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Hydrogen is a highly promoted carbon-free energy carrier that has drawn significant attention recently due to its
potential to decarbonise energy sector. More than three-quarters of hydrogen is currently produced via steam
methane reforming (SMR), and nickel-based catalysts are used in most applications. Structured catalysts have
been reported to be able to further improve catalyst performance as they can optimise heat and mass transfer, as
well as prevent coke formation with its structural and textural proprieties. Silicon carbide (SiC) has excellent
hardness, thermal conductivity, and chemical inertness, therefore is a promising material to develop structured
nickel-based monolithic SiC catalysts for SMR. In this work, a structured monolithic catalyst support has been
formed by a modified freeze-gelation method, initially starting from SiC powder, and nickel has been distributed
to form a monolithic nickel-based catalyst by wet impregnation. The results showed that the catalysts can
achieve thermodynamic equilibrium at 600 °C with a gas hourly space velocity (GHSV) of 10,000 h™!, while
reaching a high methane conversion of 86% at 800 °C and GHSV value of 20,000 h™! during the performance
tests using low feeding concentration and low pressure. This is the first time SiC catalytic materials have had
their performance demonstrated for SMR under realistic operating conditions.

1. Introduction

Hydrogen is an alternative to traditional energy carriers as it has high
gravimetric energy density and does not release greenhouse gas emis-
sions upon combustion. Therefore, it is expected to play a significant
role in decarbonisation of energy sector if produced through low-carbon
processes [1]. However, most of the 94 Mt of hydrogen produced
annually was from fossil fuels via a mature technology — steam methane
reforming (SMR) and resulted in a high amount of carbon dioxide is
emitted at the same time [2]. This dominant process is based on the
endothermic reforming of methane (Eq. (1)), the produced syngas then
undergoes the water-gas shift reaction to upgrade the Hy content (Eq.

(2)):
CH, + H,0 < CO + 3H,AH,o, = +206kJ  mol™' @

CO + Hy0 < CO, + HyAH,y = —41kJ © mol™ 2

In commercial applications, the SMR process typically requires se-
vere conditions (800-1000 °C, 8-35 bar) using various catalysts filled in
a fixed bed externally heated tubular reformer [3]. Also, the gas space
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velocity of industrial process was relatively high, usually greater than
10,000 h™! for SMR [4]. Some physical and chemical properties of
catalyst are critical to SMR, such as its metal content, porosity, and
particle size, which are all optimised to improve process performance
[5]. The most widely applied catalysts for SMR are nickel-based cata-
lysts, due to nickel’s relatively inexpensive price and good activity [6,7],
and many studies have tried to improve its catalytic performance by
additive doping, producing novel bi-metallic, multi-metallic catalysts or
composites [8]. Researchers of SMR catalysts have mostly focussed on
methane conversion and carbon monoxide selectivity and tend to only
achieve low methane conversion and low hydrogen yield when utilising
low operating temperature and pressure [9]. Some researchers have
developed catalysts containing high content of nickel (over 60%) and
reported a correspondingly high methane conversion and hydrogen
yield, when the gas space velocity was great than 10,000 h™!, however,
the operating temperature remained high (over 800 °C) and the
methane feed was pure [10]. Therefore, a novel nickel-based catalyst is
needed, which can demonstrate good catalyst activity in terms of
methane conversion and hydrogen yield for SMR, with a lower energy
consumption, a lower cost, and a closer flow conditions to realistic
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process conditions.

Structured catalysts are innovative for catalyst development as they
can help understand the relations of essential parts in the reaction [11],
as SMR is a complex system containing momentum, materials, mass and
heat balances. The monolithic catalysts have several advantages: (1)
with the porous structure and channels, mass transport and mixing de-
gree are enhanced, while material concentration differences can be
axially evened without radial diffusion; (2) using high thermal
conductive material, heat conduction is improved; (3) the pressure drop
of monolithic reactors is low, depending on its structural design [12,13].
Also, some nickel-based catalysts were reported to inhibit coke forma-
tion under SMR due to its porous structure [14].

Materials choice is a key factor in catalyst design for SMR, and silicon
carbide (SiC) is a highly feasible candidate material that can be syn-
thesised into structured monoliths [11]. SiC exhibits many optimal
physical and chemical properties, such as high thermal conductivity,
high mechanical strength and chemical inertness [15,16]. SiC can play
two different roles in a catalytic system: as a diluent / in-bed thermal
ballast, for example, some researchers used SiC powder as a catalyst
dilution agent to improve bed’s heat transfer [17-19]; as a catalyst
support, such as the SiC monoliths [20]. Formed with this material,
structured SiC monoliths enable excellent axial and radial heat transfer
[11], which is hard to achieve with conventional materials that are often
low thermal conductivity ceramic materials, and the endothermic SMR
process can benefit from these highly thermally conductive materials
with a consequent improvement of its performance and reduction in
heat transfer resistance and hot spot minimisation [21]. Meanwhile,
structured SiC monoliths can maintain it highly porous structure during
the SMR process as no thermal, mechanical shock and corrosion can
occur or with minimum influence. Moreover, active metals including Pt,
Rh, Ru and Ni were reported to have good stability on the surface of SiC
[15,16]. Researchers chose SiC as the support materials of catalysts,
designed for many different mechanisms including steam reforming of
methane [1,21-25], propane [26,27], methanol [28-30], ethanol [31,
32], or other reforming mechanisms, but they may only focus on the
material.

In this work, a novel nickel based monolithic SiC catalyst was
designed, prepared and tested for the SMR reaction. The design was
focused on its controlled macroporous structure. To better understand
how the structured monolithic catalyst works under SMR conditions, a
fixed-bed reactor was used to evaluate its performance, under strict
operating conditions: high space velocity, low feeding concentration,
low temperature and pressure. The performance of the catalyst was then
compared with other structured SiC catalysts in literature. The results
showed that the monolithic catalysts can work efficiently in harsh but
realistic operating conditions, especially at low SMR temperature, and
performed better than other nickel-based structured SiC catalysts
designed for steam methane reforming.

2. Experimental
2.1. Materials and catalyst preparation

Silicon carbide powder (alpha-phase, 99.8% metals basis) was pur-
chased from Alfa Aesar and its mean particle size and surface area were
2pum and 9-11 m%/g, respectively. Aluminium oxide (alpha phase,
99.95% metals basis) and zirconium oxide (calcined, 99%) from Alfa
Aesar were used as sintering aids. Gelatine (Type A) was purchased from
Sigma Aldrich with a bloom number of 175.

The freeze-gelation method developed by Fukushima et al. [33] was
applied for the catalyst support preparation with simplifications in
mixing process. For the monolithic catalyst preparation, a 10 wt%
gelatine solution was prepared under 35 °C with 200 rpm magnetic
agitation. The gelatine can stock high content of water when it was
dissolved into water at 30-35 °C. Sintering aids were primarily mixed
with silicon carbide powder by the dry mixing method with a SiC:Al,Os:
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ZrOy mass ratio of 96:2.4:1.6 [33]. Then, this powder was slowly added
into gelatine solution with a volumetric solid/solution ratio of 1:3, and
the mixture was continuously agitated for another 10 min to obtain a
homogenous slurry. The slurry was poured into a plastic mould (made
by 3D printing) and then transferred immediately to a freezer and frozen
at — 18.5 °C overnight and then lyophilised at — 50 °C and 0.1 mbar for
48 h. Small ice crystals were formed and it can be used as the sacrificed
templates to create pores [34]. After removing from the plastic mould,
the dry monolith was calcined in air at 600 °C in a muffle furnace for 4 h
(heating rate 1 °Cmin~ 1) to remove all organic compounds [33].
Finally, the calcinated monolith was sintered under nitrogen at 1400 °C
in a tubular furnace for 4 h (heating rate 5 °C~min’l) [35]. ‘SiC-M’ was
used to denote the SiC monoliths.

The wet impregnation technique was chosen to deposit NiO crys-
tallites over the monolithic SiC support (SiC-M) because of its ability to
achieve an even coating across the pore surface area. For single monolith
impregnation, 1.59 g, 7.95 g or 15.91 g of Nickel(Il) nitrate hexahydrate
(Ni(NO3)2e6 H5O, 99%, Thermo Scientific) was transferred into a
beaker and dissolved in 49.41 g, 47.05 g or 44.09 g of deionized water
to create a precursor solution with a desired concentration (2 wt%,
10 wt% or 20 wt%, respectively). The monolith was then immersed in-
side the precursor solution with the help of a vacuum pump for 1 min
until no air bubbles came out and impregnated in the same solution at
80 °C for 6 h with 100 rpm agitation to avoid impacting its structure.
After impregnation, the monolith was dried overnight at 80 °C and then
calcined at 600 °C in a muffle furnace for 4 h (heating rate 5 °C-min*1).
Depending on the concentration of precursor solutions, ‘2Ni/SiC-M’,
‘10Ni/SiC-M’ and ‘20Ni/SiC-M’ were used to denote the monolithic
catalysts prepared with 2 wt%, 10 wt% and 20 wt% solutions, respec-
tively. The monolithic catalysts were denoted as ‘xNi/SiC-M’ which x
refers to the precursor concentration (x = 2, 10, 20). Metal loading was
evaluated using mass balance of coating agent before and after the
thermal treatment of impregnated samples.

2.2. Catalyst characterisation

The volumetric density of SiC-M was evaluated using its definition
(Eq. (3)) considering both monolith and pores inside. SiC-M monolith
was formed into a cylindrical shape with dimensions of 20.2 + 0.18 mm
diameter and 16.8 + 0.20 mm height.

Monolith

3)

Prmonolith =
Vinonolith

The nickel loading of Ni/SiC-M catalysts were evaluated using the
mass balance of nickel before and after calcination of the catalysts, by
assuming nickel nitrate on surface of SiC-M was completely decomposed
to be nickel oxide, and no change in composition of SiC-M supports.

Mercury intrusion porosimetry (MIP) was applied to measure
porosity, pore size distributions and pore structural proprieties using a
Micrometric AutoPore IV 9500. Nitrogen adsorption isotherms were
obtained at 77 K using 3P Meso 222 to estimate Brunauer, Emmett and
Teller (BET) specific surface area of SiC-M and fresh catalysts. Scanning
electron microscopy (SEM) coupled with energy dispersive X-ray spec-
troscopy (EDS) were conducted using Tescan Vega 3 instrument at 20 kV
to obtain the morphology data of catalyst supports and metal surface
distribution of fresh and spent catalysts. X-ray powder diffraction (XRD)
was also performed with a Siemens D5005 diffractor to evaluate the
different phases and crystallite structural data of catalysts. The scanning
was performed with 20 varying between 5° and 90° with a step of
1.2°-min"!. Temperature programmed reduction (TPR) was carried out
with TA SDT 650 model. Around 30 mg sample was treated under a flow
of 1.5% of Hy (balanced with N») with a flow rate of 83 mL-min~! and
the operating temperature range was between 200 and 800 °C with a

heating rate of 10 °C-min~L.



Z. Shen et al.
2.3. Catalytic performance test

A fixed-bed reactor was used to evaluate the catalytic activity and
performance of monolithic nickel based SiC ceramic catalysts. A gas
feeding system, a steam generation system, a gas cooling and drying
system, a control system and a gas measurement system were also
connected to the reactor. The reactor configuration is shown in Fig. 1.

A gas mixture of 10% of methane (balanced with nitrogen) from BOC
was used as the feedstock for catalytic tests, while another gas mixture of
10% of hydrogen (balanced with nitrogen) from BOC was used for in-
situ catalyst activation. Three mass flow controllers (Bronkhorst UK)
were used to introduce the gases (N3, CH4/N3, Hy/Ny) into the reactor. A
high-performance liquid chromatography (HPLC) pump (Jasco, model
PU1586) was used to introduce deionised water to a steam generator
and N, was used as the carrier gas. The sample was placed in the centre
of reactor in an inert quartz liner, two layers of quartz wool (bottom and
top) were used to keep the catalyst in position. Bed temperature was
monitored by a K-type thermocouple and was operated in the range of
600 and 800 °C depending on the test being performed. All gases were
preheated and maintained at over 100 °C to prevent condensation.
Steam concentration was cross checked by measuring relative humidity
with a humidity probe (Vaisala HMT330 series).

The exhaust gas was cooled down by a water-cooled condenser and
the remaining moisture was removed with a CaCl; packed bed. A sample
of the dried gas was sent to the gas measurement system consisting of
two continuous multi-gas analysers (ADC MGA3000 model) to deter-
mine gas composition of CHy4, CO, CO5 and Hs. These analysers were
able to measure the gas composition at the gas analyser almost in real-
time (response time ~4 s) at one second intervals.
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Fig. 1. Fixed bed reactor configuration utilised in this study.
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In this work, samples were activated by 10% Hj in N5 at 600 °C until
no water is generated. Each test was conducted with a fixed molar
steam/carbon ratio of 3, and the pressure of gases were maintained at
1 bar. The in-situ gas hourly space velocity (GHSV) was calculated as gas
flow rate per total volume of monolithic catalysts and controlled in each
test, varying from 10,000 to 25,000 h™!. These GHSV values represented
relatively high space velocities in the fixed bed system but were selected
to represent realistic operating conditions within a reformer. A table
summed up the operating conditions of different samples and gas space
velocity was given as below (Table 1).

Methane conversion (Xcp,), hydrogen yield (yu,), hydrogen selec-
tivity (sy,) and carbon monoxide selectivity (sco) were calculated using
(Egs. (4-7)):

Feny, — Fetty o

CH, conversion (%) = x 100% 4)
FCHazn
Hy yield (%) = — 2 100%
, yield (%) = TeFon. X A 5)
.. FHz.mu
H, selectivity (%) = x 100% (6)

Friy s T Fcou, + Fcos

F

CO selectivity (%) = ——2" x 100% %)
Feo, + Fcos

In which F;;, and Foy (i = CH4,H2_C027CO) represent the molar

flowrate of gas species i in the feeding and exhaust streams.
3. Results and discussion
3.1. Characterisation of catalysts

3.1.1. Volumetric density of monoliths and nickel loading

The fresh SiC ceramic support (SiC-M) was grey in appearance with
pores and channels visible on the surface, and after impregnation it
maintained its shape but the colour darkened slightly. The SiC-M can
float on the surface of DI water as the volumetric density of SiC-M was
found to be 0.33 + 0.014 g/cm?®, which was about one third of water
(0.997 g/cm?® at 25 °C).

Table 2 shows the amount of nickel oxide coated on the surface of
monoliths for two different precursor concentrations used for further
tests. The nominal nickel contents are equal to the concentration of
nickel precursor used for impregnation. For 20Ni/SiC-M, 3 samples were
prepared and used to calculated absolute nickel loading. The nickel
loading was 0.41 + 0.018 g (in NiO) and 21.4 + 0.5% (in wt% NiO).
These results showed that the applied wet impregnation method was
able to distribute nickel on the surface of SiC-M steadily. However, it
was difficult to achieve the same loading of nickel in impregnation so-
lution when it was used to prepare 10Ni/SiC-M and 2Ni/SiC-M.

3.1.2. Porosimetry of monoliths

Some critical structural and textual properties of SiC-M was shown in
Fig. 2. SiC-M was highly porous and exhibited a complex structure be-
tween pores and channels. For mass transportation, the permeability

Table 1
Operating conditions of catalytic activity tests.
Samples Nominal nickel loading (wt% nio) GHSV (h™1)*
2Ni/SiC-M 2 20,000
10Ni/SiC-M 10 20,000
20Ni/SiC-M 20 25,000
20,000
15,000
10,000

# The gas hourly space velocities were calculated using ideal gas equation.
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Table 2
Nickel loadings on SiC monoliths.

Nickel solution concentration Amount of nickel Amount of nickel (Wt%

(Wt%) (8nio) Nio)
2 0.02 1.3
10 0.17 9.2
20 0.41 21.4

and tortuosity data showed that the SiC-M may have a high pressure
drop, but that may also lead to a longer contact time of gas compounds
with active sites on the surface of materials once nickel was loaded.
Fig. 2 also shows the pore size distribution of SiC-M indicating a largely
macro-porous structure designed to assist with mass transport of the
products and reactants.

3.1.3. Specific surface area of monoliths and catalysts

The specific BET surface areas (m?/g) of SiC-M and various stages of
the 20Ni/SiC-M catalysts are shown in Table 3. Silicon carbide has been
claimed as a ‘low surface area’ material by others [36], herein, the BET
surface area of SiC-M was comparable with the fresh SiC powder
(9-11 mz/g). It was observed that the BET surface area of SiC ceramic
support decreased by nearly 30% after nickel metal was dispersed onto
the surface via the wet impregnation. This can be explained by the
possible blockage of open pores or channels by nickel crystallites [37].
The decrease of the BET surface area of reduced 20Ni/SiC-M can be
explained by the possible variation of textural properties when NiO
transformed to active nickel. The used catalysts seemed not to be
deactivated as the surface area of the used 20Ni/SiC-M had no signifi-
cant change compared to the reduced catalysts.

3.1.4. Morphology of monoliths and catalysts

SEM images of SiC-M were shown in Fig. 3(a), (b) and (c). The images
confirmed that highly porous structures were successfully created by the
modified freeze-gelation method, with pores and the surface connected
by structured tunnels. Pore sizes ranged from 70 to 140 um, which was
smaller than the range of pore size found by Fukushima et al. (147 pm in
average) [33]. Also, it can be observed that the surface of pores and
channels among the SiC-M was coarse (Fig. 3(c)), which may facilitate
the dispersion of metal on the surface. The rough surface of these giant
pores may explain the non-conformality of pore size data obtained from
MIP, as giant pores (70-140 um) were easier to be destroyed during the
preparation and measuring process of MIP.

It can be observed that the porous and coarse structure was main-
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‘spherical’ humps between 10 and 30 um were found on the surface.
Fig. 3(b) and (e) showed similar appearance with the presence of
‘spherical’ humps. The NiO layer may evenly encapsulate SiC monolith
when catalysts were not activated or used, and the morphology of NiO
layer obscured the morphology of monolithic support. After activation
or reforming under high temperature (600-800 °C), nickel nano-
particles were sintered or deviated from the surface of monolith and the
morphology of SiC monolith could reappear.

In Fig. 4, the mapping data highlighted the homogeneous distribu-
tion of NiO crystallites over not only the outer surface but also inner
pores of SiC ceramic support, for both fresh and used catalysts. Although
there was no additional oxidation stage to regenerate the spent catalysts,
silicon dioxide was found over the surface. It may be able to explain the
different morphology after the SMR process, as the oxygen from steam at
high operating temperatures can trigger SiC to form silicon oxide, but
only on the surface. In fact, SiC was found to react with steam to form
amorphous silica and methane via the reaction below (Eq. (8)), espe-
cially at reaction temperature above 500 °C and high pressure [38]:

SiC + 2H,0-Si0, + CH, 8

The oxidation of SiC in steam at 600-800 °C was likely to happen on
surface of monolith and the most fragile part of the structure was
collapsed and the ‘spherical” humps were made. These humps contained
a clump of SiC microcrystals (formed through Ostwald ripening) with a
thin layer of silicon oxide on the surface. The formation and growth of
SiC microcrystals by Ostwald ripening mechanism under high temper-
atures was also reported by Peng et al. [39], resulting in a variation in
morphology.

3.1.5. Crystallography of monoliths and catalysts

Powder X-ray diffraction patterns of SiC-M, fresh 20Ni/SiC-M cata-
lyst, reduced 20Ni/SiC-M and used 20Ni/SiC-M catalyst was obtained
and are shown in Fig. 5. The XRD profile of the SiC ceramic support
showed that a-SiC (20 = 34.1, 35.6, 38.1, 41.3, 54.6, 60.0, 65.6, 71.7
and 73.3°) has a hexagonal structure, as the preparation process had no
effect on SiC structure. The XRD pattern of fresh 20Ni/SiC-M catalysts
showed that the appearance of NiO (20 = 37.2, 43.3, 62.8, 75.4 and
79.4°) over SiC-M. Metallic nickel particles (20 = 44.4, 51.7 and 76.2°)
were found in the XRD data of the catalysts after reduction, revealing
that the metal sites were fully activated and the structured SiC-M

Table 3
Surface properties of catalyst support and catalysts.

tained after NiO was added to the surface (Fig. 3(a), (b), (c) and (d)). It SiC- Fresh 20Ni/SiC-  Reduced 20Ni/SiC-  Used 20Ni/SiC-
seems that the transformation of NiO to Ni active metal via H, reduction M M M M
and the steam methane reforming reaction had certain surface textural Sper (m%/ 11.26  8.01 6.52 6.91
impact over the catalysts’ morphology (Fig. 3(d), (e) and (f)), as g)
0.9
0.8
0.7
0.6
—_ Sample SiC-M
2 05 Porosity (¥
€ orosity (%) 784
o 04 Permeability (mDa) 183.4
3, 0.
% Tortuosity 19.25
% 0.3 Average pore diameter (nm) 764
0.2
0.1
0
10 100 1000

Pore Diameter (nm)

Fig. 2. Pore size distribution of catalyst support and its structural and textual properties.
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Fig. 3. SEM images of (a, b, ¢) monolithic SiC ceramic supports,(d) fresh catalysts, (e) reduced catalysts, and (f) used catalysts.

catalyst were allowed to be fully reacted with hydrogen through its
pores and channels. The similar XRD profiles of the ceramic support (260
= 34.1, 35.6, 38.1, 41.3, 54.6, 60.0, 65.6, 71.7 and 73.3°) and metallic
nickel particle (20 = 44.4, 51.7 and 76.2°) were identified from the XRD
for used 20Ni/SiC-M after 1 h SMR test, by the comparison with the
pattern of the reduced catalyst, there was no significant difference in
terms of material phases, showing a stable and sustainable structure of
catalysts during SMR. According to Scherrer’s law, the mean crystallite
size of NiO for fresh catalysts was calculated and was approximately
36.4 nm, and the mean crystallite size of nickel nanoparticles after
reduction was 48.0 nm. The variation in crystallite size of nickel may be
explained by the agglomeration and sintering of nanoparticles under
high temperature [40] and may also result in the increase of surface area
for reduced sample.

3.1.6. Reducibility of catalysts

The TPR profiles of the 20Ni/SiC-M catalysts are shown in Fig. 6. The
H, consumption was gradually increased when temperature ramped
from 350 °C, and a major reduction at around 420 °C was observed. A
similar optimal reduction temperature was reported for other nickel-
based supported catalyst, for example, Gao et al. observed a maximum
reduction peak at around 420 °C for nano-NiO catalysts over a-Al;Os,
and they suggested that the NiO particles were incorporate with the
pores of ceramic support [34]. For the monolithic SiC ceramic support, it
seems to have a similar reduction property compared with a-Al;O3, as
the mean crystallite size of NiO nanoparticles were similar (36.4 nm vs
32.8 nm, respectively) in this work and Gao et al.’s work.

3.2. Catalytic performance

As the methane feeding was already diluted with nitrogen to form a
10% CH4/N> mixture gas, there was no additional dilution of methane.
The mixed gas flowrate and deionized water flowrate were adjusted to
achieve the desired GHSV and steam to carbon ratio. The steam was
carried by nitrogen flow to the main reactor when the reaction tem-
perature was stable, and the mixture gas was introduced and replaced
the pure nitrogen when the relative humidity of exhaust gas was without
significant fluctuations.

A typical scenario of multi-gas measurement for the monolithic
catalysts was shown in Fig. 7, including multiple phases: (1) phase 1:

steam generation and stabilisation, by the end of phase 1, the mixture
gas of methane and nitrogen was used at carrier gas; (2) phase 2: dy-
namic reaction, gas compositions turned to be stable; (3) phase 3: steady
state, data was collected; (4) phase 4: post-reaction and purging. The
steady state was reached at the reaction temperature within tens of
seconds and stayed steadily for all gas compositions. Similar results were
obtained for different operating temperatures and with different batch
of monolithic catalysts.

3.2.1. Effect of gas hourly space velocity (GHSV)

Gas hourly space velocity (GHSV) is a key factor in judging scale up
potential for industrial applications of new catalysts. It is defined by the
ratio of gas rate per unit of catalyst, higher GHSV’s tend to lead to lower
conversion rates as they lower the residence time of the gas in the sys-
tem, however, they crucially increase the reactor throughput meaning
higher overall production rates. As shown in Eq. (9), GHSV is calculated
based on volumetric gas flow rate per hour divided by the volume of
catalysts.

>Q

catalyst

GHSV(h!) = (i = CH,, H,,CO,,CO,N,) 9

To achieve a different GHSV value, the feed rate of water and
methane/nitrogen mixture gas were adjusted to maintain the steam to
carbon ratio of 3. Fig. 8 shows the results for the comparison for four
GHSV values (10,000 h™1, 15,000 h™%, 20,000 h~!, 25,000 h™1) using
the monolithic catalyst 20Ni/SiC-M operating at 600 °C.

It can be observed that methane conversion and hydrogen yield
became lower when GHSV values rose, as lower GHSV value means
longer contact time for the reactants over the same number of active
sites. Methane conversion increased 15% to reach a high level of 77% for
a GHSV value of 10,000 h™!, meanwhile, hydrogen yield increased by
15% points to reach 65%. When GHSV value was set to 10,000 h'l,a
high CO selectivity of about 55% was also observed, and it reduced
significantly when GHSV became greater. Hydrogen selectivity did not
have significant variation, as it stayed around 77% for all GHSV values.

The thermodynamic equilibrium was calculated using FactSage™,
assuming in a batch reactor, 3 mol of steam and 1 mol of methane was
introduced under a total pressure of 1 bar. The methane conversion,
hydrogen yield at 600 °C were found 77.2%, 70.0%, respectively. In
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Fig. 4. SEM-EDS results of (a) fresh catalyst 20Ni/SiC-M and (b) used catalyst 20Ni/SiC-M.

fact, the GHSV value is zero for this thermodynamic equilibrium sce-
- nario, and the 20Ni/SiC-M catalysts exhibited a thermodynamic-level
eprenravis 0 acSic performance for carbon conversion, and it is not worthy decreasing
GHSV further to get closer to equilibrium as it would only achieve a

minor improvement.
o The GHSV describes how fast the gaseous reactants passed through
o o o the catalytic monolith, at higher GSHV’s, the residence time is lower and
there will be less chance that the active sites on surface of the material
o 0 " were used as there was a reduced frequency of successful collisions, and
J\_,A_.» S, unreacted gas will pass through unreacted. This can explain the
v increasing of carbon conversion when GHSV was reduced, as more
v v methane and steam molecules reacted over a longer contact time.
Esteves et al. studied the influence of space velocity for methane
I decomposition reaction over CoMo/MgO catalyst, and they found the
= b V. similar trends for methane conversion as the contact time between gas
20 e 40 = £0 70 £ 20 and catalyst were small when space velocity was high [41]. The final
renetl state of carbon and hydrogen is contingent on the balance between SMR
Fig. 5. XRD patterns of SiC-M, fresh, reduced and used 20Ni/SiC-M catalysts. and WGS (Egs. (1) and (2)) and the properties of catalysts. The selec-
tivity of hydrogen and carbon monoxide (CO) depends not only on the
final state of carbon and hydrogen but also the methane conversion. The
hydrogen selectivity will not be shown a significant variation when
hydrogen is the predominant gas in exhaust gas, as similar scenario was

O Nio
¥ Ni




Z. Shen et al.

——H, cumulative consumption - - - H, consumption rate

PE——

200 300 400 500 600 700 800
Temperature (°C)

Fig. 6. Temperature Programmed Reduction (TPR) showing hydrogen con-
sumption and consumption rates for 20Ni/SiC catalysts for a temperature range
from 200° to 800°C.

shown in Fig. 8, and that explains the similar hydrogen selectivity value
for all GHSVs. Theoretically, CO gas was easier exhausted and less
amount of carbon was converted to CO5 via WGS, as GHSV values
increased. This contradicted the results of CO selectivity of 20Ni/SiC-M.
However, the structural properties of monolithic catalysts may mitigate
the effects of high speed of the gaseous materials, and as a result, in-
crease the reactivity of SMR and WGS. Under high GHSV conditions
(>15,000 h™1), the impact of porous structure over CO selectivity seems
to be important as the value remained approximately constant (around
48%). Therefore, 20Ni/SiC-M catalyst displayed a high catalytic effi-
ciency of SMR when GHSV was at 10,000 h™?, and the transportation of
feed gases could benefit from its high gas permeability through its pores
and channels.

3.2.2. Effect of reaction temperature

In order to evaluate the catalytic activities of a catalyst for the
extreme conditions, a GHSV value of 20,000 h~! was chosen. The results
of conducted catalytic performance tests for all xNi/SiC-M catalysts
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(x =2, 10, 20) are shown in Fig. 9, in terms of methane conversion vs
temperature, hydrogen yield vs temperature, hydrogen selectivity vs
temperature and carbon monoxide (CO) selectivity vs temperature. For
all samples tested, 20Ni/SiC-M was chosen to evaluate the standard
deviation of monoliths’ structural and textural properties by three rep-
etitions using different 20Ni/SiC-M catalysts.

These results highlight how the SiC monolithic catalysts perform
under SMR conditions from 600 °C to 800 °C: both higher methane
conversion and hydrogen yield were found when operating temperature
rose. For the reference sample 20Ni/SiC-M, the highest methane con-
version obtained was about 86% with a highest hydrogen yield of over
68%, both were observed at 800 °C. When the reaction temperature was
between 650 °C and 750 °C, it seems to have a similar carbon conversion
and hydrogen yield which was around 80% and 66%, respectively.
These results were proved to be precise as the low standard deviations
was obtained. The activities of 20Ni/SiC-M were not far from the
equilibrium values, as the differences were 7-18% for methane con-
versions and 9-18% for hydrogen yields. The equilibrium data were
obtained via FactSage software applying a batch condition with the
presence of 1 mol of methane and 3 moles of steam under a total pres-
sure of 1 bar.

When reaction temperature rose, hydrogen selectivity decreased
slightly and the average value was around 78%. These data highly
approached the equilibrium level. CO selectivity increased significantly
from 48% to 76%, as reaction temperature rose from 600 °C to 800 °C.
Since SMR reaction is endothermic, increasing the reaction temperature
favours its mechanism and more CO were produced. In contrast, WGS
reaction is exothermic so less CO5 was produced when the temperature
increased. Fig. 10 shows the average compositions for exhaust gas (CHa,
H,, CO, COy) for the tests carried on with 20Ni/SiC-M. It can be observed
that CO increased from 8% to 15% while CO; dropped from 9% to 5%, as
temperature rose.

3.2.3. Effect of metal loading on SiC-M

Using the same GHSV value (20,000 h~1) and steam to carbon ratio
(3), a new series of catalyst performance tests was conducted with a
fresh 10Ni/SiC-M catalyst. The results, in terms of methane conversion,
hydrogen yield, hydrogen and CO selectivity were compared with pre-
vious results for 20Ni/SiC-M and also shown in Fig. 9.

It can be observed that the catalytic activity decreased when the
nickel loading reduced, but their differences were not as significant as
expected: only 5-9% for the comparison between 10Ni/SiC-M and 20Ni/
SiC-M, and only 6-12% for the comparison between 2Ni/SiC-M and
10Ni/SiC-M, in terms of methane conversions. For hydrogen yield, only
2-5% when 10Ni/SiC-M compared with 20Ni/SiC-M, and only 9-16%

T T

I T
_H2 —CO —CO2 —CH4 ——RH

Gas (Vol. % in dry basis)

0 100 200 300

400 500 600 700
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Fig. 7. Gas composition of exhaust gas for 20Ni/SiC-M (raw output) showing different phases of reaction at 700 °C.
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Fig. 8. Catalytic performances of 20Ni/SiC-M at 600 °C, S:C = 3, under different GHSV’s (a) methane conversion, (b) hydrogen yield, (c) hydrogen selectivity, and

(d) CO selectivity.

when 2Ni/SiC-M compared with 10Ni/SiC-M. The observed trend can be
understood, as lower nickel loading means less available active sites on
surface, with increasing number of active sites, the reaction rate boosts,
results in a high catalytic activity [42]. Herein, it would be much more
difficult for methane or steam molecules to occupy the sites properly and
reduces the frequency of potential successful collisions when there were
less available sites. However, from this data it seems that the adsorption
of reactants wasn’t influenced strongly as the number of sites reduced,
which could be because of the unsaturated occupation of available ac-
tives sites during the tests under severe operating conditions. Even
though the active sites on 2Ni/SiC-M catalyst were much fewer than
20Ni/SiC-M, as lower catalyst loading means a better dispersion of
nanoparticles on the surface [43], the contact time for the gas mixture
reacted over these sites was limited and many sites on surface of
20Ni/SiC-M were activated but stay unused. This work shows that a
loading of only 2 wt% of nickel crystallites can achieve a methane
conversion of 55-69% and reach 45-57% for hydrogen yield. Khzouz
et al. tested a commercial Ni/Al,O3 catalyst (nickel loading at 40%) and
they found a methane conversion of 78.2% under 600 °C, steam to
carbon ratio of 3 and 25 mL/min of pure methane [44]. It can be seen in
Khzouz et al.’s work that the extremely high loading of nickel and the
low gas velocity does lead to a higher methane conversion but doesn’t
necessarily represent realistic operating conditions or significantly
greater catalytic activity.

In terms of hydrogen selectivity, only minor differences for different
nickel loading were found at lower temperature (600-700 °C), which
was around 78%; as nickel loading was reduced the hydrogen selectivity
was slightly decreased when reaction temperature was high
(750-800 °C). The same trend of CO selectivity versus temperature was

found for monolith catalysts with different metal loadings. As the nickel
loading reduced, CO selectivity was reduced and approached the equi-
librium level. The CO selectivity at equilibrium reveals the CO and CO»
ratio thermodynamically with the absence of catalysts. It seems to
demonstrate that the high content of catalysts on Ni/SiC-M had high
selectivity on SMR reaction (Eq. (1)). More available active sites can
produce more CO gas via SMR, so catalysts with high nickel loading can
covert more carbon to CO rather than COj, resulting in a high CO
selectivity. When the nickel loading was extremely low, a CO selectivity
at equilibrium level was theoretically expected as it minimised the in-
fluence of catalysts over the two reactions involved, SMR and WGS (Egs.
(1) and (2)).

3.3. Comparison of catalytic performance

Focusing on steam reforming of methane, the performance of 20Ni/
SiC-M catalyst presented in this work was compared with literature,
shown in Table 4.

The data reported in Table 4 highlights the optimal performance of
the structured SiC monolithic catalyst in terms of methane conversion,
compared with other structured SiC catalysts studied previously. The
20Ni/SiC-M has a better performance, as the other catalysts can achieve
their best activity at lower GHSV conditions or higher temperature. For
example, Palma et al. [21] tested a commercial catalyst (Katalcoyy
Quadralobe) and their honeycombs catalysts at same operating condi-
tions (600 °C, $:C=3, GHSV=25,000 h™1). The methane conversion was
relatively low, compared with 20Ni/SiC-M (40% for commercial cata-
lyst, 20% for honeycomb catalyst, 60% for 20Ni/SiC-M). The
20Ni/SiC-M catalyst can perform highly efficiently at low temperatures
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Fig. 10. Gas compositions for 20Ni/SiC-M at S:C = 3 and GHSV = 20,000 h™?
over a range of temperatures, presented on a water and nitrogen free basis.

(600-650 °C), as the equilibrium conversion was reached under a
moderate operating condition (600 °C, GHSV=10,000 h™1), while
others can achieve a lower methane conversion (65% vs. 79%) at similar
conditions (GHSV: 30,000 h™! vs. 20,000 h™?, 650 °C, $:C=3) [1].

4. Conclusions

Structured monolithic SiC catalysts with 2-20 wt% of nickel loading
were prepared by a modified freeze-gelation and wet impregnation
methods. Catalytic performance tests at severe but realistic conditions
(10,000-25,000 h'of GHSV, 1 bar of pressure and 10% CH4 balanced
with Ny as the feed) were performed in the temperature range of
600-800 °C. The results showed that the 20Ni/SiC-M catalysts exhibited
a high catalytic activity, especially at low SMR temperatures, compared
with other SiC supported nickel-based catalysts. It achieved CH4 equi-
librium conversion at 600 °C, S:C= 3, GHSV= 10,000 h™!. The struc-
tural and textural properties of the SiC-M catalyst support, such as
porosity, had a positive effect on mass and heat transfer which
contributed to its excellent performance at low operating temperature.
There are still some challenges focusing on the deactivation of the cat-
alysts as nickel-based catalysts were reported to suffer from coke for-
mation [45]. Long-term test regarding with the investigation of catalyst
stability and coke resistance are still interesting to be carried out, to
better understand how close to the real Ni/SiC-M applications.
Furthermore, this catalytic monolith had the advantage of being light,
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Table 4
Comparison of different Ni-based structured SiC catalysts performance in SMR.
Catalyst and support ~ Operating conditions Catalyst Reference
covered in article performance under
optimal conditions
5% Ni on 19% CeO, T: 500-850 °C Xcua = 90% at [21,22]
wash-coated P: 1 atm, S/C: 3.0 850 °C, 6250 h™!
commercial p-SiC GHSV: 6250,
honeycombs 25,000 h !
10% Ni on SiC T: 650-850 °C Xcua = 97.7% at [1]
modified P:1atm,S/C:1.0and 850 °C, 30,000 h™!
(Calcium 3.0
aluminate) GHSV: 30,000 h*
boehmite granules
(1-1.5 mm)
Ni/SiC@AI03 core- T: 600 °C Xcua = 78% at [23]
shell powders (Ni P: 1 atm, S/C: 3.5 600 °C
% = 18.8%) F/W
=137,000mLh !
Seat
15% Ni on 19%CeO, T: 550-950 °C CH4 equilibrium [24]
wash-coated P: 1 atm, S/C: 3.0 conversion at
commercial SiC GHSV: 3300, 800 °C, 3300 h!
honeycombs 5000 h~! and 850 °C,
5,000h!
7%Ni on 19% CeO» T: 550-800 °C CH4 equilibrium [25]
wash-coated P: 1 atm, S/C: 3.0 conversion at
commercial SiC GHSV: 5,000 h ™! 750 °C, 5,000 h*
honeycombs
20Ni/SiC-M T: 600-800 °C CHj4 equilibrium This work

P: 1 bar, S/C: 3.0
GHSV: 10,000,
15,000, 20,000 h~*

conversion at

600 °C, 10,000 h!
Xcng = 86% at
800 °C, 20,000 h™!

strong, and yet very stable in aggressive high temperature applications,
and shows promise for future clean hydrogen production.
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