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ethanation at mild temperature on
Ni/zeolite from kaolin: effect of metal–support
interface

Novia Amalia Sholeha, a Surahim Mohamad, b Hasliza Bahruji, c

Didik Prasetyoko, *a Nurul Widiastuti, a Nor Aiza Abdul Fatah,d

Aishah Abdul Jalil de and Yun Hin Taufiq-Yap b

Catalytic CO2 hydrogenation to CH4 offers a viable route for CO2 conversion into carbon feedstock. The

research aimed to enhance CO2 conversion at low temperature and to increase the stability of Ni

catalysts using zeolite as a support. NaZSM-5 (MFI), NaA (LTA), NaY (FAU), and NaBEA (BEA) synthesized

from kaolin were impregnated with 15% Ni nanoparticles in order to elucidate the effect of surface area,

porosity and basicity of the zeolite in increasing Ni activity at mild temperature of �200 �C. A highly

dispersed Ni catalyst was produced on high surface area NaY meanwhile the mesoporosity of ZSM-5 has

no significant effect in improving Ni dispersion. However, the important role of zeolite mesoporosity was

observed on the stability of the catalyst. Premature deactivation of Ni/NaA within 10 h was due to the

relatively small micropore size that restricted the CO2 diffusion, meanwhile Ni/NaZSM-5 with a large

mesopore size exhibited catalytic stability for 40 h of reaction. Zeolite NaY enhanced Ni activity at

200 �C to give 21% conversion with 100% CH4 selectivity. In situ FTIR analysis showed the formation of

hydrogen carbonate species and formate intermediates at low temperatures on Ni/NaY, which implied

the efficiency of electron transfer from the basic sites of NaY during CO2 reduction. The combination of

Ni/NaY interfacial interaction and NaY surface basicity promoted CO2 methanation reaction at low

temperature.
Introduction

The conversion of CO2 into value added products has become
the main research interest for mitigating the rising level of CO2

in the atmosphere.1,2 CO2 can be converted into valuable
commodities such as synthetic gas, methanol,3 dimethyl ether,4

paraffin5 and olen.6,7 Selective catalytic CO2 hydrogenation to
methane through Sabatier reaction allowed the conversion of
CO2 at atmospheric pressure (eqn (1)).

CO2 (g) + 4H2 (g) 4 CH4 (g) + 2H2O (g) DH298 K ¼
�165 kJ mol�1 (1)
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CO2 (g) + H2 (g) 4 CO (g) + 2H2O (g) DH298 K ¼
�41.2 kJ mol�1 (2)

Noble metals (Ru, Rh, Ir)8,9 and non-noble metals (Fe, Ni,
Co)10–12 have been utilized as catalysts in order to provide the
active site for CO2 methanation. However, Ni has been the ideal
choice based on the high methanation activity and the relatively
inexpensive price when compared to the precious metals. Ni
was impregnated on various supports for example SBA-15,10

SiO2,13,14 g-Al2O3,15–17 ZrO2,18–21 CeO2,22–24 MCM-41 (ref. 25 and
26) and zeolite27–29 in order to increase the nanoparticles
dispersion. Zeolite with high surface area increased the
dispersion of metal nanoparticles that consequently reduced
the sintering of nanoparticles particularly for reaction at high
temperatures.30 Apart from surface area, the porosity of zeolite
also enhanced CO2 diffusion,29,31 and controlled the formation
of intermediates.32 Zeolite with high basicity and surface
hydrophobicity enhanced the CO2 adsorption and hydrogena-
tion,10 and reduced the deactivation caused by the formation of
water during CO2 methanation.27

CO2 methanation is a highly exothermic reaction thus ther-
modynamically, the reaction favoured a low temperature
condition in order to achieve high selectivity towards
methane.33 At high temperatures, the reaction shied from
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
methanation to reverse water gas shi (RWGS) (eqn (2)). High
temperature also caused deactivation of the catalysts due to the
sintering of nanoparticles and the deposition of coke.14 There-
fore, this research aimed to design Ni catalysts for CO2

methanation at low temperature by impregnation of Ni on
different type of zeolite support. Zeolite NaZSM-5, NaA, NaBEA,
and NaY with different micro/mesoporosity, surface area and
basicity were synthesized using kaolin mineral and impreg-
nated with 15% wt of Ni loading. Kaolin is a naturally occurring
aluminosilicate mineral that was widely investigated as
precursor for the synthesis of zeolite.34 The effect of surface area
and porosity of the zeolites were determined based on the
activity for CO2 methanation at temperatures between 200–
500 �C. The structure, morphology, and textural properties of
Ni/zeolite catalysts were analyzed using XRD, IR spectroscopy,
FESEM, and N2 adsorption–desorption techniques. CO2-TPD
and H2-TPR were conducted to evaluate surface basicity and Ni
dispersion. The inuence of micro–mesoporosity was also
evaluated on the stability of the catalysts. Finally, the mecha-
nism of the reaction was proposed based on the intermediate
species examined using in situ FTIR analysis.

Experimental
Preparation and characterization of the catalysts

Zeolites were synthesized from kaolin (Bangka Belitung Island,
Indonesia) as silica and alumina sources. Prior to the synthesis
of zeolite, kaolin was converted into amorphous metakaolin
through calcination at 720 �C for 4 hours.35 Zeolites were
synthesized according to the molar ratios summarized in Table
1. Typical procedures for the synthesis of zeolite involved the
dissolution of NaOH in water, followed by gradual addition of
colloidal silica. Metakaolin was mixed with distilled water and
subsequently added into the colloidal silica solution with
vigorous stirring for 30 min. The gel was transferred into Teon-
lined autoclave and heated in the oven at temperatures and
duration as summarized in Table 1. The solids were ltered and
washed with distilled water until the pH was neutral, followed
by drying in air oven at 100 �C for overnight. For the synthesis of
NaBEA and NaZSM-5, there was an additional step involving the
removal of organic template via calcination at 550 �C for 6 h in
air followed by another 1 h under continuous N2 ow.

15 wt% of Ni was impregnated onto 1 gram of zeolite via wet
impregnation method. Ni(NO3)2$6H2O was dissolved in water
and added drop-wise to zeolite and stirred at 60 �C. The mixture
Table 1 The molar ratio of zeolite used in this study

Zeolite type

Molar ratio

SiO2 Na2O Al2O3 H2O Template

NaY 10 4 1 180 —
NaZSM-5 100 10 2 1800 20 TPA

3.85 CTABr
NaA 1.92 3.165 1 128 —
NaBEA 27 1.96 1 240 5 TEA2O

© 2021 The Author(s). Published by the Royal Society of Chemistry
was dried in oven at 110 �C for 24 h, followed by calcination at
550 �C in air for 3 h.

Ni/zeolite catalysts were characterized using X-ray diffraction
(XRD) with powder diffractometer (PHILIPS-binary X'Pert MPD,
30 mA, 40 kV) and the radiation of Cu-Ka ranging from 2q ¼ 5�

to 50�. The Scherrer equation was used to calculate the average
size of NiO (D) (eqn (3)).

DNiO ¼ (0.9l)/b cos q (3)

where l is the wavelength of X-ray following the Cu-Ka radiation
of 0.15406 nm, b is the broadening line of the Ni (1 1 1)
reection (radians), and q is the Bragg angle diffraction.

Infrared analysis was carried out using Shimadzu Spectrum
One 8400S. Intermediate species during CO2 methanation was
determined using in situ FTIR analysis. The pelleted catalyst was
placed in the in situ cell equipped with CaF2 windows, and
owed with CO2 at 4 torr and H2 at 16 torr at room temperature.
The reaction temperature was raised to 350 �C and the spectra
with the resolution of 4 cm�1 was collected at 50 scans.

The textural properties of Ni/zeolite catalysts were analyzed
using N2 adsorption–desorption method (Beckman Coulter SA
3100). The solid was outgassed at 90 �C for 1 h then heated at
300 �C for 4 h under vacuum prior to N2 adsorption. The pore
size distribution was determined using Non-Localized Density
Functional Theory (NLDFT). The volume of adsorbed N2 at the
relative pressure (P/P0) of 0.97 was evaluated as the total pore
volume (Vtotal). In addition, the t-plot method was used to
calculate the external surface area (Sext) and micropore volume
(Vmicro). The mesopore volume (Vmeso) was determined based on
the subtraction of Vtotal with Vmicro (Vtotal � Vmicro).

Surface morphology was analyzed using scanning electron
microscopy equipped with energy dispersive X-ray spectroscopy
(SEM-EDX JEOL JEM-2100F) and high-resolution transmission
electron microscope (Hitachi HR-9500 TEM). Catalysts was
coated with carbon coating before SEM measurement. For TEM
analysis, catalysts were ground, dispersed with isopropyl
alcohol, and then placed in TEM grid and dried before analysis.

H2 temperature programmed reduction (H2-TPR) was used
to determine the dispersion of Ni, and CO2 temperature pro-
grammed desorption (CO2-TPD) was used for the analysis of
basic sites. The measurements were assessed by TPDRO
(AutochemII 2920 Chemisorption Apparatus, Micromeritics).
For the analysis of H2-TPR, catalyst was pretreated at 500 �C for
1 h under air ow, then cooled to room temperature in He ow.
Aging time
(h)

Hydrothermal
Drying temp.
(�C) Ref.Temp. (�C) Time (h)

24 100 24 105 36
12 80 12 110 37

150 24
— 100 20 105 38
— 150 48 110 39

RSC Adv., 2021, 11, 16376–16387 | 16377
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Fig. 1 XRD patterns of catalysts (A) 15Ni/NaY, (B) 15Ni/NaZSM-5, (C)
15Ni/NaBEA, and (D) 15Ni/NaA used in CO2 methanation.
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View Article Online
The temperature was increased to 900 �C at heating rate
10 �C min�1 under 10%/H2/Ar ow. Prior to CO2-TPD analysis,
the catalyst was reduced under H2 stream at 500 �C for 2 h. The
catalyst was then ushed with N2 and cooled down to 50 �C in
He ow. CO2 stream was introduced for 30 min and changed
into He ow for another 30 min to remove excess adsorbed gas.
CO-TPD proles were recorded by heating the catalysts up to
650 �C (heating rate 10 �C min�1). The desorbed CO2 from the
catalyst was analyzed using thermal conductivity detector
(TCD).

Coke formation on the Ni/zeolite catalysts were character-
ized using O2-TPO analysis. The sample recovered from the
reaction was pre-treated for 1 h in He ow at 300 �C, cooled
down to 200 �C, and then introduced with 5 vol% O2/He ow (30
mL min�1). The sample was heated to 850 �C with heating rate
of 10 �C min�1.
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Catalytic performance

CO2 methanation reaction was conducted between 200–500 �C
at atmospheric pressure in a xed-bed quartz reactor (internal
diameter¼ 8 mm). 0.2 g of catalysts (20–40 mm) was annealed in
situ under air stream at 550 �C for 1 h, followed with reduction
for 4 h using hydrogen stream. The temperature was reduced to
200 �C and H2 and CO2 gases (4 : 1 ratio) was fed at the GHSV of
50 000 mL g�1 h�1. On-line GC (7820 N Agilent gas chromato-
graph) equipped with moisture trap and Carboxen 1010 TCD
was used to analyze the gas composition. The gas was analyzed
aer approximately 10 min when each temperature reached the
steady-state operation. The conversion of CO2 and the selectivity
of CH4 were calculated using eqn (4) and (5).

XCO2
(%) ¼ (MCH4

+ MCO)/(MCO2
+ MCH4

+ MCO) � (100%) (4)

SCH4
(%) ¼ (MCH4

)/(MCH4
+ MCO) � (100%) (5)

where XCO2
was CO2 conversion (%), SCH4

was CH4 selectivity
and M was mol of gas passing through the reactor.
16378 | RSC Adv., 2021, 11, 16376–16387 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
XRD analysis

XRD analysis was carried out to conrm the formation of zeolite
crystalline phase (Fig. 1). NaY diffraction peaks were observed at
2q ¼ 6.31, 10.31, 12.31, 15.92, 19.01, 20.71, 24.06, 27.52, and
31.95� in accordance with JCPDS no. 39-1380 on Ni/NaY cata-
lysts. ZSM-5 crystalline phase was observed on Ni/NaZSM-5
catalysts based on the peaks at 2q ¼ 7.8, 8.7, 23.0, 23.8, and
24.0� (JCPDS no. 44-0003). Ni/NaBEA showed the peaks at 2q ¼
7.7, 21.4, and 22.5� corresponded to zeolite beta (JCPDS 48-
0038), meanwhile Ni/NaA showed the peaks at 2q ¼ 7.2, 10.2,
12.5, 16.1, 21.6, 24, 26.1, 27.1, 29.9, and 34.2� corresponded to
NaA zeolite (JCPDS no. 00-039-0222). XRD analysis of Ni/zeolite
also showed the peaks at 2q ¼ 37.3 and 43.3� corresponded to
the (111) and (200) planes of bunsenite NiO phase with face-
centered cubic structures.40 The average sizes of NiO particles
were determined using the Scherrer equation from the FHWM
of the (111) plane (Table 2). NiO crystallite sizes were increased
in the following order: Ni/NaY (17 nm) < Ni/NaZSM-5 (20 nm) <
Ni/NaBEA (25 nm) < Ni/NaA (27 nm). The size of NiO nano-
particles showed a positive correlation with the surface area of
zeolite support which implied the high surface area zeolite
increased the NiO dispersion therefore reduced the particle
size.
Infrared analysis

Infrared analysis of all Ni/zeolite catalysts in Fig. 2 showed the
absorption bands at 3446 cm�1 represented the stretching
vibration of O–H functional group of the adsorbed water. For
Ni/NaY, the absorption bands appeared at 459 cm�1 and
574 cm�1 were ascribed to the vibration of T–O4 (T ¼ Si, Al) and
the D4R or D6R double rings, respectively. Symmetrical internal
and external vibrations of the O–T–O bond were observed at
698 cm�1 and 786 cm�1. The band appeared at 1012 cm�1 was
attributed to the symmetric stretching vibrations of T–O–T
bond.36 Ni/ZSM-5 showed the absorption bands at 1070 cm�1
Fig. 2 Infrared analysis spectra on catalyst (A) Ni/NaY, (B) Ni/NaZSM-5,
(C) Ni/NaBEA, and (D) Ni/NaA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and 790 cm�1 which were assigned to the symmetric stretching
vibrations of T–O–T bond and O–T–O bond, meanwhile
449 cm�1 band was assigned to the asymmetric stretching of the
tetrahedral T–O4. The shoulder peak at 542 cm�1 was corre-
sponded to the characteristic ve-membered ring vibration of
MFI zeolite framework.41 The absorption bands of Ni/NaBEA at
1058, 779, 565, and 461 cm�1 were corresponded to the vibra-
tions of T–O–T bond, O–T–O bond, double 6-membered rings,
and asymmetric stretching of the tetrahedral T–O4, respec-
tively.39 For Ni/NaA, a strong absorption band at 989 cm�1 was
assigned to the internal asymmetric stretching vibrations of Al–
O or Si–O on T–O–T bond. The absorption bands at 700 cm�1

and 461 cm�1 were attributed to O–T–O bond and asymmetric
stretching of the tetrahedral T–O4. The characteristic of zeolite
NaA double ring was conrmed by the absorption band at
555 cm�1.42
N2 adsorption–desorption analysis

The N2 adsorption–desorption analysis in Fig. 3 revealed the
formation of zeolites with different textural properties. Ni/NaY
and Ni/NaBEA catalysts showed the type I isotherm which is
the typical isotherm for microporous zeolite. A high N2 uptake
was observed at P/P0 < 0.1 due to the adsorption in micropores,
followed with gradual adsorption of N2 at elevated pressure.
Even though NaA was also classied as microporous zeolite, the
N2 adsorption–desorption analysis indicated the type III
Fig. 3 N2 adsorption–desorption isotherm and NLDFT pore size
distribution on catalyst (A) Ni/NaY, (B) Ni/NaZSM-5, (C) Ni/NaBEA, and
(D) Ni/NaA used in CO2 methanation.

RSC Adv., 2021, 11, 16376–16387 | 16379
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isotherm of a non-porous material. This was due to the fact that
the pore diameter of NaA at �0.3 nm was smaller than the size
of nitrogen molecules, thus preventing the diffusion of N2

molecules in the micropores.43 Ni/NaZSM-5 catalyst showed the
type IV isotherm with capillary condensation at P/P0 > 0.5, which
indicated the formation of mesoporous material. In meso-
porous Ni/NaZSM-5 zeolite, the adsorption of N2 at low pressure
was signicantly lower than the N2 uptake in microporous Ni/
NaY, but the amount of adsorbed N2 was increased at high
pressures due to the multilayer N2 adsorption.44,45 The pore
volume and the surface area of the catalysts calculated from N2

adsorption–desorption analysis were summarized in Table 2.
The surface area of Ni/NaY was determined at 415 m2 g�1
Fig. 4 FESEM images of catalyst (A) Ni/NaY, (B) Ni/NaZSM-5, (C) Ni/
NaBEA, (D) Ni/NaA and (E) HRTEM images of Ni/NaY.

16380 | RSC Adv., 2021, 11, 16376–16387
followed with Ni/NaZSM-5 at 315 m2 g�1, Ni/NaBEA at 264 m2

g�1 and Ni/NaA at 6 m2 g�1.
Morphology analysis

FESEM analysis was used to determine the morphology of the
catalysts (Fig. 4). NaY, NaZSM-5, and NaBEA showed the
formation of large crystallites with the average diameter was
determined at �100–300 nm. However, NaA showed the
formation of nanosperical aggregates deposited on a well-
dened cubic crystallite. The size of cubic crystallite was
determined at �500 nm. The EDX analysis of the catalysts
showed the homogeneous distribution of Ni nanoparticles on
the zeolite surfaces. Ni/NaY was also analysed using HRTEM
analysis to determine the average size of NiO particles. NiO was
homogeneously dispersed on NaY with the average diameter
was determined at �21 � 5.4 nm. The diameter determined
from TEM analysis was in agreement with the calculated NiO
size determined using Scherrer equation (Table 2).
Fig. 5 H2-TPR profiles on catalyst used in CO2 methanation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CO2-TPD profiles on catalyst used in CO2 methanation.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
21

:2
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
H2-TPR analysis

H2-TPR analysis of the catalysts provided information on the
reducibility and the dispersion of Ni nanoparticles (Fig. 5). All Ni/
zeolite catalysts showed two main reduction peaks at 300–450 �C
and 550–650 �C. The H2-TPR peak of Ni impregnated onto NaY,
NaZSM-5, and NaA were observed at �400 �C suggested that NiO
was mostly occupied on the external surface of zeolite.16,46

However, Ni/NaBEA showed the rst reduction peak at 380 �C
with signicantly lower H2 uptake which may be originated from
the formation of oxygen vacancies.47 The second peak was
observed at 665 �C with relatively high H2 uptake implied the Ni/
NaBeA has high activation energy compared to the rest of the
catalysts. Ni/NaZSM-5 showed the presence of three NiO species
that may be due to the formation of Ni on the external surface
and within the pores. The TPR peak observed at 423 �C was
corresponded to the reduction of the external NiO, meanwhile
the peak at 453 �C indicated the reduction of NiO deposited
within the ZSM-5 mesopores. The peak observed at 563 �C was
corresponded to the reduction of NiO particles that presumably
were octahedrally coordinated with the six framework atoms of
Fig. 7 Catalytic performance (A) conversion of CO2 and (B) product dis

© 2021 The Author(s). Published by the Royal Society of Chemistry
zeolite, which were more stable than the tetrahedral coordinated
NiO.30,48 H2-TPR analysis also revealed the amount of H2 uptake
for Ni/NaY was signicantly higher than Ni/NaZSM, Ni/NaBeA
and Ni/NaA. The amount of Ni active sites and the dispersion
degree (DD) were determined based on the amount of H2 pulse
chemisorption analysis and summarized in Table 2. The degree
of dispersion was signicantly improved when Ni was impreg-
nated on high surface of zeolite, following the order of Ni/NaY >
Ni/NaZSM-5 > Ni/NaBeA > Ni/NaA.
CO2-TPD analysis

CO2-TPD analysis provided information of the CO2 adsorption
capacity and the strength of the basic sites (Fig. 6). Since CO2 is
a weak Lewis acid, the amount of CO2 desorption represented to
the number of basic sites, meanwhile the CO2 desorption
temperature indicated the strength of the basic sites. Desorp-
tion of CO2 was observed on Na/NaY at temperature below
300 �C, which was corresponded to the presence of weak and
medium strength basicity. Ni/ZSM-5 and Ni/BEA showed
a broad CO2 desorption peak at 400–600 �C, which was
consistent with the presence of strong basic sites. The CO2

desorption peak of Ni/NaA was observed at much higher
temperature �700–800 �C which implied a much stronger
interaction between the basic sites of NaA with CO2. The
number of basic sites calculated from CO2 uptake showed the
Ni/NaY has a large number of basic sites, followed with Ni/ZSM-
5, Ni/NaBEA and Ni/NaA (Table 2). In principle, the presence of
basic sites facilitated the adsorption of CO2 during catalytic
reaction. However, when CO2 was strongly adhered on the
zeolite, the mobility may be reduced and therefore restricting
the diffusion of CO2 during CO2 methanation. For low
temperature CO2 methanation, the presence of weak basicity
was crucial to enhance the diffusion of CO2.49
CO2 methanation at 200–500 �C

CO2 methanation was carried out at 200–500 �C to determine
the activity of Ni/zeolite catalysts (Fig. 7A). Ni/NaY showed
tribution and selectivity of CH4 of catalysts used in CO2 methanation.

RSC Adv., 2021, 11, 16376–16387 | 16381
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Fig. 9 Comparison stability test of catalyst (reaction conditions:
reaction temperature: 400 �C, GHSV ¼ 24 900 mL g�1 h�1, 1 atm, and
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�21% of CO2 conversion at 200 �C with 100% selectivity towards
methane. The conversion was signicantly higher when
compared with Ni impregnated on NaZSM-5 (11%), NaBEA
(10%) and NaA (5%). However, when the temperatures were
increased to 250 �C and 300 �C, Ni/NaZSM-5 showed a higher
CO2 conversion than Ni/NaY. All the catalysts reached optimum
CO2 conversion at 400 �C. When the temperature was increased
to 500 �C, the CO2 conversion was slightly reduced due to the
thermodynamic limitation of CO2 methanation.19,50 Fig. 7B
showed the yield and the selectivity of CH4 at elevated temper-
atures on the Ni/zeolite catalysts. All the catalysts showed 100%
selectivity towards methane from 200 �C to 400 �C apart from
Ni/NaA. CO was produced at 450 �C presumably due to the
steam-methane reforming (SR) or the reversed water gas shi
reaction (RWGS) (eqn (2)). At the optimum reaction temperature
i.e., 400 �C, the catalytic activity of the catalysts were increased
in the order of Ni/NaA < Ni/NaBEA < Ni/NaZSM-5 < Ni/NaY.
H2/CO2 ¼ 4/1).
The stability of the catalysts

The activity of Ni/zeolite catalysts were further investigated at
400 �C for 40 h in order to determine the effect of zeolite
porosity in improving the stability of the catalysts (Fig. 8). Ni/
NaY as microporous zeolite catalyst exhibited 75% of CO2

conversion, however the conversion was slightly reduced to 70%
aer 30 h. Ni/NaA was deactivated within 10 h of reaction due to
the size of micropore was smaller than CO2 molecules, thus
reducing the efficiency of CO2 diffusion. Ni/NaZSM-5 as meso-
porous zeolite showed 69% of CO2 conversion with similar
catalytic performance up to 40 h of reaction. Temperature
Program Oxidation (TPO) was used to analyse the amount of
carbon coke on the catalysts aer reaction (Fig. 9). In general,
coke can be divided into light coke (coke I) that oxidized at
relatively low temperatures �300–500 �C, and heavy coke (coke
II) that required oxidation at much higher temperatures �525–
650 �C. Light coke was consisted of the hydrogenated carbon
species whereas heavy coke was oen caused by the deposition
of polycondensed aromatic or graphitic carbon.51,52 The coke
analyzed on Ni/NaY, Ni/NaA, and Ni/NaZSM-5 were
Fig. 8 TPO profiles on catalyst used in CO2 methanation.

16382 | RSC Adv., 2021, 11, 16376–16387
characterized as hydrogenated carbon species based on the
decomposition peak appeared at temperature below 500 �C.
During CO2 hydrogenation, coke was produced at high
temperatures via Boudouard reaction (eqn (6)),53 methane
cracking/pyrolysis (eqn (7)),54 and CO2 or CO reduction (eqn (8)
and (9)).55,56 The amount of O2 uptake was measured at
�0.44 mmol g�1 for Ni/NaZSM-5 catalyst, which was signi-
cantly lower compared to Ni/NaY (0.98 mmol g�1) and NaA
(2.91 mmol g�1). The TPO analysis of Ni/NaA catalysts recovered
from the reaction revealed the deactivation in 10 h was due to
the deposition of large quantity of carbon coke on the catalyst
surface. The results also showed the important role of meso-
pores in NaZSM-5 in enhancing the stability of the catalysts. The
deactivation predominantly was initiated by the deposition of
coke on the active sites or the blocking of pore opening, which
consequently hindering the mass transfer within the zeolite.

2CO (g) 4 C (s) + CO2 (g) DH298 K ¼ �172.4 kJ mol�1 (6)

CH4 (g) 4 C (s) + 2H2 (g) DH298 K ¼ 74.6 kJ mol�1 (7)

CO2 (g) + 2H2 (g) 4 C (s) + 2H2O (g) DH298 K ¼
�90.1 kJ mol�1 (8)

CO (g) + H2 (g) 4 C (s) + H2O (g) DH298 K ¼
�131.3 kJ mol�1 (9)

Mechanistic study of CO2 methanation

In situ FTIR analysis of CO2 methanation (Fig. 10) was per-
formed to determine the intermediate species produced during
the reaction that can be used to propose the reaction mecha-
nism. The intermediate species and their corresponding
absorption band were summarized in Table 3. A plausible
mechanism of CO2 methanation derived from in situ FTIR
analysis was shown in Scheme 1. The absorption band at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 FTIR in situ spectra recorded of CO2 + H2 adsorption over catalyst (A) Ni/NaY, (B) Ni/NaZSM-5, (C) Ni/NaBEA, and (D) Ni/NaA at room
temperature (black), 50 �C (blue), 100 �C (orange), 150 �C (green), 200 �C (purple), 250 �C (red), 300 �C (light blue), 350 �C (yellow), and blank for
no adsorption (.).

Table 3 Reaction intermediates in CO2 methanation

Adsorption species Vibration mode

Wavenumber (cm�1)

Ref.Ni/NaY Ni/NaZSM-5 Ni/NaBEA Ni/NaA

Bidentate carbonate nas(CO3) 1681 — — — 20 and 64
Bicarbonate HCO3

� nas(CO3) 1627 1643 1619 1627 20 and 65
ns(CO3) 1430 1440 — 1440

Bidentate formate HCOO� ns(CO2) 1546 — — — 20 and 66
Monodentate carbonate 1357 1346 1369 1342 49
CO2 gas vibration — 2183, 2325 2333 2329, 2333 2318, 2341 8 and 67
Carbonyl — — 1936 1920 — 66

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 16376–16387 | 16383
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Scheme 1 Plausible mechanism of CO2 methanation for Ni/zeolite catalysts.

Fig. 11 Relationship between dispersion degree and surface basicity
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�2400–2300 cm�1 was assigned to the vibration of adsorbed
CO2 on zeolite support.57 CO2 adsorption occurred via electro-
static interaction onto Na+ or EFAL (Al–O) on Na-zeolite as evi-
denced from the formation of bidentate carbonate species at
1681 cm�1. However, the peak was only observed on Ni/NaY
suggesting the high density of weak basic site of NaY have
facilitated the formation of bidentate carbonate at low
temperature. The peak of the bidentate carbonate on Ni/NaY
was reduced when the temperature was increased to 350 �C,
meanwhile the peaks at 1627 and 1430 cm�1 showed the
increase of intensity due to the formation of hydrogen
carbonate species.58 CO2 can also undergo disproportionation
reaction (eqn (10)) or dissociation reaction to form CO (eqn
(11)). The adsorbed bidentate carbonate was then reacted with
the dissociated hydrogen to form hydrogen carbonate. The
transition of bidentate carbonate to hydrogen carbonate was
observed at room temperature on NaY. However, the transition
was negligible on NaZSM-5, NaBeA and NaA. The formation of
hydrogen carbonate was catalysed by metallic Ni0 nano-
particles. Hydrogen gas was dissociated on Ni0 into H
atoms,59–62 and spilled over onto the zeolite support.14,22 NaZSM-
5, NaBeA and NaA catalysts only showed hydrogen carbonate
species with the intensity increased with temperatures. Subse-
quently, the dissociated hydrogen atom was reacted with the
hydrogen carbonate to generate bidentate formats (eqn (12)).29

The formation of formate intermediate was conrmed by the
presence of shoulder peak at 1546 cm�1 on Ni/NaY catalyst.
Formate can decompose to CO at high temperature according to
eqn (13) (ref. 58) or further hydrogenated to form methane (eqn
(14)). The presence of formate was negligible on NaZSM-5,
NaBeA and NaA. Ni/NaZSM-5 and Ni/NaA showed the appear-
ance of CO carbonyl band at 1930 cm�1 suggesting the CO2

methanation reaction occurred via the CO formation route. The
plausible reaction mechanism that was derived from the in situ
FTIR analysis was illustrated in Scheme 1. In situ FTIR analysis
16384 | RSC Adv., 2021, 11, 16376–16387
suggested two types of reaction mechanism on Ni/zeolite
catalysts:

(i) CO2 methanation to CH4 via formate intermediate
(ii) CO2 methanation to CH4 via CO intermediate
High interfacial interaction that was developed between Ni

and zeolite has efficiently directed the hydrogen atom to react
with the adsorbed carbonate. There is a possibility that Ni/NaY
followed the formate intermediate pathway, meanwhile Ni/
NaBEA and Ni/NaZSM-5 followed the CO intermediate
pathway. The formation of formate species were proved to be
the pivotal intermediate species.63 Due to the instability of
formate, the increasing of interfacial interaction between metal
and zeolite support was crucially important to enhance the
reaction between dissociated hydrogen with formate to form
methane. Methane formation occurred via multiple hydrogen
insertion and C–O dissociation.

2CO2(ads) / CO(ads) + CO3(ads) (10)

CO2(ads) / CO(ads) + O(ads) (11)
towards CH4 production.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of CO2 methanation on Ni catalysts at low temperature reaction

Support
Ni loading
(%)

Temperature
(�C) GHSV (h�1) XCO2

(%) YCH4
(%) SCH4

(%) References

Zeolite X – y ash 10 200 12 000 ND — — 31
250 0

Na-beta 9.5 200 10 000 0 — — 29
250 1

Na–Y 9.9 200 10 000 0 — — 29
250 3

USY 5 200 43 000 ND — — 71
250 3

USY 15 200 43 000 ND — — 26
250 8 8 99

NaY–M 5 200 12 500 0 0 0 36
250 3 3 100

NaY–WM 5 200 12 500 0 0 0 36
250 13 13 100

NaY 15 200 12 500 21 21 100 This work
250 33 33 100
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CO3
2�

(ads) + 2H(ads) / HCOO�
(ads) + OH(ads) (12)

HCOO�
(ads) 4 HCO�

(ads) + O(ads) 4 CO(ads) + OH(ads) (13)

HCOO�
(ads) + 4H(ads) 4 CH4(ads) + HO(ads) (14)

Discussion

Impregnation of Ni on NaY has enhanced the conversion of CO2

to methane at 200 �C. NaY synthesized from kaolin as alumi-
nosilicate precursor exhibited high surface area, microporosity
and medium strength basicity. The increased of basicity
enhanced the donation of the electron pair from the lattice
oxygen during CO2 methanation to produce bidentate
carbonate. In Ni/NaY catalyst, CO2 was adsorbed via the
formation of bidentate carbonate which was suggested to
reduce the activation energy for the formation of formate.49 The
low energy level of the adsorbed CO2 efficiently accepted the
electron from the Lewis base, consequently reduced the C–O
strength during hydrogenation.64 The dissociation of C–O bond
was also improved at high temperature, mainly due to the
formation oxygen vacancies resulting from the dehydroxylation
of zeolite, thus further enhanced the C–O bond dissociation.63

Another important parameter that enhanced Ni activity at
low temperature was the dispersion of Ni nanoparticles. Fig. 11
illustrates the relationship between metal dispersion and
surface basicity of the catalysts with the production of methane.
Ni dispersion was signicantly enhanced on high surface area
zeolite, however mesoporosity has negligible effect in
increasing the dispersion. The dispersion degree of Ni/NaY was
estimated at�85%, which was signicantly higher than the rest
of the catalysts. NaY increased the dispersion degree of Ni
which is a highly signicant parameter to improve Ni/zeolite
interfacial interaction. CO2 molecule is very unlikely to be
strongly adsorbed on Ni, but Ni can catalyse H2 dissociation.68
© 2021 The Author(s). Published by the Royal Society of Chemistry
The formation of well-dispersed Ni nanoparticles created
a higher interfacial contact with zeolite support, hence accel-
erating the spillover of the dissociated hydrogen to the zeolite
surface to react with the bidentate carbonate.69 Summary of the
previous work on Ni/zeolite catalysts in Table 4 revealed that
most of the catalysts showed negligible activity at 200 �C. Our
previous work on Ni while using 5% loading also showed almost
no activity at temperature below 250 �C.36

The effect of pore structure of zeolite can be seen on the
stability of the catalysts. NaA with a very narrow pore opening
was deactivated within 10 h of reaction, meanwhile mesoporous
ZSM-5 showed catalytic stability up to 40 h. The space
connement of themicropores have altered the thermodynamic
of the reaction and the transport properties of the reactants/
intermediates.70 Although in principle the mesoporous ZSM-5
increased the diffusion of CO2 and CH4, the lack of activity
compared to NaY at low temperature was due to the low basicity
of the support that reduced the ability for CO2 adsorption.
Nevertheless, the benet of mesoporosity was observed on the
enhanced mass transfer consequently reducing the amount of
carbon coke.
Conclusions

Utilisation of zeolite with high surface area, porosity and
basicity as support for Ni nanoparticles have enhanced the
catalytic activity for CO2 methanation at 200 �C. The improved
conversion was due to the synergistic effect between the highly
dispersed Ni as hydrogen dissociation centre and the basicity of
zeolite as CO2 adsorption site. Microporous NaY derived from
kaolin effectively dispersed Ni nanoparticles on the external
surface of NaY, created a higher degree of interfacial interaction
with the basic sites of NaY. NaY adsorbed CO2 at low temper-
ature via the formation of bidentate carbonate, followed with
the subsequent hydrogenation at Ni/NaY interface to give 21%
of methane production at 200 �C. Although the mesoporosity of
RSC Adv., 2021, 11, 16376–16387 | 16385
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zeolite has a very little effect in increasing the dispersion and
the activity at low temperatures, the efficient product/reactant
diffusion in the mesopores has contributed to the stability of
Ni/NaZSM-5 for up to 40 h at 400 �C. In situ FTIR analysis
indicated that Ni catalysts followed two different reaction
pathways either via CO or formate hydrogenation depending on
the surface basicity of the zeolite support. The results high-
lighted the crucial role of zeolite as support, which was
primarily responsible to adsorb CO2 during methanation
reaction.
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E. Bailón-Garćıa, D. Lozano-Castello, U. De-La-Torre,
B. Pereda-Ayo, J. A. González-Marcos, J. R. González-
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