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Herein CuO nanoparticles (NPs) with nanostructures were prepared by precipitation method using hydrate copper
sulfate (CuSO4.5H20) and sodium hydroxide followed by heat treatment at 400 °C. The as-prepared CuO NPs with
nanostructures were investigated using X-ray diffraction (XRD), Fourier Transformed Infra-red spectroscopy

E;igg:?;f[?oxi de (FTIR), Raman spectroscopy, Scanning electron microscopy (SEM), X-ray photochemical spectroscopy (XPS),
Toluene Energy dispersive spectroscopy (EDS), and Ultra-violet-visible (UV-vis) spectroscopy. In order to evaluate the

reducibility, temperature programmed reduction (Hy-TPR) was applied. More importantly, CuO NPs was suc-
cessfully tested as catalyst towards the total conversion of carbon monoxide (CO) and toluene (C;Hg). Both XRD
and Raman analysis as well as FTIR show that the sample exhibited a monoclinic spinel structure. SEM images
indicate that CuO NPs are well-covered by grains size exhibiting homogeneous morphology composed of very fine
interconnected particles with an apparent porosity. The sample was made up of Cu and O, according to the XPS
and EDS measurements. The band gap energy obtained from optical property analysis is ~2.65 eV. The catalytic
performances of CuO NPs can be assigned to the combined effects of crystal structure, morphology, surface ox-
ygen mobility, redox property and the higher specific surface area (~87 m?/g). More precisely XPS and Hy-TPR
data suggests that, the conversion of CO and C;Hg over CuO NPs follows a Mars-van Krevelen type mechanism.
More importantly CuO NPs catalysts is reusable and exhibited good stability in the prolonged isothermal test.
Thus, CuO NPs is confirmed as an efficient and inexpensive catalysts for CO and C;Hg conversion at low
temperatures.

1. Introduction

The increasing environmental regulations and people awareness of
the need for environmental protection as well as the urgent need of the
decontamination of polluted atmosphere have drawn the attention of
many researchers [1]. Carbone monoxide (CO) and toluene (C;Hg)
generally emitted from several sources including mobile sources (auto-
mobiles), stationary sources (industrial facilities) and area sources (e.g.,
agricultural areas and towns) are responsible of the atmospheric pollu-
tion that seriously impact the environment and human health. In fact,
C7Hg causes the formation of smog, acid rain and also contributes to the
ozone layer depletion. Meanwhile, CO is harmful when breathed since it
can easily displace oxygen in the human blood and deprives vital organs
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of oxygen including the heart and the brain. Moreover, most industrial
processes like methanol manufacturing and gas shift process involves the
oxidation of CO [2, 3].

Catalytic oxidation process is one of the most interesting elimination
techniques of Volatile Organic Compounds (VOCs) regarding its effi-
ciency and the cost of implementation [4]. The most used catalysts are
made of precious metals such as Au, Pd and Ag [5, 6]. However they are
scare, exhibits low thermal stability, poisoning tendency and low selec-
tivity in some oxidation reactions [7]. Transition metal oxides (TMOs)
appears as alternative regarding their availability, excellent thermal
stability and flexibility [5]. Today, TMOs catalysts with competitive
reactivity are currently being improved and those made of copper have
presented special advantages [7, 8, 9, 10, 11, 12, 13]. In fact, copper
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oxide (CuO) nanoparticles (NPs) are among of catalysts that have caught
attention of materials chemistry researchers over the past two decades,
because of their abundance, non-plasmoni, low-cost materials and their
multiple uses in heterogeneous catalysis [14, 15, 16, 17]. Moreover CuO
NPs generally exhibits remarkable performance towards VOCs catalytic
oxidation, and especially in the low temperature CO oxidation [18, 19].
The physico-chemical properties control of the catalysts from the syn-
thesis process can enable the improvement of the catalytic performance
of the latter mentioned [20].

Numerous techniques including co-precipitation, sol-gel [14], sol-
vothermal [15], thermal decomposition [16], flame synthesis [17], and
chemical vapor deposition [18], were applied for the preparation of CuO
nanoparticles. The as-synthesized material was applied in different fields
including electrode materials, gas sensors and adsorbents as well as an
efficient catalysts for several heterogeneous catalytic processes [14, 15,
16, 17, 18]. Compared with the synthesis approaches outlined above,
co-precipitation has caught considerable attention because of its rela-
tively ease and low-cost processing. In fact, the synthesis is generally
achieved at relatively low-temperature and ambient pressure [21, 22].
This synthesis method and the processing parameters have been reported
to generally influence the microstructure, particle size and redox prop-
erties of the as-prepared CuO catalyst and which might in consequence
improve their physico-chemical properties, thus their catalytic activity
[23]. Thus, a great attention and serious efforts to control the preparation
of nano-structured CuO materials with tuned grains size and morphology
have been made and the principal factors responsible of the remarkable
catalytic performance were studied [24]. Accordingly, the
physico-chemical and redox properties which are crucial and of capital
importance in the improvement of the catalytic performance should be
tuned although it is challenging.

In the present investigation, CuO NPs catalysts was prepared by
precipitation route. X-ray diffraction (XRD), Raman spectroscopy, Four-
ier Transformed Infrared spectroscopy (FTIR), Scanning electron micro-
scopy (SEM), Energy dispersive spectroscopy (EDS), and X-ray
photochemical spectroscopy (XPS) have all been used to analyze the as-
prepared catalyst. Moreover, temperature-programmed reduction (Ha-
TPR) was used to assess reduction property of CuO NPs, while UV-visible
spectroscopy was used to quantify the optical energy band gap (Egpt).
More importantly, the catalytic activity towards the total conversion of
CO and C;Hg was evaluated. The performance of the obtained catalyst
has been assigned to their tailored physico-chemical properties.

The aim of this work is (1) to prepare, systematically characterized
and study the catalytic activity of CuO NPs catalyst for CO and C;Hg; (2)
to investigate the stability and durability of CuO NPs catalyst obtained by
simple and reproducible precipitation route in the catalytic oxidation
process. Moreover, in-situ DRIFTS technology was used to explore the
possible reaction mechanism of CO and toluene oxidation on the surface
of CuO catalysts.

2. Experimental
2.1. Catalyst preparation technique

The precipitation method was used to synthesized pure CuO NPs,
from hydrate copper sulfate (CuSO4.5H20). 4.99 g of hydrated copper
sulfate have been dissolved in 100 mL of 95% ethanol. NaOH solution
(2M) was added gradually with stirring (2 h) until the pH reached 13.5.
The obtained precipitate was rinsed with deionized water five times
before being dried in an oven at 105 °C for 24 h. Finally, the resulted
product was calcined at 400 °C for 4 h in an electric furnace.

2.2. Systematic characterization
The crystal structure of CuO NPs was studied by XRD at room tem-

perature with powder diffraction equipment using Cu Ka (A = 0.154056
nm) radiation from Bruker (D8 Focus at 40 kV and 150 mA). CuO sample
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was scanned within 2 6, ranging from 20 to 80°, with a scan rate of 0.025°
step per second. The obtained sample was identified using the Joint
Committee on Powder Diffraction Standards (JCPDS) database. The
diameter of CuO NPs grains size was determined from the prominent
peak using Scherrer equation (Eq.1):

kA

- pcosd M

In which D is the average crystallite particle size, k represents the
shape factor (0.9), A is the wavelength, f is the line broadening, and 6 is
the diffraction angle. The surface specific area was performed using a
nitrogen physisorption equipment (NOVA3000, Quanta-chrome, China)
and calculated by Brunauer-Emmett-Teller (BET) equation. Before the
investigation, CuO NPs were exposed at 300 °C under vacuum for 3 h to
remove any impurities, then adsorbed with nitrogen at ~196 °C and
followed by a desorption at room temperature. Hy-TPR was investigated
on a chemical adsorption apparatus (PCA-1200, Beijing Builder) associ-
ated with a quartz reactor and TCD detector. Prior to the catalytic test, 60
mg samples were pretreated for 40 min in Argon (Ar) flow from room
temperature to 500 °C and then cooled down to 100 °C. The Hy-TPR
analysis was carried out on samples that were exposed to 5% H dilute in
Ar atmosphere at a flow rate of 30 mL min ! using heating rate of 10 °C
min~! until the temperature reached 900 °C. The possible functional
groups present on CuO NPs surface were determined by the mean of
Fourier Transform Infrared (FTIR) spectrometer (Perkin-Elmer), oper-
ating within the wavenumber ranging from 4000 cm ™ to 400 cm ™!, with
a ramp of 3 °C min~! and a flow rate of 5% Hy/05 diluted in Ar (0.05 L
min~!). Raman spectrum was collected using a DXR 2 Raman spectro-
scope (Thermo Fisher Scientific, Madison, WI, USA) equipped with
LASER source (780 nm) for the excitation. The morphology of the
nanoparticles was studied at room temperature using in sit ultra-high-
resolution SEM (S-4800 Hitachi, USA). The KRATOS AXIS Ultra XPS in-
strument was used to perform the XPS analysis. The UV-visible absorp-
tion spectrum was recorded in the range of 300-900 nm by an Ultra
Violet -visible spectrophotometer (UV-2550, SHIMADZU, China). The
optical energy band gap (Eg) was determine applying Tauc's equation
(Eq.2):

Ahv=A(hv — E,)" 2

Where o represents the absorption coefficient, A is assigned to refractive
index, hv represents the photon.

2.3. Catalytic performance test

The catalytic activity of CuO NPs toward the complete oxidation of
CO and C;Hg was examined. The tests were carried out in a tubular
(inside @, 6 mm) fixed-bed reactor system. During the catalytic testing,
60 mg of catalyst were introduced within a fixed-bed reactor, and the
reaction temperature was monitored using a thermocouple (k-type)
disposed in contact with the catalyst bed. The inlet gas was composed of
5% CO and 20% O, diluted in Ar and at a total flow rate of 60 mL min’,
which correspond to a gas hourly space velocity (GHSV) of 72 000 mL3
g 1 h7L. As for C;Hg, the reaction gas mixture was composed of 500 ppm
C7Hg and 20% O/Ar, in a total gas flow of 75 mL min~!, (GHSV: 20 000
mLg 'h™!). Gaseous C;Hg was generated via an Ar bubbler from a bottle
of C7Hg (liquid) cooled in a 0 °C isothermal bath (ice-water). To avoid
C7Hg condensation on the reactor walls, a heating band was employed to
heat up to 100 °C the entire reaction gas lines. The flow rate was adjusted
using digital mass flow controllers. The evaluation of the catalytic per-
formances of the as-synthesized material was carried out at a constant
pressure of 1 atm, within the temperature range of 50-450 °C. A flame
ionization detector (FID) in a gas chromatograph (GC-6890A) equipped
with a thermal conductivity detector (TCD) was used to detect reactants
molecules and products at a specific temperature. The experimental setup
for the catalytic test of C;Hg is shown in Figure 1. All data points were
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Figure 1. Experimental setup for the catalytic test of C;Hg.

acquired by averaging 2 test results. The oxidation percentage of CO and
C;Hg was determined using the following relationships (Eq.3),
respectively:

co (0/0) = [(Co)inlet - (Co)outlet} %100 and C7H3(%) (3)
= [(C7H3)inlet - (C7H3)outlet} x 100

3. Results and discussion
3.1. The crystal structure

In order to evaluate the crystal structure of the as-synthesized CuO
NPs, XRD was performed and shown in Figure 2. Figure 2a displays the
powder XRD diffraction spectrum of CuO NPs exhibiting two prominent
peaks located at 35.3 (—111) and 38.6 (111) [25]. The observed major
reflections can be assigned to the planes of the monoclinic structure as
correlated with the JCPDS (file No.:48-1548) and that reported in the
literature [26, 27]. The higher crystallinity is evidenced by the strong
diffraction peaks of CuO. In addition, no impurities phase was found. The
average particles size of the CuO NPs was estimated at ~14 nm.

The Fourier Transform Infra-Red spectrum displaying the character-
istic peaks of CuO NPs within wavenumber range of~432 cm ™! to ~3252
em s presented in Figure 2b. The peaks located at ~661, ~601, ~496,

and ~432 cm ™! are ascribed to the vibrational modes of Cu-O chemical
bond characteristic of CuO NPs with monoclinic structure [25]. The peak
at ~1573 cm™! might be due to the bending mode of Hy,O molecules,
whereas the most intense one (~3252 cm™!) correspond to the stretching
vibration mode of OH from molecular H,O. These results is in close
agreement with earlier reported CuO NPs in the literature [28].

To further analyze the crystalline structure of the CuO NPs catalyst,
Raman analysis was performed and the corresponding spectrum is
depicted in Figure 3. It is well established that CuO NPs exhibits three
distinct modes at ambient conditions: ~296 cm ™! (Alg), ~346 cem !
(B1g) and ~636 em™! (B2g) [29]. In the present work as displayed in
Figure 3, the peaks at ~294 cm ! (Alg), ~342 cm’l(Blg), and ~632
cm’l(Bzg) are attributed to the vibration modes of Cu-O bond of CuO
NPs catalyst. The obtained frequencies here are slightly shifted toward
lower values and the bands broaden due to effects of quantum confine-
ment generally observed for samples with relatively smaller crystallite
sizes [30]. It's worth noting that the Alg peak exhibit higher intensity
than that of Blg and B2g bands, indicating high degree of CuO crystal-
lization as revealed by the XRD analysis, in perfect agreement with the
literature [16]. The large band at ~1119 cm™! can be assigned to
multi-phonon [31, 32]. The peak at ~722 cm ™! has been reported to be
an indication of the occurrence of oxygen vacancies in the CuO NPs
lattice [33].
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Figure 2. (a) X-ray diffraction and (b) Fourier Transformed Infra-red spectra of CuO NPs.
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Figure 3. Raman spectrum of CuO NPs prepared by precipitation.

3.2. Morphological microstructure

SEM analysis was used to investigate the morphology of CuO NPs and
display in Figure 4. Figure 4 (a and b) shows low and higher-
magnification micrographs of CuO NPs. The sample shows homoge-
neous surface, well-covered with fine interconnected particles with an
apparent porosity. From the higher magnification SEM images, it is
obvious that, CuO samples are composed of small particles resulting of
the agglomeration of smallest micro-crystal. Such a surface morphology
and narrow particles size with porous-like structure which are respon-
sible of the large specific surface area (~87 m2/g) generally offer more
exposed surface contact for reactant molecules that will be beneficial for
the catalytic performance.

3.3. Chemical composition in the bulk of CuO

Chemical composition in the bulk of CuO NPs was investigated using
EDS. Figure 5 displays the EDS spectrum characteristic of CuO NPs with
nanostructures. The obtained peaks correspond to the atomic percent-
ages of oxygen (O: 49.24%) and copper (Cu: 50.76%). The presence of Cu
and O, free of all other metals and contaminants, has been therefore
confirmed by this analysis. The O/Cu atomic ratio (r = 0.97) is ~1 for the
sample studied. The ratio correspond well to the copper oxide formula
and correlate well with the data reported in the literature [34].

3.4. Surface chemical composition and ionic states of CuO

The Cu 2p and O 1s core shell and results of CuO NPs catalyst are
shown on Figure 6 and summarized in Table 1. Figure 6 (a) present the
XPS core shell of Cu 2p exhibiting a doublet at higher (Cu 2p;,2) and
lower (Cu 2ps,2) binding energy (BE) located at 931.7 and 951.6 eV
respectively with a spin-orbit coupling energy gap of ~20 eV, in excel-
lent agreement with previous reported work [35, 36]. Beside the Cu 2p
peaks, two other satellite peaks located respectively at ~942.19 and
~962.45 eV were observed [37, 38]. Since the discrimination of different
Cu oxidation states (Cu® Cu™ and Cu?") by XPS cannot be easily per-
formed, Auger spectrum was recorded and shown on Figure 6b. As dis-
played in Fig. 6b, a comparison with the characteristic feature of Cu LMM
BE located at ~569.5 eV indicates Cu’ and Cu™ do not seem to be present
in the as-prepared CuO NPs in agreement with recent literature [39, 40].
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Figure 4. SEM image at two magnifications: a)10 ym and b) 5 pm of CuO NPs.
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Figure 5. EDS map of CuO NPs with atomic percentage.
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Figure 6. (a) XPS spectrum of the Cu 2p and (b) CuLMM spectrum and (c) O 1s core shell at the surface of CuO NPs prepared by precipitation.

Table 1. Physico-chemical properties, Cu 2p and O 1s peak area ratio of the as-synthesized CuO NPs.

PS (nm) Sger (m%/g) Ea (kJ/mol) H,-TPR (°C)

CuO 14 87.0 55.5 254

XPS
Cu®* Orat (02) Oads (-OH) Opgs (CO3) Onds/Orat
At% BE (eV) At%; BE (eV) At% BE (eV) At% BE (eV) 0.56

100 931.80 64.08 529.5 31.42531.8 4.5532.9

Therefore, one can conclude that, the oxidation state of copper in the
sample is mainly Cu®". The energy difference between the Cu 2p; /3
(~931.7 eV) and the corresponding satellite signal (~943.24 eV) is 11.5
eV confirmed the presence of Cu®* [41]. The observed results are in
agreement with XPS spectra of CuO previously published in the literature
[42, 43].

The O 1s spectrum shown in Figure 6 b present two prominent peaks
that have been deconvoluted into three peaks with BEs within the range
of ~529.61-~531.37 eV. The lowest BE of ~529.60 eV represent the
lattice oxygen (Opa.) detected in the form of electrophilic oxygen (0%,
03%). The other two signals which are expanded until ~531.50 eV, were
attributed to the adsorbed oxygen (Oags) at the surface of CuO and
present in the form of hydroxylic group (OH) in the Cu~OH bond. Finally,
the band located at ~532.60 eV can be due to water moisture in the air
[44]. The observed BE values of all species in this investigation are in
agreement with those reported in the literature [45, 46]. Generally, it is

(a)

Absorbance (a.u.)

500 600 700
Wavelength (nm)

800

(ahV)1/2(eV cm-1)1/2

admitted that the catalytic oxidation might be influenced by the Oy,
and/or Opgs, at the surface TMOs. Therefore, O, and Opags, detected on
the CuO catalyst are expected to play a key roles in the catalytic process
[47].

3.5. Optical properties

The optical band gap energy (Eg) is among of the properties that
could be used to reflect the performance oxide materials. For instance,
metal oxides catalysts with lower optical Eg, have been proven to
demonstrate better catalytic activity [9, 48]. CuO is a p-type semi-
conductor with an Eg ranging from 1.3 to 2.8 eV [40, 49, 50]. The
UV-Visible spectrum (Figure 7a) and the Tauc's plot (Figure 7b) are
merged and presented on Figure 7. Figure 7 b depicts the plots of (aEg)?
vs Eg, which is based on the direct transition. The Eg of CuO is 2.65 +
0.05 eV obtained by extrapolating to the abscissa the straight part of the
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2,4x10%
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1,6x10%
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8,0x10°F

4,0x10°F
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Figure 7. (a) Optical absorption spectrum and (b) Tauc plot of CuO NPs.
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Tauc's plot. A strong correlation of Eg and the catalytic performance of a
single (V203) and binary (FeCoO) oxide has been earlier reported [48,
51] and the authors have concluded that, TMOs with lower optical Eg
exhibits good electron mobility thus better O, mobility and reducibility
which are crucial for the improvement of the catalyst performance.

3.6. TPR-H, analysis

The reducibility of CuO catalyst was studied by an in-situ monitoring
approach (Hy-TPR). Numerous investigation have revealed for pure CuO
a significant signal centered at ~ 300 °C [52, 53]. Figure 8 displays the
H,-TPR profiles of CuO, generated by integrating the absorption bands
characteristic of the Cu-O stretching vibration mode. In the present
work, the total reduction of CuO was achieved at 254 °C as illustrated on
Figure 8 and that can be assigned to the stepwise reduction of CuO (Cu
(ID) to Cu(D)) generally possible at low temperature. A comparison of the
curve shape and the reduction temperature with that of the
above-mentioned literature suggests that, the low value obtained here
might be due to the reduction of isolated bulk CuO. In addition, XRD and
Raman analysis exhibits small CuO particles sizes with strong interaction
between each other. Thus, the shift of CuO single and symmetrical band
toward a low temperature (254 °C) is a consequence of to the presence of
small grains size in the catalyst surface.

3.7. Catalytic activity

To investigate the performance of CuO, CO and C;Hg were selected as
target pollutants and their total conversion was investigated within the
temperature ranging from 100 to 400 °C and depicted on Figure 9. Earlier
investigations on the CO and C;Hg total oxidation over bulk CuO does not
display activity in below 200 °C [54, 55, 56, 57, 58, 59, 60, 61]. How-
ever, in the present work, the conversion of CO (Figure 9 a) and C;Hg
(Figure 9 b) over CuO NPs begin at ~165 and ~170 °C and the total
conversion was achieved at ~265 °C (CO) and ~300 °C (C7Hg) respec-
tively. The light-off curves of CO and C;Hg conversion over the
as-synthetized CuO NPs and other catalysts such as CuO [54], FexO3 [55],
Co304 [56], CoFep04 [57], pt/AloO3 [58], CuO [59], CuCeO [59],
PtPd/AlCe [60], LaFeO [61], LaMnO [61] reported in the literature are
shown in Figure 9. In general, it is observed that, the total conversion of
both pollutants (CO and C;Hg) produces CO3 and H>0. Compared with
the above listed catalysts from earlier reported works, CuO NPs catalyst
in this work is the most performant.

254

Relative intensity (a.u.)

1 1 1

100 200 300 400 500
Temperature (°C)

Figure 8. H,-TPR profile of CuO NPs catalyst.
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Starting at ~150 °C, CO oxidation begin at ~175 °C and the total
oxidation is achieved at ~ 252 °C, relatively the lowest reaction tem-
perature than those reported in the literature (see Figure 9a). Table 2
display the comparison of the temperature at 90 (Tgp) and 50 % (Tsg)
conversion of CO over CuO in this study and over other TMOs including:
CuO [54]; Fey03 [55]; Co304 [56]; CoFey04 [57] and Pt/Al,O3 [58],
reported in the literature. The performance of the as-prepared CuO to-
wards total CO oxidation as function of catalytic test condition was
achieved at substantially lower temperatures than those of catalysts re-
ported in the literature [54, 55, 56, 57, 58].

As far as the C;Hg destruction displayed on Figure 10 b and the cor-
responding comparison in Table 3 is concerned, it is obvious that, CuO
catalyst exhibits the best catalytic efficiency, for which Tgy and Tso were
achieved at ~ 271 and ~237 °C respectively, temperatures much lower
than of CuO, CuCeO, and Pt/Pd/AlCe catalysts earlier reported [59, 60,
61]. Total oxidation of C;Hg on CuO in the present work was achieved at
lower temperatures when compared to metal oxide catalysts described in
the literature.

In order to attest on the reusability as well as the results replicability,
CuO sample was exposed several consecutives runs as displayed on
Figure 10. With this test, we wanted also to test CuO susceptibility to
experience thermal deactivation which will usually accounts for their
limited application in industrial field. The obtained results displayed on
Figure 10 (a and b) shows that, CuO exhibits excellent C;Hg conversion in
three consecutive repeated runs and the results confirmed that CuO is
reusable and reproducible. Therefore, CuO is considered as an excellent
single oxide material for CO and C;Hg deep oxidation with a promising
catalytic application.

Several factors that usually influence the catalytic performance of
TMOs includes the surface morphology, BET specific surface area, oxy-
gens vacancies, active species distribution and low-temperature reduc-
ibility. To understand the performance of CuO towards the total
conversion of CO and C7Hg, it is useful to consider the influence of Hj-
TPR experiments performed on CuO. In fact, a shift of reduction tem-
perature towards low value was observed and was attributed to occur-
rence of CuO small particles sizes that have enhanced the reducibility of
copper species at low temperature. Accordingly, it is therefore possible to
connect the shift of the reduction temperature of CuO catalysts with a
high BET surface area values (~87 m?/g). This might favoured higher
lattice oxygen mobility probably as a consequence of higher structural
defects induced. Based on the previous references [62, 63, 64],
Mars-Van-Krevelen (MvK) mechanism is established as plausible mech-
anism for CO and VOCs and exhausts gas over TMOs implying Oy . ions
as the most active oxygen species. Generally, CO oxidation process may
consist of three main steps: Firstly, CO molecule can react with O,
presents at the surface of CuO to form CO,, enabling formation of surface
oxygen vacancy (Oy); In the second step gas-phase O, is adsorbed at the
Oy site; and finally, a second CO molecule reacts with the adsorbed Oo,
yielding CO, and follows by catalyst surface regeneration. In other
respect, CO oxidation can be achieved at low reaction temperature
(165-200 °C) through degradation of surface carbonyl group (CO%)
adsorbed at the catalysts surface [65, 66]. However, in the present work
CO is obtained at temperature (<200 °C) for which a higher lattice ox-
ygen mobility is possible. XPS results (Figure 6a) confirmed the presence
of Opat (02', O%’) Oads. (CO%’ and ~OH) as well as moisture over CuO NPs.
From the light-off curves (Figure 9a), it is thus suggested that, CO
oxidation over CuO NPs might follows MvK mechanism [67]. As far as
Toluene is concerned, it has been established that, complete oxidation to
CO2 and H50 is achieved through MvK process [59, 60, 61]. However,
Qin et al. [68], have recently report the coexistence of Lang-
muir-Hinshelwood (LH) and MvK mechanism in the toluene total
oxidation over manganese-based oxides catalysts. In fact, surface Oyt
can react with the C;Hg at the temperature <200 °C, via MvK mechanism
however the adsorbed oxygen species with good mobility is also found to
start up and participate in the reaction at lower temperatures, which
follows the LH reaction mechanism [68]. Therefore, in order to better
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Figure 9. Conversion curves of (a) CO and (b) C;Hjg as function of reactions temperatures over CuO NPs and other single, binary and noble metal catalysts form earlier
reported investigation the literature [54, 55, 56, 57, 58, 59, 60, 61] for comparison.

Table 2. Comparison of CO oxidation over CuO in this work with several catalysts reported in the literature.

Catalysts Weight (mg) Gas composition GHSV' (mLg ' h™1) Temperature Ref.
Tso (°C) Tgo (°C)
CuO 60 5% CO/20% O3 in Ar 20,000 233 252 W'
CuO 12 1% CO/10% O2 in Ar 75,000 264 300 [54]
Fe,03 20 1% CO/10% O2 in Ar 45,000 315 362 [55]
Co304 12 1% CO/10% O2 in Ar 75,000 350 368 [56]
CoFe,0,4 20 1% CO/10% O2 in Ar 45,000 245 280 [57]
Pt/Al,03 2/200 1% CO/1.38% O, in Ny 90,000 306 318 [58]

 GHSV: stands for gas hourly space velocity, and.
§ TW denotes the outcomes of this study.

account on the process involved in the CO and Toluene oxidation over
CuO NPs the in-situ DRIFT was used.

3.8. Study of the reaction pathway for CO and C;Hg

CO and CyHg total conversion tests were performed and the reaction
mechanism has been explored. The in-situ DRIFTS spectra of CO oxida-
tion over CuO NPs at different temperatures were recorded and display in
Figure 11. The typical bands of CO were located at the wavelength in the
range of 2110-2170 cm ™}, while those of various carbonate vibrations
bands appeared at 1300-1700 cm™'. Upon reaction temperatures in-
crease in the range of 100-500 °C, the typical bands of CO at 2117-2178
em™! remained unaltered, attesting that the CuO NPs catalyst exhibits a
stable ability to adsorb CO. Upon a continuous increase of the reaction
temperatures, the absorbance CO%’ vibrations located at 1300-1700 cm ™+
was decreasing while those of CO (2110-2170 em 1) started increasing as

an indication that, the total oxidation of CO to CO3" was accelerated [69].
At the reaction temperature of ~250 °C, the absorption band at 2110
—2170 em ! and that at 1735 cm ™! has of almost disappeared, indicating
that CO3" species were more decomposed at ~250 °C and finally trans-
formed to CO,. Of the foregoing, conversion process of CO to CO, onto
CuO NPs might be as follows: CO was adsorbed on the CuO NPs surface
(1™ step), follows by their oxidation in the presence of active oxygen
species to CO%’, (2nd step) and finally, CO%' were transformed to CO4 (3rd
step).

Based on the discussion above, CO and CyHg total conversion was
proposed to follow a MvK mechanism as displayed in Figure 12. CO (A)
and CyHg (B) pathway involve three main steps: (I) Oy molecules
adsorption and activation; (II) CO/C;Hg molecules adsorption on the
surface-active sites Cu?>* of CuO NPs; conversion of CO/C;Hg molecules
into the reaction intermediates as the temperature increase in agreement
with the literature [70, 71].

100 (a) ,;mn o cuo(1®Run)| 100 Hb) I CuO (1™ Run)
Teo 252°C @ CuO (2Run) T 271°C @ CuO (2™ Run)
- & A CwO(3°Run) | & 9 ¥ CuO (39Run)
X 80 0 Q- Blank Test S80r I O Blank Test
< s 2 °
o 9
B 60} T 60} ¥ 0
5 Te-$233°C 0 T.. @ 277 o
> 50-—7
5§ 40 & 6 40 ¥ o
o 3 o | 0
(o] “ I z o]
O 20! P o|d2f o 0
T 201°C * 0
10§ 0O e} Tho 198°C 0
0 L L 0:-0-90-9 0 pﬂd. L enn9
150 200 250 300 350 400 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 10. Total conversion of (a) CO and (b) C;Hg as a function of the reaction temperature upon three consecutive cycles.



H.T. Assaouka et al.

Heliyon 8 (2022) e10689

Table 3. Comparison of C;Hg oxidation over CuO in this work with several catalysts reported in the literature.

Catalysts Weight (mg) Gas composition GHSV! (mLg ' h™) Temperature Ref.
Tso (°C) Too (°C)
CuO 60 5% C7Hg/20% O, in Ar 20,000 237 271 ™W'
CuO 300 1% C;Hg/21% O in Ny 36,000 269 [59]
CuCeO 300 1% C;Hg/21% O in Ny 36,000 249 322 [59]
Pt/Pd/AlCe 225 2% C7Hg/21% O, in Ny 71,000 270 285 [60]
LaFeO 200 1% C;Hg/20% O in Ny 100,000 261 283 [61]
LaMnO 200 1% C7Hg/20% O in Ny 100,000 271 295 [61]

3.9. Catalytic stability and durability

The catalyst stability or durability in the catalytic oxidation process is
well established as an important characteristic for the catalysts applica-
tion at industrial scale [70]. To investigate on the catalytic stability of the
CuO NPs, the long-term time-on-stream (TOS) of oxidation of CO and
C;Hg was performed for 30 h, and the results are displayed in Figure 13.
The experimental conditions for the durability test were as following: (a)
60 mL.min"'of CO in the feed gas, GHSV of 72 000 mLg 'h™, reaction
temperature of 260 °C; (b) 75 mLg *h™! of C;Hg in the feed gas, at

constant temperature of 300 °C, reaction time of 30 h, GHSV of 20 000
mLg 'h~}, and the conversion of CO and toluene over CuO was almost
100% from the activity test at 260 and 300 °C respectively under
time-on-stream of 30h. During the long-term running, CuO NPs showed
remarkably perfect CO and toluene conversion as well as excellent re-
action stability ranging between 95% and 98% for 30 h. Despite some
minor variations observed during the process, the conversion was kept at
a high level. Therefore, in addition to the high performance, CuO NPs
exhibited excellent stability or durability in the long-term TOS test,
which was of crucial significance for the industrial application.

o
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Figure 11. In situ DRIFTS spectra of CuO NPs in: (a) 5%C020%0,/in Ar and (b) 500ppm/C0O20%0,/in Ar at different temperatures.
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Figure 12. The reaction mechanism of: A) CO and B) C;Hjg oxidation over CuO NPs catalyst. Adapted with permission from Zhang et al. [71], and Mo et al., [72].
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Figure 13. Stability and durability tests for CO and C;Hg oxidation in single
component with time-on-stream over CuO: (a) 60 mL.min~'of CO in the feed
gas, reaction temperature of 260 °C, reaction time of 30 h, GHSV of 72 000
mLg 'h™%; (b) 75 mLg 'h™'; of C;Hg in the feed gas, reaction temperature of
300 °C, reaction time of 30 h, GHSV of 20 000 mLg 'h .

4. Conclusion

This study was focused on CuO preparation for the catalytic appli-
cation. The structure, morphology, composition, and ionic states of the
as-prepared catalyst, as well as the optical energy band gap characteris-
tics, were all studied. In addition, Ho-TPR was carried out to determine
the reduction property of the as-prepared single oxide. XRD, FTIR, and
Raman analysis confirmed the obtained oxide as CuO, with a monoclinic
structure. The analysis of the surface microstructure by SEM shows CuO
was homogeneous and well covered with fine interconnected particles.
The bulk (EDS) and surface chemical composition (XPS) attest on the
occurrence of Copper and Oxygen as main elements with Cu?*, 0%~ and
OH" as their corresponding ionic oxidation states. Finally, the obtained
catalyst was tested with success as catalyst toward total conversion of CO
and CyHg and surprisingly, CuO exhibits better performance than single
and binary oxides and comparable performance compared with sup-
ported noble metals catalyst reported in the literature. The results indi-
cate that CuO is an effective and eco-friendly oxide catalyst for the
degradation of VOCs and exhausts gas. The observed excellent perfor-
mance of CuO NPs is suggested to be due to porous-like structure with
large specific surface area that offer more exposed unsaturated coordi-
nation sites beneficial for the CO and CyHg total conversion at low
temperature via MvK mechanism. More importantly, it was observed that
in addition to the excellent performance, CuO NPs catalysts exhibited
good stability in the prolonged isothermal test. In consequence, CuO NPs
display great potential for the catalytic oxidation of VOCs and exhaust
gas at the industrial scale.
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