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Abstract

Carbon monoxide (CO) is a poisonous gas, recognized as a silent killer. The gas i1s produced by incom-
plete combustion of carbonaceous fuel. Recent studies have shown that hopcalite group is one of the
promising catalysts for CO oxidation at low temperature. In this study, hopcalite (CuMnOx) catalysts
were prepared by KMnOy co-precipitation method followed by washing, drying the precipitate at differ-
ent temperatures (22, 50, 90, 110, and 120 °C) for 12 h in an oven and subsequent calcination at 300 °C
in stagnant air, flowing air and in a reactive gas mixture of (4.5% CO in air) to do the reactive calcina-
tion (RC). The prepared catalysts were characterized by XRD, FTIR, SEM-EDX, XPS, and BET tech-
niques. The activity of the catalysts was evaluated in a tubular reactor under the following conditions:
100 mg catalyst, 2.5% CO in air, total flow rate 60 mL/min and temperature varying from ambient to a
higher value, at which complete oxidation of CO was achieved. The order of calcination strategies
based on activity for hopcalite catalysts was observed to be as: RC > flowing air > stagnant air. In the
kinetics study of CuMnOx catalyst prepared in RC conditions the frequency factor and activation en-
ergy were found to be 5.856X10% (g.mol)/(geat.h) and 36.98 kd/gmol, respectively. Copyright © 2017
BCREC Group. All rights reserved
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1. Introduction been termed as the silent killer for the 21st cen-
tury [1]. CO also called carbonous oxide is a col-
orless, odorless, tasteless, and nonirritating gas,

which makes it difficult for humans to detect

COIldlthIlS, due to its emissions from various and is Shghtly hghter than air [12] The tOXiCity

ic,p uflcesl z;nd a dnumber (,)f adverse %f::cts grép;llb' of CO is due to its affinity for hemoglobin in the
1c health and an environment. Thus, as blood stream. Carbon monoxide is a poisonous

and life-threatening gas to humans and other

The enormous interest has arisen for the oxi-
dation of carbon monoxide (CO) at the ambient

forms of air-breathing life, as inhaling even
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serious injury, neurological damage and possi-
bly death. When CO enters the bloodstream it
combines with hemoglobin and forms carboxy-
hemoglobin, which reduces the oxygen-carrying
ability of the blood. The huge amounts of car-
bon monoxide are emitted in the world, mainly
from transportation; fireplaces; industrial and
domestic activities [15]. The oxidation of CO at
low-temperature is gaining a huge attention at
a current scenario due to the application in
many different fields. These include fire-
fighting and mining [2] in the form of breathing
apparatus. The three-fourth of all the hydrocar-
bons and CO are emitted during, a test run of
the car in Cold-start conditions [3].

In the beginning, more interest has been fo-
cused on catalytic control of CO emissions from
automobile exhaust because it is dangerous for
the environment [22]. On start-up car exhaust
catalysts take a little time to become effective,
and this primarily due to the time required to
heat the catalyst using the exothermicity of the
combustion reactions [21]. If the catalyst could
be added that was very efficient for combustion
at lower temperatures, then this initial warm-
up period could be shortened and the cold start
problem can be solved [23]. In the past 35
years, catalytic converters have been installed
on more than 1000 million vehicles around the
world. The choice of the appropriate catalyst is
an important step for improving the environ-
ment [14].

After research for decades, two main types
of catalysts for CO oxidation near room tem-
peratures have been developed, the first type
includes high surface area precious metal
based catalysts and the second one incorpo-
rates transition metal oxide-based catalysts
[13]. The most effective catalyst for CO oxida-
tion at a low temperature in many years is
known as hopcalite catalyst (CuMnOx), which
is a mixture of copper manganese oxide [4,7].
Sometimes it also contains Co203 and Ag:0.
The activity of copper, manganese oxide mix-
ture for low-temperature oxidation of CO is dis-
covered by Lamb in the year 1920 [8].

The catalytic properties of such a system
called hopcalite were confirmed by Jones and
Taylor in the year 1923; since that instant,
hopcalite has become a well-known oxidation
catalyst at a low temperature. Literature sur-
vey concludes that hopcalite catalyst is highly
active in the amorphous state even at room
temperature [9]. It is observed that hopcalite
lose their activity after exposition at tempera-
tures above 500 °C, where crystallization of the
spinel CuMn204 occurs [4-6]. However, Schwab

and Kanungo [5] reported that crystalline
Cu2MnOy4is also active. These catalysts have
been employed to oxidize environmentally
damaging gasses at ambient temperature. A
lot of interest has been applied to the modifica-
tion of hopcalite catalyst in order to eliminate
its faults of moisture deactivation and low ac-
tivity [17]. The preparation of the catalyst by
other methods including anti-solvent precipita-
tion method, sol-gel method [7,11] was reported
to give better conversion than commercial hop-
calite. The structural, morphological, and acti-
vation property of CuMnOx catalyst is depend-
ing on the preparation methods. Therefore, in
the present study, CuMnOx catalysts were pre-
pared using a novel redox method and their
performance for CO oxidation was evaluated
near ambient conditions [10,19].

In the present study, CuMnOx catalysts are
prepared by co-precipitation method, and their
performance for CO oxidation is evaluated at a
low temperature [11,19]. The effect of prepara-
tion parameters, drying time and calcination
condition is highly affected by the performance
of CuMnOx catalyst for CO oxidation [16]. The
precursor material to the active CuMnOx for
CO oxidation catalyst is a well-mixed copper
nitrate and manganese acetate. This is subse-
quently heat treated using a relatively stan-
dard calcination procedure in air to form the
active catalyst [15,20]. The CuMnOx catalyst
being produced under oxygen-rich atmosphere
conditions and its confirmation of the retarda-
tion of copper oxide reduction of manganese
phases under oxygen-deficient conditions, to
produce residual Cuz0 and Mn2+3*+ oxide
phases [17,24]. The success of CuMnOx mixed
oxide catalyst has prompted a big deal of fun-
damental work devoted to instructive the role
played by each element and the nature of ac-
tive sites [18,25]. A better tool for CuMnOx
catalyst performance for CO oxidation is to re-
port the activation energy for the process. The
activation energy data are enviable for the
modeling and designing of the catalytic con-
verter [15,26]. The chemical kinetics estab-
lishes the factors, which influence the rate of
reaction under consideration and it provides
clarification for the measured value of rate and
leads to the rate of equations, which are valu-
able in reactor design [27].

The small amounts of promoters are added
into the hopcalite catalyst; has improved their
catalytic performance for CO oxidation reac-
tions at a low temperature. The existence of ac-
tive species of copper in the CuMnOx catalyst
makes a strong interaction with manganese;
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therefore, it has made to be more oxygen va-
cancy on the surface of catalyst [18]. In the pre-
sent study, we have prepared a CuMnOx cata-
lyst and it’s calcined by different methods like
stagnant air, flowing air and reactive calcina-
tion conditions. The preparation of CuMnOx
has been played an important role in the per-
formance of the final catalyst. This paper
showed that the calcination of CuMnOx catalyst
by different conditions can modify the CO ad-
sorption ability of the catalyst and thus affect
the catalytic oxidation of CO. In the previous
study, we have observed that the CuMnOx cata-
lyst is also active for CO oxidation at a long
time. In the previous study Hasegawa et al.,
Jones et al., and Solsona et al. reported that the
complete oxidation of CO by CuMnOx catalyst
at a temperature of 120, 200, and 210 °C,
respectively [28-29,19].

In this article, the effect of preparation
method and calcination conditions on the activ-
ity of CuMnOx catalyst for CO oxidation has
been reported. Tanaka and Co-authors also
have demonstrated the total oxidation of CO by
CuMnOx spinel oxide catalyst is 210 °C tem-
perature [30]. The surface area of CuMnOx
catalyst has highly effect on their catalytic ac-
tivity and it has also discussed in this paper.
According to Cai et al. the selection of proper
precursors and precipitant prepared by the co-
precipitation method is highly affected on the
catalyst performance [8]. From the experimen-
tal results, we can get that the CuMnOx cata-
lyst prepared by reactive calcination conditions
1s more active for the complete oxidation of CO
as compared to stagnant air and flowing air
calcination prepared CuMnOx catalyst.

2. Experimental
2.1 Catalyst preparation

The amorphous manganese oxide (AMO)
catalyst was prepared by the reduction of po-
tassium permanganate (KMnO4) with manga-
nese(I) acetate tetra hydrate (of Mn
(CH3C00)2.4H20). A solution of Mn
(CH3C0OO0)2.4H20 (14.70 g in 33 mL H20) was
added drop wise to a solution of KMnQO4 (6.32 g
in 33 mL H20) under vigorous stirring condi-
tions. The resultant precipitate was stirred con-

tinuously for 4 h, filtered, washed, vacuum
dried, and ground into powder. The above pro-
cedure was modified to prepare binary copper
manganese oxides by adding 3.68 g of cop-
per(I) nitrate (Cu(NOs3)2.2.5H20) to the man-
ganes(II) acetate solution before reduction. The
resulting precipitate was stirred continuously
for 2 h [16]. The resulting precipitate was fil-
tered and washed several times with ethyl al-
cohol and hot distilled water to remove all the
impurity. The cake thus obtained was dried at
different temperatures (22, 50, 90, 110, and
120 °C) for 12 h into the oven. The precursor
was calcined under different conditions such as
stagnant air, flowing air and reactive calcina-
tion at 300 °C for 2 h. The nomenclature of the
catalysts thus obtained after calcination 1is
given in Table 1. The catalysts prepared as
above were stored in a capped glass sample
holders placed in desiccators. The granules
were crushed into powder and used without
any further pretreatment.

2.2 Different calcination conditions

The catalyst precursor was calcined under
the following three different conditions:
(1) Stagnant air calcination: The calcination of
the precursor was done in a furnace in the
presence of stagnant air at a temperature of
300 °C for 2 h to produce the CuMnOx catalyst.
The calcined catalyst was stored in an airtight
glass bottle.
(i1) Flowing air calcination: The calcination of
the CuMnOy precursor was performed in situ
under flowing air in the reactor at 300 °C for 2
h, just before the activity measurement experi-
ment.
(i11) Reactive calcination: The calcination of the
CuMnOx precursor was performed in situ un-
der a flowing reactive mixture of 4.5% in CO-
air at 300 °C for 2 h, just before the activity
measurement experiment.

2.3 Characterization

The X-ray diffraction (XRD) measurement
of the catalyst was carried out by using Rigaku
D/MAX-2400 diffractometer with Cu-Ka radia-
tion at 40 kV and 40 mA. The mean crystallite
size (d) of the catalyst was calculated from the

Table 1. Calcination strategy and nomenclature of the catalysts CuMnOyx thus obtained

Calcination Strategy Calcination method Nomenclature
Stagnant air calcination Furnace CuMnsa
Flowing air calcination In situ CuMnra

Reactive calcination In situ CuMnrc
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line broadening of the most intense reflection
using the Scherrer Equation. It provides infor-
mation about the structure, phase, crystal ori-
entation, lattice parameters, crystallite size,
strain and crystal defects, etc. The Fourier
transform infrared spectroscopy (FTIR) analy-
sis was done by Shimadzu 8400 FTIR spec-
trometer in the range of 400-4000 cm-1. It pro-
vides information about the kind of materials
present in a catalyst sample by their peak val-
ues. The Scanning electron micrographs (SEM-
EDX) produced the topographical image of a
catalyst by an electron beam and the image of
catalyst was recorded on Zeiss EVO 18 (SEM)
instrument. The accelerating voltage was used
15 kV and magnification of the image was
5000X applied. It provides information about
the average aggregate size, crystallinity degree
and the microstructures of the catalyst. The X-
ray Photoelectron Spectroscopy (XPS) analysis
of the catalyst was measured with Amicus
spectrometer equipped with Al-Ka X-ray radia-
tion at a voltage of 15 kV and current of 12 mA.
It provides information about the surface com-
positions and chemical states of the different
constituent elements present in a catalyst. The
Brunauer-Emmett-Teller (BET) analysis pro-
vides information about the specific surface
area, pore size and pore volume of the catalyst.
The isotherm was recorded by Micromeritics
ASAP 2020 analyzer and the physical adsorp-
tion of N2 at the temperature of liquid nitrogen
(-196 °C) with a standard pressure range of
0.05-0.30 P/Po.

2.4 Catalytic Activity Measurement

The oxidation of CO was carried out under
the following reaction conditions, 100 mg of
catalyst with feed gas consisting of a lean mix-
ture of (2.5 vol.% CO in air) and the total flow
rate was maintained at 60 mL/min. The air
feed into the reactor was made free from mois-
ture and CO:2 by passing through it CaO and
KOH pellet drying towers. The catalytic experi-

ment was carried out under the steady state
conditions and the reaction temperature was
increased from room temperature to 200 °C
with a heating rate of 1 °C/min. To monitor the
flow rate of CO and air through the catalyst in
the presence of a reactor was done by digital
gas flow meters. For controlling the heating
temperature of catalyst presence in a reactor
was done by a microprocessor based tempera-
ture controller. The gaseous products were pro-
duced after the oxidation reaction in a reactor
was analysis by an online gas chromatogram
(Nucon series 5765) equipped with a Porapak
Q-column, FID detector, and a methaniser for
measuring the concentration of CO and CO..
The oxidation of CO at any instant was calcu-
lated on the basis of concentration CO in the
feed and product stream by equations (1).

()=o), ~(Ceo ) 1= (A=l D)

where, the concentration of CO was propor-
tional to the area of chromatogram Aco. The
overall concentration of CO in the inlet stream
was proportional to the area of CO2 chroma-
togram.

3. Results and Discussion
3.1 Catalyst characterization

The characterization of CuMnOx catalyst re-
veals the morphology, surface area, surface
structure, phase identification, and material
identification, etc.

3.1.1 Morphology of the catalysts

The textures property of the catalysts was
analyzed by scanning electron microscopy
(SEM). The SEM micrographs of catalysts
formed under three different calcination strate-
gies (Figures 1 A, B, C) show clearly large dif-
ferences in the microstructure and morphology
of the porous CuMnOx. They all show granular

Figure 1. SEM image of CuMnOx catalyst produced in A) Stagnant air, B) Flowing air, and C) Reac-

tive calcinations
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particles between 5 and 10 nm calculated by
“image j software” with varying degree of ag-
glomeration.

As observed in the SEM micrograph, the
particles were comprised, coarse, fine and fin-
est size grains resulted by calcination in stag-
nant air, flowing air and in reactive calcina-
tions respectively. Particles of the catalyst in
calcination conditions are less agglomerated,
porous and homogeneous as compared to other
two samples. The size of particles presence in
catalyst produced by stagnant air calcination is
relatively very large and agglomerated than
the catalyst in flowing air as well as in reactive
calcination. The size of particles in CuMngsa
catalyst is coarse, more agglomerated, less-
porous and non-uniform. The structure of cata-
lyst-CuMnra is less agglomerated than cata-
lyst-CuMnsa. The particles of catalyst-CuMnrc
are least agglomerated, highly porous, high
surface area and uniformly distributed. Thus,
the different calcination conditions followed in
the present study considerably affect the poros-
ity, particle size, and morphology of the result-
ing catalysts.

3.1.2 Elemental analysis

After the SEM micrographs are taken, the
elemental mapping is performed to determine
the elemental concentration distribution of the
catalyst granules by using Isis 300 software. It
is clear from the results of the SEM-EDX
analysis that all the catalysts samples were
pure due to the presence of their relevant ele-

mental peaks only. The SEM-EDX analysis is
performed on different cross-sectioned marks of
CuMnOx catalysts granules to determine the
concentration of copper, manganese, and oxy-
gen at different locations on the CuMnOx cata-
lysts granular surfaces as shown in Figure 2. It
is very clear from the table and figures that the
atomic percentage and weight percentage of
Mn are also higher as the comparison of Cu
and O.

In the reactive calcined prepared CuMnOx
catalyst, there are three elements of Cu, Mn,
and O present and shown in the Figure 2C. In
Table 2 the atomic ratio and weight ratio of the
Cu, Mn, and O in CuMnOx catalysts resultant
in different calcination conditions are listed.

The atomic percentage of Cu, Mn, and O in
the catalyst resulted by RC is 47.82%, 48.05%,
and 4.13% respectively. The weight percentage
of Cu, Mn, and O in this catalyst is 46.70%,
47.06%, and 6.24%, respectively. In the flowing
air calcined condition also same three elements
Cu, Mn, and O peaks are present as shown in
the Figure 2B. The atomic percentage of Cu,
Mn, and O in the CuMnOx catalyst resulted by
FAC is 36.35%, 53.65%, and 10.0% respec-
tively. The weight percentage of Cu, Mn, and O
in this catalyst is 35.85%, 54.11%, and 10.04%
respectively. In the stagnant air calcined condi-
tions three elements Cu, Mn, and O are pre-
sent as shown in Figure 2A. The atomic per-
centage of Cu, Mn, and O in the catalyst re-
sulted by SAC 1s 29.39%, 57.46%, and 13.15%
respectively. The weight percentage of Cu, Mn,

Table 2. The atomic and weight ratios of Cu, Mn, and O in CuMnOx catalyst by EDX analysis

Atomic ratio (%)

Weight ratio (%)

Catalyst Cu Mn 0 Cu/Mn Cu Mn o Cu/Mn
CuMnrec  47.82  48.05 4.13 0.995 46.70 47.06  6.24 0.993
CuMnra 36.35 53.65 10.0 0.676 35.85 54.11 10.04 0.662
CuMnsa 29.39 57.46 13.15 0.511 29.45 5791 12.64 0.508
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Figure 2. EDX image of CuMnOx catalyst produced in A) Stagnant air, B) Flowing air, and C) Reactive

calcinations
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and O in this catalyst is 29.45%, 57.91%, and
12.64% respectively. This presence of oxygen
deficiency in the CuMngc catalyst which makes
the high density of active sites, therefore, it has
shown the best catalytic activity. The Cu, Mn,
and O present in the CuMnOx catalyst is easily
detected by EDX analysis. The Cu/Mn atomic
ratio of the CuMngrc catalyst is approximately
0.995 and the Cu/Mn weight ratio in the
CuMnrc catalyst is approximately 0.993.

3.1.3 Phase identification and cell dimensions

The phase identification and cell dimensions
of CuMnOx catalyst in different calcination con-
ditions were done by the X-ray powder diffrac-
tion (XRD) technique. The diffraction pattern of
the catalysts is represented in Figure 3.

The XRD pattern of the CuMnsa sample
(Figure 3) shows that the stagnant air calcined
particles consist of CuMn204 were the crystal-
line major phase. The diffraction peak at 206 of
43.95 corresponds to lattice plane (111) of face-
centered cubic CuMn204(PDF-32-0429 JCPDS
file). The crystallite size of the catalyst is 4.70
nm. In the flowing air calcination of the sample
(CuMnra) was found that resulting
Cu12Mn1304in a crystalline phase. The diffrac-
tion peak at 20 of 37.20 corresponds to lattice
plane (222) of face-centered cubic Cui1.2Mn1804
(PDF-71-1144 JCPDS file). The crystallite size
of the catalyst is 3.28 nm. In contrast, the XRD
pattern of the CuMngrc sample was quite differ-
ent from those of CuMnsa and CuMnra sample.

(222)

[—— Reactive Calcination CuMnOx|

(531)

(222)

[—— Flowing air Calcination CuMnOx|

(531)

Intensity (cps)

[—— Stagnant air Calcination CuMnOx]

(204)

T b3 T T T T v T

2 % 4 50 60 70 80
2Theta (deq.)

Figure 3. XRD analysis of CuMnOx catalyst in
different calcination conditions

It shows that the well crystalline phase was
CuMnOs. The diffraction peak at 20 of 36.96
corresponds to lattice plane (222) of end cen-
tered cubic CuMnO2z (PDF-75-1010 JCPDS file).
The crystallite size of the catalyst is 2.71 nm.
The refinement of the XRD pattern of the
CuMnrc sample shows that there will be no im-
purity phases were present in the catalyst. The
XRD data was further refined in order to gain
more structural information on the CuMnOx
phase’s presence in the catalyst.

3.1.4 Identification of the materials

The FTIR transmission spectra of the
CuMnOx catalysts are shown in Figure 4. In
the invested region (4000-500 cm-) to obtain
the entire absorption spectra peaks to indicates
the presence of different elemental groups in
all the samples of the CuMnOx catalysts.

The different peak was shown different
types of chemical groups present in the
CuMnOx catalysts. The main four peaks were
obtained in CuMnOx catalyst prepared by RC
conditions. The MnQ2 vibration mode was ob-
served at (1640 cml) due to stretching of the
Mn—-O bond. The transmission spectra at (532
cml) were assigned to CuO group. The other
phases like COs2- and C=0 are present at
(1300 and 2350 cm-), respectively. The main
five peaks were obtained in CulMnOx catalyst
prepared by SAC. The main stretching bond
Mn-O, CuO, COs% and C=0 group was also
present in this catalyst. The transmission spec-

Flowing air Calcination CuMnOx

3490 2350 16401280

53,
Stagnant air Calcination CuMnOx
E 2350 16301290
4]
8
g
Reactive Calcination CuMnOx
2350 16401300
532

T »; T b T

4000 3000 2000 1000
Wave Number (em™)

Figure 4. FTIR analysis of CuMnOx catalyst in
different calcination conditions
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trum at (1630 cm) has show MnO: group,
(1290 c¢m ) show COs2 group and (540 cm-)
was assigned to CuO group. The other phases,
like C=0 and hydroxyl group, are present at
(2350 cm ! and 3480 cm-!), respectively.

The FTIR analysis of CuMnOx catalyst pre-
pared by FAC conditions they were five peaks
we obtained. The transmission spectra at (1640
cm-1) show MnOsg, (1280 cm-1) show COs2- group,
(2350 cml) shows C=0 presence, (3490 cm-1)
show hydroxyl group, and (5632 cm) shows
CuO group presence. The spectra of impurities
like hydroxyl group at 3480 cm-! decreases in
the following the order: CuMnsa> CuMnra >
CuMngc. Thus CuMngc is highly pure as com-
pare to CuMnra and CuMnsa. All the sample of
CuMnOx catalysts; which originates from the
stretching vibrations of the metal-oxygen bond
and confirm the presence of CuO and MnO:
phases.

3.1.5 Identification and quantification of ele-
ments

The oxidation state and atomic concentra-
tion of Cu-Mn mixed oxide investigated by X-
ray photoelectron spectroscopy (XPS) analysis.
The XPS analysis is mainly used to understand
the physical and chemical changes by exposure
of gaseous molecule under different thermal
conditions examined. Although it can be pro-
posed that the high binding energy is prefera-
bly for the oxidation reaction. The Figures 5, 6,
and 7 displayed the spectra in the Cu(2p),
Mn(2p) and O(1s) regions. The XPS spectra of
Cu(2p) region is presented in Figure 5. By per-
forming peak fitting deconvolution the main
Cupsizin all three calcination catalyst is Cu(II)
oxide form. The binding energy of Cu(2p) in
CuMnOx catalyst is stagnant air, flowing air

935,86V
A 54500 -

| Cu(2p) in CuMnOx in SAC

Intensity
o
g

Intensity

930.300 eV

g

52500 -

| Cu(2p) in CuMnOx at FAC

and reactive calcinations condition is 935.8 eV,
934.2 eV and 936.5 eV, respectively. In Figure
5, we have observed that the prominent peak of
Cu(2p) level in CuMnOx catalyst is deconvo-
luted into five peaks centered and the highest
binding energy were found in CuMnrc catalyst
is 936.5 eV. It is very clear from the table and
figure that the binding energy of Cu(Z2p) in
CuMnOx catalyst is highest in RC preparation
conditions as compared to flowing air and stag-
nant air prepared a catalyst.

The XPS spectra in the Mn(2p) region is
presented in Figure 6. By performing peak fit-
ting deconvolution the main Mnps in all three
calcination catalyst is MnOzform. In the Fig-
ures 6 and 7 the prominent peak of Mn(2p)
level and O(1s) level in CuMnOx catalyst is de-
convoluted into double and single peak respec-
tively. By performing peak fitting deconvolu-
tion the main Mn(2p) in all the three samples
can be divided into three components including
Mn#t. Mn3*, and satellite. Since the differences
between the binding energy values of Mn3*+ and
Mn#* ions are small. The observed of Mn(2p) in
CuMnOx catalyst is stagnant air, flowing air,
and reactive calcinations condition is 640.6 eV,
641.2 eV, and 641.8 eV, respectively and it will
be associated with the presence of Mn3+*, Mn4*,
and satellite in all the three samples.

From the Figure 6, the broad Mn4* peak is
presented in CuMngrc which indicated that the
composition of Mn4* is higher than CuMnra
and CuMnsa. It is very clear from the figure
that the binding energy of Mn(2p) in CuMnOx
catalyst is highest in RC preparation condi-
tions as compared to flowing air and stagnant
air prepared a catalyst. The binding energy of
O(1s) is display in Figure 7(C). Generally,
there are two different types of oxygen present
in the catalysts with binding energy of (529.2-

C

934.204 eV
A

BT eV

Intensity (cps)

97T %0 %3 %6 o 954 957
Binding Energy

4

T T T
954 95 958 960 962 964 966 968

Binding Energy Binding Energy (eV)

Figure 5. XPS analysis of Mn(2p) in CuMnOx catalysts: A) CuMnsa, B) CuMnra, and C) CuMngc
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530 eV) and (531.3-532.2 eV), which could be
recognized as chemisorbed oxygen (denoted as
Oa, such as: 0:2-, O-, OH-, COs%, etc.) and lat-
tice oxygen (denoted as O1, such as O%), respec-
tively. In our case, oxygen with the binding en-
ergy of 530.8 eV was the main form and could
be assigned to the chemisorbed oxygen (Oa).
The presence of lattice oxygen is very small in
CuMngrc. The binding energy of O(ls) in
CuMnrc, CuMnra, CuMnsa catalyst is 529.8 eV,
530.50 eV and 530.8 eV, respectively and the
presence of lattice oxygen is very small in reac-
tive calcined prepared CuMnOx catalyst.

Tables 3 and 4 represent the chemical state
and binding energy of CuMnOx catalyst in dif-
ferent calcination conditions. It is confirmed
that Mn(CH3C00)2.4H20 is usually decom-
posed into MnOz and Cu(NOs)2.3H20 is usually
decomposed into Cu(Il) oxide after calcination
in different conditions like stagnant air, flowing
air and reactive calcination conditions. The
binding energy of CuMngrc catalyst is highest as
the comparison to CuMnra and CuMnsa cata-
lyst. One of noticeable fact is that the amount of

oxygen present 1s less in reactive calcined pre-
pared CuMnOx catalyst as compared to flowing
air and stagnant air prepared CuMnOx cata-
lyst due to an absence of lattice oxygen which
creates oxygen vacancies for oxidation reac-
tions.

The content order of Oa/(Oa + Oy ratio was
shown as following: CuMngrc > CuMnra> CuM-
nsa. The high amount of chemisorbed oxygen is
preferable for increasing the CuMnOx catalyst
activity of CO oxidation reactions. The extraor-
dinary performance of CuMngrc catalyst pro-
duced by RC in CO oxidation is associated with
their characterizations such as physical and
chemical changes, binding energy and oxygen
deficient defective structure which create the
high density of active sites. So, RC route can be
recommended for the synthesis of highly active
catalysts. The presence of higher oxidation
state phases could be the result of a greater de-
gree of surface interaction between the easily
oxidisable manganese phase and the highly re-
ducible copper phase.
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Figure 6. XPS analysis of Mn(2p) in CuMnOx catalysts A) CuMnsa, B) CuMnra and C) CuMngrc
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Figure 7. XPS analysis of O(1s) in CuMnOx catalysts A) CuMnsa, B) CuMnra and C) CuMnrc
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In addition, the interaction between the cop-
per and manganese phases during decomposi-
tion facilitates the formation of stable metal ox-
ide interfaces. These XPS results suggest that
the most active catalyst (CuMngrc) had a rela-
tively higher amount of lower valence manga-
nese and loosely bound lattice oxygen. The
presence of binding energy in CuMnOx catalyst
as follows: CuMngrc > CuMnra> CuMnsa. In the
activity test, we have found out that the per-
formance of CuMnOx catalysts for CO oxidation
is in accordance with their characterization.

3.1.6 Surface area measurement of catalyst

The surface area of CuMnOx catalyst pre-
pared by the precipitation method with a novel
route in reactive calcination (267.80 m2/g) is
much superior to those of the catalysts pre-
pared by other calcination routes like flowing
air (210.50 m2/g) and stagnant air (165.40
m2/g). It can be visualized from the Table 5 that
the textural property of CuMnOx catalyst in re-
active calcined are higher than other two cata-
lyst samples of CuMnra and CuMnsa. The iso-
therm gave useful information on the mesopore
structure through its hysteresis loop. The pre-
pared samples exhibited hysteresis loop, which
indicated that the pores were exhibiting geome-
tries of mesopores. The effect of different calci-
nation conditions on the isotherms of CuMnOx
catalyst. The specific surface area of CuMnOx
catalyst is measured by BET and it also follows
the SEM and XRD results.

The specific surface area and total pore vol-
ume were two main factors for the effect on the
CuMnOx catalyst performance for CO oxidation
reactions. The surface area and average pore

diameter increased with the increasing of calci-
nation temperature because a high-
temperature treatment led to particle sintering
therefore a loss in the active area. The larger
number of more pores presence in a CulMnOx
catalyst surfaces means a higher number of CO
molecules capture on their surfaces, therefore,
it shows better catalytic activity.

3.2 Catalyst Activity

3.2.1 Optimization of drying temperature of
precursor on resulting catalyst for CO oxida-
tion

The performance of CuMnOx catalysts was
carried out to compare the efficiency of cata-
lysts produced by drying the precursor at dif-
ferent temperatures (22-120 °C) followed by RC
for CO oxidation. It can be seen from the Fig-
ure 8 that the activity of CuMnOx catalysts in-
crease with the increasing of drying tempera-
ture up to 110 °C, with further increasing the
temperature the activity of the catalyst was de-
creased.

Thus, the optimum drying temperature of
CuMnOy precursor is 110 °C, which produced
catalyst exhibiting the highest activity for
100% CO conversion at 80 °C. The light of
characteristics for the different drying tem-
perature of CuMnOx precursor which is tabu-
lated in Table 6 and it’s used to evaluate the
activity of resulting catalyst. The characteristic
temperature Tio, Ts0, and Tioo corresponds to
the initially, half and complete oxidation of CO
respectively. The activity of final catalyst in-
creases with the increasing of precipitate dry-
ing temperature and in the activity test, we

Table 3. Chemical state of CuMnOx catalysts in XPS analysis

Sample Elements

C Mn 0)
CuMngc C-0-C Cu(I) oxide MnO: Organic C-O
CuMnra C-0-C Cu(II) oxide MnO: Organic C-O
CuMnsa C-0-C Cu(II) oxide MnO: Organic C-O

Table 4. The binding energy of CuMnOx catalysts in XPS analysis

Elements (eV)

S 1

ample Cu Mn (0]
CuMnrc 936.5 641.8 529.8
CuMnra 934.2 641.2 530.5
CuMnsa 935.8 640.6 530.8
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have got the optimum drying temperature, of
CuMnOx catalyst. From the table and figure, it
is considered to be the 110 °C maximum possi-
ble operating temperature of CuMnOx catalyst
for CO oxidation.

During the drying period, the CuMnOx solu-
tion may be retained by the porous support,
and it may be migrated by capillary flow and
diffusion, therefore; the solute redistributed by
desorption and re-adsorption. When the solvent
evaporates, precipitation of solute happens as
the solution becomes supersaturated and
brings crystallization of the CuMnOx precur-
sors in the pores and an outer surface of the
carrier. The solvent is removing during the dry-
ing process, and the concentration of precursor
will raise therefore the critical supersaturating,
precipitation will take place. The uniform dry-
ing of CuMnOx precursor reduces the convec-
tion so that more similar distributions are ob-
tained in a catalyst.

3.2.2 Performance of CuMnOx catalyst for CO
oxidation at different calcination conditions

Reactive calcination of CuMnOx precursor
was carried out by passing a CO-Air mixture
over the precursors at 160 °C temperature for
some time then increased the temperature up
to 300 °C. In the beginning, the limited rise in
the temperature of precursor’s crystallites due
to very slow exothermic oxidation which en-
sures very slow decomposition of the precursor.
Then after, slightly faster CO oxidation was ob-

served. The effect of calcination strategies of
the precursor on the produced catalysts to-
wards CO oxidation is shown in Figure 9. A
comparison of light-off temperatures of all the
catalysts produced by RC and traditional way
of calcination are given in Table 7. It is quite
evident from the figure and table that the oxi-
dation of CO was initiated at 25, 45, and 55 °C
over CuMngrc, CuMnra, and CuMngrc respec-
tively. The total oxidation temperature of CO is
80 °C for CuMnrc, which was less by 40 °C and
80 °C than that of CuMnra and CuMnsa respec-
tively. The improved catalytic activity of
CuMnOx (R.C.) can be ascribed to the distinc-
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Figure 8. Effect of drying temperature on
CuMngc catalyst for CO oxidation

Table 6. Light-off temperature (L.O.T) at different drying temperature

Drying temperature of

CuMnOx catalyst (°C) Tho (°C) Ts0 (°C) T100 (°C)
22 50 85 140
50 40 75 125
90 35 70 110
110 30 48 80
120 35 55 100

(T'10= 10% conversion, T50= 50% conversion, T100 = 100% conversion of CO)

Table 5. The surface area, pore volume and pore size of CuMnOx catalyst in different calcination con-

ditions

Catalyst Surface Area

Pore Volume Average Pore Size

(m?*g) (cm?/g) A
CuMnrc 267.80 0.640 78.60
CuMnra 210.50 0.460 52.30
CuMnsa 165.40 0.310 32.55
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tive structural and textural characteristics
such as the smallest crystallites of CuMnrc,
highly dispersed and highest specific surface
area with oxygen deficient crystallite structure
which could expose more active sites for CO
oxidation. Further, relatively open textured
pores of the catalyst favor easy diffusion of re-
actants and products and thus facilitate the
oxidation process.

It is apparent from the Figure 9 that the
CuMnOx catalyst produced by following the
novel route of RC of the precursors is more ac-
tive for CO oxidation than the ones prepared by
the traditional method of calcination of the
same precursors in air. As the calcination con-
ditions of stagnant air and flowing air affect
the activity of resulting catalyst and Figure 9
also shows the comparison of CuMnra produced
by calcination in flowing air with CuMnsaand
CuMngc. It is very clear from Figure 9 that the
activity of CuMnra lies in between the activi-
ties of CuMnsa and CuMngrc. From the table
and figure, we get that RC produced catalysts
are more active than catalysts produced by con-
ventional methods of calcination, whether it is
in stagnant or flowing air. Thus, the activity or-
der of catalysts obtained by various calcina-
tions methods is as follows: RC > flowing air >
stagnant air. The reason for the high activity of
RC produced catalysts as compared to catalysts
obtained by traditional calcination methods
may be due to the combined effect of phases,
high surface area, and smallest crystalline size.

The novelty of CuMnOx catalyst produced by
RC 1is associated with the presence of nano-
sized major phases and usual morphology. The
improved catalytic activity of CuMnrc can be
ascribed to the unique structural and textural
characteristics as the smallest crystallites of
CuMngc, highly dispersed and highest specific
surface area which could expose more active
sites for catalytic oxidation and relatively open
textured pores which will favor for the adsorp-
tion of reactants and desorption of products
and thus facilitate the oxidation process. More-
over, the presence of partially reduced phase
provides an oxygen deficient defective structure
which creates a high density of active sites as a

result of reactive calcination, consequently
CuMngc turn into the most active catalyst.

The reactive calcination technique could be
extended and expanded to provide a convenient
strategy for the synthesis of oxide structures
for several reactions in a single step minimiz-
ing the drawbacks of the conventional methods
of two-step processes of calcination and activa-
tion. The high precision of EDX measurements
and the morphological uniformity of the sam-
ples (examined by SEM) suggest that the ele-
mental composition of CuMnrc synthesized us-
ing the redox method is homogeneous and it
will be the major factors contributing to their
high catalytic activity. The activity order of
CuMnOx catalysts produced by different calci-
nation conditions is in accordance with their
characterization. Therefore, we can be summa-
rized that the calcination strategies of precur-
sor have great influence on the activity of re-
sulting catalysts.

3.3 Kinetics study of CuMnOx catalyst

The significant kinetic data can be obtained
from a packed bed reactor, only if the flow pat-
tern within the reactor resembles plug flow. In
the present study, the different concentration
of CO present in air flows through the CuMngrc
catalyst as shown in Figure 10. In the experi-
ments, we have taken 100 mg of the catalyst
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Figure 9. The activity of CuMnOx catalyst pre-
pared in different calcination conditions

Table 7. Light-off Temperature (L.O.T.) at different calcination conditions

Calcinations of CuMnOx Catalyst T10(°C) Ts0 (°C) T100 (°C)
CuMngc 25 40 80
CuMnra 45 70 120
CuMnsa 55 90 160
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with CO flow rate (0.5-1.75 mL/min) and air
flow rate (58.25-59.5 mL/min). The total flow
rate (CO+Air) was maintained at 60 mL/min at
the room temperature.

The conversion of CO is highly depending on
the catalyst temperature. It is important to de-
termine the catalyst bed temperature gradi-
ents. The comparison of inlet and bed tempera-
ture for all the runs and the axial bed tempera-
ture profiles of selected runs showed that under
most operating conditions, the reactor is suffi-
ciently isothermal for this study.

The CO conversion is measured at the time
on stream of 120 min (after the reactant gasses
are introduced into the system), which should
be sufficient to reach the steady state condi-
tions. In Table 8, we have observed that the CO
flow rate (mL/min) at different temperature
with the various CO conversion percentage.
From the tables and figures, we get that (1.50
mL/min) CO flow rate in the air is the optimum
flow rate of CO in the air and the complete con-
version of CO at 80 °C temperature has oc-
curred.

3.3.1 Weight hourly space velocity over
CuMngc catalyst

In the present study, the reaction conditions
have been completely satisfied, and it implies
that the reactor used behaving as an ideal plug
flow reactor. The kinetic experiments repeated
for feed composition at a temperature range
(25-45 °C), to ensure that the data correspond
to the linear change of CO conversion (Xco)
with space-time (W/Fco) in the initial rates re-
gion in which the reaction is kinetically con-
trolled. Therefore, the rate of CO oxidation in
the plug flow reactor can be given as Equation
2.

-rco = dXcol/d(W/ Fco) (2)

g

== (0 (0.5mL/min)
=== CO (0.75 mL/min)
= CO (1.0 mL/min)
=== CO (1.25 mL/min)
=== CO (1.50 mL/min)
=4~ CO (1.75 mL/min)

CO Conversion (%)
8 8

20 40 60 80 100 120 140

Temperature (°C)

Figure 10. CO oxidation at CO (mL/min) vs
temperature (°C)

where Xco is the conversion of CO and W/Fco is
the weight hourly space velocity (WHSV). The
constants in each model equations are com-
bined as much as possible to minimize the
number of unknowns and, therefore, the num-
ber of experimental data required.

Many runs in the packed bed reactor are
performed applying various values of WHSV.
Variation in W/Fco is made by varying either
catalyst weight or feed rate of CO and keeping
the other parameters constant minimize the
heat and mass transfer effects and to reach ap-
proximately the performance of differential re-
actor, the upper limit of CO conversion for each
run is restricted to 15 %. The rate of reaction
at any conversion can be obtained by measur-
ing the slope on the curve, which was obtained
by plotting Xco versus W/Fco values as shown
in Figure 11 (Equation 3).

-rco = k (Cco)r(Coz)™ 3

where & is the reaction rate constant, and Cco
is the concentration of carbon monoxide, and
COz: is the concentration of oxygen. In this ex-
periment a lean mixture of reactant, 2.5 % CO
in the air is used; therefore oxygen is in huge
excess, and the rate of expression reduces to
the pseudo nth order Equation 4 or 5.

-rco = k(Cco)n 4)
or
In(-rco) =In k +nlIn Cco 6))

The data of partial conversion of Xco versus
WiFco at five different temperatures is shown
in Figure 12. The rate of reaction (-rco) at a dif-
ferent degree of conversion for each tempera-
ture is determined by measuring the slope of
curves. If the power law is applicable and -rco
versus Cco data are recognized at the constant
temperature, n and k at that temperature can
be determined from a plot of In(-rco) versus
In(Cco). The kinetic parameters (k and n) of the
power law model for the oxidation of CO are
determined from the slope and intercept of the
plot (Figure 13). Order of the reaction is found
to be 0.84. The rate constant, k&, is a function of
temperature and can be expressed by Ar-
rhenius Equation (6).

k = A exp(-E/RT) (6)
or
Ink=InA - E/RT (7)

The activation energy (F) of the reaction can
be evaluated from the slope of plot In(k) versus
1/T as per Equation (9). The linear plot was ob-
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tained when In(k) vs 1/T has been plotted
(Figure 13). The data of partial oxidation of CO
(Xco) to COz under the conditions, when the
catalyst exhibited steady performance, versus
WiFco at five different temperatures.

The activation energy and pre-exponential
factor (A) of Arrhenius equation thus deter-
mined are given below:

Activation energy (E) = 8.839 kcal/gmol

verter used in automobile fuelled vehicles. The
CO conversion (Xco) data taken at constant
feed composition by varying space-time (W/Fco)
are used to confirm the linear change charac-
teristic of the initial rates region; the data with
linear regression constants 99 % or better were

= 36.98 kd/gmol (8) 35 1
34
Pre-exponential factor (4) = 5.856x105
(gm01>/(gcat.h) (9) 25 4
: 2

On the basis of experimental results, the rate
of CO oxidation in the temperature ranges of
25-45 °C on the CuMnOx catalyst can be ex-
pressed as follows:

_rp = 5.856x105 exp(-10839/RT)(Cco)0-84
gmol/geat.h (10)

The above empirical rate expression can be
adequately used for the design of catalytic con-
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Figure 11. CO conversion, Xco (%) vs W/Fco
(gcat.h/gmol) at different temperatures
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Figure 13. Arrhenius plot
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Figure 12. Plot of In(-res) vs -In Cp

Table 8. The CO flow rate (mL/min) at different temperature vs conversion

CO flow rate Conversion (%)

(mL/min) Ts0°c Tas°c Ts0°c Tss0c Teo°c
0.50 0 5.40 10.35 15.35 20.30
0.75 5.65 15.80 20.35 26.35 33.70
1.00 7.85 27.75 35.08 43.36 50.65
1.25 13.90 52.70 61.30 68.65 72.70
1.50 20.65 58.60 70.30 81.65 85.95
1.75 16.70 36.70 50.90 57.60 72.70
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used in the subsequent individual rate calcula-
tions. The selectivity for CO oxidation is de-
fined as the amount of oxygen consumed in CO
oxidation divided by the total amount of oxygen
consumed, taking into consideration reaction
stoichiometry. The kinetics of low-temperature
CO oxidation on CuMnOx catalyst is investi-
gated at (25-45 °C) over a relatively wide range
of CO (2.5 mol %) concentrations. The rate of
CO oxidation increases with the increasing of
02 concentration. The CuMnOx catalyst used to
plays an important mechanistic role in the oxi-
dation of CO. This method provides a reason-
able fit to the kinetic data from both aged cata-
lysts.

4. Conclusions

It can be concluded that the drying and cal-
cination strategies of precursor have a great in-
fluence on the activity of resulting catalyst. The
optimum drying temperature of the precursor
was 110 °C. The RC route was the most appro-
priated calcination strategy for the production
of highly active CuMnOx catalyst for oxidation
of CO. The calcination orders with respect to
the performance of catalysts for CO oxidation
were as follows: reactive calcination > flowing
air > stagnant air. The performance of CuMnOx
catalyst was in accordance with the results of
characterization. The extraordinary perform-
ance of CuMnOx catalyst produced by RC for
CO oxidation was associated with the modifica-
tion in intrinsic textural and morphological
characteristics such as surface area, crystallite
size, particle size, and oxygen deficient defec-
tive structure which generate the high density
of active sites. So, RC route can be recom-
mended for the synthesis of highly active cata-
lysts. The uniqueness of RC route was that it
produces highly active catalysts in a single step
of calcination route without any secondary acti-
vation. The kinetics study of CuMngrc catalyst
for CO oxidation is done in a fixed bed plug
flow reactor, and the kinetic data are collected
under the conditions of free heat and mass
transfer limitations. Intrinsic rate of air oxida-
tion of CO over CuMnOx catalyst is determined
as a function of temperature and the concentra-
tion in the temperature range of 25-45 oC. The
rate of CO oxidation is given by:

(-rp)=5.856%105exp(-10839/RT)(Cco)0-84
gmol/gcat.h

and activation energy is found to be 36.98 kd/g
mol.
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