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Abstract

This research project focuses on the development of catalysts for syngas production by synthesizing Ni—-Co bimetallic cata-
lyst using aluminum oxide (Al,O3) and magnesium oxide (MgO) as the catalyst support. Ni/Al,O; (CAT-1), Ni-Co/Al,O4
(CAT-2) and Ni—Co/Al,0;—MgO (CAT-3) nanocatalysts were synthesized by sol-gel method with citric acid as the gelling
agent, and used in the dry reforming of methane (DRM). The objective of this study is to investigate the effects of Al,O5 and
MgO addition on the catalytic properties and the reaction performance of synthesized catalysts in the DRM reactions. The
characteristics of the catalyst are studied using field emission scanning electron microscope (FESEM), Brunauer—Emmett—
Teller (BET), X-ray powder diffraction (XRD), transmission electron microscopy, H,-temperature programmed reduction,
CO,-temperature programmed desorption and temperature programmed oxidation analysis. The characteristics of the catalyst
are dependent on the type of support, which influences the catalytic performances. FESEM analysis showed that CAT-3 has
irregular shape morphology, and is well dispersed onto the catalyst support. BET results demonstrate high surface area of the
synthesized catalyst due to high calcination temperature during catalysts preparation. Moreover, the formation of MgAl,O,
spinel-type solution in CAT-3 is proved by XRD analysis due to the interaction between alumina lattice and magnesium
metal which has high resistance to coke formation, leading to stronger metal surface interaction within the catalyst. The
CO, methane dry reforming is executed in the tubular furnace reactor at 1073.15 K, 1 atm and CH,/CO, ratio of unity to
investigate the effect of the mentioned catalysts. Ni-Co/Al,0,—MgO gave the highest catalyst performance compared to the
other synthesized catalysts owning to the strong metal—support interaction, high stability and significant resistance to carbon
deposition during the DRM reaction.
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Introduction within the atmosphere [30]. The concentration of CO, in

the atmosphere has currently increased by about 1.5 ppm/
Recently, the global warming issue is getting crucial due  year which indicated that if there is about 5.3 x 10*! g air,
to the substantial dependence on petroleum-based energy  the rate of CO, increase is about 8 billion tons per year [5].
that leads to the increment of greenhouse-gas emissions  These realities encouraged the study on the development
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of CO, reforming of methane that would effectively reduce
the level of CO, and CH, within the atmosphere.

Steam reforming of methane (SRM), partial oxidation
of methane (POM) and methane dry reforming (DRM)
[7] are three common techniques which have been used in
industries. SRM is used conventionally for hydrogen gen-
eration [17, 35]. However, a foreseeable drawback of this
process is the production of H,/CO with the ratio of 3:1
that is undesirable for Fischer—Tropsch (F-T) synthesis.
CO, reformation of methane is based on the utilization of
CO, and CH, to convert these gases into syngas with low
or adjustable hydrogen—carbon monoxide ratio (H,/CO),
which is a desirable feedstock for F-T synthesis to gain
liquid hydrocarbons [9, 10, 13]. Therefore, DRM has been
considered as the favorable process for syngas produc-
tion compared to steam reforming and partial oxidation,
since it produces lower H,/CO ratio that is appropriate for
downstream F-T synthesis [13]. Yet, the industrial appli-
cations of DRM are still facing vast challenges in terms
of process engineering and catalysts stability [20]. DRM
involves high operating temperatures, usually between 900
and 1273 K to enhance the conversions, and low operating
pressures to favor the forward reaction in DRM [6]. The
DRM reaction is shown in Eq. (1):

CO,(g) + CH,(g) — 2CO(g) + 2H,(g) AH = 257kJ/mol.
ey
Ni-based catalysts are the best alternatives for the noble
metals to be used in the DRM reaction as they have high
catalytic performances, wide availability and low cost [11,
24]. Eventhough Ni/Al,O; catalyst has been utilized broadly
as DRM reaction catalyst, it encounters a rapid catalyst deac-
tivation that restricts its industrial application. Coke forma-
tion [9, 26, 28] and sintering of catalyst at high temperature
[17, 35] are the main reasons of the catalyst deactivation.
The coke formation primarily originates from two side reac-
tions in DRM which are methane cracking reaction (Eq. 2)
and Boudouard reaction (Eq. 3). Also, the highly endother-
mic nature of DRM reaction requires high temperatures to
achieve the desirable conversions [6]. Thus, most of the
catalysts are not thermally stable at these conditions due to
the sintering of catalyst or collapse of the crystal structure
[22]. Hence, it is important to develop a novel catalyst which
meets these significant criteria such as high thermal stabil-
ity of the support, better resistance to coke formation, and
sintering of the active phase and high activity throughout the
reaction time to achieve the equilibrium conversions [22]:

CH,(g) — C+ 2H,(g), ()
2C0(g) — C + CO,(g). 3)

The development of cost-effective catalysts having
higher catalytic activity and more considerable resistance
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to carbon formation is one of the most concerning issues
to commercialize DRM reaction in the industries [3]. One
of the approaches applied for the DRM reaction to develop
high carbon resistance of Ni-based catalyst is the addition
of second metal [8]. The addition of a non-noble metal
such as cobalt is more preferable from the economic point
of view [8]. Xu et al. [32] proved that the ratio of Ni/Co is
closely allied to the catalytic activity of the bimetallic Ni/
Co catalysts supported with the y-Al,0; and doped with
La,0;. The catalyst having the Ni/Co ratio of 7/3 shows
the greatest CH, and CO, conversion. If the amount of
cobalt increases, the catalytic activity decreases. Bime-
tallic catalyst having ratio of 5/5 and 3/7 exhibits lower
catalytic activity than monometallic Ni catalyst [32].

Conventionally, Al,O; is the most proper support for most
of the catalytic materials owning to mechanical strength,
stability at high temperature and also good textural proper-
ties [31]. Although it has been commercially used, the coke
deposition is one of the drawbacks of using Al,O5 due to its
acidic properties. MgO and CeO,, which are known as the
alkaline and alkaline earth oxides, are being used as modifi-
ers of Ni-based catalysts [18] to enhance the metallic disper-
sion, improve the metal-support interaction, reduce sintering
and improve the thermal stability [23, 27]. The basicity of
the catalyst is predicted to be increased by the incorpora-
tion of MgO and CeO,. The catalyst basicity improves the
adsorption of CO, which prevents the formation of coke on
the catalyst surface [14, 29, 33].

In present work, the influence of bimetallic Ni—Co cata-
lysts supported with Al,O; and Al,0,—MgO in DRM reac-
tion, synthesized by the sol-gel method, is being studied.
The synthesized catalysts were characterized and analyzed
in tubular furnace reactor to explain the effect of supports on
reaction performances to enhance the reactant conversions
as well as to minimize the coke formation in DRM reaction.

Experimental section
Materials

The materials used for the catalysts preparation
were Ni(NO,),-6H,0 (EMSURE ACS, 99%) and
Co(NO,),-6H,0 (HmbG Chemicals, 97%) as the active
metals; AI(NO;);-9H,0 (HmbG Chemicals, 98.5%) and
Mg(NOs;),-6H,0 (EMSURE ACS, 99%) as the catalyst sup-
ports; and citric acid as the gelling agent. High-purity CO,,
CH,, N, and H, (Linde) were used as the laboratory gases
for the reaction.
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Catalysts preparation

The new Ni—Co bimetallic catalysts were synthesized by
direct sol-gel method [19] as it has high potential in produc-
ing high homogeneity composition, and improves the par-
ticle size distribution in nanoscale levels that could lead to
the high catalytic performance [1, 16]. The Ni(NO5),-6H,0,
Co(NO;),-6H,0, AI(NO;);-9H,0, Mg(NO;),-6H,0, and
citric acid were dissolved in deionized water. The continu-
ously stirred mixture was heated using hot plate at 333.15 K
until the gel was formed. Consequently, the resulting gel was
dried in an oven at 383.15 K overnight, and then calcined
in the furnace at 1173.15 K for 5 h. The other samples were
also been prepared by the above procedure.

Table 1 includes the formation of the catalysts, includ-
ing their tagging, molecular structure, description and
composition.

Catalyst characterization

FESEM was employed to determine the morphologi-
cal change by scanning the catalyst samples with a high-
energy beam of electrons using a Zeiss Supra_55 VP.
Brunauer—-Emmett-Teller (BET) analysis was used to
determine the specific surface area of a sample—including
the pore size distribution. 0.5 g catalyst was used for each
analysis using a Micromeritics ASAP 2020. The degassing
temperature was set at 383 K to remove the moisture and
other adsorbed gases from the catalyst surface.
Furthermore, the phase compositions of the synthesized
catalysts were defined by X-ray powder diffraction (XRD)
analysis using a Bruker D8B advanced X-ray diffractometer
which were recorded in the range 260 =20°-80°. The crystal-
lite size, ¢, was estimated from X-ray line broadening using
the Scherrer’s formula, 1=0.9-1/(B cos(6)), where A is the
X-ray wavelength (Cu Ka radiation 0.154 nm) and B the
full-width half-maximum of the Bragg diffraction angle 6.
To study the metal dispersion on the catalyst support, trans-
mission electron microscopy (TEM) was conducted using a
HITACHI instrument which operated at 120.0 kV.
Moreover, the reducibility performance of the synthesized
catalysts was determined by H,-temperature programmed
reduction (H,-TPR) analysis technique on a Thermo Finni-
gan (TPDRO 1100) instrument equipped with a thermal
conductivity detector (TCD) in two-stage processes, which

are pretreatment and analysis. CO,-temperature programmed
desorption (CO,-TPD) was used to study the basic proper-
ties of the synthesized catalysts. The result is gained from
the TP-5000 equipment coupled with a Hiden QIC-20 mass
spectrometer. For post-reaction analysis, TPO was used with
the same equipment and procedures of H,-TPR. 0.2 g of the
spent catalysts and 5% of O,/He gas mixture were introduced
for the TPO analysis.

Catalytic performance evaluation and testing

The performance of Ni-based supported catalysts in the
DRM was studied in a tubular furnace reactor under atmos-
pheric pressure. 0.2 g of the catalyst was held in the middle
of the reactor tube between two layers of quartz wool, and
the reactor was electrically heated in a furnace. The reactor
was purged with N, gas at 100 mL min~! to provide an inert
atmosphere in the reactor prior to starting the experiment.
The reduction process was then carried out at a H, flow rate
of 20 mL min~! and at a temperature of 1023.15 K for 1 h
to activate the catalyst. Then, nitrogen gas was purged again
in the reactor until the gas chromatography system showed a
complete disappearance of hydrogen gas before the reaction
initiation. Methane gas and carbon dioxide with a flow rate
of 20 mL min~! for each gas were introduced to the reactor
for every run. The reaction took 8 h for every run, and the
sample was taken every hour. The effluent from the reactor
then was analyzed by an online gas chromatograph (Agilent
7890) with a thermal conductivity reactor (TCD) and a flame
ionization detector (FID).

Results and discussion
Morphology

Figure 1 shows the FESEM images of the synthesized cata-
lysts after calcination. CAT-1 and CAT-2 reveal similar mor-
phologies which are the long-shaped nanoparticles. CAT-3
which is Ni-Co/Al,0;—MgO shows a clear irregular-shaped
morphology image which has a better dispersion onto the
catalyst support compared to CAT-2 with a broad size dis-
tribution ranging from 20 to 80 nm. The addition of MgO
support improves the metal particles dispersion. This leads

Table 1 Mass composition for

Description of catalyst Composition of catalyst

synthesized catalysts Catalyst tagging Catalyst
CAT-1 Ni/Al,O4
CAT-2 Ni—Co/Al,O4
CAT-3

Ni-Co/Al,0;-MgO

Support: Al,O4
Support: Al,O4
Support: Al,O3 and MgO

15% Ni, 85% ALO,
10.5% Ni, 4.5% Co, 85% ALO,

10.5% Ni, 4.5% Co, 63.75%
AL,O;, 21.25% MgO
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Fig. 1 FESEM images of catalysts at 30.0Kx magnification. a CAT-1;
b CAT-2; ¢ CAT-3

to more active sites available for the reaction, and enhances
the catalytic performance.

TEM analysis
Figure 2 indicates the TEM analysis results for the synthe-

sized catalysts. Due to the large particles formation, CAT-1
and CAT-2 show a clear catalyst agglomeration. Moreover,
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Fig.2 TEM micrographs of the synthesized catalysts. a CAT-1; b
CAT-2; ¢ CAT-3

the TEM micrographs for CAT-3 demonstrates that there are
more uniform NiO particles distribution on the catalyst sur-
face that supports the previous FESEM result (cf. Figure 1).
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Textural properties F = MgALO,

¢ Co,0,
The textural properties of the synthesized catalysts are EEOO

A
summarized in Table 2. The surface area and the pore v V_gAI’O3

volume for CAT-1, which is Ni-Co/Al,0O;, were found to
be 21.58 m* g~! and 0.04 cm® g™, respectively. Moreo-
ver, the surface area and pore volume for CAT-3, which
is Ni-Co/Al,0,-MgO, were measured to be 9.76 m? g~!
and 0.02 cm® g~!, respectively. Al-Fatesh and Fakeeha [4]
studied on the effect of calcination temperatures on DRM
catalysts using Ni/Al,O5 and claimed that the high calci-
nation temperature reduces the surface areas but has the
advantage of getting the existence of a stable structure of
the catalysts. This claim is supported with the BET results
in which the catalysts have been calcined at high temperature
(1173.15 K).

XRD analysis

Figure 3 illustrates the XRD patterns of the synthesized cata-
lysts at 260=20°-80°. The XRD results indicate five crystal-
line phases formation of MgAl,O,, Co;0,, NiO, MgO and
v-Al,O5. The MgAl,O, peaks in the form of cubic phase are
recognized at 31.6°, 37.3°, 45.3°, 60.0° and 66.2° (JCPDS
00-001-1157) for CAT-3, while Co;0, diffraction peaks
are identified at 20=31.3°, 36.9°, 44.9°, 59.5°, and 65.3°
(JCPDS 01-076-1802) for CAT-2 and CAT-3. The peaks for
NiO from MgAl,O, and MgO peaks, and peaks for Co;0,
from MgAl,O, peaks are difficult to differentiate due to the
existing overlaps. The figure signifies the patterns existence
of NiO peaks at 37.3°,43.4°, 63.0°, 75.6°, and 79.6° JCPDS
01-073-1519). For MgO, the diffraction peaks are revealed
at20=37.0°, 43.0°, 62.4°,74.8°, and 78.7° (JCPDS 01-077-
2364). The MgO diffraction peaks indicate the high degree
of crystallinity in Al,0,—MgO support for CAT-3. Further-
more, y-Al,O5 peaks are identified in Ni/Al,O; catalyst at
260=42.8° and 67.3° (JCPDS 00-004-0880) in cubic phase.
This analysis indicates that there is an interaction between
alumina lattice and magnesium metal to form MgAl,O, spi-
nel-type solid solution. MgAl,O, has high resistance to car-
bon formation, and can enhance the metal surface interaction
strength [2]. The crystallite sizes calculated using Scherrer’s
equation are 18.34 nm, 13.1 nm, and 10.73 nm for CAT-1,
CAT-2 and CAT-3, respectively. From these observations,

Table 2 Textural properties for synthesized catalysts

Catalyst BETg (mzlg) Pore volume Pore size (A)
(cm¥/g)

CAT-1 25.57 0.03 48.32

CAT-2 21.58 0.04 57.81

CAT-3 9.76 0.02 107.87

Intensity (a.u.)

20 30 40 50 60 70 80 90
206 (degree)

Fig.3 X-ray diffraction patterns of the catalysts prepared by sol-gel
method. (a) CAT-1; (b) CAT-2; (c) CAT-3

it can be concluded that CAT-3 has a better dispersion com-
pared to the other synthesized catalysts, which is supported
by the FESEM results (cf. Fig. 1).

H,-TPR analysis

Figure 4 displays the H,-TPR analysis for all synthesized
catalysts. The TPR patterns are observed to be similar for all
synthesized catalysts which have only one peak. The peaks
for CAT-1, CAT-2, and CAT-3 are observed at 1180.15 K,
1040.15 K, and 1170.15 K, respectively. These peaks are
formed owning to the reduction of complex NiOx species

1170.15 K

— (c)
3 1040.15 K
= ™
g |w J//
g‘ — ) 1180.15 K
-
z
o
QO
)

(@

T ¥ T L T T T L T ' T L T
500 600 700 800 900 1000 1100

Temperature (K)

Fig.4 H,-TPR patterns of the synthesized catalysts. (a) CAT-1; (b)
CAT-2; (c) CAT-3
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Fig.5 CO,-TPD patterns of the synthesized catalysts. (a) CAT-1; (b) (b)
CAT-2; (c) CAT-3 100
which has a strong interaction between the active metals and -
=
catalyst support [21]. g
CO,-TPD analysis ke
. . . . O(\,
The CO, desorption patterns shown in Fig. 5 display the &
weak base sites’ peak around 490.15 K and the strong base
sites’ peaks around 850.15 K. In CAT-3, the desorption tem-
perature shifted to the higher location due to the formation 2
of MgAl,O, that has strong basic properties. The amount of o _ z a2  ©  a
CO, absorbed is increased, and offers more oxygen species Time (h)
on the surface of the catalyst which is useful for the DRM (©) 2
reaction [12]. Hence, an increase in the supports’ Lewis .
basicity could result in a coke-free DRM reaction which " —m— CAT-1
boosts the capability of catalysts to chemisorb CO,, which 1.6 1 —e— CAT-2
reacts with C to form CO [12]. Also, this result supports 14 A—CAT-3
the discussion in XRD analysis implying that the MgAl,O, B 4ol
formation posses high resistance to carbon formation and 3 : s =% %
strong metal-surface interaction which could improve the S 1'0_, o . 21— 1
conversion of reactants. | 081
064 |
Catalytic performance in DRM Gl
0.2
An ideal catalyst for DRM reaction should have two sig- 0.0 ' : i . ' : ' :
nificant properties which are the stability and high activity 0 2 4 6 8
performance. Figure 6 illustrates the catalytic performances Time (h)

of CAT-1, CAT-2 and CAT-3 in the DRM reaction at 8-h
time on stream. Moreover, there is an insignificant occur-
rence of the reverse water—gas shift (RWGS) reaction on
the catalyst which is indicated by the H,/CO ratio trend that
is approximately close to 1, and it is in line with the results
found by Zhang et al. [34].
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Fig.6 The catalytic performance of a CH, conversion; b CO, conver-
sion; and ¢ H,/CO ratio in DRM presented by synthesized catalysts
under the following reaction conditions: 7=1073.15 K, P=1 atm,
CH,=20 mL min~!, CO,=20 mL min~!. Symbols represent: (black
filled square line) CAT-1, (red filled circle line) CAT-2 and (blue
filled triangle line) CAT-3
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Fig.7 Temperature programmed oxidation with 5% O, in He, per-
formed after 8 h reaction

At the early reaction time, CAT-1 and CAT-2 have higher
conversions for both CH, and CO, compared to CAT-3.
However, the conversion of CAT-1 and CAT-2 keep on
decreasing, implying that they are unstable throughout the
reaction time. On the other hand, CAT-3 is the most stable
but less active. This may be due to the low BET surface area
of CAT-3 compared to the other two catalysts. However, the
basic properties of MgO improve the support interaction
and have high stability performance throughout the reac-
tion. Also, the cooperation between Ni and Co results in
high performance of catalysts in the DRM reaction. The
employment of MgO also produces MgAl,O, spinel type
that enhances the carbon resistance of the catalyst. The
average conversions of CH, and CO, for CAT-3 are higher,
which are 79.17% and 84.82%, respectively, compared to
the conversion of CH, and CO,, which were only 55.7%
and 60.9%, obtained from the results of Ni/Al,O; catalyst
prepared by Min et al. [25] with the reaction temperature of
1073.15 K and pressure of 1 atm.

Post-reaction analysis

TPO was executed to investigate the coke formation in the
DRM reaction for the duration of 8 h. The amount of car-
bon dioxide formed during TPO quantifies the amount of
coke formed during the reaction, and the temperature needed
to burn off the carbon is an indicator for the carbon bond
strength with the catalyst surface. Figure 7 conveys the CO,
production during TPO in 5% of O, in N, after DRM reac-
tion. CAT-1 has the highest amount of coke formed, and a
temperature of 1000 K is needed to oxidize most of it. The
CO, evolution at greater than 723 K indicates the oxidation
of whisker-type carbon that does not deactivate the nickel

surface but slightly causes a breakdown of the catalyst by
pore plugging [15].

Conclusion

A comparison between the three synthesized Ni-Co bime-
tallic catalysts is accomplished. The addition of MgO as
the catalyst support into the bimetallic catalyst supported
Al,O; decreases the BET surface area and pore volume as
MgO has low surface area which causes pore-filling during
the catalyst preparation. XRD analysis proves that there is
a formation of MgAl,O; spinel-type solid solution which
has high resistance to coke formation and high metal-sup-
port interaction. Hence, CAT-3 that is Ni-Co/Al,0;—MgO
gives the highest catalyst performance compared to the other
synthesized catalysts due to the addition of MgO which
enhances the metal-support interaction, and suppresses the
carbon formation in DRM reaction that can lead to the high
stability and activity performance of the catalysts.
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