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Abstract: In this work, simple methods for the preparation of highly efficient
heterogeneous nanocatalysts for the low-temperature oxidation of CO are des-
cribed. The main advantages of the reaction are high yields. The catalysts
based on oxides of copper and manganese supported on alumina monoliths
were prepared by different methods: plasma corona discharge and wet impreg-
nation. Structure and physical properties of catalysts were characterized by FT-
-IR, XRD, TEM, EDX and TG/DTA. The results showed that the use of a
plasma corona discharge at atmospheric pressure for the preparation of the
catalysts resulted in smaller particle size and uniform dispersion when com-
pared with the catalysts prepared by wet impregnation methods. The catalytic
activities of these catalysts were investigated for complete oxidation of carbon
monoxide (3000 ppm) to carbon dioxide in the air at atmospheric pressure. On
a single oxide catalyst, 10CuO/monolith was better than 10MnO,/monolith
under the same experimental conditions. With multi-oxide catalysts, all catalyst
samples are more active than a single-oxide catalyst with the same impregnated
content. In particular, the catalyst prepared by plasma corona discharge indi-
cates the best oxidation capacity of carbon monoxide.

Keywords: oxidation of carbon monoxide; single-oxide catalysts; multi-oxide
catalysts; corona discharge; alumina monolith; wet-impregnation.

INTRODUCTION

Carbon monoxide (CO) is a common contaminant of indoor and outdoor
environments. Along with volatile organic compounds (VOCs) and nitrogen
oxides (NOy), CO is one of the main causes of air pollution and affects human
health.!-2 Therefore, it is especially important to find a solution to CO removal
from the air. At present, an effective solution for CO removal is to use a catalytic
oxidation technique. In this method, the catalyst plays a key role in the treatment
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efficiency as well as a change in the temperature of the oxidation reaction. Cat-
alysts based on noble metals (Pd, Pt, Rh) exhibit a high activity for CO oxid-
ation.3-5 However, the steady increase of noble metal prices, their tendency to
sinter and deactivation by carbon formation pushes the development of alter-
native catalytic technologies and catalytic materials. Recently, studies have
turned to catalysts based on transition metals (Cu, Mn, Co, Fe,...). Many studies
have shown that catalysts based on Cu, Co and Mn are very efficient for CO
oxidation at low temperatures.®

A multi-oxide catalyst on a transition metal base has recently been studied
and found to be effective for the treatment of VOC and CO emissions.” In these
studies, oxidation is affected by the interaction between the active phases of tran-
sition metals due to the formation of strange phases during the preparation pro-
cess. Morales® studied the effect of the copper content in manganese on complete
oxidation of ethanol and propane, showing that the addition of a small amount of
copper helped prevent manganese oxide from entering the crystal structure, inc-
reases the formation of voids and the presence of Cuj sMnj 504 phase and inc-
reases their reduction ability, thus achieving better catalytic performance in
ethanol combustion.

Many factors influence the properties of the catalyst, of which one of the
most important is the catalyst preparation method. With this in mind, various
methods, such as wet-impregnation (WI), deposition-precipitation (DP)!0 and
atmospheric plasma discharge, have been investigated.!!-13 Recently, one of the
current catalytic preparation methods of interest has been corona plasma dis-
charge at atmospheric pressure. Many reports show that the use of a plasma helps
affect a significant rise in catalytic activity and a small particle size-dispersion is
achieved compared to the other conventional methods.

This work was aimed at examining the influence of different preparation
methods on the catalyst performance based on alumina monoliths impregnated
with oxides of copper and manganese. Furthermore, the catalytic activities of
these catalysts were investigated for complete oxidation of carbon monoxide in
the air at atmospheric pressure.

EXPERIMENTAL
Chemicals
Cu(NO3),-3H,0 (>99.5 %, Sigma Aldrich), Mn (NOj3), (99 %, Sigma Aldrich), and alu-

mina monoliths with a cell density of 62 cells cm™ — Nanxiang-Jiangxi, China. All the chem-
icals were used without further purification.

Catalysts preparation

The catalysts with 10 wt. % metal loading (5 wt. % Cu and 5 wt. % Mn) were prepared
by different methods: wet-impregnation (WI) and non-thermal plasma (NTP).

WI method. The alumina monoliths was the first impregnated with a solution of
Cu(NO3), 3H,0 and/or Mn (NOs),. After evaporating under vacuum at 353 K, the sample
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CATALYTIC OXIDATION OF CARBON MONOXIDE 6 1 7

was dried at 383 K for 12 h and heated at 773 K for 5 h in air with a heating rate of 276 K
min'!. These samples were denoted as 10CuO/Monolith, 10MnO,/Monolith and 5CuO-
—5MnO,/Monolith, respectively.

NTP method. The non-thermal plasma technique used for this preparation was corona
discharge as Fig. 1. This process is similar to the WI method. However, after evaporating
under vacuum at 353 K, the sample was dried at 383 K for 12 h. The precursor was placed in
the corona plasma discharge region using a cylindrical quartz tube located and centered on the
holder base plate, which consisted of a continuous flow air supplying the system. The corona
plasma discharge reactor was powered by a homemade high voltage direct current generator:
18 kV and 1.5 kHz. The sample was denoted as SCuO-5MnQO,/Monolith (Plasma).

Fig. 1. The schematic diagram of the corona plasma dis-
charge system; 1 — feed-gas system; 2 — needle electrodes;
3 — quartz tube; 4 — corona plasma discharge region; 5 —
catalyst samples; 6 — plate electrode; 7 — air outlet (gas-
outlet).

I

Catalyst characterization

Physicochemical characterization of the prepared catalyst was performed by different
modern techniques such as Fourier transform infrared (FT-IR), X-ray diffraction (XRD),
transmission electron microscopy (TEM), energy-dispersive X-ray (EDX) and thermogra-
vimetric and differential thermal analysis (TG/DTA). In particular, the FT-IR spectra were
measured at spectral resolution 4 cm™! between 4000400 cm™! range using a Perkin Elmer
Frontier 1600 series spectroscope. XRD patterns of the catalyst materials were recorded with
D8 Advance-Bruker D5005 diffractometer using monochromatic high-intensity CuKa radi-
ation (1 = 0.15418 nm) at the scanning rate of 0.03° s'! in the scanning range from 20 to 80°.
TEM images were taken with a JEOL JEM-1010 (Japan) at an acceleration voltage of 200 kV.
The EDX analysis with 20 kV accelerated voltage was realized with EDX-8000. Finally, the
simultaneous thermal analysis (TG/DTA) of the after dried samples was performed in a Q500
TA-Instruments apparatus under atmospheric pressure at a heating rate of 283 K min’!, from
303 to 1073 K under a dynamic (50 mL/min) nitrogen atmosphere.

Catalytic performance

Catalytic properties of the studied samples for CO total oxidation in air were tested under
the following conditions: The total flow was 450 mL min™! at a volume rate (GVSH) of 5000
h'l. The initial concentration of CO was fixed at 3000 ppm. The CO concentration in the
reaction was analyzed in sifu by Testo 320 LX (0563 6032 72 (Germany) and then re-analyzed
by GC Clarus device (USA), a column packed with ZV-95, length 3 m, diameter 5.8 mm.
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RESULTS AND DISCUSSION
X-Ray diffraction diagram (XRD)
The X-ray diffraction (XRD) patterns of the catalysts are shown in Fig. 2.
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Fig. 2. The X-ray diffraction (XRD) patterns of the catalysts.

Intensity, a.u

As indicated in Fig. 2, the main components of the alumina monolith sub-
strate were a-AlyO3, f-Al,O3, #Al>,O3 and SiO, with specific diffraction signals
at 260 25.9, 33.6 and 36.1°. On the single-oxide catalysts, the copper-based cat-
alysts have typical diffraction signals of the CuO phase (260 35.7 and 38.8°,
JCPDS 80-1268). On the manganese-based catalyst, the characteristic diffraction
signals are those of the MnO, phase (26 41.1, 44.7 and 57.7°, JCPDS 44-0141).
On multi-oxide catalysts, besides the diffraction signals of CuO and MnO,
phases, on the X-ray diffraction diagram also appear a diffraction signal of weak
intensity of the CuMnO, phase (26 = 37.2°). These results are similar to those of
Dey.14 Compared with the catalysts prepared by the wet-impregnation method, in
the diffraction pattern of 5SCuO-5MnO;/Monolith-corona (Plasma) appeared nar-
row high intensity peaks of CuO and MnO,. This difference could be explained
by the interaction of the reactive species produced by plasma discharges, such as
O°, N°*, NO°, OH°, O3 and H>O,, with the catalyst sample in the preparation pro-
cess led to changes in the phase structure properties.

Fourier transform infrared spectrum (FT-IR)
The FT-IR spectra of the samples are shown in Fig. 3.
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Fig. 3. FT-IR spectra of the catalysts.

According to the results in Fig. 3, the absorption peaks due to Cu—O bonds
in the CuO phase structure are found in the region 420 to 500 cm~! for 10CuO/
/Monolith catalyst. This result is similar to the studies by Dubal et al.!> This
shows that the CuO phase was successfully impregnated on alumina monolith. In
the spectra of the 10MnOj/Monolith catalyst, characteristic vibrations of Mn—O
bonds are found at 535 and 690 cm™! for the MnO, phase. This result is also in
agreement with the studies of Aghazadeh.!® In multi-oxide catalysts case, all cat-
alysts also indicated typical vibrations of CuO and MnO,; phases impregnated on
alumina monolith.

Transmission electron microscopy (TEM)

Typical TEM results for the catalysts are shown in Fig. 4.

According to the TEM images, both catalysts possessed spherical mor-
phology (<50 nm). Fig. 4a and b show the presence of CuO and MnO, phases
impregnated on the alumina monolith for both single-oxide catalysts with particle
sizes ranging from 30-50 nm. In addition, the results also show a fairly even dis-
persion of these active phases on the supports. On a multi-oxide catalyst (Fig.
4c), the size of the active phase and the dispersion are similar to the single-oxide
catalyst. However, with multi-oxide catalysts prepared by plasma discharge tech-
nique indicate a different surface morphology. High dispersion and small active
particle size (10-20 nm) were found for this catalyst (Fig. 4d). This suggests that
the use of plasma discharges during the preparation process drastically changed
the catalytic properties leading to increased catalytic oxidation.
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Fig. 4. TEM images of 10CuO/Monolith (a), 10MnO,/monolith (b), SCuO-5MnO,/Monolith
(c¢) and 5CuO-5MnO,/Monolith (Plasma) (d).

Besides, to test the impregnation of Cu and Mn metals onto monolith, EDX
analysis method used to determine metal content in the monolith (Fig. 5 and
Table I). The results indicated the presence of elemental Cu and Mn in the
5Cu0O-5MnOy/Monolith (Plasma). It could be concluded that the impregnation
of the active phase on support by the non-thermal plasma technique was suc-
cessful.

Thermogravimetric and differential thermal analysis (TG/DTA)

The TG/DTA analysis of the samples showed a major mass loss of about 11 %
in the range of 303 to 1073 K, which was due to the elimination of the majority
of the nitrate compounds (Fig b). The first mass loss step in the TGA plot occur-
red between 273-393 K, corresponding to the weak endothermic peak in the
DTA curve at 343 K, which was caused by dehydration. In the last mass loss
step, a drastic weight loss at 473-573 K resulted from the combustion of nitrate
compounds and NO, formation via the decomposition of nitrate compounds as
suggested by the exothermic peak around 508 and 528 K in the DTA curve. No
further mass loss occurred above 573 K, indicating completion of combustion
and the formation of the expected oxide CuO—MnO, phase.
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Fig. 5. EDX analysis of the SCuO-5MnO,/Monolith (Plasma) catalyst.

TABLE I. Elemental composition analysis of 5CuO-5MnO,/Monolith (Plasma) catalyst

Element Amount, wt. % Amount, at. %
(0] 48.34 62.28

Al 32.75 26.98

Si 4.98 5.70

P 0.59 0.39

Mn 6.29 2.36

Cu 7.05 2.29
Total 100.00 —

Residue: 89.76 %
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Fig. 6. TG/DTA analysis of the catalysts.
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Catalytic activity for complete oxidation of CO

The complete oxidation of CO to CO; was performed over various catalysts
according to temperature. The conversion of CO according to temperature
over the catalysts is shown in Fig. 7.
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Fig. 7. CO conversion over the different catalysts according to temperature.

The results indicated that complete oxidation of CO (>98 % conver-
sion) was achieved at temperatures above 503 K for both multi-oxide cat-
alysts. Whereas, the conversion was only 90 % for single oxide 10CuO/
/Monolith catalyst and 56 % conversion for 10MnO;/Monolith catalyst.

A comparison of the activity of the catalysts in different temperature
ranges is also presented in Table II.

TABLE II. Conversion of CO (%) at different temperatures and over different catalysts
Temperature, K

Catalyst 373 423 573
10CuO/Monolith 6.3 19.2 99.0
10MnO,/Monolith 6.4 14.5 95.0
5CuO-5MnO,/Monolith 12.1 44.1 98.7
5CuO-5MnO,/Monolith (Plasma) 21.2 69.3 98.8

At 373 K, the difference in CO treatment efficiency of the four catalysts is
negligible. As the temperature increased, the catalyst conversion rates began to
diverge. At 423 K, the 5CuO-5MnO,/Monolith (Plasma) catalyst yielded 1.6
times higher conversion than the 5CuO-5MnO;/Monolith catalyst, 3.6 times
higher than 10CuO/Monolith and 4.8 higher than 10MnOj/Monolith. When the
reaction temperature reached 573 K, total oxidation of CO was obtained for all
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catalysts. These results could be explained by the 5CuO-5MnO,/Monolith
(Plasma) catalyst treated by the plasma discharge caused CuO-MnO, particles to
disperse highly and evenly on the surface of the alumina monolith as nanopar-
ticles. This would increase the interaction with CO in the reaction. Besides, the
increase in activity is also due to the appearance of a new active phase CuMnO,,
from the interaction between the oxides of copper and manganese.

The catalytic activity for CO oxidation is shown in the following order:
5Cu0O-5MnOy/Monolith (Plasma) catalyst > 5CuO-5MnQO,/Monolith catalyst >
10CuO/Monolith > 10MnO,/Monolith.

In general, the intervention of plasma discharge during the preparation pro-
cess changed the catalytic properties leading to high treatment efficiency for CO
removal. In summary, the SCuO-5SMnO,/Monolith (Plasma) catalyst shows an
efficient oxidation of CO at lower temperatures than the other studied cases.

CONCLUSIONS

First, single-oxide and multi-oxide catalysts based on copper and manga-
nese-impregnated on alumina monolith were successfully prepared by two differ-
ent methods. The results indicate that the differences in the preparation methods
play an important role in the determination of the physicochemical properties as
well as the oxidative activities of the catalysts. Secondly, on a single oxide cat-
alyst, the 10CuO/Monolith sample was better than a 10MnO,/Monolith sample.
With multi-oxide catalysts, all catalyst samples are more active than single-oxide
catalysts at the same impregnated content. Finally, the catalyst prepared by the
plasma discharge method showed the best oxidation of CO capacity when com-
pared with the catalysts prepared by the wet-impregnation method under the
same experimental conditions.
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Science and Technology Development (NAFOSTED, Grant No. 103.99-2016.67).

H3BOJ
OKCHUIAIIUJA YITBEH-MOHOKCHIA HA MOHOJIMTUMA I'NTUMHULIE
UMIIPETHUCAHUM OKCUIHUMA FAKPA 1 MAHTAHA
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Y oBOM paply ONHCaHU Cy IpUIIpEMa U nepdopmaHce KaTaausaTopa, kopucrehu jemgHo-
CTaBHY METOAY W BHUCOKO edHKacaH XeTeporeHH HaHOKaTaausaTop. [JlaBHA NPemHOCT peak-
uje cy BUCOKM MpUHOCH okcupaudje CO Ha HHCKOj Temmepatypd. KaranusaTopu Ha 0asu
okcuja Dakpa ¥ MaHraHa Ha MOHOJIMTHOj IIMHULIY Ka0o HOCAdy NMPUIIPEMIbEHH Cy Pa3TUYUTUM
MeToZlama: KOpOHa NMpaKkhewheM Y I1a3MU U MOKPOM UMIpersanujoM. CTpykrypa v pusuuka
CBOjCTBa KaTanuszatopa okapakrepcanu cy FT-IR, XRD, TEM, EDX u TG/DTA metomama.
Pe3ynTatu cy moxasaiu Aa Kopulrhewme KOPOHA NMpakkbema y IUIa3MH, IPU aTMochepcKom
NPUTHUCKY, Y TIpOLiecy NMpUNpPEeMe KaTalu3aropa fiaje Mamy BEJIWYMHY YEecTHLla U PaBHOMED-
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HUjy pucrepsujy y nopehemy ca katanusaTropuma NPUIPEM/bEHUM METOflamMa BIIaKHE MMII-
perHanyje. Katanutuuke akTHBHOCTH OBHX KaTalu3aTopa Cy MCIUTaHE 3@ MOTIYyHY OKCHAa-
uMjy yrbeH-MoHokcupa (3000 ppm) y yIibeH-OMOKCH] Yy Ba3OyXy, IPU aTMOC(EPCKOM IIpH-
TUCKY. [Ipu nopehewy nojesrHayHUX OKCUIHUX KaTanuszatopa, 10CuO/moHonur je duo edu-
kacHUju of 10MnO,/MOHONNTA Yy IIPX UCTUM €KCIIEPUMEHTalHUM YCIOBUMA. Koi MyITHOK-
CUJOHMX KaTalu3aTopa, CBU y30pLHM KaTajau3aTopa Cy akKTMBHHjU Ol MOHOOKCHIHOI KaTalu-
3aTopa y MCTOM MMIIDETHUPAHOM cafpikajy. KOHKpeTHO, KaTalu3aTop HNpUIPeM/beH KOpPOHa
MpakKibeheM Y TUIa3MH T0Ka3yje Hajdosby OKCUIAIIMOHH KanaluTeT yIibeH-MoHokcuzaa (CO).
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