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ARTICLE INFO ABSTRACT

Zeolite 13X and 5A supported Ni catalysts were synthesized for CO, methanation using the evaporation im-
pregnation method. The influence of using different Ni precursors (nitrate, citrate, and acetate) as well as cal-
cination temperatures on the catalyst properties and performance were investigated. XRD, SEM-EDX, TEM,
STEM-EDX, N, physisorption, H, TPR, TPD-NH3 and TG/DTA were used for detailed characterization of the
catalysts. The parent structure of the zeolites did not change during catalyst synthesis. Using nickel citrate and
acetate resulted in smaller NiO particle size compared to nitrate. STEM-EDX results showed that all the Ni-
precursor complexes entered more efficiently the 13X zeolite structure, which is mainly due to steric hindrance
resulting from the smaller pore size of 5A. Methanation experiments revealed that the 13X catalysts synthesized
using nickel citrate (5% Ni) displayed clearly higher activity, compared to the catalysts synthesized using nickel
nitrate or nickel acetate. A 79% conversion at 320 °C was obtained with 100% selectivity towards CH4 and the
catalyst showed excellent stability during 200h testing. Overall, it can be concluded that the Ni precursor
significantly influences the physico-chemical characteristics and catalytic properties of Ni 13X and Ni 5A zeolite
catalysts in CO, methanation: complex size and pore size matter.
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1. Introduction storage are key factors for a H, based economy, especially for large

scale industrial applications [10]. This work investigates the utilization

Decreasing carbon dioxide emissions is a crucial task for all coun-
tries, in order to limit the severe challenges arising from global
warming [1,2]. Utilization of CO, to produce renewable energy carriers
has attracted significant attention in the last few years. CO, can be
converted to several synthetic fuels including methane (CH,4), methanol
(CH30H) and further on to dimethyl ether (CH30CH3) [3]. The avail-
ability of the raw materials CO5 and H, in the future is a key factor in
the large-scale production of synthetic fuel and chemicals. Large
amounts of CO, can be currently obtained from industrial facilities such
as, fossil fuel-burning power plants and plants with CCS technologies
(like oxyfuel combustion, chemical-looping combustion and calcium
looping) [3-5]. Technologies for capturing CO, directly from the air are
being developed at an increasing pace [6]. Sustainable H, can be ob-
tained from the splitting of water by electrolysis with sustainable
electricity or from biomass gasification [7-9]. Hydrogen transport and

* Corresponding authors.

of H, and CO, to produce CH, via the Sabatier reaction (1), which is a
promising method for storing energy in large scale in a form directly
usable in already existing infrastructure [11]. It has the potential to
provide a new way of obtaining renewable completely carbon neutral
CH, for stabilizing energy demand, provided that CO, can be efficiently
captured from biomass derived gas sources and air in the future
[12,13].

CO, + 4H, < CH, + 2H,0; AH? (298 K) = — 165 kJ/mol @

The Sabatier reaction is limited by equilibrium. Sorption enhanced
CO, methanation by removing water from the reaction mixture has
received increasing attention during the last years, since it could be
used to enhance the yield beyond equilibrium, according to Le
Chatelier's principle [14,15]. A CO, conversion of close to 100% was
obtained by Walspurger et al. by using a commercial Ni catalyst mixed
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with a 4A zeolite adsorbent in CO, methanation [15]. Borgschulte et al.
observed that the selectivity to CH, was enhanced if the pore size of the
support was larger than 5 A, and that the CO, overall conversion rate
was reduced if the pore size was chosen to be smaller than 3 i\, because
the CH,4 produced inside the pores could not leave the crystal [16]. In a
follow-up paper, Delmelle et al. developed new catalysts for sorption
enhanced CO, methanation by loading Ni on a 13X zeolite using the
wet impregnation method with nickel nitrate hexahydrate. They
pointed out that 5 wt% Ni/13X catalyst showed good performance and
that it can be operated continuously two to three-fold longer than 5wt
% Ni/5A in sorption enhanced CO, methanation [17]. Also these ob-
servations are prone to some serious doubt. The double peak in TPR can
equally well be due to two different Ni species, those inside and those
outside the zeolite structure. TPR on the 5A sample only exhibits the
low temperature TPR peak presumably because these particles are all
outside the zeolite structure, having a diameter of 20 nm on average.

For CO, methanation, nickel is the most widely used metal due to its
high activity, high CH, selectivity, relatively abundant availability and
low price [18,19]. Nickel nitrate has an excellent solubility in water and
it is easy to thermally decompose into NiO, which is why it is often used
as the precursor for nickel catalysts [14,17]. It has been reported that
NiO and SiO, form nickel silicate like species that are stabilized by a
nickel citrate precursor [20]. This effectively prevented the nickel
particles from sintering at high reaction temperature [20]. He et al.
found that the use of nickel citrate precursor, compared to nickel nitrate
precursor, could significantly strengthen the NiO-support (SBA-15) in-
teraction resulting in comparatively smaller nickel particles with high
dispersion [21]. Citrate complex precursors have obtained much at-
tention in the synthesis of nanomaterials, where similar methodology as
used in catalyst preparation e.g. the amorphous citrate process has been
employed [22-24]. Additionally, Li et al. observed that nickel acetate-
derived Ni-Ac-La/SiC catalysts can obtain a small and narrow Ni par-
ticle size distribution [25].

The final aim of our approach to the Sabatier reaction is the envi-
sioned sorption enhancement to 100% conversion using a molecular
sieve supported catalysts. 13X and 5A zeolites with low Si/Al ratios
have the right properties as adsorbent materials for gases and liquids.
The adsorption of CO, and the hydrophilic properties in 13X and 5A
zeolites are attributed to the presence of surface silanol (Si-OH) groups.
The use of zeolites as catalyst support brings also challenges to the
synthesis and the use of the catalyst due to the possible diffusion lim-
itations caused by the microporous structure and the obtained benefits
must be compared to the possible disadvantages. This is why focus is
placed on obtaining insight in the actual location, size and dispersion of
the Ni particles and how precursors play a role herein. Furthermore
dispersion will evidently play a role in selectivity and activity. The
performance of the zeolite supported catalyst is here investigated in the
absence of the sorption enhancement (saturated with water) in order
for the results to be comparable with catalysts not possessing this ad-
vantage. A follow-up study will report on the sorption aspects related to
pore occupancy of impregnated material and sorption capacity. The
performance of the catalyst with and without the benefit of sorption
enhancement can in this way be clearly demonstrated and the benefit of
using these zeolites to reach yields surpassing the thermodynamic
limitations be verified. However, the basis for the catalyst development
must be an active catalyst even without equilibrium shift.

Based on literature findings, apart from the common nitrates, nickel
citrate and nickel acetate are promising nickel precursors for obtaining
a high dispersion and small particle size. 13X (FAU) and 5A (LTA)
zeolites are porous catalyst supports that have sodalite cages () and
super cages (a) [26-29]. Ni species can be located inside as well as
outside these cages [30,31], depending on their size. Studies on the
effect of different nickel precursors for preparing zeolite supported
catalysts have so far been limited, especially related to sorption en-
hanced CO, methanation. What is more, the performance of Ni zeolite
catalysts could be influenced by different nickel precursors and thermal
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treatment steps, since the dispersion of the active phases and the re-
ducibility of oxide precursors are dependent thereupon [21,32,33].

The current study focuses on the effect of preparation parameters of
Ni modified 13X and 5A zeolite catalysts, using the evaporation im-
pregnation method. Evaporation impregnation was chosen as it is a
commonly used and easily operable synthesis method with high re-
producibility. However, it offers also flexibility to the synthesis by
varying different parameters such as temperature, impregnation con-
centration and time, evaporation rate and as in the current work, the
choice of metal precursor [17]. Nickel nitrate (Nit), nickel citrate (Cit)
and nickel acetate (Ace) were used as nickel precursors for the synthesis
of catalysts: 5%Nil3X-Nit, 5%Nil3X-Cit, 5%Nil3X-Ace, 5%Ni5A-Nit,
5%Ni5A-Cit and 5%Ni5A-Ace. After calcination, crystal structure,
morphology, NiO particle size, surface area and pore volume were
characterized by XRD, SEM-EDX, TEM, STEM-EDX (elemental map-
ping), nitrogen physisorption, H,-TPR, TG/DTA. Additionally, NH3-
TPD was used to determine the acidity of catalysts, relating to the
catalyst performance in CO, methanation. The activity and selectivity
tests of the catalysts were carried out using lab scale fixed bed flow
reactor systems, where the product gas composition was analyzed on-
line with a gas chromatograph.

2. Experimental section
2.1. Catalyst preparation

The Ni modified 13X and 5A zeolite supports were prepared using
the evaporation impregnation method with different Ni precursors
(nickel nitrate, nickel citrate and nickel acetate). A nominal Ni-metal
loading of 5% by mass was aimed for in the preparation of the zeolite
catalysts. Nickel (II) nitrate hexahydrate (Ni(NO3), 6H,0, 99%, Merck
Millipore), nickel (II) citrate hydrate (Ni3(C¢Hs0,)» xH>0, 98 + %, Alfa
Aesar) and nickel(II) acetate tetrahydrate (Ni(OCOCH3), 4H,0, 98%,
Sigma-Aldrich) were used as the three different Ni precursors. The
nickel precursor was dissolved in 250 mL of distilled water in a flask. An
equivalent of 5g of 0.212—0.500 mm size (sieve fraction) 13X zeolite
(Si/Al=1.5 (Table S. 2 (supplementary material)), Honeywell Fluka,
The Netherlands) or 5A zeolite (Si/Al=1.0 (Table S. 2 (supplementary
material)), Merck Millipore, The Netherlands) was dried at 100 °C
overnight in an oven before it was added to the solution. The pH of the
solution was measured by using a potentiometric pH meter during the
process. It was observed that the pH of the solution decreased drama-
tically from 7.5 to 4.9 when nickel citrate hydrate dissolved in the so-
lution, while it increased to 8.8 after 13X zeolite was mixed in the so-
lution (Table S. 1, supplementary material). Meanwhile, the pH of other
solutions with nickel nitrate and nickel acetate stayed around 7.3-7.4,
and increased to 7.6-7.8 after the zeolite was mixed into the solution.
The pH of the nickel citrate solution was around 5 due to the depro-
tonation of the hydroxyl group of the citrate ligand [34,35]. The pro-
tons are taken up by basic sites in the zeolite leading to an increased pH
eventually.

In order to avoid mechanical wear of the zeolite particle, the ro-
tator-evaporator was operated at low rotational speed, 10 rpm, for 24 h
at room temperature. After the 24 h of catalyst synthesis, evaporation of
the aqueous solution was carried out in the rotator-evaporator at 50 °C
using a water jet vacuum pump. The catalyst was then dried at 100 °C
overnight before calcination in a muffle oven.

The calcination temperature should be higher than 300 °C since the
decomposition temperature of nickel nitrate is around 280 °C [36]. The
influence of the calcination temperatures 300 °C, 350 °C, 400 °C, 450 °C,
for the 5%Nil13X-Nit catalyst was studied. The catalysts were calcined
using a stepwise procedure [17]. They were put in a muffle furnace in
air. The first heating step was to 250 °C with 4.5°C/min and then
temperature was kept constant for 40 min. Then the sample was heated
to its target value with 2.5 °C/min and held there for 3 h. The catalysts
labelled as 5%Ni13X-Nit-300, 5%Nil3X-Nit-350 and 5%Nil3X-Nit-450,
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Fig. 1. SEM images of a fresh 13X zeolite, b 5%Nil3X-Nit, ¢ 5%Nil3X-Cit, d 5%Nil3X-Cit-Spent, e 5%Nil3X-Ace, f fresh 5A zeolite, g 5%Ni5A-Nit and h 5%Ni5A-

Ace (25,000 x).

were calcined at the respective temperatures of 300 °C, 350 °C and
450 °C, respectively, all others only at 400 °C. Cooling down to room
temperature took about 3 h.

2.2. Catalyst characterization

The calcined catalysts were characterized before reduction by X-ray
powder diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), transmission electron microscopy
(TEM), scanning transmission electron microscopy equipped with
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energy-dispersive X-ray spectroscopy (STEM-EDX), nitrogen physi-
sorption, hydrogen temperature programmed reduction (H,-TPR), and
temperature programmed ammonia desorption (NH3-TPD).

A PANalytical Empyrean X-ray powder diffractometer was used in
the XRD measurements. The diffractometer was operated in Bragg-
Brentano diffraction mode, and the monochromatized Cu-Ka radiation
(A =1.541874 i\) was generated with a voltage of 45kV and a current
of 40 mA. The scanning 20 angle range was 3.0° to 80.0° using a step
size of 0.013°, and counting time of 80s /step. The measured XRD
diffractograms were analyzed with Philips X’Pert HighScore (phase
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Fig. 2. Transmission electron micrographs of calcined 5%Nil3X -Cit, 5%Ni5A-Cit catalysts with nickel citrate precursors.

analysis refinement) and MAUD software programs (background sub-
traction).

Catalysts morphology, such as shape, size and size-distributions of
crystals were studied using a LEO Gemini 1530 (LEO/ZEISS, Germany)
Scanning electron microscope (SEM). The near surface elemental ana-
lysis was carried out by energy dispersive X-ray micro-analyses (EDX).

Transmission electron microscopy (TEM) was used to study the
zeolite morphology and Ni- particle size distributions. The Ni-, particle
size and the average particle size was calculated. The equipment used
was JEM-1400(JEOL Ltd, Japan) with a maximum acceleration voltage
of 120 kV.

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

The surface area and pore size of pristine 13X zeolite, Ni- modified
13X zeolite catalysts were measured using the nitrogen adsorption and
similarly for the 5A counterpart. The instruments used were a Carlo
Erba Sorptomatic, Sorptometer 1900 and Micromeretics, Tristar II. The
catalysts were outgassed at 150 °C for 3 h at 8 mbar, prior to the surface
area measurement. The calculation of surface area was carried out
using the BET method.

Temperature programmed reduction (H,-TPR) was carried out using
a Micromeritics AutoChem 2910; The catalysts were dried at 250 °C for
1 hin a dry Ar atmosphere, then reduced by 5% H, (diluted by Ar) from
room temperature to 900 °C with a 5°C/min heating rate. A TCD de-
tector was used to monitor the H, consumption.

Temperature programmed desorption of ammonia was carried out
using a Micromeritics AutoChem 2910 for determining the acidic
properties such as the amount of weak, medium, and strong acid sites
and total amount of acid sites of the pristine forms of 13X, 5A and Ni-
modified 13X and 5A zeolite catalysts. The samples were dried at 250 °C
for 0.5h in a dry He atmosphere before ammonia adsorption (5% NH;
diluted by He) at room temperature, the desorption temperature ranged
from 100 to 900 °C.

In order to investigate the catalysts calcination, thermogravimetric/
differential thermal analyses (TG/DTA) were performed on SDT Q600
V20.9 Build 20 (TA Instruments) under 50 mL/min air atmosphere. The
stepwise procedure of temperature in TG/DTA measurement was the
same as the one for catalyst calcination above.

2.3. Catalysts test in fixed bed reactor

The catalysts’ activity, selectivity and stability were tested using a
fixed bed reactor made of quartz with an inner diameter of 10 mm.
About 10 mL of silica beads (diameter around 1 mm) was placed in the
reactor to support the catalyst bed. Then about 10 mL of silica beads
was used to fill the upper part of the reactor. The reactor was heated by
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a vertical tube furnace equipped with a K-type thermocouple, while the
temperature of the catalyst bed was monitored by another K-type
thermocouple, which was inserted into the lower part of the catalyst
bed and connected to a computer for data acquisition. A schematic
representation of the fixed bed reactor system is displayed in Fig. S. 1
(supplementary material).

Before the experiments, around 0.9 g of the calcined catalyst was
loaded into the reactor and reduced under 100 mL/min H, atmosphere
at 500 °C for 4 h. The reduction temperature was selected based on the
results obtained with catalysts reduced at different temperatures. It was
observed that catalysts reduced at 500 °C (100 mL/min H,) were more
active in CO, methanation compared to the ones calcined at lower or
higher temperature (Fig. S. 2, supplementary material). The catalysts
activity tests were performed at temperatures between 240°C and
440 °C with a gas hourly space velocity of 13333 mL/g..c./h. The feed
mixture consisted of 40 mL/min Hy and 10 mL/min CO, diluted by N,
(150 mL/min). The product gas from the reactor was led through a
cooling condenser and then analyzed using micro gas chromatography
(GC). The GC (Varian, CP-4900 Micro-GC) equipped with HayeSep A,
molecular sieve columns (Molsieve 5A PLOT) and a thermal con-
ductivity detector. Helium was used as the carrier gas.

The CO, conversion (2) and catalyst selectivity (3) forwards CH4
were defined as [37,38]:

Nco,,in — Ncoy,out

Xco, =
2
Ncoy,in 2
S, _ nCH4,ou[
cHy =
ncog.in — NCoout 3

where nco,,in is the input molar flow rate of CO, in the experiment,
Ncoyow and Nep,ou are the molar flow rates of CO, and CH,, respec-
tively, calculated from GC results.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. X-ray powder diffraction(XRD)

The XRD background corrected diffractograms for calcined Ni
modified 13X and 5A zeolite catalysts with different Ni precursors are
shown in Fig. S. 3 (supplementary material). The XRD patterns indicate
that the crystal structure of 13X (cubic Faujasite) zeolite is maintained
after the modification by precursors nickel nitrate, nickel citrate and
nickel acetate. Similarly, the crystal structure of 5A (cubic) zeolite did
not change after the modification by nickel nitrate. The peaks for NiO
cannot be distinguished in the XRD patterns. This could be due to a too
low amount of NiO peaks overlapping with those from the zeolites, or
the presence of NiO as amorphous or nano sized material leading to
peak broadening [39].
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Fig. 3. STEM images (left pictures), Na (gold), Ca (light blue) and Ni (red) maps of Ni-zeolite catalysts with different Ni precursors (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

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

SEM was used to investigate the morphology of pristine (fresh) 13X
and 5A zeolites and Ni modified 13X and 5A zeolite supported catalysts.
Scanning electron micrographs of fresh 13X and 5A zeolites are shown
in Fig. 1. The 13X zeolite showed relatively large agglomerates (around
2 um) which are composed of its characteristic smaller fibrous crystals
[17], while 5A zeolite showed regular cubic crystals with more distinct
edges. The crystal morphology of a spent sample, e.g. 5%Nil3X-Cit-
Spent was also similar to that of fresh 5%Nil3X-Cit, clearly indicating
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that the CO, methanation reaction did not alter it.

EDX results for catalysts are shown in Table S. 2 (supplementary
material). It can be observed that the actual loading of Ni varies slightly
for the different nickel precursors. The Ni content was 3.16% mass for
the catalyst 5%Nil13X-Nit, and 3.52% mass for 5%Ni-13X-Cit. The Na
and Ca content is very different for the fresh 13X and 5A zeolites which
is reflected in the Ni modified 13X and 5A zeolite catalysts [40,41]. The
presence of Ca, Mg and Na in the fresh (pristine) 13X, 5A, Ni- modified
5A and 13X (Table S. 2) contributes to the formation of basic sites in
line with the increase of the pH during the impregnation process.
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Fig. 5. H,-TPR profiles of Ni-zeolite catalysts with different calcination tem-
peratures.

3.1.3. Transmission electron microscopy (TEM)

TEM was used to investigate the NiO particle size distribution.
Moreover, the textural properties of the fresh and calcined Ni modified
13X and 5A zeolites, their morphology and structure, were investigated.
The TEM images of 5%Nil13X-Cit and 5%Ni5A-Cit prepared by nickel
citrate are shown in Fig. 2 (TEM figures for other catalysts can be found
from Fig. S. 4 (supplementary material)). The TEM images show the
characteristic uniform structures of 13X and 5A zeolite, as well as the
dispersed NiO particles on the external surface of 13X and 5A zeolite
framework. It can again be observed from the TEM results that the Ni
precursors (nickel nitrate, nickel citrate and nickel acetate) did not
influence the morphology of 13X and 5A zeolite.

There are clearly two different kinds of particles present in the
sample, lumpy ones, presumably resulting from the precipitation during
the drying step in the impregnation procedure, and very small and well
dispersed ones aimed for by the impregnation process. The lumpy ones
are too big, tens of nm, to fit inside the pores of the zeolites. The che-
lating capacity of citrate and acetate is probably leading to the smaller
size as compared to nitrate [20,42]. Furthermore it has been reported
that nickel citrate may leave a highly viscous, adhering film on the
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Fig. 6. The catalyst acidity distribution calculated based on the results of NH3-
TPD.

surface which breaks up and decomposes during calcination, resulting
in a large amount of small NiO particles [39,43].

3.1.4. STEM-EDX

The STEM micrographs depicted in Fig. 3 show the NiO dispersion
on and partly in the catalysts. The NiO dispersion is influenced by the
properties of the support, e.g. the structure, pore size and crystal size of
the zeolite and the precursor. Very small nano Ni (after reduction)
particles (< 1—2nm) are invisible in these TEM images, but still show
high catalytic activity in reactions, due to their high surface free energy
[44]. To further investigate the dispersion of the Ni (NiO) particles in
5A and 13X zeolite based catalysts, elemental mapping was carried out
using STEM, equipped with EDX Micro -Analysis (STEM-EDX).

The STEM elemental mappings, Na (gold), Ca (blue) and Ni (red), of
Ni-zeolite catalysts with different Ni precursors are shown in Fig. 3. Ni
is rather well dispersed on and in 13X zeolite for nickel nitrate, nickel
citrate and nickel acetate precursors, however, the smallest Ni clusters
can be clearly observed for the catalyst synthesized with the citrate
precursor. The 5%Ni5A-Nit and 5%Ni5A-Cit catalyst, have pre-
dominantly Ni on the cubic crystal outside surface of 5A zeolite in an
eggshell fashion (Fig. 3), this “eggshell” could correspond to the smaller
crystallites or particles observed from SEM results of Ni 5A catalysts
(Fig. 1). Clearly the precursors were too big to enter the 5A pores, as is
further indicated by the deviating more homogeneous distribution of Ca
and Na.

3.1.5. Nitrogen physisorption

The specific surface area of fresh zeolites and catalysts was de-
termined using nitrogen adsorption. The surface area of 13X and 5A
was determined to be 685 m?/g and 692 m?/g, respectively. After the Ni
modification, the catalysts had a lower surface area compared to the
fresh 13X and 5A zeolites (See supplementary material Table S. 4). A
plausible reason for decrease in the surface area is pore blocking. For
the 13X based catalysts, it is especially noteworthy that the surface area
decreased significantly less when the citrate precursor was used. For the
more efficient 13X supported catalyst the surface area dropped from
685m?/g to 611 m?/g with citrate precursor while 361 m?/g was ob-
tained with the nitrate precursor. The observed decrease in surface area
was not as great with the 5A supported catalysts when nitrate was used,
which supports the observation made with STEM-EDX that the nickel
precursors did not penetrate the pores of the 5A efficiently. The external
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Fig. 7. TG/DTA curves during thermal calcination under air for uncalcined Ni 13X samples prepared using nickel nitrate, nickel citrate and nickel acetate.

Table 1
Analysis summary of the TG/DTA results in Fig. 7.

Sample First mass loss” Second mass loss” Total mass loss
wt.%
Mass loss  Peak °C  Mass loss Peak °C
wt.% wt.%
Unc-5%Nil3X- 16.92 150 3.36 301 20.28
Nit
Unc-5%Nil3X- 19.09 140 7.29 300 26.38
Cit
Unc-5%Nil3X- 13.23 148 5.79 279 19.02

Ace

2 Mass loss from room temperature to end of 250 °C.
> Mass loss from 250 °C to end of 400 °C.

surface area of the parent zeolites was determined from the t-plots to be
44 m?/g and 45 m?/g for 13X and 5A, respectively. It can be concluded
that external surface area does not explain the differences observed
between the zeolites. The impregnation did not influence significantly
the external surface area e.g. it decreased for the most efficient 5%
Nil3X-cit from 44 to 40 m?/g. The surface area measurements support
the observations made with STEM-EDX. The Ni was deposited mainly
on the external surface of 5A zeolite while for 13X, the nickel precursor
is able to more efficiently penetrate into the pores of zeolite. Moreover,
the use of nickel citrate seems to results in smaller clusters inside the
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pores of zeolite resulting in retaining a higher surface area.

3.1.6. H,-Temperature programed reduction (TPR)

The TPR profiles of Ni-zeolite catalysts prepared by different Ni
precursors and different calcination temperatures are displayed in
Figs. 4 and 5. The reduction behavior of the catalyst and the relative H,
consumption can be found in Table S. 5 (supplementary material). It
can be seen that with increasing calcination temperature the TPR signal
evolves from a quasi-single peak to a broad band of peaks extending to
higher reduction temperature. For the catalysts prepared by different Ni
precursors (Fig. 4), 5%Nil3X-Nit shows a wide and intense peak at
around 420 °C, while all the others have two peaks in the same tem-
perature range, one appearing at around 330 —350 °C and another at
around 460—530°C. This may indicate that different Ni precursors
result in Ni oxides being formed at different reduction sites on or in the
zeolite cages. The peak at 330 — 350 °C could correspond to NiO parti-
cles located outside of the zeolite cages and are more easily reduced,
while the peak at 460 —530 °C may correspond with NiO particles lo-
cated within the zeolite super cages [30,31,45]. The reduction peaks of
5%Ni13X-Cit and 5%Ni5A-Cit at around 340 °C are strong, which in-
dicates that more Ni oxides were located outside the 13X and 5A zeolite
cages, compared to the catalysts prepared from nickel nitrate and nickel
acetate.

The diameter of the Ni?* (H,0), ion [46,47] is similar or bigger than
the pore diameter of 13X zeolite (7.4—11 A) [17,48,49] and 5A zeolite
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Fig. 8. CO, conversion (left) and CH,4 selectivity (right) using catalysts with different Ni precursors (reduction at 500 °C, 4 h), 0.9 g, 150 mL/min N, 40 mL/min H,,

10 mL/min CO».
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(4.3-54) [1 7,49]. Nickel citrate and acetate complexes (especially the
nickel citrate complexes) are both too big to enter zeolite 5A but may
enter zeolite 13X during the catalyst preparation [50]. This is also a
plausible reason why Ni was predominantly found on the surface of 5A
cubic crystals (Fig. 3) as compared to the 13X particles.

The calcination temperature seems to influence the NiO reduction
property significantly (Fig. 5). A very sharp and strong reduction peak
is observed for 5%Nil3X-Nit-300, which was calcined at 300 °C, while
the catalysts calcined at higher temperature display a weaker and
broader peak at around 400 °C and another at around 570 °C. Thus a
higher calcination temperature results in clustered or sintered NiO
particles located in the 13X cages.

3.1.7. Temperature programmed desorption of ammonia (NH3-TPD)

The acidic properties of Ni-modified 13X and 5A zeolite catalysts
were studied using temperature programmed desorption of NH3-TPD.
The comparisons of the pristine proton forms 13X and 5A zeolite sup-
ports were carried out with those of Ni-modified 13X and 5A zeolite
catalysts. The most notable observation was that the total acidity only
changed little, weak acidity is similar for all samples, medium acidity is
virtually absent for the 13X series and the strong acidity is similar for
all. On the whole, the 5A derived catalysts are more acidic than the 13X
counterparts. The low temperature peaks are attributed to the Lewis
acid sites and high temperature peaks (400 —600 °C) are attributed to
the Brgnsted acid sites. Some peaks were also observed in the tem-
perature range of 600 — 800 °C, these peaks are attributed to extra-fra-
mework aluminum species (Al-OH), (Al-OH), and silanol groups
(SiOH), (SiOH),. The extra-framework silanol groups are formed due to
dehydroxylation reaction at high temperature (600 —800 °C).

The catalyst acidity distribution calculated by the results of NH3-
TPD is shown in Fig. 6 (NH5-TPD profiles and detailed calculation re-
sults can be found from supplementary material Fig. S. 5 and Table S.
3.). The type of nickel precursor used for the synthesis of Ni modified
13X and 5A zeolite catalysts was observed to influence the total acidity
only slightly, but there is a trend when looking in detail. The 5%Nil3X-
Nit catalyst prepared using nickel nitrate aqueous solution exhibited
highest total acidity. The total acidity of the Ni- modified catalysts
followed the pattern: 5%Nil3X-Nit > 5%Nil3X-Cit > 5%Nil3X-Ace.
The 5%Ni5A-Nit catalyst showed the highest total acid sites (137 pmol/
g). The amount of total acid sites for Ni modified 5A zeolite catalyst
followed the similar pattern as that of Ni modified 13X zeolite.

3.1.8. Thermogravimetric/differential thermal analyses (TG/DTA)
The TG/DTA was performed to investigate zeolite supported
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catalysts’ calcination behavior, the results are shown in Fig. 7. It can be
observed that the mass of the samples is close to constant after 3h of
calcination under air atmosphere at 400 °C. There are two main mass
loss stages with the temperature increase. One is from room tempera-
ture to 250 °C, which corresponds to the desorption of water and other
gases in zeolite 13 x . This was followed by another main mass loss
after 250 °C for the three samples, which corresponds to the decom-
position of nickel nitrate [51], off-burning nickel citrate [52] and off-
burning nickel acetate salt (or their intermediates) [53]. It was ob-
served that the mass loss of Unc-5%Nil3X-Cit and 5%Nil3X-Ace in the
second stage is much more severe than 5%Nil3X-Nit (Fig. 7), and the
mass loss of 5%Nil3X-Nit is less than the others (Table 1). This is due to
the different decomposition reactions of the Ni precursors. The very
sharp exothermic burning stage (second peak) of Unc-5%Nil3X-Cit and
Unc-5%Nil3X-Ace can be observed from Fig. 7, while Unc-5%Nil3X-
Nit did not have the exothermic stage.

3.2. Experiments for catalysts performance on CO, methanation in a fixed
bed reactor

3.2.1. Catalyst activity and selectivity

Ni- modified 13X and 5A zeolite catalysts activity and selectivity
were tested in a lab scale fixed bed reactor system, and the results are
shown in Figs. 8 and 9. The catalyst performance comparison with the
results from literatures can be found in Table 2.

The CO, conversion at each temperature was the average value
based on GC measurements for five times, which were stable after the
zeolite absorbed some water under the experimental condition. The
error bars in these figures show that all test results have a good re-
producibility. As the catalyst was already saturated with water before
activity and selectivity data was taken, adsorption enhancement can be
excluded from the data. The thermodynamic equilibrium conversion of
CO, was calculated to compare with the performance of the catalysts. It
can be observed, that the CO, conversion is very close to the equili-
brium value for most catalysts at 440 °C and for the most active cata-
lysts rather close even at 320 °C. As the sorption enhancement effect of
the zeolites was intentionally suppressed in this study to obtain com-
parable results with other catalysts, e.g. the conversion of the most
active catalysts decreases after 320 °C due to the thermodynamic lim-
itations. Moreover, all the curves of CO, conversion in Fig. 8 show a
similar trend with increasing temperature, as the conversion increases
dramatically from below 20% to near equilibrium followed by a de-
crease due to equilibrium limitations. The reaction is limited by kinetics
at low temperature [14] and by thermodynamics at high temperatures
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Fig. 10. CO, conversion (left) and CH, selectivity (right) of 5%Nil13X-Cit at 360 °C with 150 mL/min N5, 40 mL/min H,, 10 mL/min CO,.
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[38].

Overall (Fig. 8), the CO5 conversion orders are 5%Nil3X-Cit > 5%
Nil3X-Ace > 5%Nil3X-Nit, 5%Ni5A-Ace 5%Ni5A-Nit > 5%Ni5A-
Cit. The CH, selectivity orders are 5%Nil3X-Cit > 5%Nil3X-Ace > 5%
Nil13X-Nit, 5%Ni5A-Cit 5%Ni5A-Ace > 5%Ni5A-Nit. Ni13X zeolite
catalysts made from nickel citrate and nickel acetate display a better
conversion than all the other catalysts in the temperature range
240 —440 °C. Even though most 5A zeolite supported catalysts display
high CH, selectivity at low temperature (selectivity (100-x)% means x%
CO is formed), the performance (conversion and selectivity) of the 5A
zeolite supported catalysts are inferior to those of 5%Nil3X-Cit and 5%
Nil3X-Ace, at temperatures around 320—360 °C. This may be attrib-
uted to a combination of acidity and particle size. Particles are formed
inside the pores of 13X and they naturally possess a narrower particle
size distribution compared to the particles, which are formed on the
surface of the zeolite particles. Weak acidity inside 13X favors the in-
teraction with CO,. Additionally, according to the CO, methanation
mechanism, more cations (e.g., Na*, Mg?*) in 13X zeolite may con-
tribute the higher CO, adsorption thereby higher higher conversion
during CO, methanation [54].

For Ni 5A zeolite catalysts, more Ni was located outside the 5A
crystal surface and not homogenously distributed as with the Ni 13X
zeolite catalysts (Fig. 3). The small particles dispersed homogenously
on zeolite are believed to be the most effective in CO, methanation.
Additionally, the catalyst selectivity for CH;, may be associated with the
weak acidity of catalysts [55]. 5%Nil3X-Cit has the highest weak
acidity, which may be one reason why it has the highest CHy selectivity
among the Ni- 13X catalysts prepared with different Ni precursors. 5%
Ni5A-Nit, 5%Ni5A-Cit and 5%Ni5A-Ace have a close value of weak
acidity (Fig. 6), which may result in the close CH, selectivity values.

In conclusion, nickel citrate is clearly an interesting Ni precursor for
preparing Nil3X zeolite catalysts with the evaporation impregnation
method for CO, methanation.

The catalyst’s calcination temperature is an important factor for
catalyst activity, since the calcination procedure is a key factor for the
growth of metal sites. Too high temperatures may lead to the sintering
of the active metal and reduce the number of active sites. The calci-
nation temperature influenced the conversion of CO, and selectivity
towards CH, An optimum was found at 400 °C as displayed in Fig. 9 as
higher or lower temperature resulted in lowered activity and se-
lectivity.

3.2.2. Catalyst stability
The catalyst stability in conversion and selectivity experiments were
carried out in the same fixed bed reactor system. The CO, conversion
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and CH4 selectivity of 5%Nil13X-Cit at 360 °C are shown in Fig. 10 for
two different catalyst loadings (0.2 g and 0.9 g). The experiment em-
ploying a lower catalyst amount was performed to decrease the con-
version below the equilibrium. The results for conversion and se-
lectivity are similar to its counterpart in Fig. 8, taking into account that
the temperature in Fig. 10 is fixed. 5%Nil13X-Cit had an excellent sta-
bility at 360 °C and it displayed high CH, selectivity (above 96%).

4. Conclusions

Ni- modified 13X and 5A zeolite catalysts were synthesized using
the evaporation impregnation method. The effect of Ni precursors and
calcination temperature on the physico-chemical properties, and the
catalytic performance in CO, methanation were investigated. The
physico-chemical properties of the 13X and 5A zeolite, and Ni modified
zeolite catalysts were characterized using XRD, SEM-EDX, TEM, STEM-
EDX, N, physisorption, H,-TPR and TPD-NHj. The physico-chemical
characterization results show that the crystal structure of 13X and 5A
zeolites stays intact with all precursors. Nickel citrate combined with a
rather low calcination temperature leads to Ni modified 13X and 5A
zeolite catalysts which can be easily reduced at lower temperature
compared to the other Ni 13X and 5A zeolite catalysts made with
acetate and nitrate. The 13X supported catalysts outperformed the ones
synthesized with 5A mainly due to the better penetration of the metal
precursors into the zeolite structure. The nickel citrate precursor re-
sulted in better dispersion compared to nitrate and acetate, which re-
sulted also in better performance. 5%Nil3X-cit zeolite catalyst pre-
pared with nickel citrate showed high activity and CH, selectivity in the
Sabatier reaction at remarkably low temperatures and the catalyst
displayed good stability. The current work clearly shows how the se-
lection of precursor can influence the properties of a nickel modified
catalyst.
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