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Abstract

A surfactant-assisted co-precipitation method was wused to prepare the catalysts Co,Ni,Pd/CaO,
Co,N1,Pd/Cao.97La3+0.030, Co,Ni,Pd/Cao.93La3+0.070, and Co,Ni,Pd/Cao.ssLa3*0.150 (1% each of Co, Ni, and Pd). La20s
doping effect on the activity and stability of Co,Ni,Pd/CaO catalysts was investigated in dry reforming of methane.
Catalysts were characterized by several techniques (X-ray diffraction (XRD), Brunauer—Emmett-Teller (BET), X-
ray Fluorescence (XRF), Fourier Transform Infra Red (FTIR), Temperature Programmed Desorption Hz (Hz-TPR),
Transmission electron microscopes (TEM), and Temperature Gravimetric Analysis (TGA)) and were tested in a
fixed-bed reactor at 900 °C and (Gas Hourly Specific Velocity (GHSV) = 15000 mL.gcat1.h~1, atmospheric pressure).
Adding La20shad little effect on the morphology of the Co,Ni,Pd/CaO catalyst. However, it played a crucial role in
enhancing the catalyst’s reducibility and CO:z adsorption at high temperatures, as indicated by the activity and
stability of the Co,Ni,Pd/CaO catalyst. The carbon deposition on utilized catalysts after 5 hours at 900 °C was ex-
amined using TEM and thermal gravimetric analysis (TGA) techniques. Compared to Co,Ni,Pd/CaO catalysts
across the entire temperature range, the tri-metallic Co,Ni,Pd/Cao.ssLa3*0.150 catalyst with a lanthanum promoter
demonstrated a greater conversion of CHy4 (84%) and CO2 (92 %) at a 1:1 CH4:COz2 ratio. The selectivity of Ha/CO
reduced in the following order: Co,Ni,Pd/CaossLa3*0.150 > Co,Ni,Pd/Cao93La3+9.070 > Co,Ni,Pd/Cao.97Lia3*0.0s0 >
Co,Ni,Pd/CaO.
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1. Introduction chemicals is of prime concern worldwide. One of
the solutions proposed is the utilization of the
Dry Reforming of Methane (DRM) reaction
(Equation (1)) to produce syngas (CO and Hz), a
process extensively investigated in the last few
decades [1,2]. Compared to the steam reforming
reaction (Equation (2)) [3], the DRM reaction
produces syngas with a lower H2/CO ratio (i.e.,
1.0) [4,5], which 1s appropriate for the Fischer-
* Corresponding Author. Tropsch and methanol syntheses [5]. Hence, the
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In recent years, global warming has been the
most challenging aspect of our environment due
to the permanent increase in the emission of
greenhouse gases. Thus, reducing the emission
of these gases by developing innovative process-
es capable of converting such products to useful
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making it an attractive and environmentally
friendly process [6]. Unfortunately, no exten-
sive industry application of this process has
been achieved mainly due to the severe deacti-
vation of catalysts, mostly caused by the sinter-
ing of the nickel particle (active phase) and the
deposition of filamentous carbon that leads to
the reactor blockage [2]. The carbon formations
on the active catalytic surface are mainly at-
tributed to the Boudouard’s reaction (Equation
(3)) and methane decomposition (Equation (4)).

CH4 + CO2 — 2CO + 2H: (1)
AHgs9sxk = +247 kdJ.mol-!

CH.+ H20 — CO + 3Hz» 2)
AHz9s k = +206 kd.mol-!

2C0 —- CO2+C 3)
AHz9sxk = =173 kd.mol-1

CHs — C) + 2H2 (4)

AHs9sk = +75 kd.mol-1

According to the literature, the DRM reac-
tion has been investigated over different mate-
rials such as exchanged zeolites [7], mixed ox-
ides such as Al203, CeO2, La20s3, etc. [8,9], and
supported noble metal catalysts (e.g., Ru, Rh,
and Pt) with high stability and activity and less
sensitivity to coke formation [10,11]. The major
drawback when using noble materials is their
high cost and limited availability, which mark-
edly limit their applications on a large scale.
Other cheaper transition metals, such as Ni
and Co, have been extensively investigated as
catalysts for DRM [12]. Nevertheless, their rap-
1d deactivation by coke deposition and sintering
of the metallic phase is still a drawback for in-
dustrial implementation despite the innovative
approaches developed to overcome these limita-
tions [13-15]. To overcome this drawback, al-
ternative options have been undertaken. In the
case of Ni, the size of metallic particles is cru-
cial, as it controls the catalytic activity behav-
iour. In this context, it has been found that
small Ni particles inhibit coke formation [16].

An innovative way to increase the metal dis-
persion on the catalysts is to introduce the ac-
tive phase in a well-defined structure, for in-
stance, in hydrotalcite-based structures. Hy-
drotalcite (HT)-type compounds are anionic
clays called layered double hydroxides (LDH).
The structure is based on a mixture of divalent
and trivalent metal cations randomly occupy-
ing the centers of coplanar edge sharing
M(OH)¢ octahedral and forming sheets similar
to those in the brucite structure, [Mi-—x2* M3+
(OH)2]x*[An—x/n].m Hz20 is the general formula
of hydrotalcite (HT) where M2+, M3+ are the di-
valent and trivalent metals occupying octahe-

dral positions, the ions (CO3s2-, NOs-, Cl-, OH")
are the inter-layer anions or organic anions
with n charge; x and m are the fraction con-
stants [17], respectively. The alkaline anionic
clay type hydrotalcite is widely used as a cata-
lyst with minimal carbon formation due to its
fundamental properties, as well as the cations
(Niz+, Mg2+, Co2t, Al3*, Ce3+, La3+, etc.), being
homogeneously distributed within the brucite
type sheets. Their low density and high surface
area characterize this new class of materials.
The influence of thermal decomposition on
these materials’ stability and catalytic activity
has been widely investigated [17].

This study aimed to prepare a catalyst with
high activity, stability, and ability to prevent
carbon deposition on the catalyst during the
dry reforming of the methane reaction. The
Co,Ni,Pd/Cai1—~La3*:O catalysts were prepared
by wusing the co-precipitation method with
K2>COs as a precipitant, followed by the impreg-
nation of 1% of Co, Ni, and Pd using Co(acac)z,
Ni(acac)z, and Pd(acac)z, respectively. The cat-
alytic stability and coke formation were then
compared and the effects of the concentrations
of CO2 and CHy4, the concentration of the cata-
lysts, and the temperature of the conversion of
the catalytic performance of the prepared cata-
lysts in the dry reforming process, Finally, the
study evaluated the stability of the catalyst.

2. Materials and Methods
2.1 Materials

La(NO3)3.6H20  (99.0%), Ca(NO3)2.6H20
(99.0%) and K2CO3 (99.7%) were obtained from
Merck Company. Co(CsH702)2.H20 (99.0%) and
Ni(C5H702)2.H2O (99.0%) were provided by
Acros Chemicals Company. Pd(CsH70z2)2.H20
(99.5%) was obtained from Sigma-Aldrich com-

pany.

2.2 Methods
2.2.1. Preparation of catalysts

This section focuses on the preparation of
the catalyst to investigate the impact of vary-
ing Cai1-xLaxO compositions (x = 0.00, 0.03, 0.07
and 0.15), using the co-precipitation method. It
was found that La203 promoted CaO and its
synthesis followed the procedure outlined in
the literature [18]. The composition is ex-
pressed in mol percentage, ensuring precise
control over the molar ratios of the constituent
elements during the catalyst preparation. Us-
ing (0.1 M) La(NOs)3.6H20, Ca(NOs3)2.6H20,
and (1.0 M) K2COs. Table 1 illustrates the vol-
ume used in the precipitator (K2COs). Filtra-
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tion was employed to collect the filtrate, which
was washed with hot water and then dried at
120 °C for 12 h. The filtrate was then calcined
in air at 500 °C for 5 h. to eliminate unwanted
carbon dioxide and the sample was pressed to
form tablets at a speed of 600 kg/m2. Finally,
calcine was carried out at 1150 °C for 20 h to
enhance chemical properties and ensure a
smooth interaction of CaO and La2Os. Table 1
lists the steps required to prepare catalyst con-
centrations of Co, Pd, and Ni(acac)2/Cai.xLaxO
(1%) from individual Co, Pd, and Ni minerals.
The first Co (CsH702)2.H2O was used to impreg-
nate 1% Co dissolved in dichloromethane for 5
h. to produce Co (acac)2/Cai-xLax0O. The catalyst
was then impregnated with (1%) Pd and Ni by
stirring with Pd(CsH702)2.H20 and
Ni(CsH702)2.H20 in dichloromethane solutions
for 5 h. After impregnation in the air, the ob-
tained catalysts were dried at 120 °C 12 h,
crushed and sieved into particles of sizes 80-
150 or 150-250 um in diameter.

2.2.2 Characterization of the catalysts

For the characterization of catalysts, vari-
ous analytical techniques were employed. A dif-
fractometer was adopted for these studies to
get an idea of the crystal of the sample
(Shimadzu model XRD 6000). The radiation
was emitted from a Philips glass diffraction X-
ray tube of broad focus 2.7 kW. The scanning
range was set from 20 = 10-80° with a scan
speed of 2 °/min. Debye-Scherrer’s equation is
utilized to calculate the size of crystals [19].
The Kratos Axis Ultra DLD system is meas-
ured with a monochromatic Al-Ka (1486.6 eV)
and two X-ray sources (Al & Ca). A catalyst
temperature-programmed Reduction (Hz2-TPR)
method was used to determine the active sites
that required hydrogen for working. The appa-
ratus used to determine the parameters was
obtained from Thermo Finnegan TPDRO 1100,
accompanied by a thermal conductivity detec-
tor. Fourier transform infrared (FTIR) analysis
was performed using the Agilent Cary 630
FTIR at ambient temperature to identify the

chemical functional groups of the catalysts.
The spectrometer resolution was set at 4 cm™1,
covering a range from 370 to 4000 cm~1. The
Thermo Fisher Scientific S.P.A Surface Analyz-
er, model Nitrogen adsorption-desorption, was
utilized to assess the surface area through the
Brunauer-Emmett-Teller (BET) method, em-
ploying low-temperature nitrogen physisorp-
tion isotherms, with nitrogen flow gas for ad-
sorption was set at —196 °C. Transmission
Electron Microscopy (TEM) (Hitachi H7100
TEM with an increasing voltage of 10 MV) was
used to investigate the crystal system type and
the catalyst's homogeneity. Thermogravimetric
analysis (TGA) was conducted using a Mettler
Toledo TG-DTA apparatus under a nitrogen at-
mosphere, with a flow rate of 50 mL.min-! and
a temperature range of 50 to 1000 °C at a heat-
ing rate of 5 °C.min"l. This method evaluated
the thermal stability of the catalyst by examin-
ing its weight loss with increasing heating
rates.

2.2.3 Catalytic evaluations

The synthesis gas (H2/CO) as a sample for
the reforming of biogas was conducted using a
fixed bed stainless steel micro-reactor (1.d. @ =
6 mm, h = 34 cm) through the catalytic assess-
ment for DRM. Secondly, a mass flow gas con-
troller (SIERRA instrument) and an online gas
chromatography (GC) (Agilent 6890N; G
1540N) provided with Varian capillary columns
HPPLOT/Q and HP-MOLSIV were attached to
a reactor. Before the launch of the process, the
cut-down of approximately 0.02 g of the cata-
lyst was conducted by flowing 5% Ha/Ar at 700
°C, and holding for 3 h. The main objective of
the reduction process was to convert the (Ni2*,
Pdz*, and Co2*) phase of the catalyst to the
metal (Ni°, Pd°, and Co°) phase on the active
sites of the catalyst. The examined catalysts
were kept vertical using the block of quartz
wool in the middle of a reactor. A thermocouple
was put into the catalyst room to control and
test the reaction temperature. Finally, the con-
versions for CHs and COg, selectivity for Hq

Table 1. Concentrations required for preparing the catalyst Co,Ni,Pd(acac)2/Cai.xLaxO.

Support (Ca0) Promoter Total weight ~ Impregnation of the main

(La20s) of CaO and catalyst (1% Co) (1% Pd) (1%

Catalysts Ca(N‘)(3>)2~6H20 La(NO3)5.6H:0  LazOs after Ni) (g)
& (8) calcining (g) Pd(acac)s Co(acac)s Ni(acac)z

Co,N1,Pd/CaO 24.0 0.0 1 0.028 0.044 0.044
Co,Ni,Pd/Cao.97Lia*30.030 22.9 1.3 1 0.028 0. 044 0.044
Co,Ni,Pd/Cao.93L.a*30.070 22.5 3.0 1 0.028 0. 044 0.044
Co,Ni,Pd/Cao.s51ia*30.150 20.1 6.5 1 0.028 0. 044 0.044
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and CO, and ratios for gas synthesis (H2/CO)
were calculated from Equations (5)-(9).

. (CH4 ) B (CH4 )
CH, Conversion% = - %l x100 (5
! (CH4 )in ( )
co,). -(CO.
CO, Conversion% = ( 2 )”‘ ( 2)"“‘ x100
’ (C02 )in (6)
H, Selectivity% = H, x100 (7)

2[(CH4 )m - (CH4 )out:|

CO Selectivity% =
Cco

|:(CH4 )in - (CH4 )out] + [(COZ )in - (COZ )out]

100 (®

H, Selectivity%
CO Selectivity%

(©)

H,/CO ratio =

3. Results and Discussion

3.1 Physicochemical Characterizations of Cata-
lyst

3.1.1 X-ray Diffraction (XRD) Method

Figure 1(a-d) illustrates the XRD patterns
of the catalysts with different calcium and lan-
thanum contents. The diffraction peaks record-
ed at 20 = 23.1°, 29.3°, 35.8°, 39.3°, 43.1°, 47.5°,
48.5°, and 64.7° were due to the cubic form of
calcium oxide (JCPDS file no.: 00-017-0912).
Meanwhile, the diffraction peaks recorded at
20 = 27.2°, 31.5°, and 44.9° were due to the cu-
bic form of Lanthanum oxide (JCPDS file no.:
00-004-0856). The peaks recorded at 206 = 15.6°,
and 62.2° were attributed to the cubic form of
the catalyst complex (La-Ca-O). However, in all
the patterns, there were no diffraction peaks
for the catalyst with 1% cobalt, nickel, and pal-
ladium, due to the minimum amount of the ele-
ments. This observation concurs with the re-
sults reported by Grange [20]. The Debye-
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Figure 1. XRD patterns of the catalysts: (a) Co,Ni,Pd/CaO, (b) Co,Ni,Pd/Cao.g7La3+0.030, (c)
Co,Ni,Pd/Cao.93La3*0.070, (d) Co,Ni,Pd/Cao.s5La3*0.150.
Table 2. Particle size measurement by XRD, TEM, and XRF results.

Crystal size (D) XRF
Catalysts TEM (nm) Debye-Sherrer :

equation (nm) Ni% Pd% Co% Ca0O & La%
Co,Ni,Pd/CaO 47.5 40.5 0.79 0.89 0.93 96.38
Co,Ni,Pd/Cao.97Lia3*0.030 53.3 43.8 0.85 0.76 0.69 96.66
Co,Ni,Pd/Cao.93Lia3*0.070 40.3 38.7 0.89 0.81 0.65 95.95
Co,Ni,Pd/Caq.s5L.a3*0.150 36.4 37.6 0.92 0.83 0.88 96.62
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Scherrer's equation was used to calculate the crystal size decreased. This happened due to
crystal size of the Catalysts through the dif- the outgrowth of calcium crystallites due to the
fraction of the highest peak in the XRD pat- effects of the residue of Co, Ni, and Pd on the
terns. The crystal size was observed at 40.5, sample surface. The XRD findings revealed a
43.8, 38.7, and 37.6 nm for the following cata- cubic crystal structure for all the samples, fur-
lysts of Co,Ni1,Pd/CaO, Co,Ni,Pd/Cao.97La3*0.030, ther backed by the TEM findings that also
Co,Ni,Pd/Cao.93La3*9.070, and showed cubic-shaped particles. XRF has been
Co,Ni,Pd/Cao.ssLiad*0.150 catalysts, respectively. used for the elemental analysis of all the com-
The results depicted that the amount of Lan- ponents in the catalyst. Table 2 shows the per-
thanum was inversely related to crystal size. centage of Co, Ni, and Pd [21].

As the amount of Lanthanum increased, the
3.1.2 FT-IR Method

Figure 2 shows FT-IR data for the catalysts
of Co,Ni,Pd/Ca0O, Co,Ni1,Pd/Cao.97La3+0.030,

9 Co,Ni,Pd/Cao.93La3*9.070, and
7 Co,Ni,Pd/Cao.s5L.a3*0.150 were prepared through
£ the impregnation of Co,Ni,Pd(acac)s on the
-‘é - $730m1 Ca0-La20s. The spectra of the unreduced cata-
g 6semt C{;"Z;‘;;g co lysts indicated bands in the region of (3637-480
g | Moistue stetching cm-!) which were -characteristic of acety-
—a —b —c —d lacetonate ligands. The bands recorded at 1654

and 1506 cm™! in the FTIR were assigned to

3960 3660 3360 3060 2760 2460 2160 1860 1560 1260 960 660 360 the presence of C=0 and C=C bonds of acety-

lacetonate in the primary catalyst
) (Co,Ni,Pd(acac)2) complex [22]. The band at
Figure 2. FT-IR Spectra of the catalysts: (a) 3050 cm~! and 1387 cm~! can be assigned to the
Co,Ni,Pd/Ca0O, (b) Co,Ni,Pd/Cao.97La3+0.030, (c)

Co,Ni,Pd/Cao.93Las3*9.070, (d)
Co,Ni,Pd/Cao.g5La3*0.150.

Wave no. (cm!)

existence of C—H stretching and bending, re-
spectively. Figure 2 demonstrates the other

K 5
Figure 3. TEM 1image of catalysts: (a) Co,Ni,Pd/Ca0O, (b) Co,Ni,Pd/Cao.97La3*0.030, (c)
Co,Ni,Pd/Cao.93La3*0.070, (d) Co,Ni,Pd/Cao.ssLa3+.150.
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bands in the spectra which showed the pres-
ence of acetylacetonate. The band at 831-873
cm™! corresponded to the C—O bond, while the
peak at 480, 685, and 775 cm~! corresponded to
NiO, CoO, and PdO, respectively [23,24], as per
the reported data. A band at around 3635-3637
cm~! was attributed to the stretching frequency
of moisture [25]. The peaks for CaO and LaO
did not appear in the spectra due to their pres-
ence in the far FTIR range.

3.1.3 TEM Method

Figure 3(a-d) illustrates the TEM images of
the catalysts Co,Ni,Pd/CaOO,
Co,Ni,Pd/Cao.97La3*0.030,
Co,Ni,Pd/Cao.93La3*9.070, and
Co,Ni,Pd/Cao.ssLa3*0.150 with cubic structures.
The conditions used for these catalysts were
calcination at 1150 °C with a uniform particle
distribution without free La20s. Figure 3(b-d)
confirmed the formation of the Ca0O-La20s3 solid
solutions [26], with cubic oxide particles on the
Co, Ni, and Pd layers of the supported metal.
The size of catalyst particles on the support Ca-
La ranged from 45 to 85 nm [27]. The TEM
analysis of the catalyst,
Co,Ni,Pd/Cao.s5Lia3*0.150, indicated that an ac-
cumulation of the nanoparticles at a specific
distance between the metal crystallites induces
growth. In general, metallic cobalt, nickel, and
palladium catalyze this type of growth. Alt-
hough the size distribution obtained from the
images of TEM was more realistic and accu-
rate, the size distribution presented some limi-
tations. Co,Ni,Pd/Cao.97Lia3*0.030 (Figure 3(b))
was well dispersed with 1% of the Co, Ni, and
Pd metal.

3.1.4 BET Surface Area and Pore Analysis

Table 3 lists the surface areas obtained from
BET analysis of samples, pore volume, and
pore radius of the Co,Ni,Pd/Cai.xLaxO catalysts:
(where x = 0.00, 0.03, 0.07, and 0.15). The sur-
face area of catalysts Co,Ni,Pd/CaO with a cu-
bic structure supported with TEM was 12.3
m?2/g, while the surface area for the support
CaO was 12.1 m?/g. The highest reading for the

former was due to the loading of Co, Ni, and Pd
on the specific surface area of the support CaO.
In this case, the surface areas of the catalysts
Co,Ni,Pd/CaO were considerably lower than
the surface areas of the conventional catalysts:
Co,Ni,Pd/Cao.97La3*o.030
Co,Ni,Pd/Cao.93La3*0.070, and
Co,Ni1,Pd/Cao.s5Las+0.150, which were recorded
at 13.0, 12.4 and 16.3 m?2/g, respectively. This
happens because Calcium oxide pores were
partially covered by the layer of Co, Ni, and Pd
particles. However, the BET surface area of the
Ca0, which La20s promoted, was almost simi-
lar to conventional catalysts Co, Ni, and Pd
with binary support [28]. Besides, the charac-
teristics of the supported Co, Ni, and Pd cata-
lysts with a cubic structure included extremely
low metal dispersion, small surface areas of the
Co, Ni, and a few Pd particles. This could possi-
bly be due to the strong interaction between
the Co, Ni, and Pd layers and the support of
CaO with the promoter La20s. The pore volume
showed inter-particle gaps due to the pore size
of the catalyst, Co,Ni,Pd/CaossLas+0.150, was
recorded at 0.075 cm3/g. This value was slight-
ly more significant than the value of the other
catalysts, which was recorded at 0.21 cm3/g.
This differs from the study of Bao et al. [29].
Table 3, shows the pore radius of the different
catalysts. The pore radius of the support CaO
was recorded at 9.9 A, whereas the pore radius
of theo catalyst Co,Ni,Pd/CaO was recorded at
15.4 A. The pore radius of the remaining cata-
lysts was inversely proportionate to the in-
crease 1n support of the promoter, La20s,
whereby the pore radius of the catalysts, they
are: Co,Ni,Pd/Cao.97La3*0.030,
Co,Ni,Pd/Cao.93La3*0.070, and
Co,Ni,Pd/Cao.ssLia3*0.150 were recorded at 24.7
A, 24.8 A, and 86.6 A, respectively [30]. This il-
lustrates that the catalyst
Co,Ni,Pd/Cao.ss5Las+0.150 with a high surface ar-
ea performed better in the dry reforming of the
methane reaction than the other catalysts.

3.1.5 Ha-TPR Method

The H2-TPR experiments were conducted on
the following catalysts: Co,Ni,Pd/CaO,

Table 3. The main textural properties of fresh catalysts.

Sample name

Specific surface are (m2/g)

Pore volume (cm?3/g) Pore radius (A)

CaO 12.1
Co,Ni,Pd/CaO 12.3
Co,N1,Pd/Cao.97L.ad*0.0s0 13.0
Co,N1,Pd/Cao.9sLad*0.070 12.4
Co,Ni,Pd/Cag.ssLa3*0.150 16.3

0.22 9.9
0.020 15.4
0.028 24.7
0.030 24.8
0.075 86.6
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Co,Ni,Pd/Cao.97La3*9.030,
Co,Ni,Pd/Cao.93Las+0.070, and
Co,Ni,Pd/CaossLa3*0.150 to investigate their re-
duction behaviour. Figure 4(a-d) and Table 4 il-
lustrate the H2-TPR profiles of these catalysts.
Figure 4(a) shows three well-defined reduction
peaks in the H2-TPR profile of Co,Ni,Pd/CaO.
The first reduction peak was recorded at 360
°C. This was attributed to the reduction of the
CoO species in the production of Co, as com-
pared to the previous study [31]. The second re-
duction peak was positioned at 161 °C, due to
the reduction of PdO to Pd. The third and
fourth peaks were at the region of 540 and 580
°C, associated with the reduction of NiO on the
surface and in the bulk of the catalyst respec-
tively, indicating a strong interaction with the
supporting material [29]. Figure 4(b-d) and Ta-
ble 4 illustrate the Hz-TPR profile for the cata-
lysts, including the promoter La2Os. The Ha-
TPR profiles for Co,Ni,Pd/Cao.97La3+.030,

H, Consumption (a.u)

1 1 1 1 1 1

0 150 300 450 600 750 900

Temperature (°C)

Figure 4. H2-TPR profiles of catalysts: (a)
Co,Ni,Pd/Ca0O, (b) Co,Ni,Pd/Cao.97La3*0.030, (c)
Co,Ni,Pd/Cao.93La3*0.070, (d)
Co,N1,Pd/Cao.ssLadto150 reduced in a (5%
Ho/Ar) stream at a temperature ramp of 10
°C/min.

Table 4. Ho-TPR results of the different catalysts.

Co,Ni,Pd/Cao.93La3+*9.070, and
Co,Ni,Pd/Cao.ssLiad*0.150 catalysts were quite
different from the catalyst Co,Ni,Pd/CaO.
These findings showed five peaks. The first
four peaks of the catalyst
Co,Ni1,Pd/Cao.97L.a3*0.0s0 were recorded at 386
°C, 202 °C, 556 °C and 582 °C, while the peaks
of the catalyst of Co,Ni,Pd/Cao.93Lad+0.070 were
recorded at 315 °C, 135 °C, 527 °C, and 587 °C.
The peaks of the catalyst of
Co,Ni,Pd/CaossLa3*0.150 were observed at 377
°C, 150 °C, 540 °C, and 634 °C. This was due to
the reduction of CoO, PdO, and NiO on the sur-
face and the bulk of the catalysts to obtain the
elements Co°, Ni°, and Pd°, respectively. The
fifth peak of the following synthesized catalysts
of Co,Ni,Pd/Cao.97La3*09.030,
Co,Ni,Pd/Cao.93La3*9.070, and
Co,Ni,Pd/Cao.ssL.a3*0.150 was found at tempera-
tures 670 °C, 626 °C, and 695 °C, respectively,
corresponding to the reduction of LasOs on the
surface. There was a significant lowering of the
surface of La2Os when there was a reduction in
the temperature of the catalyst. Various possi-
ble explanations for this phenomenon have
been put forward. One possible reason could be
a significant improvement in the dispersion of
La20s particles during the incorporation of
CaO into La203 in the matrix and the impeding
of sintering [32].

Another reason could be due to the strong
interaction between La20s and Co, Pd, and Ni
metals during the overlapping of the CoO, NiO,
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Figure 5. TG of the catalysts: (a) Co,Ni,Pd/CaO,
(b) Co,Ni,Pd/Cao.97La3*0.030, (c)
Co,Ni1,Pd/Cao.93La3+9.070, (d)
Co,Ni,Pd/Cag.s5La3*0.150.

Catalysts Temperature (°C) Amount of Adsorbed Hs2 gas (umol/g)
Co,N1,Pd/CaO 360 161 540 - 597.9
Co,Ni,Pd/Cao.97La3*0.030 386 202 556 670 842.0
Co,Ni,Pd/Cao.93 La3t0070 315 135 527 626 516.2
Co,Ni,Pd/Caop.ss La3t9150 377 150 540 695 944.3
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PdO, and La20s resulting in the reduction of
peaks [33]. It is also evident that adding the
promoter, LasOs, effectively reduces catalysts,
potential with CaO support. This could be at-
tributed to the basic properties of the support.
It has been found that Cai-<La3*<O with higher
basicity than CaO interacts more with the
La2Os promoter. Thus, the reductions in CoO,
NiO, and PdO are attributed to the redox prop-
erty of Cai.xLa3+0 [34].

The total amount of Hz-consumption in the
reduction of Co,Ni,Pd/CaO,
Co,Ni,Pd/Cao.97La3*9.030,
Co,Ni,Pd/Cao.93Lad3+9. 070, and
Co,N1,Pd/Cao.ssLa3*0.150 was calculated from
the total area of the peaks. The calculations for
the catalysts were 597.9, 842.0, 516.2, and
944.3 umol/g catalyst, respectively. The Hz-TPR
results indicated that the catalyst
Co,Ni,Pd/Cao.ssLa3*0.150 was the most active
site among the other catalysts. In other words,
it is the best catalyst for the dry reforming of
methane in this study.

3.1.6 TGA Method

Figure 5(a-d) shows the analysis of the TGA
for the reduced -catalysts, Co,Ni,Pd/CaO,
Co,Ni,Pd/Cao.97La3*¢g.030,
Co,Ni,Pd/Caop.93La3*9.070, and
Co,Ni,Pd/Cao.ssLia3*0.150. These findings indi-
cate a weight loss at only a certain stage of the
thermal process. The practical weight loss was
recorded at about 23.3%, 15.2%, 12.5% and
17.7% for the catalysts (a-d), respectively, at
temperatures ranging from 400 °C to 435 °C.
which might be associated with the removal of
acetylacetone group from the
Co,Ni,Pd/Cai-xLaxO catalysts. At 600 °C, all the
samples stayed stable due to the high melting

%0 mCH4 mCO2 mH2/CO e
80
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70
60 1
50 0.8
0 + 06
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Figure 6. The effect of using different catalysts
(a) Co,Ni,Pd/CaO, (b) Co,Ni,Pd/Cao.97Lad*0.030,
(¢) Co,Ni,Pd/Cao.93La3+p.070, and (d)
Co,N1,Pd/Cao.s5La3*0.150, on CH4, CO2 conver-
sion and H2/CO ratio at 900 °C for the 1:1 ratio
of CH4:COso.

point of calcium oxide and La20s at 2572 and
2315 °C, respectively. From Figure 5(a-d), the
catalyst components interacted well. These re-
sults are similar to those of Al-Najar et al. [32].

3.2 Catalytic Performance in Biogas Reforming

3.2.1 Effect of the catalyst concentration on
conversion

Figure 6 displays the impact of the concen-
tration of the catalyst during the conversion
process. The conversion of CH4, COg2, and the
ratio of Ho/CO were in ascending order as in
Co,Ni,Pd/Ca0 < Co,Ni,Pd/Caog7rLia3*0.030 <
Co,Ni,Pd/Cao.93La3*9g.070 <
Co,Ni,Pd/Cao.ssLa3*0.150. The Co and Pd were
combined with nickel on the support, CaO-
La20s. The studies were carried out under the
following conditions: a temperature of 900 °C
and 1 atm with a feed ratio (CH4:CO2) of (1:1).
Regarding the conversion of methane, the cata-
lyst Co,Ni,Pd/Cao.s5L.a3*0.150 had the maximum
conversion (84%); while the catalyst
Co,N1,Pd/CaO had the lowest conversion (72%).
Overall, the conversion of CO2 was more stable
than methane, and the catalyst
Co,Ni,Pd/Cao.ssLia3*0.150 had the highest con-
version of CO2(92%), while the catalyst Co,Ni,
Pd/CaO had the lowest conversion (83%).

In all the tri-metallic CaO-La20s catalysts,
as shown in Figure 6, the product ratio of
H2/CO was more than 1. This indicated that in
contrast to the other research [29], the Ni
metal's CO2conversion process was less advan-
tageous than the tri-metallic catalysts. The
conversion rates of CHs and COgq, as well as the
ratio of Ha/CO, increased when lanthanum ox-
ide’s concentration increased, as shown in Fig-
ure 6. The catalyst Co,Ni,Pd/CaossLa3*0.150
showed exceptional performance, attributed to
its most active site in the H2-TPR and the ex-
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Figure 7. The influence of temperature on the
catalytic activity of the Co,Ni,Pd/Cao.s5Lia3*0.150
catalyst: (1) 700 °C, (2) 800 °C, (3) 900 °C for
the 1:1 ratio of CH4:COs.
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tensive surface area revealed by the BET anal-
ysis. This suggests that the addition of LasOs to
CaO catalysts can notably inhibit the Reverse
Water Gas Shift (RWGS) reaction (Equation

(10)).

CO2+ Hs — CO + H20
AHz29sx = 41 kdJ mol-!

(10)

3.2.2 Effects of temperature on conversion

Figure 7 displays the activity and selectivity
results of the catalyst Co,Ni,Pd/Cao.s5La3*0.150
at a temperature range of 700 to 900 °C. Gener-
ally, the conversion of CH4:CO2 (1:1) increased
when the temperature was raised from 700 °C
to 900 °C, owing to the solid endothermic reac-
tion of dry reforming (Equation (1)).

According to earlier studies, the conversion
rate increases at a higher temperature [35]. It
is noted that when there was an increase in
temperature from 700 °C to 900 °C, the CHy
conversion of Co,Ni,Pd/Cao.s5L.a3*0.150 displayed
an increase from 22% to 84%, with a rise in the
COz conversion from 28% to 92%. However,
there was no discernible increase in the CHy
and CO:z conversion rates when the tempera-
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Figure 8. Stability tests of

Co,Ni,Pd/Cao.g5La3*0.150 catalysts at 900 °C for
the 1:1 ratio of CH4:CO2 for 5 h. (GHSV =
15000 mL.gcat~1.h~1, atmospheric pressure).

ture was above 900 °C. The H2/CO ratio of the
catalyst at various temperatures is shown in
Figure 7. The Ho/CO ratio of the samples was
less than 1 when the temperature was below
900 °C. The H2/CO ratio may decrease as a re-
sult of the reverse water-gas-shift reaction
(RWGS) (Equation (10)), which has the poten-
tial to consume the additional Ho and produce
CO. The H2/CO ratio of Co,Ni,Pd/Cao.s5La3*0.150
was measured at 1.11 at 900 °C, indicating a
negligible contribution from the RWGS reac-
tion (Equation (10)) [36].

Table 5 presents a summary of the results
obtained by comparing the performance of the
catalyst chosen in this study with other sup-
ported catalysts reported in recent publica-
tions. The usage of well-chosen support and
promoter in catalyst proves to be highly benefi-
cial, enhancing catalytic performance and pro-
moting synergistic interactions that contribute
to superior activity and selectivity. Further-
more, above moderate CO2 and CH4 conversion
rates of 54-92% with H2/CO ratio in the range
of 0.45-1 have been reported. This conversion
rate and H2/CO ratio are influenced by various
parameters such as the type of supports and
promoters used, feed gas ratio, and reaction
temperature. Among the investigated cata-
lysts, the Co,Ni,Pd/Cao.ssLa3*0.150 catalyst, syn-
thesized and evaluated in this study, stands
out with exceptional results. Operating under a
feed ratio of CH4:CO:2 at 1:1 and a reaction
temperature of 900 °C, the catalyst achieves a
CH4 and CO:z conversion rate of 84% and 92%
respectively. The incorporation of La20s into
the CaO support emerges as a key contributing
factor, effectively inhibiting the Reverse Water
Gas Shift (RWGS) reaction. Therefore, the de-
veloped Co,Ni,Pd/Cao.ssLa3*0.150 catalyst in this
research holds great potential for the dry re-
forming of methane process.

Table 5. Catalytic activity for dry reforming of methane reaction using different catalysts.

Reaction conditions

Conversion (%)

Catalysts Feed ratio Temperature CH co Iiz/g(? Ref.
CH./CO: °C) ! ?
La-NiCu/Si02 1:1 750 55.2 89 - [37]
Ni/La203 1:1 700 70 75 0.87 [38]
10N1/SBA-15 1:1 700 54 62 0.64 [39]
Ni/MoCeZr/MgAl204-MgO 1:1 800 85 84 0.87 [40]
59%Ni-10%Co/AlsO3 1:1 700 67 71 ~1 [41]
Y20s-Co/Mesoporous AlsOs 1:1 900 88 95 0.45 [42]
Co,Ni,Pd/Cao.s51.a3+0.150 1:1 900 84 92 1.11 This work
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3.2.3 Stability tests

Figure 8 shows the reading of the tempera-
ture tests. The findings revealed that when the
temperature was at 900 °C, the conversion for
both CH4 and CO:z was high. The activity and
stability of the tri-metallic catalyst Co, Ni, and
Pd were much higher than that of the mono-
metallic catalyst Ni or bi-metallic catalysts Pd-
Ni and Co-Ni. This concurs with the assump-
tion that Co and Pd help prevent the oxidation
of Ni due to an increase in its electron density
[43]. When there is a high concentration of
Laz0s, the conversion rate of CH4 and CO:2 de-
creases, but when there is a decrease in the
concentration of lanthanum oxide, it indicates
that COz is being converted through the active
formation of substantial ionic oxides like
La203.CO3 attracts COz2 to the top catalyst lay-
er and thus increases the conversion rate of
CHa4. A reduction in the concentration of La20s3
may result from the high electron density of Co,
Ni, and Pd [36]. The La2Os-supported catalysts
facilitated the adsorption of carbon dioxide. The
lanthanum adsorption improves the dispersion
stability of tiny mineral particles and its pro-
motional effect on CO2. In essence, lanthanum
is an oxide that has been demonstrated to react
vigorously during the supporting process of
metals. Both oxides and metals have seen nota-
ble changes in their surface properties [37]. It
was discovered that mono-metallic catalysts,
such as Ni or Pd, and bimetallic catalysts, like
Co and Ni, were less stable and less active than
three-metal catalysts, such as Co, Ni, and Pd
with excellent results as shown in Table 5 and
Figure 6. This can be because, as previously
discussed, Co and Pd are trying to transfer the
electronic density to the metal Ni, which serves
as the primary catalyst in the triple catalyst.
The notion that Nickel metals are oxidized by

TEM

image of
Co,Ni,Pd/Cao.s5Lia3*0.150 catalyst after 5 h reac-
tion, at 900 °C, and CH4+/COz ratio 1:1.

Figure 9.

Co and Pd, increasing the electron density, is
consistent with this data [43,44]. When the bi-
metallic Co-Ni or Pd-Ni cluster is created, Ni's
reducibility rises. Such circumstances increase
the reliability of laboratory operations beyond
5 h [26,45].

3.2.4 Post-reaction characterization

Figure 9 illustrates the TEM findings for
the spent catalyst which revealed an additional
carbon layer without any filamentous carbon
presence. The amount of coke deposited on the
spent catalyst was calculated to be 1.5%wt. In
summary, the data indicates minimal coke ac-
cumulation on the catalysts, suggesting that
coke formation might be influenced by the cat-
alysts' metal dispersion. Also, the metal cata-
lysts with smaller crystal sizes were more re-
sistant to deactivation, aligning with observa-
tions made Al-Doghachi et al. [19].

4. Conclusion

Tri-metallic catalysts Co,Ni,Pd/Cai.xLaxO,
with varying Ca to La molar ratios, were devel-
oped using the co-precipitation method, em-
ploying K2CO3s as the precipitator. The cata-
lysts' physical and chemical properties were
analyzed using XRD, XRF, FT-IR, H:-TPR,
BET, TEM, and TGA. These synthesized cata-
lysts were then tested in the DRM reaction,
with the Co,Ni,Pd/CaossLad*0.150 catalyst ex-
hibiting the highest catalytic efficiency at 900
°C. Furthermore, the catalyst showed com-
mendable stability during the 5 h test, obtain-
ing a conversion of 92% for COz2 and 84% for
CH4. Moreover, XRD and H2-TPR analysis fur-
ther revealed that the Co,Ni,Pd/Cao.s5La3+0.150
catalyst possessed a smaller active metal parti-
cle size and a more uniform dispersion than
other catalysts. Notably, a Co-Ni-Pd alloy
structure on this catalyst enhanced the metal-
support interaction, promoting its catalytic
performance and stability.
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