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Abstract

The manganese-promoted cobalt supported on gamma alumina was prepared following the incipient wetness impregnation
method and employed as a catalyst for carbon dioxide reforming of methane. The addition of manganese has changed the
physicochemical properties of the original material. The Co;0, crystallite size was decreased from 12.14 to 8.66 nm, suggest-
ing a higher metal dispersion. The activation of the catalyst precursor was more effective with less energy required. Notably,
the carbon dioxide adsorption over the catalyst surface was greatly enhanced in the presence of 1 wt% manganese. Taken all
together, the manganese-promoted catalyst showed an outperformance with higher activity and stability in comparison with
the pristine. At 973 K, 1 atm, CH,/CO, ratio of 1, the addition of 1 wt% Mn into 5Co0/Al,O; led to notable increases in CH,
(15.2%) and CO, (17.68%) conversions. Also, the stability of Mn-promoted was much higher compared to pristine catalyst
with only 0.3 wt% of undesirable coke formed. Meanwhile, it was 4.94 wt% in the case of 5Co/Al,O; at the same operating
condition. Furthermore, the role of carbon dioxide adsorption in carbon dioxide reforming of methane was investigated.
At a proper combination of carbon dioxide activation and methane dissociation, the catalytic activity can be significantly
enhanced with much lower activation energies for the feedstock gases. Nevertheless, when the adsorption of carbon dioxide
was dominant, catalytic activity was much lower and the deactivation occurred rapidly.
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oil exploration and agricultural activity release a huge
amount of methane—the most harmful greenhouse gas into
the atmosphere. The research on potential technologies to
reduce carbon footprint by capturing and converting these
gases has attracted huge attention from the scientists and
government over the world. Among them, the carbon dioxide
reforming of methane (CDRM) is the most potential process
that can transform two greenhouse gases of CO, and CH,
at a high temperature into a synthetic gas mixture (syngas)
of carbon monoxide (CO) and hydrogen (H,) (cf. Eq. (1)).
Compared to other syngas production techniques such as
methane steam reforming and partial oxidation, CDRM is
advantageous as it can directly employ raw natural gas with-
out requiring a costly CO, separation [1, 2]. Additionally,
the H,/CO ratio in CDRM syngas is close to 1, which is
more favorable for Fischer—Tropsch processes to produce
synthetic chemicals and fuels [3, 4].

CH, + CO, — 2H, + 2CO(AG" = 247.31 — 0.25T kJ mol").
ey

The reforming of the abovementioned greenhouse gases
involves the activations of both CH, and CO,. Methane
has a symmetrical structure with four stable C—H bonding
(415.5kJ mol‘l) [5, 6]. Meanwhile, due to a linear structure
with two bonding of C=0 (750 kJ mol™"), CO, is often con-
sidered a relatively inert gas [7]. Based on that, the chemical
activations of these feedstock gases require a huge energy
supply leading to a highly endothermic CDRM [8]. There-
fore, there is a great interest in developing an appropriate
catalyst to reduce energy consumption and allow CDRM to
be widely commercialized.

Noble metals such as rhodium (Rh) and Ruthenium (Ru)
have been employed as catalysts in CDRM because of their
excellent performance and high carbon resistance. None-
theless, the high price and scarcity limit their large-scale
applications. In recent years, the catalysts based on cobalt
have been considered as a promising substitute due to their
good activity and widespread availability compared to noble
metals (Fig. 1) [9-11]. Nevertheless, as with other catalysts
applied in CDRM, this material copes with a serious catalyst
deactivation issue relating to the coke formation, sintering,
and oxidation of active metal species [12, 13]. Significant
attempts have been dedicated to improving stability while
retaining the activity of Co-based catalysts. The simplest
approach is the doping of third metal to the catalyst acting
as a promoter. A proper amount of a promoter in the catalyst
could benefit to CDRM towards (i) increasing the number
of active sites improving the metal dispersibility [14, 15],
(ii) balancing the dissociation of CH, and CO, by adjusting
basicity/acidity [16-18], (iii) effective suppression of the
coke formation via gasification reaction [19-21].
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Fig.1 The number of publications over Co-based catalysts for car-
bon dioxide reforming of methane from 1998 to 2022 (Source Scopus
database accessed on 23 September 2022)

The selection of promoters becomes a crucial link for the
catalyst performance in CDRM. Different types of metals,
including alkaline and alkaline-earth [13, 17, 22], rare-earth
[23-25], and transition [19, 26, 27] have been employed and
resulted in a great enhancement in catalytic activity. Among
them, the metal in the transition group having variable oxi-
dation states is one of the most effective types. Manganese
(Mn) has four different oxide forms including MnO, Mn,0;,
MnO, and Mn;0,, posing a high oxygen storage capacity in
the crystalline lattice. Hence, it has been used as a promoter
for catalytic CDRM [28-31]. In most of these publications, the
addition of Mn showed a significant improvement in reaction
performance with better suppression of coke. However, some
researchers claimed that the introduction of Mn led to a lower
reactivity than pristine catalyst [30, 32].

In this work, the impacts of Mn on the physicochemi-
cal properties of Co/y-Al,O5 were carefully examined using
modern techniques. The catalytic evaluation was assessed
through CDRM at different operation conditions. The Mn-
promoted catalyst showed great enhancements in metal dis-
persibility, reducibility and basicity. At operation conditions
of 973 K, CH,:CO, =1:1, atmospheric pressure, the catalyst
with Mn dopant gave a much higher activity and better sta-
bility. On the other hand, the importance of carbon dioxide
activation during CDRM was examined. At a proper com-
bination of carbon dioxide activation and methane dissocia-
tion, the catalytic activity considerably increased with much
lower activation energies for the feedstock gases. Otherwise,
the over-adsorption of CO, reduced reactant conversions and
rapid deactivated of the catalyst.
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2 Experimental
2.1 Chemicals

Cobalt (II) nitrate hexahydrate (Co(NO3),-6H,0) with a
purity of 98.0% was supplied by Sigma-Aldrich Chemicals,
US. Manganese (II) chloride tetrahydrate (MnCl,-4H,0,
99.0%) was purchased from Xilong Chemical, China. All
above chemicals were used as received without any pre-
treatment. The gamma aluminum oxide (Al,0;) with 99.0%
purity was a commercial product of Oakwood Products, Inc.

2.2 Catalyst Preparation and Characterization
2.2.1 The Synthesis of Catalyst Precursors

The catalysts were prepared via the Incipient wet-
ness impregnation method. Precalculated weights of
Co(NO3),-6H,0 and MnCl,-4H,0 were dissolved in an
adequate amount of deionized water. The resulting mixture
was impregnated over y-Al,O;, followed by 1 h sonication
(TP-01 ultrasonic bath, Taiwan Total Meter, 40 kHz, 60 W).
The slurry was then dried at 353 K, 12 h, and air-calcined at
873 K for 3 h. The calcinated solid was collected separately
in the vials and labeled as 5Co/Al,O; and 1Mn-5Co/Al, O,
catalyst precursors. The cobalt content in the catalysts was
fixed at 5 wt% and the manganese contents in the promoted
sample were 1 wt%.

2.2.2 Catalyst Characterization

The Brunauer—Emmett-Teller (BET) surface area measure-
ment for all samples was evaluated in a Micromeritics 2020
surface analyzer using N, adsorption—desorption at 77 K.
Before conducting the analysis, the sample was degassed at
523 K for 5 h under vacuum. The pore properties including
average diameter and volume were estimated according to
Barrett—Joyner—Halenda (BJH) method.

The X-ray powder diffraction (XRD) studies were per-
formed on a Bruker Benchtop X-ray diffraction—D?2 Phaser,
equipped with a Cu-Ka radiation source (A=1.5406 A). All
the samples were analyzed at a high angle between 20° and
80°. The crystalline phase was assigned according to Inter-
national Centre for Diffraction Data (ICDD).

The reducibility of the catalyst precursor was assessed via
temperature-programmed reduction (H,-TPR). The analysis
was carried out using an AutoChem II-2920 system. A fixed
amount of 0.05 g precursor was placed at the center of an
U-tube quartz. Moisture was eliminated from the precur-
sor using a 50 ml min~! N,, 373 K, 0.5 h. After that, the
dried precursor has undergone the reduction in the presence

of a 50 ml min~! of 10% H,/N, gas mixture. The furnace
temperature was programmed to increase to 1173 K with a
heating rate of 10 K min~!. At the targeted temperature, the
operating conditions were maintained for 30 min to assure
the complete reduction. Then, the quartz tube was cooled
down to room temperature in an N, flow of 50 ml min~".
The hydrogen consumption of each sample following tem-
perature was recorded every 1 s.

The carbon dioxide temperature-programmed desorption
(CO,-TPD) analysis was employed to estimate the catalyst
basicity. The experiment was carried out in the same appa-
ratus as described in the H,-TPR section. In brief, 0.1 g of
the precursor was dried at 373 K in the inert gas atmosphere
of 50 ml min~' of He flow, 1 h. The activation of the pre-
cursor was conducted at 1023 K using a reducing agent of
50 ml min~! of 10% H,/N,, 1 h. The quartz tube was then
cooled down to 423 K under a 50 ml min~" Ar flow. The
CO, adsorption was initiated by passing a 20 ml min~! CO,
(99.99%) through the catalyst bed at 423 K. After 2 h, the
unabsorbed CO, was removed by an Ar flow. Subsequently,
furnace temperature was increased from up to 1173 K,
10 K min~! with the continuous flow of 50 ml min~" Ar. The
desorption of carbon dioxide was recorded using a thermal
conductivity detector (TCD).

The morphology and total weight of coke formed on the
CDRM used catalyst was estimated using temperature-pro-
grammed oxidation (TPO). At the end of the CDRM run,
the quartz tube was cooled to 323 K in the Ar atmosphere.
The combustion of coke was investigated by increasing of
temperature to 1173 K, 10 K min~! in the 60 ml min~! of
dried air flow. The concentrations of carbon dioxide and
carbon monoxide in the outlet gas mixture were quantita-
tively analyzed time-on-stream using CO, and CO sensors
(Alphasense, UK), respectively.

The morphology of CDRM used catalysts was studied
using transmission electron microscopy in a JEOL, JEM-
1400 Plus apparatus.

2.3 Catalytic Activity Evaluation

The dry reforming reactions were conducted in a fixed-bed
downflow reactor at atmospheric pressure. In a typical run,
about 0.1 precursor was loaded in the center of the quartz tube.
The reactor temperature was precisely monitored via a pro-
portional-integral-derivative (PID) controller equipped with a
K-type thermocouple. Prior to the reaction, in-situ activation of
the precursor was carried out at 1023 K using a reducing agent
of 40% H,/N, (60 ml min~!), 2 h. After the in-situ activation,
the temperature was adjusted to 973 K under a 60 ml min~" of
N,. The CDRM was then triggered by introducing reactants
of CO, and CH, at an equal mole ratio and diluted in pure
N,. All experiments were carried out in 6 h with a fixed gas
hourly space velocity (GHSV) of 36 L g_,,~' h™!. The flows
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of each reactant and N, carrier gases were strictly monitored
using calibrated mass flow rate controllers (Horiba-MFC). The
composition of the output product was analyzed online using
Agilent 6890-GC equipped with two thermal conductivity
detectors. The operating conditions strictly followed the typi-
cal procedure described above, unless otherwise stated.

To ensure accuracy and reproducibility, each experiment
was repeated at least two times with an experimental deviation
of less than 2.5%. CH, and CO, conversions (Xcy, Xcy, Xcna
and X)), product yields (Ycq Yoo Yoo and Yyy,), as well as
H,/CO ratio were calculated via Egs. (2)—(6).

Fin _ fout
Koy, (%) = —=—— T 5 100%, ©)
CH,
Fin __ pout
Xco, (%) = w x 100%, 3)
COo,
F(?Mt
Yy, (%) = —2— x 100%, @)
CH,
out
Yoo(%) = ——=— x 100%, )
F, CH, +F CO,
and
" ’
co  Fo ©

where Fi" and F°' are the inlet and outlet flowrate (mol s™),
respectively.

The degree of deactivation of CHy (DEcy,) and CO,
(DECOZ) was computed by Eqgs. (7) and (8) as follows:

in fi
Xin _x
DEcy, (%) = ———1 % 100, %)
CH,
in Ai
Xin _x
DEco, (%) = —2—"2 % 100, 8)
co,

where Xf"/ #is the initial conversion (in) and conversion after
6 h (fi) of CH, and CO.,.
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3 Results and Discussion

3.1 Characterization of the Precursor and Fresh
Catalyst

3.1.1 Textural Properties

The textural characteristics unpromoted and 1Mn-5Co/
Al,O; precursors were measured by N, adsorption—desorp-
tion isotherm curves as presented in Fig. 2a. The profile of
gamma-alumina (y-Al,O;) that has been investigated in our
previous publication [24] was also included as a compared
sample with permission. According to IUPAC classification,
the physisorption isotherms of all samples were assigned to
type IV with H2 hysteresis loops (P/Py,>0.5) [33]. These
features were presentative of the mesoporous materials
[34]. The pore size distributions in Fig. 2b confirmed the
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mesoporous structure of the precursors with pore widths
ranging from 2 to 12 nm. The BET surface area (Sggy),
total pore volume (V ), and average pore diameter (D,) are
reported in Table 1. For y-Al,O3, Sgpr and V, were 126.9
m? g~ and 0.258 cm® g~!, respectively. Nevertheless, both
Sger and V, were notably decreased to 106.6-109.2 m? g!
and 0.202-0.210 cm® g~ in the additions of either cobalt or
manganese. These declines were indicative of the well dis-
persed Co and Mn over the pore and surface of the support.
This observation is consistent with the findings reported
by Babhari et al. [35] and Tran et al. [36]. Remarkably, an
increase in surface area of 1Mn-5Co/Al,O; compared to
5Co/Al,O5 [36] could be explained by the occupation of
Mn promoter between Co particles and hence preventing Co
agglomeration. Ayodele et al. [37] indicated that the higher
dispersion of Co metal on the support resulted in the for-
mation of more fine particles and thus higher BET specific
surface area.

3.1.2 XRD Analysis

The crystalline phases of y-Al,O;, unpromoted, and Mn-
promoted precursors were studied via XRD analysis. As
depicted in Fig. 3, all XRD diffractograms showed three
reflections at 260=37.9°, 45.96°, and 67.02°, assigned to
v-Al,O5 (ICDD 00-004-0858) [39]. In the precursor sam-
ples, the diffraction peaks located at 20=31.4°, 37.1°, and
45.2° were ascribed to crystalline Co;0, (ICDD 00-042-
1467) [40] generated due to the thermal decomposition of
cobalt salt (Eq. (9)).

523 K
3Co(NO;), - 6H,0 — Co;0, + 6NO, + O, + 18H,0.
©

Additionally, the existence of CoAl,O, was verified
by the presence of the characteristic peaks at 26 =59.6°,
65.4° (ICDD 01-082-2248) [41]. This compound repre-
sents the strong interaction between cobalt oxide and the
support. In contrast, no signal of manganese oxides was
detected in the Mn-promoted precursor. The absence of
these peaks might be due to the low dosage and well dis-
persion of the Mn oxides over y-Al,O5, agreed with BET

analysis. Consequently, the particle size of manganese
oxides obtained after air calcination was below the detect-
able range of XRD. A similar result has been reported in
previous publications [26, 42, 43].

The average Co;0, crystallite size was estimated using
the Scherrer equation [38] for the diffraction peak of
20=37.1°. The results are also presented in Table 1. The
Co;0, average size was in the range of 8.66—12.14 nm, con-
firming the high dispersibility of cobalt over the support.
Moreover, the addition of Mn showed a crucial impact on the
growth of Co;0, with a significant decline in Co;0, average
size found on the promoted catalyst precursor. Particularly,
the pristine precursor had an average Co;0, crystallite size
of 12.14 nm, while it was only 8.66 nm for IMn-5Co/Al,O5.
The decrease in this parameter might be explained by the
dilution effect, where the promoter act as an inhibiter for
Co;0, sintering during the preparation of the precursor [17,
44, 45]. In other words, the addition of Mn improved the
dispersibility of cobalt oxide over gamma-alumina support.

3.1.3 Reducibility Characterization
The redox properties of catalyst precursors were studied via

H,-TPR and presented in Fig. 4. The H,-TPR profile of the
support showed no peak due to the inert of alumina with H,.

v v-ALO;
O CoAlLO,
© Coy0,

1Mn-5Co/ALO;

5Co/ALO;

Intensity (a.u.)

7-ALO;

20 30 40 50 60 70 80
20 (Degree)

Fig.3 XRD profiles of support and Co-based precursor catalysts

Table 1 Physical properties

Sample BET surface area  Total pore volume  Average pore diam- Average Co;0,
?;}'AIZO& unpromoted, and (m?g™h (cm® g™ eter (nm) crystallite size
n-5Co/Al, 04 (nm)*
y-Al, 04 126.9 0.258 7.48 -
5Co/Al,O4 106.6 0.210 7.59 12.14
1Mn-5Co/Al,04 109.2 0.202 7.36 8.66

*Estimated using Scherrer equation at 260=37.1° [38]
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In the precursor samples, two major reduction peaks were
found, corresponding to the two-step reduction of Co;0,.
The first characteristic peak located at a low-temperature
range (below 800 K) was assigned to the initial reduction of
Co’* to Co** (Eq. (10)) [20, 46]. The second peak between
800 and 1000 K represented to the reaction to convert Co>*
to Co®, as demonstrated in Eq. (11) [47, 48] Furthermore,
the presence of the minor shoulder peak at high temperatures
beyond 1000 K was ascribed to the reduction of CoAl,O,
(Eq. (12)) [20], confirming the existence of this crystal-
line phase as observed from XRD patterns. However, the
intensity and area of this CoAl,O, peak were almost trivial
compared to the others, implying the inferior quantity of
the CoAl,O, phase in the precursors. Hence, the potential
loss in the activity of the catalyst caused by the incomplete
reduction of CoAl,O, is negligible.

Co;0, + H, = 3Co0 + H,0, (10)
CoO +H, — Co° + H,0, 1)
CoAl, O, + H, —» Co’ + H,0 + AL, O,. (12)

Despite having the same number of reduction peaks,
there is a significant difference in the peak center between
promoted and pristine precursors. The reduction peak of
Co;0, to CoO considerably shifted to lower temperature,
from 724 K (5Co/Al,0;) to 668 K (1Mn-5Co/Al,0;). The
decline in the first reduction peak could be attributed to the
increased oxygen vacancy mobility owing to the incorpo-
ration of the oxide form of dopant, which then facilitated
H, reduction [49]. Meanwhile, the second reduction peak
was found to either relocate into a higher temperature range

@ Springer

or be broadened in Mn-promoted samples. This phenom-
enon might be due to the peak overlapping between the
second reduction step of cobalt and the reduction of man-
ganese oxides occurring at temperatures above 773 K [50].
Moreover, comparing pristine and Mn-promoted catalysts,
1Mn-5Co/Al,O5 showed a tiny peak at the temperature
range above 1000 K, whereas no clear signal was observed
in the case of 5Co/Al,O;. It suggested a higher amount
of CoAlL,O, in 1Mn-5Co/Al,05. That might come from
the active metal dispersibility effect of Mn to generate a
smaller size of cobalt oxide and later induce the formation
of CoAl,O, during the calcination of catalyst precursor [51].
Table 2 presents the quantitative hydrogen uptake of pre-
cursors. The unpromoted precursor had a low H, uptake of
0.127 mmol g~!. An addition of 1 wt% Mn showed a positive
effect on the reducibility of precursor with a notable increase
up to 0.189 mmol g~'. It suggested that the doping of Mn
was beneficial to the activation of the catalyst precursor.

3.1.4 Basicity Measurement
The acidity/basicity of unpromoted and Mn-promoted Co/

Al,Oj catalysts was evaluated using CO,-TPD analysis. The
results are depicted in Fig. 5. In general, the basic site can be

Table 2 Characterization by H,-TPR and CO,-TPD of unpromoted
and Mn-promoted catalysts

Catalyst Hydrogen uptake (mmol  Total basicity
H2 gcal_l) (Hl'ln(ﬂ C02
g
5Co/Al,O4 0.127 317.7
1Mn-5Co/Al,04 0.189 600.9
Weak Medium Strong
E
& ; :
‘0 i
c i
g |
£ i
/\N\A 5Co/ALO;
T T T
300 400 500 600 700 800

Temperature (K)

Fig.5 CO,-TPD profiles for precursor catalysts
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cataloged into three distinct groups based on the CO, des-
orption temperature. They are weak (300-400 K), moderate
(400-500 K), and strong (> 500 K) [52]. As illustrated in
Fig. 5, all synthesized catalysts showed three distinct des-
orption peaks in the range of 300—600 K, with the majority
located in the moderate basic site. Compared to the unpro-
moted catalyst, the peak found on 1Mn—5Co/Al,O5 showed
big increases in intensity and area, implying the enhance-
ment of CO, chemisorption. Moreover, the quantitative
analysis of the catalyst was estimated and summarized in
Table 2. The surface basicity of 5Co/Al,O; was 317.7 pmol
Cco, g~!, meanwhile it was 600.9 pmol CoO, g in the case
of Mn-promoted catalyst. The big difference between these
two cases is due to the basic nature of manganese oxide,
which has a good affinity with CO,.

3.2 Carbon Dioxide Reforming of Methane
Performance

3.2.1 Promotional Effect of Manganese

CDRM experiments were performed at 973 K, CH,:CO,=1
(mole/mole) and GHSV =36 L g~ h™! for 6 h. Figure 6a
and b present CH, and CO, conversions versus time-on-
stream for the unpromoted and 1Mn-5Co/Al,O; catalysts.
As depicted in Fig. 6, the catalyst activity of the Mn-pro-
moted material was outperformed in comparison to the
original. Particularly, the initial CH, conversion was notably
changed from 50.6 to 59.7% when 5Co/Al,0; was switched
to 1Mn-5Co/Al,0O5. Since the dissociation of methane
widely accepted by scientists, is occurred over the active
metal [12], the increase in CH, conversion is correlated with
the higher number of catalytic sites. That agreed with the
XRD results where the average size of Co;0, was substan-
tially decreased in the addition of 1 wt% of Mn. In terms
of CO, conversion, a remarkable enhancement from 62.4%
(5Co0/AlL,05) to 75.8% (1Mn-5Co0/Al,053) was observed.
The CO, conversion of promoted catalyst even exceeded
66.3% expected for the system at thermodynamic equilib-
rium (CH,:CO,=1, 973 K and 1 atm) [53]. This might be
due to the occurrence of the reverse water gas shift reaction
(RWGS) (Eq. (13)), as reported in other studies [32, 42].

CO, +H, < CO + H,0(AG" = 34.51 — 0.03T kI mol™").
(13)

The stability of the catalyst was justified based on the
degree of deactivation (DE) in activity shown in Table 3.
The incorporation of Mn improved the stability of the cata-
lyst. Specifically, 5Co/Al,O; suffered high deactivation even
in a short period of 6 h. The DEy, and DE¢, were 83.4%
and 100%, respectively. The declines in activity were mainly
caused by the coke deposition, as reported in the literature

253
70
(a)

60 -
50 +
5
[
g
S 30
o
I<r
O 204

10 {—e— 5Co/Al,O,

—4— 1Mn-5Co/Al, O,
0 T T T T T T T
0 50 100 150 200 250 300 350 400
Time (min)
80
70

CO, conversion (%)
8
1

10 {—=— 5Co/Al,0,
—=— 1Mn-5Co/Al0,
o T T T T T T T

0 50 100 150 200 250 300 350 400

Time (min)

Fig.6 Effects of Mn promoter on (a) CH, conversion and (b) CO,
conversion of 5Co/Al,05 at 973 K

Table 3 The CDRM product distribution and degrees of deactivation
using 1Mn—5Co/Al,O; catalysts at 973 K, 6 hand 36 L g.,,~ h!

Sample Initial Initial CO H,/CO DEcy (%) DEco (%)
H, yield yield (%)
(%)
5Co/Al,04 35.8 589 0.61 83.40 100
IMn-5Co/ 44.0 68.5 0.64  19.10 8.06
ALO,

[26, 54]. The coverage of coke over catalyst inhibited the
adsorption as well as dissociation of carbon dioxide, leading
to the complete suppression of CO, conversion. Meanwhile,
the thermal cracking of C—H bonding requires less energy
and possibly continues to occur but with a slow rate. When
1Mn-5Co/Al,O; was employed, these parameters were
found to be much lower with 19.1% and 8.1% corresponding
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to DEy, and DE, . The notable enhancement in the stabil-
ity of 1Mn—5Co/Al,0O; could be due to the basic nature of
manganese oxide that facilitates CO, adsorption over the
catalyst (see Table 2). Consequently, the reverse-Boudouard
reaction (Eq. (14)) was boosted to eliminate the carbon
deposited on the catalytic active center. It is in line with the
higher CO, conversion observed in 1Mn-5Co/Al,O; com-
pared to 5Co/Al,O; (cf. Fig. 6b). In addition, the higher
resistance to coke of Mn-promoted catalyst in compari-
son with the pristine also came from the better dispersion
of cobalt metal over y-Al,O5 (see Table 1). According to
Christensen, a smaller active metal crystallite size possibly
resulted in a greater saturation concentration of carbon and
hence a lower driving force for diffusion of carbon through
active metal particles [55].

C +CO, - 2CO(AG" =170.34 - 0.187 kJmol™").  (14)

The yields of products and the ratio between H, and CO
in the outlet gas are presented in Fig. 7 and Table 3. The
initial yields of H, and CO over 5Co/Al,O; were 35.8% and
58.9%, respectively. However, following the rapid deactiva-
tion of the catalyst, no sign of these gases was detected after
6 h of operation. In contrast, over IMn-5Co/Al,O;, the pro-
ductions of hydrogen and carbon monoxide were higher with
58.9% H, and 68.5% CO at the beginning of the process.
Additionally, much lower deactivation degree was observed
as presented in Table 3. Regarding H,/CO ratio, it was lower
than the theoretical values of 1 due to the parallel occurrence
of the side reactions, typically RWGS [56, 57]. The addition
of Mn has a huge impact on the H,/CO yield. The initial H,/
CO was increased from 0.60 to 0.64 and after 6 h of reaction
time, it was 0.56 compared to 0.11 in 5Co/Al,O;. In other
words, the addition of 1 wt% of Mn was beneficial for not
only yield but also the quality of the product with a higher
H,/CO ratio.

Table 4 demonstrates the DRM performance of the Co-
based catalysts in our work and other studies. Generally,
the catalyst activity of 1Mn-5Co/Al,0; was much higher
than 5Co/Al,O;. The performance of 1Mn-5Co/Al,O; was
comparable and even greater than that of other rare-earth
meta-containing catalysts, recently reported in the literature.
With low-cost starting material and efficient performance,
IMn-5Co/Al,O5 could be a potential DRM catalyst for prac-
tical application.

3.2.2 Effect of Operating Temperature on CDRM Catalytic
Performance

The catalytic activities of unpromoted and Mn-promoted
catalysts in terms of CH, (a) and CO, conversion (b) were
investigated at three temperatures of 923 K, 973 K and
1023 K. In this section, all reforming runs were performed
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Fig.7 Effects of Mn promoter on (a) H, yield and (b) CO yield of
5Co/Al,05 at 973 K

at constant atmospheric pressure, CH,:CO,=1:1 and
GHSV=36L g, ' h™!. Results are presented in Fig. 8. The
operating temperature plays a key role in the conversion of
feedstock. For all catalysts, the feedstock conversions were
always proportional to the reaction severity, confirming the
endothermic characteristic of CDRM. Regardless of cata-
lyst and temperatures, the CO, conversions were higher than
those of CH, because of the presence of RWGS [59, 60].
Between the two catalysts, the experiments using 1Mn—5Co/
Al,O; always had higher feedstock conversions in compari-
son with 5Co/Al,O; at similar operating conditions.

The apparent activation energies (E£,) were predicted from
the slopes of Arrhenius plots, as presented in Fig. S1 of
the Supporting Information. E, of the feedstocks showed a
large dependence on the catalyst. For 5Co/Al,O;, the E, of
CH, and CO, consumptions were 80.86 and 63.56 kJ mol™!,
whilst 1Mn-5Co/Al,O; were 49.13 and 30.17 kJ mol™/,
respectively. The E, values for IMn-5Co/Al,O; were lower
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Table 4 Performances of carbon dioxide reforming of methane over different Co-based catalysts
Catalyst Operating parameter Catalytic performance Coke References
deposition
T(X) TOS (h) GHSV Xy (%) Xcop (%) H,yield (%) CO yield (%) H,/CO (%l;

(L

g'hh
5%Co/Al,04 973 6 36 50.6 62.4 35.8 58.9 0.61 4.94 This work
1%Mn—-5%Co/Al,O4 59.7 75.8 44.0 68.5 0.64 030
1%Al-5C0%/CeO, 1123 20 60 55.8 73.5 355 50.3 0.73 1.38 [43]
5%Co/TiO,—~Al,04 973 25 24 53.23 75.17 - - 092  5.00 [58]
0.5%Pt=5%Co/TiO,—Al,04 68.90 80.39 - - 087 -
1.0%Pt—10%Co/TiO,—Al,04 79.90 89.57 - - 094 940
10%Co/MA 1073 - 36 76.50 82.06 62.98 68.10 0.89 38.58 [36]
3%La-10%Co/MA 93.70 93.39 84.20 84.10 0.99 26.81

T temperature (K), 70S time-on-steam (h), X, CH, conversion (%), X, CO, conversion (%), GHSV gas hourly space velocity (L g‘1 h™

80

(a)

70

60

CH, conversion (%)
3
L

30
—=— 5Co/AlLO,
—e— 1Mn-5Co/AlLO,
20 T T T T
200 930 960 990 1020 1050
Temperature (K)
90
(b)
80 -
S
c 70
2
o
]
2 60
<)
o
N
(o]
O 50
—=— 5Co/Al,0,
407 —e— 1Mn-5Co/Al,0,
T T T T
900 930 960 990 1020 1050

Temperature (K)

Fig. 8 Effect of operating temperature on CH, (a) and CO, (b) con-
version of 5Co/Al,O; and 1Mn-5Co/Al,O;

80

70

60 -

50 -

40

CH, conversion (%)

30

|[—=— 5ColAl, 0,
207l —e— 1Mn-5Co/Al,0,

14

T
1:1.5
CH,: CO, ratio

1:2

Fig. 9 The effect of feedstock composition on initial CH, conversion

than those for 5Co/Al,O;, indicating the efficient catalytic
of the Mn-promoted catalyst.

3.2.3 Effect of Feedstock Composition

The impacts of carbon dioxide partial pressure on CDRM
were studied by changing the composition of the feedstock.
In particular, the ratios between CH, and CO, in the feed-
stock were adjusted to 1:1, 1:1.5, and 1:2 (kPa kPa‘l). All
experiments in this section were carried out at 973 K, 1 atm,
and GHSV of 36 L g_,,~' h™!, 6 h. The effect of feedstock
composition on initial methane conversion (Xng4) is shown
in Fig. 9.

Different trends were observed in Mn-promoted and
unpromoted catalysts. In the case of 5Co/Al,O;, the Xng4
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increased significantly from 50.6 to 73.5% when the
CH,:CO, ratio was increased from 1:1 to 1:1.5. Neverthe-
less, it dropped to 59.7% at the time of CH,:CO,=1:2. In
contrast, a downtrend was found in the case of 1IMn-5Co/
Al,O5. The Xg’m continued to decrease from 59.72%
(CH,:CO,=1:1) to 51.75% (CH,:CO,=1:1.5) and 19.54%
(CH,:CO,=1:2). The different behaviors of CDRM perfor-
mance were possibly due to the basicity of the two materials.
In the case of pristine catalyst, it had relatively low basicity
as estimated using the CO,-TPD technique. The increase in
CO, partial pressure enhanced the adsorption of this gas
over the cobalt active metal. In CDRM, the activations of
methane and carbon dioxide are highly endothermic and
competing processes [12]. Hence, the enhancement of CO,
adsorption would impede the CH, dissociation, which was
a thermally preferable reaction because of having lower C—H
bonding energy (415.5 kJ mol~") than C=0 (750 kJ mol~}).
When CO, activation and CH, dissociation occurred at
proper rates, the catalytic activity can be significantly
enhanced [61]. The continued increase in CO, partial pres-
sure led to over-adsorption of CO,, reduced the accessibility
of CH, to Co” active metal, and finally decreased the Xy,
[17, 20]. Similar trends were shown in the previous publica-
tions [62, 63]. In the case of 1Mn-5Co/Al,O;, this material
had high basicity of 600.9 pmol CO, g~! (see Table 2). The
adsorption of CO, was already boosted at the run having the
lowest CH,:CO, ratio of 1. The continued increase of CO,
partial pressure surely led to the over-adsorption of this gas
and resulted in a dramatic decrease XiC’1H4. This result agreed

with the literature where a high basicity catalyst was
employed and witnessed a clear decrease in Xé”m along with
the increase in CO,:CH, ratio [37].

The effect of feedstock ratio on the deactivation degree (cal-
culated based on the decrease in CH, conversion) is shown in
Fig. 10. The pristine catalyst exhibited a very high DE, of
83.44% at CH,:CO,=1:1. The increase of CO, partial pressure
to CH,:CO, =1:1.5 significantly mitigated the catalyst deactiva-
tion to only 11.82% of DE . However, it was raised to 47.02%
at a further increase of CH,:CO,=1:2. On the other hand, the
DEy, found in experiments using 1Mn-5Co/Al,O; catalyst,
exhibited a continued uptrend. Especially, this catalyst was
completely deactivated at CH,:CO,=1:2. This phenomenon
was attributed to the adsorption of CO, over the catalyst sur-
face. When it was below the adsorption limit, either enhance-
ment of basicity or increase of CO, partial pressure led to an
improvement in not only activity but also stability of the cata-
lyst. Over that limitation, it resulted in reducing the accessibility
of methane or catalyst deactivation by the oxidation of active
meal [64, 65]. Hence, the addition of a promoter can cause dif-
ferent effects on catalyst performance depending on its loading
or operating conditions. That might explain the contradictory
results that have been reported in the promoter studies.
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ating conditions: 973 K, CH,:CO,=1:1, GHSV=36L g~ h™!

3.3 Spent Catalysts Characterization

It is well known that coke is the main cause of catalyst decay.
In this study, the coke formed on the CDRM spent catalyst
(CH,:CO,=1:1, 973 K and 6 h) was characterized using
TPO with the result shown in Fig. 11 and Table 5. Along
with the quantity of coke, its morphology also has a critical
impact on catalyst lifetime. High amorphous carbon is rela-
tively active and can be easily removed through the gasifica-
tion reaction (Eq. (14)) [66]. However, this type of coke has
a high specific area and might cover the Co? particle leading
to the decay of the catalyst [67, 68]. In contrast, the carbon
with a low amorphous degree has a lower specific area and
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Table 5 The amount and rate of carbon deposition on the used cata-
lysts

Catalyst Coke deposition Coke formation rate
(Wt%) (gcarbon gcat_l min_l)

5Co/Al,0, 4.94 1.37x107*

1Mn-5Co/Al,0, 0.30 8.35x107°

is lesser harmful to the catalyst. The disadvantage of this
carbon is the difficulty to remove and requires a high operat-
ing temperature during catalyst generation. From TPO data,
the combustion temperature is indicative of distinguishing
between these two types of coke.

According to the TPO profiles shown in Fig. 11, regard-
less of catalyst, the combustion temperature of coke lies in
the range of 425-900 K, corresponding to the high and low
amorphous carbon. For 5Co/Al,O;, two separated peaks
with centers located at around 490 K and 800 K were discov-
ered. Meanwhile, the addition of 1 wt% Mn witnessed the
suppression of the high amorphous carbon peak. Based on
the peak intensities, the yield of coke formed on spent 5Co/
Al,O; and 1Mn—-5Co/Al,O5 was estimated, and the results
were presented in Table 5. A high coke of 4.94 wt% with a
rapid formation rate of 1.37 X 107 (2 upon e Min~') was
found when an unpromoted catalyst was used. A notable
decrease in carbon deposition was achieved in the case of
1Mn-5Co/Al,O; with only 0.30 wt%. The great deduction of

Graphitic carbon

Fig. 12 TEM micrographs for (a) 5Co/Al,O; and (b) 1Mn—5Co/Al,O;

coke yield and slower coke formation rate observed in Mn-
promoted catalysts were possibly due to the high basicity
leading to facilitating carbon gasification [69-71]. Since the
high amorphous carbon is much more active than the other,
it was rapidly wiped out of the catalyst surface and resulted
in the almost disappearance of the low-temperature peak on
the TPO profile of spent 1Mn—5Co/Al,O5.

Morphology of carbon deposited on spent catalysts was
studied using TEM and the result was displayed in Fig. 12.
As reported in TPO analysis, TEM images also showed the
presence of amorphous and graphitic carbon in both spent
catalysts. This observation was in line with other works
[36, 72]. The amorphous carbon was easily seen like a mist
covering the catalyst in the used 5Co/Al,O;. In contrast,
the TEM of 1Mn-5Co/Al,O5 was much clearer with major
coke in the form of graphitic carbon. Hence, in a manner
of speaking, Mn serves as a coke inhibitor that allows the
catalyst to have a higher in both activity and stability.

Based on the results, the role of Mn in the CDRM cata-
Iytic performance of cobalt-based catalyst was proposed in
Scheme 1. The Mn-promoted catalyst had a better active
metal dispersibility and then gave a higher initial feedstock
conversion. In addition, owing to the basic nature of the pro-
moter, manganese oxide became additional active sites for
CO, adsorption and activation. Consequently, it facilitated
the carbon gasification to suppress coke formation and then
improve catalyst stability.
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Scheme 1 The role of Mn in
the performance of Co-based
catalysts
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4 Conclusions

In this study, the role of carbon dioxide adsorption and acti-
vation was studied. The doping of Mn over the Co/Al,0O;
notably improved the dispersibility and reducibility of cobalt
oxides over the gamma alumina. Especially, with a low load-
ing of 1 wt% Mn, the basicity of catalyst was found twice
compared to the original. That led to much better adsorp-
tion of CO, and resulted in a great CDRM performance of
1Mn-5Co/Al,05 at 973 K, CO,:CH,=1:1. At this condi-
tion, the coke resistance of Mn-promoted catalyst was also
enhanced. The good adsorption of CO, onto the catalyst
surface also led to the suppression of coke, typically the
amorphous type. Both carbon deposition and formation
rate were decreased from 4.94 wt% and 1.37x 107 g_,.pon
2., min~! (5Co/Al,05) to only 0.30 wt% and 8.35x 107°
Zearbon Lo | Min~! (IMn-5Co/Al,0,), respectively. At a
proper combination of CO, activation and CH, dissocia-
tion, the catalytic activity can be significantly enhanced
with much lower activation energies for the feedstock gases.
However, when the adsorption of CO, was dominant, cata-
Iytic activity was much lower and the deactivation occurred
rapidly.
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