34 B 10 W Tl 1k 2% 2 Eild Vol.34 No.10
2018 4£ 10 A CHINESE JOURNAL OF INORGANIC CHEMISTRY 1929-1935

AR Co,0, HELFI B Z XU (L AR 1E BE

FHAT xmEr FOR' E OfN2 FEHF
(AR BAAFANLBEEEERET KR 030024)
CRREIXFHREAFEIRFZE T 030600)

FEE . A P D I G T R A OKORE T 2 R R B AT R Coy0,0 57 — A0 2 1 5 ] R B ¥ 35 [ 3 125 5 AR IR CoCL0,+ 2H,0 .55 — 20
A i 1 28 AR CoCL04-2H,0 7E 350 CTFHRHE 2 h, 1 H AT IE I Coy0, A IR IS IR I 50 8 3 #3 A X S 2T 3 (PXR D), X 2
AL 7 REIE (XPS), ZU U B B8 B, 951 48 455 (SEM) , 155 20 B 508 5T 1 1 B BB (HRTEM) A H, B2 ¥ THE & 5 (Hy- TPR) R AL AT AR
Cos0, WL PE R 25 R W] AL AR Coy0, ¥ Z R B MR 1 A AL 16 PRI I 25 T Bl Cos04, FEAR Cos0, PR 5 10 fi Ak M E 7T 52 VA PR
TR R R B Co™ i i, B iy 1Y 23 T W R 400 A e 3 5 A (101 ) ot T %

KW, Tolfifl, &8 i, M T, = Xk
RES XS, 064336 XEARIRG ., A XEBHES, 1001-4861(2018)10-1929-07
DOI: 10.11862/CJIC.2018.223

Catalytic Combustion of Ventilation Air Methane over Co;0, Rectangular Prism

NIU Ru-Yue' LIU Peng-Cheng' LI Wei' WANG Shuang™'? LI Jin-Ping™!
('Shanxi Key Laboratory of Gas Energy Efficient and Clean Utilization, Taiyuan 030024, China)
(College of Environmental Science and Engineering, Taiyuan University of Technology, Jinzhong, Shanxi 030600, China)

Abstract: The Co;0, rectangular prism assembled by nanoparticles has been successfully fabricated via a two-step
method. The first step involves the synthesis of CoC,0,:2H,0 rectangular prism by a simple condensing reflux method.
The second step includes the calcination of the as-prepared CoC,04+2H,0 rectangular prism at 350 °C for 2 h, causing
its decomposition to form Co;04 rectangular prism without destructing of the original morphology. The mechanical
properties were characterized by powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), nitrogen
adsorption-desorption, scanning electron microscopy  (SEM), high-resolution transmission electron microscopy
(HRTEM), and H, temperature-programmed reduction (H,-TPR). The results showed that the catalytic activity of Co;0,4
rectangular prism for the combustion of ventilation air methane was higher than that of commercial Co;0,. The superior
catalytic performance could be attributed to the high surface Co®* content, high surface adsorbed oxygen content, and

exposing the {111} planes.

Keywords: industrial catalysis; metal oxide catalyst; catalytic activity; ventilation air methane

0 Introduction decades, and the catalytic combustion is still a challeng-
ing technology that can convert methane into carbon

As is known, methane is difficult to be oxidized dioxide and water at relatively low temperature ",

due to the strongest C-H bond among hydrocarbons, Especially, ventilation air methane (VAM) is much more
however, it has been studied exiensively over the past difficult to be oxidized for its low concentration (0.1%~
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1.0% (V/V)) and fast flow rate®. Up to now, about 60%~
70% methane is emitted to the atmosphere through VAM
all over the world, particularly, in China, about 85% ~
90% of the total coal mine methane emissions mainly

(7" Moreover, the warming

comes from VAM each year
potential of methane is higher than that of carbon
dioxide. Therefore, the efforts to remove methane from
VAM and limit the emission of toxic gases become
rather important!,

Accordingly, catalysts for methane combustion
undergo very demanding conditions: they must resist
thermal, mechanical shocks and exhibit high activity.
Noble metal-based catalysts, such as supported Pd and
Pt catalysts, are well-known to be high activity at low
temperature. Unfortunately, they are limited in industrial
applications due to their high cost and low thermal
stability®'". Alternatively, oxide catalysts such as perov-
skites, hexaaluminates and transition metal oxides
catalysts are the promising combustion catalysts with a
low cost and relatively high thermal stability in methane
combustion'™". Compared to other oxide catalysts, cobalt
oxide (Cos0,) is regarded as the most efficient catalyst,
and many researchers identified that the activity for
methane combustion follows the order: Co;0, > CuO >
NiO > Fe,03 > Mn,0; > Cr,04¢181,

Generally, the morphologies and the crystal planes
of Co30, nanocrystals have promoting performances in
methane combustion. Chen et al.™ reported that the
{111} planes exhibit the
{100} planes for the

methane combustion, which confirms the effect of crystal

Co;0,4 catalysts containing

higher catalytic activity than the

planes on the catalytic performance. Moreover, some
researches show that the high Co*/Co* ratio is favorable
to the methane combustion, because it can facilitate
desorption of oxygen and in turn assist methane combus-
tion®™?.  Furthermore, the adsorbed oxygen species play
an important role in catalytic oxidation reactions™?!. For
example, Fei et al.” suggested that the Co;0, nanotubes

C0304

nanoparticles in the methane combustion, because the

have higher catalytic activity than the
nanotubes Co;0,4 possess much more adsorbed oxygen.

In the current work, a Co;0, rectangular prism
catalyst was prepared by a two-step method, and its

catalytic activity was evaluated by the temperature of

methane combustion in VAM. The relationship between
the structure and catalytic performance of the above-
mentioned catalyst is well studied based on plenty of
characterizations such as PXRD, SEM, HRTEM, N,
adsorption-desorption, H,-TPR, and XPS.

1 Experimental

1.1 Materials

All the reagents were obtained from commercial
sources and used without further purification. Cobalt(Il)
acetate tetrahydrate (99.5%) was purchased from Sino-
pharm Chemical Reagent Co., Ltd. Oxalic acid (99.0%)
was purchased from Tianjin Chemical Reagent Co., Ltd.
(99.0%) was purchased from
Tianjin Beichen Founder Reagent Factory. All used

Hexamethylenetetramine

gases were high pure gases (99.99%).
1.2 Preparation of the catalysts

In a typical synthesis procedure, 20 mmol of Cobalt
(I) acetate tetrahydrate was dissolved in 100 mL of
distilled water at 40 °C. Then 10 mL of an aqueous
solution containing 20 mmol of hexamethylenetetramine
and 4 mmol of oxalic acid was added dropwise under
stirring within two minutes. The pink turbidity solution
was refluxed at 95 °C for 6 h and a light pink Co-based
precursor was obtained. The Co;0, was made by heating
the precursor at 350 °C in air for 2 h.

1.3 Characterization of the catalyst

The phase purity and crystal structure of the
catalysts were examined on a Rigaku Mini Flex 1l
benchtop X-ray diffractometer using Cu Ka radiation (30
kV, 15 mA, A=0.154 18 nm) in the 26 range of 10°~80°
with a step size of 0.01° and a scanning rate of 8°+min™.

Morphologies of the samples were observed by SEM
(Hitachi, SU8010, 3 kV). The HRTEM measurement was
carried out with FEI Tecnai G2 F20 S-Twin equipment
operated at an accelerating voltage of 200 kV. The
catalyst powder was ultrasonically dispersed in ethanol
and dropped onto a copper grid coated with amorphous
carbon film, then dried in air.

The Brunauer-Emmett-Teller (BET) surface area and
pore size distribution of the catalyst were measured with
a Micromeritics TriStar II 3020 instrument using adsor-
ption of N, at 77 K. Before each adsorption experiment,
the catalyst was heated at 200 “C under vacuum for 3 h.
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Barrett-Joyner-Halenda (BJH) method was used to calcu-
late the pore size distribution from desorption branch of
the isotherm.

The X-ray photoelectron spectroscopy (XPS) test
was performed on an ESCALAB 220i-XL. spectrometer
by using Al Ka (1 486.6 €V) as the X-ray source. The
equipment base pressure was 3x107° Pa, and the sample
was characterized at room temperature. Detailed spectra
were recorded for the region of Co2p and Ols photo-
electrons with a 0.1 eV step. Analysis was performed by
the XPS Peak Fit software, and charging effects were
corrected by adjusting binding energy (B.E.) of Cls
(284.6 eV).

The Hy-temperature programmed reduction (H,-
TPR) was analyzed with a Micromeritics AutoChem II
2920 instrument. Prior to H,-TPR experiment, 50 mg
catalyst was purged in flowing Ar at 200 °C for 1 h with
a total flow rate of 30 mL-min™, then cooled down to 50
°C in Ar flow. The reduction process was carried out in
the temperature range of 50~900 °C in Hy/Ar (V, /V =

10% , 30 mL +min~"). The hydrogen consumption was
estimated from the area under the peak after taking the
thermal conductivity detector response into consideration.
Calibration of thermal conductivity detector (TCD) signal
has been done with an Ag,0 standard (Merck, reagent
grade). The data processing has been done by using
Origin Pro 8.0 program, which allows the deconvolution
of the temperature-programmed reduction (TPR) peaks in
well-defined Gaussian-shaped components.
1.4 Catalytic activity measurement

The methane combustion on Co;0, rectangular
prism catalyst was carried out at atmospheric pressure in
a conventional flow system using a fixed-bed quartz
micro-reactor (length=400 mm, inner diameter=6 mm). A
gas mixture consisted of CHy, Oy and N, (Vi 1V iV =1t
20:79) was introduced into the quartz micro-reactor at a
total flow rate of 40 mL-g™-h™ corresponding to a gas
hourly space velocity (GHSV) of 16 000 mL-g™ -h~"
When GHSV changed from 16 000 to 112 500 mL-g™'-
h™, the total flow rate was varied from 40 to 150 mL-g™
-h 7. According to different GHSVs, 80 ~150 mg of
catalysts (20~40 mesh) were loaded in the quartz tube

micro-reactor, respectively. Prior to each measurement,

the catalyst was pretreated at 200 C for 1 h with a
nitrogen flow of 30 mL-min™. Activity data were obtained
at steady state condition from 200 to 450 °C while
increasing the temperature by 50 °C.The effluent gases
were analyzed online with a gas chromatograph
(ZHONGKEHUIFEN GC-6890A) equipped with a TDX-

01 column and a thermal conductivity detector. The
methane conversion (X ) was calculated according to
the following equation: X ¢ =(X(=X1)/X(x100%, where X,
refers to the volumetric concentration of methane in the
feed and X corresponds to the concentration of methane
at the given temperature. In all tests, CO, and H,0 were
the only detected products in the exhaust stream during
reaction, and CO was not found in the effluent gases,
implying the conversion of methane to carbon dioxide.

For comparison, commercial Co;0, was also investigated.
2 Results and discussion

2.1 Structural and morphological analysis

Fig.1a presents the PXRD patterns of as-prepared
CoCy04+2H,0 precursors. The presence of peaks at 26=
18.7°, 22.7°, 30.1°, 35.0°, 37.6°, 40.4°, 43.3°,47.3°,
48.4°, and 51.1° could be assigned to the (202), (004),
(400), (022), (206), (315), (224), (602), (026) and (130)
planes of CoC,0,-2H,0 (PDF No0.48-1068). In the Fig.
1b, the diffraction peaks of Co;04 rectangular prism at
19.0°, 31.2°, 36.6°, 38.5°, 44.8°, 55.7°, 59.4° and 65.3°
could be assigned to the (111), (220), (311), (222),
(400), (422), (511) and (440) planes of the spinel phase
C030,(PDF No.42-1467). In the case of the Co;0, sample,
no other peaks can be detected for impurities, which
indicate that the sample consists of pure Co;04 phase.

In order to have a better understanding of the
morphological and structural, a detailed microscopy
investigation by SEM and high-resolution analysis are
performed on both CoC,0,:2H,0 precursors and Co;0,
catalysts. Fig.2 displays SEM imags of the as-prepared
CoCy0, *2H,0 at 95 °C and the corresponding Co;0,4
products after calcination. As shown in Fig.2a, most
CoCy04+2H,0 are uniform rectangular prisms with smooth
surfaces, and the size distribution is in the range of 2~5
pm (Fig.2b). Fig.2(c,d) show the SEM images of the
prepared Co;0, catalysts after calcination at 350 “C. It is

found that most of the Co;0, catalysts well maintain the
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rectangular prism shape. Fig.3 shows the HRTEM images clear (Fig.3b), which are attributed to (220) planes with

of Cos0, catalysts. Seen in Fig.3a, the Co;0, catalyst is a lattice space of 0.278 nm. The dominant exposed
formed by the accumulation of small particles of 10~20 plane of Co;0, rectangular prisms is {111} planes, which
nm, ultrasonication results in the breakdown of rectan- is the plane normal to the set of (220) planes.

gular prisms into nanoparticles. Their lattice fringes are
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PXRD patterns of CoC,0,+H,0 precursors (a) and Co;0, catalysts (b)

~d50278 nm

Fig.3 HRTEM images for Co;0; catalysts
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2.2 Specific surface area and pore diameter

distribution

To further investigate the specific surface areas and
the porous nature of the CoC,0,-2H,0O precursors and
Co30, catalysts, Nitrogen adsorption-desorption isotherms
of the two samples are shown in Fig.4, and the insets
illustrate the corresponding Barrett-Joyner-Halenda (BJH)
pore size distribution plots. For Cos;0, catalysts, nitrogen
adsorption experiment has given a typical type-IV
isotherm with a distinct hysteresis loop observed in the
relative pressure (P/Py) range of 0.7~1.0, which is the
characteristic of mesoporous materials. The BET surface
area for the CoC,04-2H,0 precursors and Co;0, catalysts
are found to be about 4 and 45 m?: g™, respectively. The
increase of BET surface area may result from the
decomposition of the CoC,04-2H,0 precursors. Moreover,

the BET surface area of the commercial Cos;0, catalyst is

Pore volume / (cm*-g™)

40 10 20 30 40 50

Pore diameter / nm

Volume adsorbed/ (cm*g™)

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)
N, adsorption-desorption isotherms of Co;0,
catalysts and CoC,0,-H,0 precursors, and

pore diameter distribution (inset) of Cos0,

measured to be 1 m?-g™. According to the BJH plot
calculated from the nitrogen isotherm, the average pore
diameter of Co;0, catalysts is about 14 nm, which
indicated that the sample contains mesoscale pores.

2.3 X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed in order to gain the
binding energy and the percentages of surface atoms.
Ols and Co2p photoelectron spectra for the rectangular
prism Co30, are shown in Fig.5. As indicated in Fig.5a,
three peaks have been observed. The peak at ~529.7 eV
(O%) is attributed to lattice oxygen species (Oy,) of the
catalyst. And the peaks at ~531.3 (07) and ~533.0 eV
(0,) are attributed to the adsorption oxygen species (0,,).
According to literatures, higher relative concentration
ratio of 0,,/0,4 is previously found to be preferable for
methane combustion. The ratio of the peak intensities of
the surface-adsorbed oxygen species to lattice oxygen is
1.24, thus high activity for methane combustion can be
obtained 1,

Two sharp peaks at 795.2 and 780.0 eV correspond
to the Co2p,, and Co2psy, spin-orbit-split doublet peak of
Co30, spinel, respectively. There is an energy difference
of approximately 15.2 eV between them. The same
chemical information can be obtained by analyzing the
Co2pp and Co2ps, spectra. Therefore, only Co2ps, peaks
in Fig.5b are fitted and de-convoluted into two peaks at
781.8 and 779.8 eV, which are attributed to Co?** and
Co* % respectively. Co;0,, containing a Co**/Co** couple,
is favorable to methane combustion. Moreover, the main
oxidation state of Co in the Co;0, rectangular prism is

Co™ (the ratio of the peak intensities of Co* to Co** is

catalysts 2.87), accordingly, higher oxidation state of Co species
(a) Ols (b) Co2p
C03+
1 1 1 1 1 L 1 1 1 1 1 1 L 1 1
526 528 530 532 534 536 538 770 775 780 785 790 795 800 805
Binding energy / eV Binding energy / eV

Fig.5 XPS spectra of Ols (a) and Co2p (b) for Co;0, catalysts
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was previously found to be preferable for oxidation
reactions over the Co containing catalysts/*%.
2.4 H, temperature-programmed reduction

(H,-TPR)

To investigate the reducibility of the Co species in
Co30, rectangular prism and commercial Co;0, catalysts,
H,-TPR experiments are carried out. The reduction
profiles of the samples have been displayed in Fig.6. In
this case, the Co;0, rectangular prism contains two
reduction peaks, the first peak is at 256 °C, which is
associated with the reduction of Co;0, to CoO, and the
second broad peak at 351 °C is correspond to the
reduction of CoO to Co. However, the commercial Co;0,4
catalysts have a wide reduction peak centered at 460 °C.
The that

rectangular prism is better than that of commercial Co;0,

results  show the performance of Co;0,

catalysts. Accordingly, the same oxide species, which
has the lower reduction temperature, owing the easier

activation of bond metal-oxygen (Co-O)*"*,

351
256
Rectangular prism Co,0,
460
Commercial Co,0,
1 1 1 1 1 1
100 200 300 400 500 600 700 800
Temperature / ‘C
Fig.6 H>TPR profiles of Co;0, rectangular prism and
commercial Co;0; catalysts
100
GHSV / (mL-g"h™) T, =428 C
gl ™ 16 000 (Commercial Co,0,)
—e— 16 000

< —A— 30000
= 60 —v— 60000
g —4—90000 T,,=322C
= —»— 112500
£ 40
o
o
@)

20

@

1 1 1 1
300 350 400 45

Temperature / ‘C

1
250

Fig.7

2.5 Catalytic performance for methane oxidation

The activity in methane complete oxidation was
expressed in terms of methane conversion with respect to
the reaction temperature for Co;0, Accordingly, the
catalytic activity of methane oxidation is evaluated by
the light-off temperature (7'y,), the half-conversion temp-
erature (Tsy,) and the total conversion temperature (Toy),
representing the temperature of methane conversions at
10%, 50% and 90%, respectively. The Ty 4, Tsy and
Tow. over the rectangular prism Co;0, catalyst are 236,
322 and 428 °C at 16 000 mL-g™-h™, respectively (Fig.
7a). However, the Ty, over commercial Co;0, catalyst is
378 C, in addition, the highest methane conversion
merely reached to 18.06% at 450 “C. Moreover, the
methane conversion over the rectangular prism Co;0,
catalyst increased with increasing temperature from 200
~450 °C. To convert low-concentration methane effec-
tively by catalytic oxidation in practical application,
GHSV is a critical parameter. Thus, the effects of GHSVs
on methane conversion over the Cos0y4 rectangular prism
catalyst were studied. A general change is observed from
Fig.7a, that is, methane conversion rates decrease as
increasing GHSVs. When the GHSVs are 30 000, 60 000,
90 000 and 112 500 mL-g™"-h™, the methane conversions
are decreased 4.16%, 8.54%, 15.89% and 20.85%
compared to 16 000 mL-g™-h™ at 450 °C, respectively.
In general, a high GHSV has provided a short residence
time and frequent contacts between catalyst and reaction
gases, which leads to the decrease in the methane
conversions. This result displays that enough contact

time is necessary for enhancing the catalytic activity. As

seen in Fig.7b, the catalytic stability of the rectangular

100
H-‘*_H“—‘—‘r—‘i—ﬂ—k-‘*_‘-‘—“
3 W}—H—D—W
E 60 | —#— 16 000 (Commercial Co,0,)
@ —e—16 000
z [ —*—30000
S 40} —v— 60000
o —<— 90 000
O —— 112 500
0 g g usenea o
———a—u
(b)
0 1 1 1 1
5 10 15 20

Time / h

(a) Methane conversion curves of Co;0, catalysts and commercial Co;0, catalysts;

(b) Long-term stability of samples at 450 °C under different GHSVs conditions
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prism Cos;0, catalyst was examined at different GHSVs.
After the samples were operated at 450 °C for 20 h under
different GHSVs, the methane conversion rates only
have slight decreases. For comparison, when the GHSV
was 16 000 mL -g™' -h™, the catalytic stability of the
commercial Co;0,4 catalyst was tested. It can be seen
that the methane conversion rates keep at approximately

16% within running stable for 20 h.

3 Conclusions

In summary, a novel Co;0, rectangular prism with
excellent activity and good stability towards the methane
combustion has been synthesized through a two-steps
method. The superior catalytic activity can be attributed
to the following reasons: firstly, the Co;0, rectangular
prism dominantly exposed the {111} crystal planes, which
confirmed the effect of crystal planes on the methane
combustion performance; Secondly, high surface Co*
content and high content surface adsorbed oxygen both
play crucial roles in the methane catalytic oxidation.
Owing to its simplicity of synthesis, low cost and
excellent methane combustion performance, the novel
Co50,4 rectangular prism could be a very important and

promising heterogeneous catalyst.
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