respectively. The former can be identified as
257  Cu?* species, while the latter one belongs to a reduced Cu species (Cu® or Cu*). It is difficult to
258  distinguish the exact chemical state of the reduced surface Cu species using XPS since the binding
259  energy of these two species is very close. However, it is believed that Cu* rather than Cu® exists as
260  the main reduced Cu species on the catalyst surface since these catalysts were calcined in air [33].
261  Cu" species can also be formed from the substitution at the interfaces of the oxide phases due to the
262  similar radius of Cu* and Ce** ions [30].

263 The XPS spectra of Ce 3d shows the spin-orbit splitting of Ce 3ds/2 and Ce 3ds2, labeled as u and
264 v, respectively (Fig. 3b). The spectra can be divided into ten peaks. The uz, Uo, V2 and vo peaks are
265  assigned to Ce3*, while the rest belong to Ce** [34]. The relative concentration of Ce®*/(Ce**+Ce**)
266  ranges from 14.55% to 24.54% for the Cu-Ce catalysts, which suggests that CeO> is the main Ce
267  species on the surface of the Cu-Ce catalysts. The XPS spectra of O 1s are shown in Fig. 3c. Two
268  components are identified by deconvoluting the main peak at around 531 eV. The peaks at 529.6 eV
269  are identified as lattice oxygen (O*) (denoted as Oa), While those at 531.6 eV are assigned to the
270  surface adsorbed oxygen (denoted as Oags) [35]. The relative concentration of Oags ranges from 34.05%
271  to 38.22% as shown in Table 1, suggesting that lattice oxygen is the most abundant oxygen species

272  on the surface of the Cu-Ce catalysts.
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3.2 Plasma-catalytic removal of formaldehyde

Fig. 4 shows the effect of the Cu-Ce catalysts on the removal of formaldehyde as a function of
SED. The removal of formaldehyde increases with increasing SED regardless of the catalyst used.
Increasing the SED by raising the applied voltage is expected to effectively enhance the reduced
electric field (E/N), which changes the electron energy distribution function (EEDF) and enhances
the mean electron energy. This can be demonstrated by our calculation through solving the Boltzmann
equation using BOLSIG+. Taking the CulCel catalyst for example, increasing the applied voltage

(peak-to-peak) from 4.86 kV to 6.48 kV significantly increases the SED from 288 J L™ to 486 J L,
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which enhances the reduced electric field from 90 Td to 120 Td and consequently increases the mean
electron energy from 2.28 eV to 3.29 eV (shown in Fig. 5a). It is also found that by increasing the
SED, the EEDF shifts with an increase in electron density in the high-energy tail of the distribution
function (Fig. 5b). It is expected that increasing the SED also leads to an increase in the number of
microdischarges per half cycle of the applied voltage. Although it is difficult to quantify the total
number of microdischarges in a DBD system, previous work of Kim et al. has demonstrated through
the use of an intensified charge coupled device (ICCD) camera that increasing the discharge power
enhances the electric field, with the formation of more microdischarges in the plasma [36]. Snoeckx
et al. has simulated the process of plasma-based dry reforming and found the number of micro-
discharge pulses per half cycle has a great influence on the electron density, which in turn affects the
calculated conversion and selectivity of the plasma process [25]. As a result of the combined effects
induced by the increase of the SED, more chemically active species can be generated in the discharge
via electron impacts to drive the plasma chemical reactions.

To get a better understanding of the initial steps of plasma chemistry, the effect of the reduced
electric field on the fraction of energy transferred to different electron-molecule collision channels
(e.g. elastic, rotational and vibrational excitations, electronic excitations and ionization) has been
investigated (shown in Fig. 5¢). In the E/N range of 90 Td to 120 Td, the discharge energy is mainly
consumed by electronic, rotational and vibrational excitations. Electronic excitations become more
important with increasing E/N as its energy fraction increases from 31.0 to 53.6%. Meanwhile, the
discharge power consumed by the rotational and vibrational excitation channels is decreased from
68.6% to 45.6%. Only ~2.5% and ~0.3% of the energy contributes to the minor channels of elastic

and ionization reactions, respectively. Electronic excitation reactions contribute to the generation of



312 N and O radicals and metastable N via R1-R4 [24]:

313 e+ N,—> e+ N,(A), N() R1
314 e+N,->e+N+N R2
315 e+0,-e+0+0 R3
316 e+ 0,—> e+ 0+ 0(D), O(195) R4

317 where N,(@) denotes the sum of N, metastable state of N,(@'*>), N,(@'IT) and N,(W'A).
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As shown in Fig. 5d, the rate coefficient of the reactions R1-R4 is enhanced with the increase in
SED, resulting in the formation of more reactive species. The reactive species with sufficient energy
could collide and react with pollutant molecules. The rotational and vibrational excited N2 and O>
with insufficient energy are not able to rupture the pollutant molecules, but O, species may play a

role in the oxidation of the intermediates to CO2 and H20 [24].
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Compared to the plasma process with no catalyst, the combination of plasma with the Cu-Ce
binary catalysts significantly enhances the removal efficiency of HCHO, while the presence of CuO
or CeO2 in the DBD reactor has a negative effect on the removal of HCHO. In addition, all the catalyst
samples show an enhanced CO. selectivity when combined with the plasma. The highest
formaldehyde removal efficiency (94.7%) and CO: selectivity (97.3%) were achieved using the
CulCel catalyst at the SED of 486 J L%, as shown in Fig. 4. These results suggest that the interactions
between Cu and Ce species could change the properties of the catalysts, and consequently enhance
the performance of the plasma-catalytic oxidation of formaldehyde. As shown in Table 1, the Cu-Ce
catalysts have a larger specific surface area and pore volume compared to the pure CuO and CeO>
samples. It is generally recognized that adsorption is the initial step of heterogeneous catalysis. Higher
adsorption capacity is expected for the Cu-Ce catalysts due to their larger specific surface area which
can provide more adsorption sites and prolong the retention time of formaldehyde in the plasma due
to the diffusion of pollutants within the pores. In a single-stage plasma-catalysis system where the
catalyst is directly in contact with the plasma, reactive species can also be generated in the pores of
the catalysts, thus the probability of reactions between the adsorbed pollutant molecules and reactive
species in the plasma-catalysis system is enhanced [37]. Guaitella et al. found that the adsorption of
C2H: and active species increased with increasing catalyst porosity, which led to a higher oxidation
of C2H: in the plasma-catalytic reactions [38]. These results are in good agreement with the findings
of this work as the specific surface areas and pore volumes follow the same order as the removal
efficiency and COg selectivity: CulCel > CulCe3 > Cu3Cel. It is worth noting that high removal
efficiency of 92.9% and COg selectivity of 96.4% are achieved in the plasma-catalytic removal of

HCHO over the CulCel catalyst at a SED of 486 J L after reaction for 5 h, showing the satisfied
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activity and stability of the CulCel catalyst under the experimental conditions. The carbon deposition
(calculated from the TGA curve) on the spent CulCel catalyst after 5 h reaction at the SED of 486 J
L was 0.15%. This weak coke formation could be the reason for the slightly decreased removal
efficiency and CO- selectivity. The specific surface area and pore volume of the CulCel catalyst was
found to have weakly decreased after the reaction, while the average pore diameter of the catalyst
was slightly increased, as shown in Table 1. These changes could be attributed to the block of micro-
pores on the CulCel catalyst by the carbon deposition. The XRD pattern of the spent CulCel catalyst
(Fig. 2) shows no significant differences compared to that of the fresh catalyst, indicating the
crystallite structure of the catalyst is not changed by the plasma treatment [39].

Previous studies reported the formation of oxygen vacancies on the surface of Cu-Ce catalysts
[40][41]. It is believed that the oxygen vacancies act as adsorption—desorption centers for gas phase
oxygen species, which favors the generation of surface adsorbed oxygen species (Oags) on the Cu-Ce
catalysts for the oxidation of formaldehyde [42]. The presence of Ce®* on the surface of the Cu-Ce
catalysts confirms the formation of oxygen vacancies. The relative concentration of Ce®* in the Cu-
Ce catalysts is found to be much higher than that of pure CeO2 (9.78%), while the CulCel catalyst
shows the highest Ce®" concentration, which perfectly matches the reaction performance of the
plasma-catalytic process. Note that the partial substitution of Ce** by Cu?* could also lead to the
formation of oxygen vacancies or the reduction of Ce*" to Ce** to retain charge balance [43]. The
relative concentration of Ce®" in the spent CulCel catalyst is slightly less (23.87%) than that of the
fresh catalyst (24.54%), indicating that part of the Ce®* are oxidized to Ce* during the plasma-
catalytic process [44].

Moreover, the Cu-O and Ce-O chemical bonds can be weakened in the Cu-Ce catalysts due to



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

the electron effect to form more reactive oxygen species and enhance their mobility. As confirmed by
XPS results of O 1s, the relative concentration of the surface adsorbed oxygen species Oags in the Cu-
Ce samples was higher than that of pure CeO2, whilst the highest Oags concentration of 38.22% was
observed in the fresh CulCel catalyst with the best reaction performance. The concentration of Oags
decreased to 33.02% after the plasma reaction of 5 h, which indicates that the surface adsorbed oxygen
species play an important role in the oxidation of formaldehyde on the catalyst surface. The presence
of a higher concentration of Oags tends to generate more active oxygen species, which could result in
high removal efficiency via surface reactions [41]. A perfect correlation between the reaction
performance and the Oads concentration for different catalysts is observed in this work.

The redox properties of the catalysts generated from the interactions between Cu and Ce species
play an important role in the oxidation reactions. Previous studies showed that the redox pairs of
Cu?*/Cu*and Ce**/Ce" were involved in the electron transfer process from Ce** to Cu?* within the
Cu?*-0-Ce** connections in the Cu-Ce catalysts. The Cu?*-O-Ce** connections could bridge the
oxygen transfer within the structure and reduce the redox potential of the Cu species, which ensures
the improvement of reducibility for both Cu and Ce oxides in the Cu-Ce samples for the plasma-

catalytic oxidation reactions [45].

3.3 Reaction mechanisms

The main gaseous products from the plasma-catalytic reactions were CO, CO; and H20, while
minor products such as HCOOH were also observed. Ozone was not detected for any of the catalysts,
which might be decomposed due to heating or catalytic decomposition, or consumed in the plasma

oxidation process [46]. In this work, the removal of low concentration formaldehyde in the plasma-
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catalysis system can be attributed to both plasma gas phase reactions and plasma-assisted surface
reactions on the catalyst surface. The gas phase reactions for the removal of formaldehyde are mainly
induced by plasma generated reactive species such as O, O(1D), OH, N and metastable N2, as shown
in R5-R7 [47], while the direct electron-impact collisions only weakly affect the reaction due to the

low concentration of formaldehyde in the carrier gas.

N,(A), N,(@) + HCHO — N, + HCO + H R5
O, O(1D)+ HCHO — HCO + OH R6
OH+ HCHO — HCO + H,0 R7

As shown in R5-R7, HCO is the main intermediate from the initial steps of HCHO oxidation.
HCO species can be further oxidized by reactive species such as O and O(1D) to form end-products
CO, CO2 and H20 [13]. HCOOH is a common byproduct in plasma processing of HCHO [16].
HCOOH may also be formed from the oxidation of HCHO by O and O(1D) (R8) or the recombination
of HCO with OH (R9):

HCHO + O, O(1D) — HCOOH R8
HCO + OH — HCOOH R9

Plasma-assisted surface reactions also contribute to the oxidation of HCHO, while thermal
catalytic activation of HCHO can be ignored due to the relatively low temperature plasma process (<
100 °C) used in this study. In this single-stage plasma catalysis system where the Cu-Ce catalysts
are directly in contact with the discharge, both HCHO and intermediates from the gas phase reactions
can be adsorbed onto the catalyst surfaces. Short-lived active species (e.g. O) generated close to or
on the catalyst surface can participate in the surface reactions. It was reported that the adsorption-

desorption equilibrium can be significantly influenced by plasma [48]. Vibrational excited species
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generated in plasma may also promote the adsorption of pollutants onto the catalyst surface at low
temperatures [49]. The enhanced adsorption process increases the collision possibility of pollutants
and active species, leading to an acceleration of the plasma chemical reactions. The adsorbed species
could also react with adjacent reactive oxygen species from oxygen vacancies or gas-phase O atoms,
forming intermediates such as HCO and HCOOH, before finally being oxidized to end-products such
as COz and H20. Meanwhile, Cu?* sites on the catalyst surface could be reduced to Cu*and re-
oxidized to Cu?* by the adsorbed oxygen or the lattice oxygen from CeO;, which suggests Ce** acts
as an oxygen source for the oxidation of HCHO [50]. The consumed oxygen species on the catalysts
can be replenished by capturing oxygen molecules and reactive oxygen species generated in the
plasma. The fast redox between Ce** and Ce®" determines the oxygen storage capacity, which is
important for the formation of surface oxygen species. Both Cu and Ce are able to shift between
various oxidation states, while the interaction between Cu and Ce plays a significant role to enclose
the redox reaction cycle, which determines the catalytic performance [45]:
Cu® /Cu* @ﬁ@@] Ce*t /Ce®* R10

The plausible reaction mechanisms in the plasma-assisted surface oxidation of HCHO are presented

in Fig. 6:
Plasma 0,4,
0,0 o — g T
£} Il €O, CO
O ﬁ C Oa . /C\ ()ﬂ s ] 2
N H™ SH—= H "OH—= H,0
Catalyst
Surface
Cu’
Oads
Release
Cu2+
Fig. 6
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4. Conclusions

In this study, the effects of the Cu-Ce catalysts and SED on the plasma-catalytic removal of
formaldehyde have been investigated in terms of the removal efficiency and CO: selectivity.
Compared to the plasma process in the absence of a catalyst, the presence of CuO or CeO> catalyst in
the plasma decreases the removal efficiency of HCHO, while the combination of plasma with the Cu-
Ce binary metal oxide catalysts significantly enhances the reaction performance regardless of the
SED. This can be ascribed to the interactions between Cu and Ce species over the catalyst surface.
The CulCel catalyst (Cu/Ce=1:1) shows the best reaction performance among all the catalysts with
the highest removal efficiency of 94.7% and CO- selectivity of 97.3% at the SED of 486 J L. The
combination of Cu and Ce oxides results in larger specific surface area and characteristic pore volume
and smaller crystalline size, all of which contribute to the plasma-catalytic oxidation of formaldehyde.
The interactions between Cu and Ce oxides also increase the formation of surface adsorbed oxygen
species and facilitate the redox cycles between Cu and Ce species, which plays a key role in the
plasma-induced surface reactions and significantly improves the removal efficiency of formaldehyde.
In this work, the removal of low concentration formaldehyde in the plasma-catalytic process can be
attributed to both plasma gas phase reactions and plasma-assisted surface reactions on the catalyst

surface.
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Figure captions

Fig. 1. Schematic diagram of the experimental setup.

Fig. 2. XRD patterns of fresh and spent catalysts.

Fig. 3. XPS spectra of fresh and spent Cu-Ce binary catalysts (a) Cu 2p; (b) Ce 3d; (c) O 1s.

Fig. 4. Effect of different catalysts on (a) removal efficiency of formaldehyde; (b) CO2 selectivity as
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a function of SED.

Fig. 5. (a) Calculated mean electron energy; (b) EEDF; (c) energy fraction consumed in different
electron impact reactions; (d) rate constants of reactions for the formation of N and O radicals in the

plasma-catalysis system over the CulCel catalyst (E/N: 90 - 120 Td; SED: 288-486 J L%).

Fig. 6. Plausible reaction mechanisms on catalyst surface.

Table Captions

Table. 1. Physicochemical characteristics of the catalysts.



