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ARTICLE INFO ABSTRACT

Keywords: Zeolite 13X and 5A were modified with nickel using three different methods: evaporation impregnation, depo-
Synthesis methods sition precipitation, and ion-exchange for comparison in CO; methanation. The catalysts were tested in a lab
Ni

scale fixed bed reactor and their physico-chemical properties were characterized by XRD, SEM-EDX, TEM, STEM-
EDX, nitrogen physisorption, Ho-TPR and NH3-TPD. The physico-chemical characterization results of Ni modified
13X and 5A zeolite catalysts showed that the zeolite structure did not change after the Ni modification by
different catalyst synthesis methods, although the surface area and micro-pore volume decreased. The average
diameter of NiO and the NiO cluster size range of Ni zeolite catalyst synthesized with ion exchange are smaller
than the catalysts prepared by the evaporation impregnation and deposition preparation. Ni dispersed well
through 13X, while a lot of Ni appeared on the crystal outer surface of 5A zeolite. Evaporation impregnation and
deposition precipitation prepared Nil3X catalysts exhibited a higher activity than ion-exchange prepared sam-
ples on COy methanation. The catalyst performance of Ni5A-IE and Nil3X-IE zeolite catalysts, which were
synthesized using the ion-exchange method for CO, methanation was limited by the actual loading of Ni. The Ni
13X catalysts have less CHy4 selectivity which could be attributed to their lower acidity. Ni13X-EIM catalyst
showed good catalytic stability at 360 °C, with no catalyst deactivation during a 200 h catalyst stability test.

13X and 5A zeolite catalysts
CO, methanation

1. Introduction store energy at a large scale this is then based on Sabatier reaction: CO4

+ 4 Hy & CH4 + 2 H50; AHgQS: -165 kJ/mol [6,7]. CO5 methanation

Carbon dioxide is one of the most important greenhouse gases;
capturing and reducing the emission of CO5 have gained much attention
[1,2]. Converting CO2 into sustainable energy carriers is one of the
important methods for countering global warming and energy issues,
which humanity is facing today [3,4]. On the other hand, more and more
wind and solar power plants are being built in order to produce more
renewable and environmentally friendly electricity [5]. However, large
scale electricity storage is a key issue for the efficient utilization of these
renewable energy source, due to the intermittent nature of wind and
solar sources as well as the energy demand fluctuations [3]. The
methanation of carbon dioxide with renewable H; is a promising way to
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also plays a vital role in the upgrading of the product gas after biomass
gasification or pyrolysis [8,9].

A high purity of the substitute gas is required by the gas grid [10].
Sorption enhanced methanation is an efficient way to remove water
close to the catalytically active sites and shift the Sabatier reaction
equilibrium towards the products according to LeChatelier’s principle
for obtaining high conversion [10,11]. The main challenge is to balance
the sorption enhancement and catalytic performance of the (bifunc-
tional) catalysts in CO methanation. The (bifunctional) catalysts should
have high activity at low temperatures where thermodynamics are
favorable, high selectivity towards CHg, high stability as well as high
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water uptake capacity. By using a physical mixture of commercial Ni
catalyst and zeolite 4 A at 250, 350 °C, Walspurger et al. obtained pure
CH4 from the sorption enhanced Sabatier reaction [10]. Using a
bifunctional catalyst which combines the Ni catalytic function and the
sorption effect of zeolite could be an elegant and efficient method in
process development [12,13]. Delmelle et al. found that Ni on zeolite
5 A and 13X catalysts have a high activity and CH4 selectivity in the
sorption enhanced CO, methanation [14]. Wei et al. found that Ni 13X
always has higher activity than Ni 5 A for CO5 methanation [15,16].
Some other zeolites, such as Zeolite USY [17,18] and HNaUSY [19],
were chosen as the catalysts supports by some researchers due to their
high crystallinity, uniform porosity, and resistance to catalyst deacti-
vation. Because of high activity, CHy4 selectivity and cost, Ni based cat-
alysts are the most widely used catalysts for CO2 methanation [20,21].
By comparison, Ni 13X catalyst has shown the highest performance
among these catalysts; the CO4 conversion values were lower than 20 %
at 350 °C (GHSV=43000h"}) for other Ni USY catalysts [14,17-19].

Thus, zeolite supported catalysts are advantageous for COy metha-
nation, especially for producing high purity of substitute natural gas.
However, most CO, methanation publications have focused on new
catalysts with different metals on conventional supports, such as Al,O3
[22] and SiOy [23], and those catalysts were mainly prepared by
impregnation, while the studies on different catalyst synthesis methods
were limited [7,24-26]. In general, the catalyst activity will be influ-
enced by different preparation methods, since the active metal disper-
sion, cluster size, and location (inside or outside the cages, pores, and
channels) [19], the acidity, part of the Si-Al framework, or extra
framework will be different. The pH of the solution for catalyst prepa-
ration using the deposition-precipitation method was varied using
NH4OH aqueous solution, which would influence the catalyst property;
ion-exchange could lead to highly dispersed catalyst. The pH change and
washing procedures are the main differences among evaporation
impregnation, deposition precipitation and ion-exchange.

The current work focuses on the synthesis of Ni- modified 13X and
5 A zeolite catalysts using three different methods and physico-chemical
characterizations using various techniques. Moreover, the catalytic ac-
tivity and selectivity of the Ni 13X and Ni 5 A zeolite catalysts were
investigated in CO, methanation with the aim of correlating the prop-
erties of the catalysts with the obtained performance. However, to
compare the catalytic properties of Ni zeolite catalysts prepared by
different methodologies, the current work mainly focuses on catalytic
CO5 methanation without water sorption enhancement. In this paper,
Nil13X-EIM, Nil13X-DP and Ni13X-IE, Ni5A-EIM, Ni5A-DP, and Ni5A-IE
catalysts were prepared by evaporation impregnation (EIM), deposition
precipitation (DP) and ion-exchange (IE), respectively. The pH of the
solution was monitored with a pH meter during catalyst preparation.
After the catalyst were prepared, XRD, SEM-EDX, TEM, STEM-EDX, ni-
trogen physisorption, Hy-TPR were used to characterize them for their
crystal structure, morphology, NiO cluster size, surface area, and pore
volume. Additionally, NH3-TPD was used to determine the acidic
properties of catalysts. The activity and selectivity tests of the catalysts
were carried out in a lab scale fixed bed reactor system [27].

2. Experiments
2.1. Catalyst preparation

Zeolite 13X and 5A were modified with nickel using three different
methods: evaporation impregnation, deposition precipitation, and ion-
exchange. In the ion-exchange process, a solution was prepared with a
soluble salt of the desired loading of cations (nickel ions) in water, the
zeolite was added into the solution for ion-exchange in hours, then the
aqueous solution was separated away from the zeolite by filtration [28,
29]. For the deposition precipitation process, the zeolite was put into the
nickel precursor solution and the solution was thoroughly stirred, then
the precipitating agent was added gradually. After a given time, the solid
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sample was washed and dried [30]. In the evaporation impregnation
method, the zeolite was put into the nickel precursor solution, and the
solution was rotated for a given time, then the aqueous solution was
evaporated in the rotating evaporator [28]. The evaporation impreg-
nation method did not involve any washing step [28].

The catalyst Ni13X-EIM and Ni5A-EIM were prepared by the evap-
oration impregnation method (EIM). As it was expected that a good
dispersion is obtained and a high porosity of the support is maintained
for our sorption enhanced CO; methanation study [13], a Ni- metal
loading of 5wt% was targeted. Nickel nitrate hexahydrate (Ni
(NO3)206 H50, 99 %, Merck Millipore) was used as the Ni precursor. The
Ni precursor was dissolved in 250 mL of distilled water in a flask, and 5 g
of 0.212-0.500 mm size sieve fraction (dried at 100 °C overnight in an
oven) 13X or 5 A zeolite (Merck Millipore, The Netherlands) was added
to the solution. A pH meter was used to measure the pH of the solution
during the process. The rotating evaporator was operated at a low
rotation speed of 10 rpm, for 24 h at room temperature. After 24 h of
catalyst synthesis, evaporation of the aqueous solution was carried out
in the rotating evaporator at 50 °C using a water jet pump. The obtained
solid sample was dried at 100 °C before calcination.

In the catalysts (Ni5A-DP and Nil3X-DP) preparation by deposition
precipitation (DP), nickel nitrate hexahydrate (Ni(NO3)2e6 H20, 99 %,
Merck Millipore) was dissolved in 250 mL distilled water in a beaker,
and the solution was stirred with a low stirring speed, after which 5 g of
dry 5 A or 13X zeolite was added to the solution. Ammonium hydroxide
solution (25 wt%, for analysis, Merck KGaA) was used to increase the pH
of the solution from neutral to around 9.6 after several minutes, and
stirring was continued for 24 h before washing the catalyst with around
1L of distilled water, then the sample was left at room temperature
overnight, after which it was moved to an oven for drying overnight at
100 °C before calcination.

Ion-exchange(IE) was also used as a method in the catalyst prepa-
ration (Nil13X-IE and Ni5A-IE) [29]. The nickel nitrate salt solution was
prepared like above, and 5 g of dry 13X or 5 A zeolite was added into the
solution. The pH of the solution was monitored by a pH meter during the
preparation, and the mixture solution was stirred around 24 h before
filtering and washing with at least 1 L distilled water, after which the
obtained solid sample was dried at 100 °C in an oven overnight before
calcination.

All catalysts were calcined in a muffle furnace using a step calcina-
tion procedure. In the stepwise procedure, the heating rate from room
temperature to 250 °C was 4.5 °C/min, and then temperature was kept
for 40 min; after which the temperature was increased to the target
temperature 400 °C by 2.5 °C/min, where it was kept for 3 h and then
cooled down to room temperature. The calcination program was
designed for obtaining a highly active catalyst with small Ni clusters
[31]. Increasing temperature from room temperature to 250 °C with 4.5
°C/min was performed to remove H50 and to get Nizg(NO3)2(OH)y, after
which a lower temperature increase of 2.5 °C/min to 400 °C was used,
aiming at nickel oxide formation from Ni3(NO3)2(OH)4. The mass loss
then was around 40 % when temperature was increased from 260 to 380
°C [32]. It was found that Ni zeolite catalyst calcined at 400 °C had a
better performance in CO, methanation compared to higher or lower
temperatures, as presented in our previous publication [15].

2.2. Catalyst characterization

The calcined catalysts (before reduction) were characterized by X-
ray powder diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), scanning transmission elec-
tron microscopy equipped with energy-dispersive X-ray spectroscopy
(STEM-EDX), nitrogen physisorption, hydrogen temperature programed
reduction (Hy-TPR), and temperature programmed ammonia desorption
(NH5-TPD).

The PANalytical Empyrean X-ray powder diffractometer was used in
the XRD measurements. The diffractometer was operated in Bragg-
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Brentano diffraction mode, and the monochromatized Cu-Ka radiation
(A=1.541874 A) was generated with a voltage of 45 kV and a current of
40 mA. The measured XRD diffractograms were analyzed with Philips
X'Pert HighScore (phase analysis refinement) and MAUD programs
(background subtraction), and the scanning 26 angle range was 3.0° to
80.0 step size 0.013°, using a counting time of 80 seconds/step.

Catalysts morphology, shape, size and distributions of crystals were
studied by scanning electron microscopy (SEM) LEO Gemini 1530 (LEO/
ZEISS, Germany). The catalysts’ elemental analysis was carried out by
energy dispersive X-ray spectroscopy (EDX).

Transmission electron microscopy (TEM) was used to study the Ni-
cluster size and distributions. The average NiO cluster size was then
calculated. Furthermore, structure and morphology were also investi-
gated using transmission electron microscopy. The equipment used was
JEM-1400 (JEOL Itd, Japan) with a maximum acceleration voltage is
120 kV.

To further study the nanoscale of the catalysts synthesized, scanning
transmission electron microscopy equipped with an energy-dispersive X-
ray spectroscopy (STEM-EDX) detector was used. The equipment used
was FEI Titan 80-300 electron microscope, the elemental mapping was
investigated at a voltage of 300 kV with EDX. Specimen preparation
consisted of immersing a lacey carbon film supported on a copper grid
into the catalysts powder, small clusters adhering to the carbon film
were measured.

The surface area, pore size, and pore volume of pristine 13X and 5 A
zeolite, Ni- modified 13X and 5 A zeolite catalysts were measured using
nitrogen physisorption method. The instrument used was Sorptomatic
1900 (Carlo Erba Instruments). The calculation of surface area was
carried out using Dubinin method. The catalysts were outgassed at 350
°C for 3 h prior to the surface area measurement.

Ho-TPR analysis was carried out in a Micromeritics AutoChem 2910.
Catalysts were dried at 250 °C for 1 h in a dry Ar atmosphere, then
reduced by 5 % Hj (diluted by Ar) from room temperature to 900 °C
with 5 °C/min heating rate, a TCD detector was used to monitor the Hy
consumption.

Temperature programmed desorption was carried out using a
Micromeritics AutoChem 2910 to investigate the acidity of the catalysts,
and samples were dried at 250 °C for 0.5 h with dry He before ammonia
adsorption (5% NHj diluted by He). The desorption temperatures
ranged from 100 to 900 °C.

2.3. Catalysts test

The prepared catalysts’ activity, selectivity, and stability were
characterized in a quartz fixed-bed reactor system described in our
previous work [27].

In the catalyst test, 0.9 g of catalyst was loaded into the reactor and
reduced under 100 mL/min Hy atmosphere at 500 °C for 4 hours. The
reduction temperature was selected based on the results obtained in our
previous study [15]. Catalysts’ activity tests were performed from 240
°C to 440 °C with a gas hourly space velocity (GHSV) of 13333 mL/g
cat/h. In the Sabatier reaction, 40 mL/min Hy and 10 mL/min CO,
diluted by N5 (150 mL/min) were introduced. The product gas from the
reactor was led through a cooling condenser and dryer, then analyzed by
GC (Varian, CP-4900 Micro-GC).

The CO5 conversion (1) and catalyst selectivity (2) for CHy are
defined as [15,26]:

M0 — 02,00

Xcoy =——— (@)
nco,n

NcH,
Sep, = ————=— 2
1¢0sn — NGO oue

Where ngo, is the input molar flow rate of CO5 in the experiment, ngo, our
and ncy,,,, are the molar flow rate of CO, and CH4 calculated from GC
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results, respectively (selectivity <100 % means that CO is formed).

The CO; equilibrium conversion was calculated based on the gas-
phase equilibrium constant equation [33]. The equilibrium constant
for each temperature can be found in literature or a database e.g.
FactSage.

3. Results and discussion
3.1. Catalyst structure and surface properties

3.1.1. X-ray powder diffraction (XRD)

The XRD background corrected diffractograms for Ni- 13X and 5 A
zeolite catalysts prepared with different methods, fresh 13X and 5 A
zeolites are shown in Fig. 1. The XRD patterns indicated that the evap-
oration impregnation, deposition precipitation, and ion-exchange
methods for the catalyst preparation did not change the 13X and 5 A
zeolite crystal structure. Additionally, most of the peaks for NiO were
not obvious in the XRD spectrum, except for the weak peaks at the po-
sition of around 206= 43° for Ni5A-DP and Ni5A-EIM catalysts (right,
Fig. 1). The plausible explanation for this observation could be the low
amount of NiO present in the Ni- 13X and 5 A zeolite catalysts which
resulted in weak peaks, and their peaks overlapped with or were too
close to zeolites’ crystal at the positions such as 20= 37°, 43°, 63°, 75°
and 79° [34].

3.1.2. Scanning electron microscopy (SEM) and Energy dispersive X-ray
spectroscopy (EDX)

SEM was used to investigate the morphology of Ni zeolite catalysts,
as shown in Fig. S. 1 (supplementary material). The 5 A zeolite showed
around 2 pm porous crystals, the fresh 5 A zeolite showed the smoothest
crystal surface compared to the catalysts prepared using evaporation
impregnation, deposition precipitation and ion exchange. The honey-
comb type architecture on the 5 A zeolite crystal surface could be NiO
crystals, which were visible only on the Ni modified 5 A zeolite surface.
However, it is difficult to find any differences between the Ni modified
13X zeolite catalysts and the fresh 13X zeolite, which indicates that the
fibrous morphology of 13X zeolite did not change after the Ni modifi-
cation using different preparation methods.

SEM combined with EDX was employed to investigate the
morphology and chemical composition of Ni- 5 A and Ni- 13X catalysts,
which were synthesized by different methods. It was observed that the
ratio of Al to Si in 13X and 5 A zeolite did not change after modification,
while Na concentration decreased after Ni modification by deposition
precipitation and ion-exchange (Table S. 2, supplementary material).
The actual loading of Ni is different for catalysts prepared by various
methods, which is 3.2 %, 3.5 %, 1.4 %, 3.9 %, 2.9 %, and 1.7 % (mass
percentages) for catalyst Nil3X-EIM, Nil3X-DP, Nil3X-IE, Ni5A-EIM,
Ni5A-DP, and Ni5A-IE, respectively. The lowest loading of Ni was rather
expectedly obtained using the ion-exchange (IE) method, since Na™ is
the most likely exchangeable ion in 13X and 5A with Ni, and Na is
located in 13X and 5A zeolite cages, which makes it difficult to exchange
with Ni [35]. Moreover, some un-exchanged Ni ions were washed out in
catalyst preparation via ion-exchange. However, for the evaporation
impregnation method, the increased nickel nitrate hexahydrate con-
centration resulted from the water evaporation which was rather
beneficial as more Ni ions were facilitated to enter into the zeolite
structure. More than two times higher concentrations of Ni were
determined in the catalysts prepared by evaporation impregnation and
deposition precipitation methods compared to the ion-exchange
method. Therefore, for Ni modified 13X and 5A zeolite catalysts, it
can be concluded that a higher Ni loading can be easier obtained by
evaporation impregnation and deposition precipitation, in comparison
to ion-exchange.

3.1.3. Transmission electron microscopy (TEM)
The NiO cluster size, distribution and morphology were investigated
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Fig. 1. The XRD background corrected diffractograms for Ni 13X(left) and 5 A(right) zeolite catalysts with different preparation methods, fresh 13X and 5 A zeolite.

using transmission electron microscopy (TEM), as shown in Fig. 2. It is
noticeable that a small NiO cluster size of around 10 nm can be obtained
with all three methods: evaporation impregnation, deposition precipi-
tation and ion-exchange (Table S. 3, supplementary material). Mean-
while, one should keep the idea in mind that the NiO cluster size
calculation in this section was based on the visible clusters. However,
the visually observed value of the cluster size distribution does not
exclude the presence of smaller clusters inside the pores of the zeolite.
The smallest average NiO cluster size was obtained for catalysts pre-
pared by ion-exchange (Table S. 3, supplementary material), which is
around 7.4 nm for Ni5A-IE. Deposition precipitation can also lead to an
average cluster size around 9.6 nm, which is very close to 9.7 nm ob-
tained from the evaporation impregnation method for Ni 5 A catalysts.
However, the NiO cluster size is around 12.3 nm and 42.7 nm for Ni 13X
catalysts obtained from evaporation impregnation and deposition pre-
cipitation, respectively.

However, the NiO cluster size range is from 4.3 to 13.1 nm for the
catalyst Ni5A-IE prepared by ion-exchange, which is the smallest.
Meanwhile, the Ni13X-IE catalyst also has a limited NiO cluster size
range. It can be concluded, that the catalyst synthesis methods have a
significant effect on the NiO cluster size distribution when loading Ni on
13X and 5 A zeolite. The ion-exchange resulted in a narrow cluster size
distribution for Ni- modified 13X and 5 A zeolite.

3.1.4. STEM-EDX

TEM is useful to illustrate the NiO dispersion. However, TEM pic-
tures show the NiO dispersion on a thin layer of catalysts without
element information. Thus, it is not perfect to show the NiO dispersion
on 13X and 5A zeolite big crystal by TEM. In fact, the NiO dispersion is
influenced by the property of the zeolite, e.g. the pore size and crystal
size of zeolite. Moreover, some very small nano NiO clusters would be
invisible in TEM pictures, while these metal sites are always associated
with high activity in reaction because of their high surface free energy
[27,36]. Therefore, elemental mapping was carried out on STEM-EDX to
further investigate the dispersion of the NiO cluster in catalysts.

Because Na™ and Ca®" the zeolites can be exchangeable with NiZ*
during catalysts synthesis, the concentration profiles were studied with
STEM.EDX and are depicted in Fig. 3. Moreover, most other elements

have concentrations less than 10 wt% (Table S. 2, supplementary ma-
terial). The STEM images, Na (gold), Ca (blue), and Ni (red) maps of Ni-
zeolite catalysts with different methods of preparations are shown in
Fig. 3. It can be seen that Ni dispersed well through 13X zeolite for
Ni13X-EIM, Ni13X-DP, Nil13X-IE. However, in contrast, Ni dispersion
was not good on 5 A zeolite for the catalysts prepared by evaporation
impregnation, deposition precipitation or ion-exchange, Ni appeared
like an egg shell coating on 5 A zeolite.

Therefore, it can be concluded that most Ni dispersed on the crystal
surface of 5 A zeolite using evaporation impregnation, deposition pre-
cipitation and ion-exchange. This is very different to the Ni dispersion
through 13X zeolite catalysts prepared by the three different methods.

3.1.5. Nitrogen physisorption

Nitrogen physisorption was used to determine the specific surface
area and pore volume of 13X, 5 A zeolite, Ni-13X and Ni-5A zeolite
catalysts; the results are shown in Table S. 4 (supplementary material).

Fresh 13X zeolite has the highest surface area with a value of
655 m2/g, which is followed by Nil3X-IE (595 m?/g) and fresh 5A
zeolite (593 m?/g). These Ni catalysts have lower micropore volume
than fresh 13X and 5A zeolite. The most plausible reason for the
decrease in surface area and micropore volume is the blocking of mi-
cropores with small NiO clusters during catalyst calcination. Some small
NiO clusters expectedly block the zeolite pores inside the zeolite, while
larger clusters may block the pores of the zeolites from the outer surface
of the support. The catalyst Nil3X-EIM prepared by evaporation
impregnation exhibited the lowest surface area (361 m2/g), attributed
to the blocking of micropores with NiO clusters. The ion-exchange
method exhibited the highest surface area (595 m2/g) among the Ni
modified catalysts, which can be attributed to lower loading and smaller
nanoclusters of NiO (8.85 nm; see supplementary material Table S. 3) on
13X and 5 A zeolites.

3.1.6. Hy-Temperature programmed reduction (TPR)

The Hjy-Temperature programed reduction (Hy-TPR) profiles are
shown in Fig. 4 for fresh 13X zeolite, Ni13X-EIM, Nil13X-DP, Nil13X-IE,
fresh 5 A zeolite, Ni5A-EIM, Ni5A-DP and Ni5A-IE.

As can be seen from Fig. 4 (left), one strong peak is present at around
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Fig. 2. TEM images of a) fresh 13X, b) Ni13X-EIM, c) Ni13X-DP, d) Nil13X-IE, e) fresh 5 A, f) Ni5A-EIM, g) Ni5A-DP and h) Ni5A-IE.
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400 nm

Fig. 3. STEM images (first row), Na (gold), Ca (light blue) and Ni (red) maps of Ni13X-EIM, Ni13X-DP, Nil3X-IE, Ni5A-EIM, Ni5A-DP and Ni5A-IE.
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Fig. 4. Ho-TPR profiles of Ni13X-EIM, Nil3X-DP, Ni13X-IE, fresh 13X zeolite, Ni5A-EIM, Ni5A-DP, Ni5A-IE and fresh 5 A zeolite.

420 °C for the catalyst Ni13X-EIM prepared by evaporation impregna-
tion, while the peak comes out at around 300 °C for the catalyst pre-
pared by deposition precipitation, and it is not very clear like the one
from Nil3X-EIM. However, the peaks for Nil13X-IE are positioned
around 500 °C and 700 °C. These temperatures are higher than the
catalysts prepared by evaporation impregnation and deposition precip-
itation methods. This may be because the NiO clusters are difficult to be
reduced since they are located in the super cages and sodalite cages of
13X zeolite, respectively [19,26]. On the contrary, more NiO clusters
stay at the surface of 13X zeolite after calcination and were easy to be
reduced. This may be related to the nickel hydroxoaqua complexes
generated in the solution during catalysts preparation [37-39], and the
pore size of 13X zeolite limited the possibility of NiO to enter into the
super cages and sodalite cages.

As is shown in Fig. 4 (right), one peak can be found at around 480 °C
for all of Ni-5A catalysts. There exists only this single peak for catalyst
Ni5A-IE prepared by ion-exchange, while there is another peak at
around 325 °C for both catalysts Ni5A-EIM and Ni5A-DP, which were
prepared by evaporation impregnation and deposition precipitation
methods, respectively. This may result from those NiO clusters in the
Ni5A-IE catalyst which are difficult to be reduced since they are located
in the super cages of 5A zeolite [19,26]. While, more NiO clusters stayed
at the surface of 5A zeolite after calcination and were easy to be reduced.
This may related to the nickel hydroxoaqua complexes generated in
solution during catalysts preparation [37-39], and the possibility of Ni
enter into the super cages of 5A zeolite was limited due to the pore size
of 5A zeolite. The Hy-TPR results provided important information of
catalyst reduction prior to using them in experiments. Combining our
previous study on Ni zeolite catalyst [15], the catalysts reduction under
100 mL/min Hy atmosphere at 500 °C for 4 hours were performed in this
work. These reduction conditions were expected to reduce most NiO
clusters in/on zeolite to metallic Ni® [40].

3.1.7. Temperature programmed desorption of ammonia (NHs-TPD)

NH;3-TPD was used to investigate the acidic properties of 13X, 5 A
zeolites and Ni modified catalysts which were synthesized using
different methods.

It was found that Ni13X-EIM has the lowest weak acidity, and this
was followed by Nil13X-DP (Fig. 5). The total acidity decreased for Ni
13X catalysts prepared using different methods compared to fresh 13X,
while it did not change much for Ni 5 A catalysts. The pore blocking of
the Ni clusters could be one possible reason for the decrease in acidity of
catalysts [41]. In this respect, also Ni13X-EIM has the lowest surface
area, see Table S. 4 (supplementary material). The substantial decrease
in the total acid sites of Ni 13X zeolite is attributed to the substitution of
acid sites by NiO nanoclusters. For fresh 13X zeolite and Ni13X-DP, a
peak at around 175 °C and a peak at around 625 °C can be found (Fig. S.
2, supplementary material), which correspond to the weak (175 °C) and
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Fig. 5. The catalyst acidity distribution calculated based on the results of

NH;3-TPD.

strong (625 °C) acid sites, respectively [42-44]. However, a shoulder
appeared at around 250 °C for catalysts Ni13X-EIM and Nil3X-IE. For
fresh 5 A zeolite, a wide peak at around 100-400 °C can be observed,
and the NH3-TPD profiles of Ni- modified catalysts Ni5A-EIM, Ni5A-DP,
and Ni5A-IE are similar to 5 A zeolite. In fact, the peaks at 200 °C and
300 °C consist of several narrow peaks, which could correspond to
different acid sites [42,43].

It can be concluded that evaporation impregnation, deposition-
precipitation, and ion-exchange lead to the change of Ni 13X and Ni
5 A zeolite catalysts weak, medium, strong and total acid sites distri-
butions, especially on Ni 13X catalysts. These changes in different types
of acid sites are attributed to the substitutions of acid sites by NiO
nanoclusters. The ion-exchange method has less influence on catalyst
acidity, while evaporation impregnation is conducive to getting a lower
weak acidity and strong acidity. Plausible explanations for the decrease
in acid sites can be attributed to higher loadings of Ni on the surface and
inside the structures of 13X and 5A zeolites using evaporation impreg-
nation and deposition precipitation methods. The amount of Ni loadings
synthesized in Ni 13X and Ni 5A zeolites using ion-exchange method is
lower than evaporation impregnation and deposition precipitations.
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3.2. Evaluation of catalytic properties for CO2 methanation in a fixed bed
reactor

3.2.1. Catalyst activity and selectivity

The catalyst activity and selectivity tests were carried out in the lab
scale fixed bed quartz reactor system described before [27]. As the
adsorption catalyst was already saturated with water before activity and
selectivity data were collected, adsorption enhancement can be
excluded from the data. The CO5 conversion and CHjy selectivity curves
for the catalysts Ni13X-EIM, Nil13X-DP, Nil3X-IE, Ni5A-EIM, Ni5A-DP
and Ni5A-IE, are shown in Fig. 6. Most of the CO2 conversion curves
show a similar trend, which increases systematically from lower than
10 % to equilibrium values. The highest conversion was obtained at 360
°C to 450 °C, and it is different for different catalysts. This is due to
thermodynamic limitations when temperature was increased [14,45].
The catalyst performance was compared to results from literature [14,
15,17,19,22,46,47], and this is presented in Table 1. The CO5 conver-
sion rate for the Nil3X-EIM catalyst in the current work reached
0.00656 mol_CO2/mol Ni/s at 280 °C, which was in the higher level
range compared to other Ni zeolite catalysts [14,15]. Considering that
the particle size of zeolite 13X was much larger than in reference [22],
and the CO, methanation mechanism might be different for different
supports, the Ni zeolite catalysts in this work were promising for CO5
methanation.

The catalysts Ni13X-DP and Nil3X-EIM Ni5A-EIM displayed the
highest activity, followed by Ni5A-EIM. Considering the high GHSV, the
result is very good. The lowest CO5 conversion was obtained from the
catalyst Ni5A-IE (Fig. 6), which is lower than the conversion obtained
from Ni13X-IE and Ni5A-DP catalysts. This could be resulting from the
limited actual loading of Ni on 13X and 5A zeolite for the catalysts
prepared by ion exchange (Table S.2, supplementary material), which
leads to less active sites. However, the Ni dispersion was not good for
Ni5A-DP (Fig. 2). Additionally, for the Ni13X-IE and Ni5A-IE catalysts
most of the NiO was located in super cages and sodalite cages of 13X and
5A zeolite according to the results of Ho-TPR (Fig. 4). This may affect the
performance of Ni5A-IE and Nil13X-IE on CO, methanation as well. By
contrast, Ni-13X catalysts have a higher activity than Ni-5A catalysts
prepared using three different methods, which would be due to the
dispersion of Ni being better through 13X zeolite than 5A (Fig. 2).
Considering that the Ni13X-EIM and Nil13X-DP presented lower surface
area and pore volume (Table S. 1, supplementary material) compared to
fresh zeolite 13X, some small Ni clusters would dispersed in the zeolite
13X pores and channels.

It can be seen that the catalysts Ni5A-EIM, Ni5A-DP and Ni5A-IE
display a high CH4 selectivity, most of them higher than 90 % at
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temperatures lower than 400 °C. That is because the Sabatier reaction is
exothermic, and CO production via the reverse water gas shift reaction
(RWGS) is thermodynamically favored at high temperature [16,55]. By
contrast, the CHy selectivity is much lower for Ni13X-EIM, Nil13X-DP,
Nil13X-IE at low temperature, this could be the reason that Ni 13X cat-
alysts have less acidity sites than Ni 5A catalysts (Fig. 5). Overall, a weak
acidity of Ni zeolite 13X or 5A catalyst was favorable for a higher ac-
tivity [16,27], while this might result in a lower CHjy selectivity. Besides,
according to the results obtained in our previous study, the basicity of Ni
zeolite catalysts should not be too strong to avoid too strong bonding of
CO» [27], which would be kept in mind during Ni zeolite catalyst syn-
thesis for CO, methanation.

3.2.2. Catalyst stability and selectivity

After the activity test of the catalysts, a stability test of Ni13X-EIM
was carried out at 360 °C for 200 hours. The catalyst was reduced at
500 °C for 4 hours before the stability test. The CO, conversion and CHy4
selectivity trends are shown in Fig. 7. It can be observed that Ni13X-EIM
displayed a very stable performance and no indications of deactivation
could be observed during the 200 hours test at 360 °C. At the same time,
a stable CHy4 selectivity of 97 % was obtained from Nil13X at 200 hours
stability test. It can be seen that the stability of Ni13X-EIM is very good
compared to literature results [14,15,17,19,22,46,47] (Table 1).

4. Conclusions

Ni modified 13X and 5 A zeolite catalysts were synthesized using
evaporation impregnation, deposition precipitation and ion-exchange
methods. The physico-chemical properties of the pristine 13X, 5 A
zeolite and Ni- modified 13X, 5A zeolite catalysts were characterized
using XRD, SEM-EDX, TEM, STEM-EDX, Ny physisorption and TPD-NHs.

It was observed that the methods of catalyst synthesis influenced the
formation of NiO cluster size and the amounts of weak medium and
strong acid sites. Furthermore, Ni- contents, surface area and pore vol-
ume were observed to be influenced by the methods of catalyst syn-
thesis. The surface area, micropore volume decreased after the Ni
modification of 13X and 5A zeolite due to pore blockage with large NiO
nanoclusters. A smaller NiO cluster size was obtained for NiO modified
catalysts using ion exchange method. A lot of Ni appeared on the surface
of 5A crystals, while Ni appeared more homogeneous through 13X. The
catalyst preparation methods such as evaporation impregnation, depo-
sition precipitation and ion-exchange were observed to influence the
catalytic activity in COy methanation. The catalyst Nil3X-EIM exhibited
stable performance on activity and CHy selectivity during a 200 hours’
test. Therefore, evaporation impregnation method is promising for Ni
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Fig. 6. CO, conversion and CHy selectivity with catalyst Ni13X-EIM, Ni13X-DP, Nil13X-IE, Ni5A-EIM, Ni5A-DP and Ni5A-IE (0.9 g, reduction at 500 °C, 4 h),

150 mL/min Nj, 40 mL/min Hy, 10 mL/min CO,.
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Table 1
Catalysts performance comparison with results from open literature, most experiments carried out at 1 bar except reference [48] at 5 bar.
Catalyst’ Met.”  Size C" Size P? Mear, H,/COy/ Stab.”  GHSV CO, CH4 Rate Ref.
(nm) (mm) (€3] Inert gas (h) Or Conversion Selectivity (mol_CO,/
ratio WHSV (%) (%) mol_Ni/s)"
TGO T Q)
Ni13X-EIM EIM 12.3 0.212-0.5 0.9 4:1:15 200 13333 mL/g/ 16.9, 280 57.3, 280 0.00656 This
h work
Nil3X-DP DP 42.7 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 16.4, 280 59.0, 280 0.00637 This
h work
Ni13X-IE 1IE 8.8 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 10.0, 280 50.4, 280 0.00388 This
h work
Ni5A-EIM EIM 9.7 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 12.8, 280 100, 280 0.00497 This
h work
Ni5A-DP DP 9.6 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 10.8, 280 96.3, 280 0.00419 This
h work
Ni5A-IE 1IE 7.4 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 8.5, 280 100, 280 0.00330 This
h work
5 %Nil3X- EIM 135 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 18.5, 280 53.5, 280 0.00718 [15]
EIM—-350 h
5 %Nil13X- EIM 11.6 0.212-0.5 0.9 4:1:15 - 13333 mL/g/ 14.9, 280 45.3, 280 0.00578 [15]
EIM—450 h
5 %Ni/MSN EIM 9.9 0.2-0.4 0.2 4:1:0 200 50000 mL/g/ 82, 350 99.9, 350 0.11960 [46]
h
5 %NiUSY IWI - - 0.2 36:9:10 - 43000/h 9.4, 300 - 0.02052 [17]
5 %NiUSY IWI 17-33 - 0.2 36:9:10 10 43000/h 6.7, 300 93.1, 300 0.01463 [19]
5 %NiMSN WI 9.9 0.02-0.04 0.2 4:1:0 200 50000 mL/g/ 64.1, 300 99.9, 300 0.09349 [22]
h
5 %Ni/MCM—41 WI 10.5 0.02-0.04 0.2 4:1:0 140 50000 mL/g/ 56.5, 300 98.3, 300 0.08241 [22]
h
5 %Ni/HY WI 19.8 0.02-0.04 0.2 4:1:0 140 50000 mL/g/ 48.5, 300 96.4, 300 0.07074 [22]
h
5 %Ni/SiOy WI 17.8 0.02-0.04 0.2 4:1:0 140 50000 mL/g/ 42.4, 300 96.6, 300 0.06184 [22]
h
5 %Ni/y-Al>03 WI - 0.02-0.04 0.2 4:1:0 100 50000 mL/g/ 27.6, 300 95.2, 300 0.04026 [22]
h
5 %Ni/a-TiOy WI 8.7-12.9 0.425-0.85 0.1 19:76:5 - 15000 mL/g/ 58.2, 360 90, 360 0.02541 [47]
h
5 %Ni/13X EIM 33 2 250 4.05:1:0 10 92/h 78.8, 300 100, 300 0.00001 [14]
5 %Ni/5 A EIM 22 2 250 4.05:1:0 10 92/h 78.8, 300 100, 300 0.00001 [14]
Ni—5A IWI 7.6 0.25-0.60 0.2 4:1:0 - 30000 mL/g/ 10, 300 80, 300 0.00873 [40]
h
Ni—13X IWI 6.8 0.25-0.60 0.2 4:1:0 50 30000 mL/g/ 20, 300 56, 300 0.01747 [40]
h
15Ni/USY IWI 21 Powder 0.2 6:1:3 8 82200 mL/g/ 20, 300 93, 300 0.01140 [48]
h
15Ni/NaY WI 17.89 0.02-0.04 0.2 4:1:0 40 50000 mL/g/ 47, 300 51, 300 0.02285 [49]
h
15Ni/Cs-USYH20 IWI 20 Powder 0.2 36:9:10 13 86100 mL/g/ 17, 300 90, 300 0.01420 [50]
h
6 %Ni/TiOy WI 4.6 - 0.05 24:6:10 - 48000 mL/g/ 3, 300 99, 300 0.00349 [51]
h
5 %Ni/TiO,-Na WI 45.8 Powder 0.1 4:1:0 - 24000 mL/g/ 14, 300 40, 300 0.00978 [52]
h
5 %Ni/TiO; NWs IWI 14.43 Powder 0.3 4:1:0 40 9400 mL/g/h 82, 300 98, 300 0.02244 [53]
5 %Ni/HNTs WI 15.2 - 0.48 4:1:1 50 15000 mL/g/ 55, 300 93, 300 0.02402 [54]
h

@ HY = protonated Y zeolite; USY = ultra-stable Y zeolite; NaY = NaY zeolite; TiO» NWs = TiO, nanowires; HNTs = Halloysite nanotubes.
b Catalyst preparation method, EIM = evaporation impregnation method, DP=deposition precipitation, IE = ion exchange, IWI = incipient wetness impregnation,

WI = wet impregnation method.
¢ Active metal cluster size.
4 Catalyst particle size.
¢ Stability of the catalysts.

f Calculated under the specific temperature based on the total Ni metal in catalyst.

zeolite catalyst synthesis in CO methanation.
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