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Monolithic Ni-AlLOs/Ni-foam catalyst is developed by modified wet chemical etching of Ni-foam, being highly active/
selective and stable in strongly exothermic CO, methanation process. The as-prepared catalysts are characterized by x-
ray diffraction scanning electron microscopy, inductively coupled plasma atomic emission spectrometry, and H,-temper-
ature programmed reduction-mass spectrometry. The results indicate that modified wet chemical etching method is
working efficiently for one-step creating and firmly embedding NiO-Al,O3 composite catalyst layer (~2 um) into the Ni-
foam struts. High CO, conversion of 90% and high CH, selectivity of >99.9% can be obtained and maintained for a
feed of H,/CO5 (molar ratio of 4/1) at 320°C and 0.1 MPa with a gas hourly space velocity of 5000 h™', throughout
entire 1200 h test over 10.2 mL such monolithic catalysts. Computational fluid dynamics calculation and experimental
measurement consistently confirm a dramatic reduction of “hotspot” temperature due to enhanced heat transfer. © 2015
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Introduction

Concerns about the global warming and climate change
caused by the greenhouse effects warrant increasing attention
for the CO, emission control.'™ In principle, three methods
including reducing the consumption of fossil fuels, carbon
capture and sequestration, and conversion of CO, into fuels
and chemicals can be adopted to reduce the CO, emission. As
a renewable route, converting CO, into fuels and chemicals
(e.g., methanol) has been attracting fast growing attention
especially via photoelectrocatalysis and electrocatalysis.'> "'
In spite of ongoing efforts to significantly extend our under-
standing of the fundamental science concerning these new
approaches, there is still a long way to go to reach practical
use, as the process efficiency is unacceptably low from the
economic view point. In contrast, the hydrogenation of CO, to
methane (or CO, methanation), also known as Sabatier reac-
tion, is highly efficient and most promising in case hydrogen
is available or is obtainable from renewables.'>!? Actually, it
is an indispensable reaction in the production of substitute nat-
ural gas (SNG) from syngas consisting of H,, CO, and CO, in
varying ratios, which can be generated from various carbon
sources such as biomass. Notably, the overall thermal effi-
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ciency for biomass and coal to SNG can reach 62—-65%, which
is much higher than coal to oil (40-50%) and coal to electric-
ity (36-38%).'*'> Moreover, such synthetic methane can be
injected into the already existing gas distribution infrastructure
(e.g., pipelines).14

Although the CO, methanation is thermodynamically favor-
able (AG,soc = —113.5 kJ mol ™ 1), it suffers from significant
kinetic limitations because CO, is awfully stable and the reac-
tion involves an eight-electron reduction.® To promote the
transformation of CO,, high operation temperature (250—
450°C) is usually needed. Conversely, this reaction is highly
exothermic (AH,sec = —165 kJ mol ") with adiabatic temper-
ature rise of ~600°C in the first methanation reactor, therefore,
inducing unexpected hotspots in the reactor bed, which not
only is a main cause for catalyst deactivation but is also dan-
gerous in industrial applications. Up to date, most attention
has been focused on development of the efficient and stable
catalysts almost with no shooting a glance at heat-transfer sol-
utions. Many catalysts, including non-noble metal oxides
(e.g., Ni/MCM-41,'® Fe/SiO,,"” and Co/SiO,'”), and noble
metal oxides (e.g., Ru/T 0,8 Rh/y-A1203,19 and Pd/y-
Al,05'), have been extensively investigated in CO, hydro-
genation to methane. Regardless of their cost-efficiency and
durability requirement in practical applications, in case of
packed bed (PB) reactor, several reactors connected in series
with sufficient intermediate gas cooling or product gas recy-
cling have to be required to move away the reaction heat. This
operation mode is high energy consumption and low effi-
ciency, by nature, undoubtedly due to poor thermal
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conductivity of the traditional oxides-supported catalysts.***'

Although thinner reactor tube PB with smaller particle size
could achieve more uniform temperature distribution, the
larger pressure drop will lead to extra problems such as stabil-
ity, safety, and cost. Fluidized bed enjoys improved heat-
transfer efficiency inside the reactor but suffers some disad-
vantages such as low efficiency, low durability, and high
cost.”” Therefore, it is highly desirable to develop a novel cat-
alyst system with a combination of excellent activity, small
pressure drop, high thermal conductivity, and structural
robustness.

Recently, microstructured catalyst has been attracting grow-
ing interests in the heterogeneous catalysis due to the
improved hydrodynamics in combination with enhanced heat/
mass transfer.”> > And a great deal of effort has been
expended on developing novel structured catalysts with
enhanced heat-transfer characteristics for applications in
highly endothermic/exothermic reactions, such as metal
microfibrous entrapped catalysts for the dry reforming of
methane?®?’ and Fischer—Tropsch synthesis,?**° macroscopic
stainless-steel-fiber@HZSM-5 core-shell catalysts for the
methanol-to-propylene (MTP),*>*! nanoporous-gold/Al-fiber
catalysts obtained by galvanic deposition method for the meth-
anol selective oxidation to methyl formate,*** and Au/Ni-
fiber’*> and Ag/Cu-fiber catalysts®®?’ for the gas-phase oxi-
dation of alcohols. Notably, metallic foams also provide
attractive opportunities as substrates for microstructured cata-
lysts especially for the strongly exothermic or endothermic
reaction processes, because of their advantages of favorable
mass/heat transfer, desired mechanical robustness, high sur-
face area to volume, and low pressure drop.38’39 Despite these
outstanding features, their practical application still appears
challenging on efficiently endowing the metal-foams high cat-
alytic performance comparable to the traditional catalysts.
Directly using metal foams as active components (e.g., Cu and
Ni) and catalyst coatings are explored extensively, but the for-
mer provides low activity due to deficient surface active sites
while homogeneous coating of foam is usually difficult
because of its cellular geometry, fragility during the reaction
as well as binder contamination.

In this study, we discover a hierarchical three-dimensional
pore Ni-Al,0O3/Ni-foam composite catalyst engineered from
microscales to macroscales, where the uniform porous Ni-
Al,O5 catalyst layer embedded onto the Ni-foam struts has a
NiO/Al,05 mass ratio of ~3.4. This new approach provides a
combination of enhanced heat transfer, desired mechanical
robustness, and excellent catalytic performance and reaction
stability in the strongly exothermic hydrogenation of CO, to
methane.

Experimental
Catalyst preparation

The metal foam catalyst of Ni-Al,O5/Ni-foam was fabri-
cated on macroscale using modified wet chemical etching
method followed by thermal treatment activation.**® Nij
foam (100 pores per inch) chips (diameter of 16 mm, equal to
the reactor inner diameter) were prepared by laser cutting and
then directly immersed into a chemical etching solution,
heated to 65°C and held at that temperature for 2 h. The chem-
ical etching solution was composed of 1.0 mmol L™' sodium
dodecyl sulphate (SDS, C,H,5-OSO3Na), 0.2 mol L~ ! acetic-
acid (CH;COOH) and 03 mol L™' aluminum nitrate
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(AI(NO3)3-9H,0), where the chemicals were all purchased
from Sinopharm Chemical Reagent Co. Ltd. and directly used
without further treatment. The optimal dosage of chemical
etching solution is 2000 mL solution per 100 g Ni-foam. After
chemical etching, the resulting metal-foam chips were thor-
oughly washed using distilled water and dried overnight at
100°C, followed by calcining in air at 550°C for 2 h to obtain
Ni-Al,O3/Ni-foam catalyst.

For comparison, a Ni/Al,O3 catalyst was prepared by incipi-
ently impregnating the support of y-Al,O3 (Alfa Aesar) with
an aqueous solution of using Ni(NOs),-6H,O as precursor to
NiO loading of 15%, followed by calcining in air at 550°C for
2 h. The total pore volume of y-Al,O;3 is 1.08 cm’® g~ ' with
surface area of 247 m”? g~ ' and the y-Al,O5 granules were
crushed into ~0.2 mm particles for use.

Catalyst characterizations

The x-ray diffraction (XRD) pattern was recorded on a
Rigaku Uitima IV diffractometer with Cu Ko radiation
(A=1.5418 10%, 35 kV, and 25 mA), and Scherrer equation was
used to calculate the crystal size of NiO.

The specific surface area was calculated using the standard
Brunauer-Emmett-Teller (BET) theory based on the N,
adsorption isotherm obtained on a Belsorp max instrument
(BEL, Japan) at —196°C. The pore-size distribution and total
pore volume were determined using the Barrett—Joyner—
Halenda (BJH) method.

The geometry and morphology of our Ni-Al,Oz/Ni-foam
composite catalyst was imaged by scanning electron micros-
copy (SEM, Hitachi S-4800; Japan) equipped with an energy
dispersive x-ray (EDX) fluorescence spectrometer (Oxford,;
UK).

H, chemisorption was performed on a Quantachrome
ChemBET 3000 chemisorption apparatus, 0.1 g sample was
loaded into a quartz U-tube and heated from room temperature
to 600°C at 10°C min~ ' and maintained for 1 h under 10 vol
% H,/Ar flow, and then cooled down to 25°C in N,. H, was
introduced into the device to adsorb on the surface by pulse
until saturated. The number of surface Ni sites per unit mass
of catalyst was calculated by assuming the adsorption stoichi-
ometry of H/Ni= 1:1.% H, temperature programmed surface
reaction (H,-TPSR) and temperature programmed reduction
(H,-TPR) were performed on a TP 5080 multifunctional auto-
matic adsorption instrument (Xianquan Industrial and Trading
Co., Ltd) with a thermal conductivity detector (TCD) and an
online Mass Spectrometer (Proline Dycor, AMETEK Process
Instrument). For H,-TPSR and H,-TPR, the sample was
heated from room temperature to 300°C at 10°C min~ ' and
maintained for 0.5 h under 30 mL min~ ' He flow. Then the
sample was cooled to room temperature, followed by heating
to 750°C at 10°C min~ ' under a 10.0 vol % H,/N, atmosphere
with a gas flow of 30 mL min~"'.

The turnover frequencies (TOFs), defined as the ratio of
product molecules per active site of catalyst and time, were
calculated for both Ni-Al,O53/Ni-foam and Ni/Al,O5 (as a ref-
erence) catalysts. Here TOF is defined by

Product Molecules Vo, in XY

TOF = =
Active SitesXTime Vo, XSiXW

)]

where Vo, in is the volume flow rates of CO, at the inlet (L
sfl), Y is the yield of methane, V,, is the molar volume of gas
(22.4 L mol ', assuming ideal behavior), Sy; is defined as sur-
face Ni atoms per gram catalyst (mol g ') which was

December 2015 Vol. 61, No. 12 AIChE Journal



determined by H, chemisorption at 25°C, and W is the mass of
the catalyst (g).

The composition of the catalyst sample was analyzed by a
Thermo Scientific iCAP 6300 inductively coupled plasma
atomic emission spectrometry (ICP-AES) on a United States
Thermo IRIS Intrepid IT XSP ICP spectrometer.

Catalyst test

The hydrogenation of CO, to methane was performed in a
fixed-bed quartz tube reactor (600 mm length by 16 mm inner
diameter) under atmospheric pressure. The catalyst dosage
was 1.0 g if not specified. Prior to the reaction, the catalyst
was prereduced in H, flow at 550°C for 2 h. A mixture of Hy/
CO, (molar ratio of 4/1) was preheated to the desired tempera-
ture and then fed into the reactor continuously. The H, and
CO, were all controlled by the calibrated mass flow control-
lers. The product effluent was analyzed using an online-gas
chromatograph equipped with TCD and 2 m Shincarbon ST
column (DIMKA). No coke was found on the catalyst during
the reactivity tests. The CO, conversion (X) and methane
selectivity (S) were calculated using standard normalization
method on the base of carbon atom balance and defined as
follows

X(%)= Veo,,in—Vco, out

- Vo, in x100
_ Aco,out X0 out TAcH, out XfcH, out %100
Ao, 0ut Xfc0,,0ut TACO,0ut X0 0ut TACH, out XfCH, out
2
S(%)= Vcoz‘i/nc E4‘3;?02 out x100
’ : 3)

A X
CHy,out fCH4‘0ut %100

ACOput XfCQoul +ACH4 out ><fCH4 ,out

where V,;, and V,, are the volume flow rates of species i
(i = CO, or CH,) at the inlet and outlet (mL minfl), Aj ou and
Jfi.ou are the chromatographic peak area and the calibration fac-
tor of species j (j = CO, CO,, or CHy) at the outlet. Moreover,
the Vco,,in is assumed to be equal to the sum of Vco, outs
Ve, out» and Voo oue because carbon deposition is ignorable.

Computational fluid dynamics calculation

The numerical simulation of the temperature distribution at
steady state inside the fixed-bed quartz tubular reactor
(i.d. = 16 mm) was based on the commercial Computational
fluid dynamics (CFD) code FLUENT 6.3.26. All the simula-
tions were carried out in a two-dimensional physical system.
The tubular reactor was divided into three parts and the middle
part in which catalyst placed was set isothermal. The catalytic
bed contacting to the isothermal wall was initially at a uniform
temperature of 320°C. In the simulation of hydrogenation of
CO; to methane, 1.2 mL catalysts (Ni-Al,03/Ni-foam, 0.75 g,
void volume: 95 vol %; Ni/Al,0Os, 0.95 g, void volume: 35 vol
%) were packed in the reactors. The gas hourly space velocity
(GHSV) was 10,000 h™! and a mixture gas of CO, (40 mL
min~ ") and H, (160 mL min~ ') was controlled by the cali-
brated mass flow controllers and fed into the reaction tube.
According to the experiments, the CO, conversion was 82%
and methane selectivity was 100%. The gas flow in the tube
was laminar flow because the Reynolds number was smaller
than 5 in this case. We assume that all the thermophysical
properties of the materials (solids and gases) are functions of
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the local temperature and composition. The modeling and
methods were given online in Supporting Information as well
as other detailed information.

The kinetic experiment on activation energy (E,) measure-
ment under the kinetic-limiting region was performed and the
data were obtained in an isothermal, tubular, one-pass differ-
ential, 6 mm inner diameter fixed-bed quartz reactor at ambi-
ent pressure. A mixture of H,/CO, (molar ratio of 4/1) was
preheated to the desired temperature and then passed through
the catalyst bed. During the experiment, we kept the total flow
gas and GHSV constant with different weights of the
catalyst.”®

Results and Discussion
Features of Ni-Al,Os/Ni-foam catalyst

Figures 1 and 2 show the textural/structural properties,
reducibility, and morphology of our Ni-Al,O5/Ni-foam com-
posite catalyst, indicating that the modified wet chemical etch-
ing is working efficiently and effectively for one-step creating
and firmly embedding NiO-Al,O; composite catalyst layer
(~2 um) into the Ni-foam struts. The specific surface area,
mean NiO size, and numbers of the active Ni atoms on the cat-
alyst surface were collected in Table 1 and Supporting Infor-
mation Table S1. Figure la shows the N, adsorption—
desorption isotherms of the fresh Ni-Al,O5/Ni-foam catalyst.
This catalyst shows small amount of gas adsorbed at low rela-
tive pressure and provides a typical IV type isotherm accord-
ing to the classification of International Union of Pure and
Applied Chemistry (IUPAC) as evidenced by the appearance
of a clear capillary condensation step in the P/P, region of
0.4-0.5. Moreover, the hysteresis loop with adsorption and
desorption branches indicates a narrow BJH mesopore size
distribution with an average pore diameter of 4-6 nm. As
shown in Table 1, the specific surface area is increased from
3.9 m? g~ ! of the neat Ni-foam to 26.3 m? g~ ! of as-prepared
catalyst (~7 times higher).

Figure 1b shows the XRD patterns of as-prepared catalyst
before and after reduction. On the fresh catalyst, Bragg reflec-
tions of NiO phase is observed clearly at 20 = 37.4°, 43.5°,
and 63.2°, corresponding to (111), (200), and (220) planes of
NiO crystals.’ 152 The estimated average size of the NiO par-
ticles is about 14.2 nm (as summarized in Table 1). No charac-
teristic XRD peaks of Al,O3 can be observed indicating that
the crystallites of Al,O5 are amorphous or highly dispersed.53
After prereduction in H, at 550°C for 2 h, XRD patterns pat-
tern of the NiO phase disappear, showing a good catalyst
reducibility.

Figure lc shows the H,-TPR profile of the fresh catalyst,
showing that the reduction of NiO starts from ~230°C and
completely ends at ~600°C with three-peak feature. The first
two TPR peaks at below 300°C are assignable to free small
NiO particles while their weak signal intensity indicates a
small amount of such NiO species. The strong TPR peak
located in the range of 300-600°C is assignable to the reduc-
tion of dominant NiO particles (~14 nm, Table 1 and Figure
1b). Moreover, the NiO content in our foam-structured catalyst
is estimated to be 12.6 wt %, according to the standard work-
ing curve of H,-TPR peak area against NiO content (inset in
Figure 1c).

Figure 2 presents the SEM images of the foam strut and the
as-prepared Ni-Al,O3/Ni-foam catalyst. As shown in Figure
2a, the surface of untreated strut foam is smooth. After treated

DOI 10.1002/aic 4325



(a) 35} 5 .
I 2 S .
30 004 F 8
5 ,“ i‘» E
E25F 0.02¢ N e S
% | a% L E
27| 0907 g e 32 e g_g‘
é 15} Diameter (nm) a %%--
© [ -
E10} o3
=
E L
> 5l M‘ -@Adsorption
| @ @ Desorption
0 1 1 1

i 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Py)

—_
(=2
~—

.
+ NiO
e Ni

Intensity (a.u.)
L]

A
| —

" 1 L 1 " 1 " 1 " 1 n 1 n 1 L 1 " 1 L 1 " 1 n
20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta (Degree)
30000
(c) 3 25000
< 20000
"

3 15000 /
Q. 10000 /

5000 &

reduced Ni-Al,O,/Ni foam

Ni-ALO /Ni foam _#

2 4 6 8 10 12 14
NiO Content (wt%)

Intensity (a.u.)

n 1 L 1 n 1 n 1 n 1
100 200 300 400 500 600
Temperature (°C)
Figure 1. (@) N> adsorption-desorption isotherms and
BJH mesopore size distribution (inset) of Ni-
Al,Oz/Ni-foam before reduction. (b) XRD pat-
terns of as-prepared Ni-Al,Os/Ni-foam before
and after reduction. (c) Ho-TPR profile of the Ni-
Al,Os/Ni-foam and the standard working curve
of Ho-TPR peak area against NiO content (inset).

by wet chemical etching and calcining, it is not surprising that
the foam strut surface become coarse (Figure 2b), being cov-
ered with a very uniform porous layer (~2 pm in thickness)
consisting of cubic-like nanocrystals (Figure 2¢). As expected,
such cubic-like nanocrystal coverage is composed of Al,O;
and NiO, being clearly evidenced by XRD patterns of NiO
(Figure 1b) and EDX analysis (Supporting Information Figure
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S1). In addition, EDX results shows the cubic-like nanocrystal
coverage with a composition of 77.2 wt % NiO and 22.8 wt %
Al,O5 (NiO/Al,O5 mass ratio: ~3.4) on the basis of O balance
by excluding the bulk Ni-foam strut interference in the NiO
quantification (Supporting Information Figure S1 and Text).
Actually, NiO content is estimated to be 12.6 wt % of the
whole catalyst by H,-TPR (Figure 1c) while Al,O5 content is
determined to be 4.2 wt % by means of ICP-AES. Accord-
ingly, the NiO/Al,05; mass ratio in the coverage layer is esti-
mated to be 3.0 from the above H,-TPR and ICP-AES results,
which is in good agreement with the NiO/Al,O3 mass ratio of
~3.4 from EDX analyses. After prereduced in H, at 550°C for
2 h, uniform Ni-Al,O3 nanocomposite particles (EDX element
mapping, Supporting Information Figure S2) are formed and
rooted separately on the foam strut surface (Figure 2d).

Catalyst performance

We initially checked the catalytic activity of our Ni-Al,O3/
Ni-foam catalyst for the hydrogenation of CO, to methane,
and compared with a common Ni/Al,Oj3 catalyst that is highly
active and selective for the titled reaction.**~* Conversion,
selectivity and TOF are collected also in the Table 1. Although
the fresh Ni/Al,Oj3 catalyst possesses much higher specific sur-
face area and smaller NiO crystal size than our Ni-Al,O3/
Ni-foam catalyst, both reduced catalysts have almost equal
surface nickel atom numbers (i.e., active sites). It is thus not
surprising that both of them deliver comparable activity and
selectivity. High conversion of 91% could be obtained for
Ni-Al,O3/Ni-foam catalyst and 98% for Ni/Al,O5; while meth-
ane is the only hydrocarbon product at 300°C and a GHSV of
2500 h™'. Moreover, both catalysts also provide very close
TOF values, indicating almost equivalent intrinsic activity. As
a control experiment, Ni-foams directly calcined in air at tem-
peratures ranging from 300 to 600°C for 2 h were all prere-
duced in H, at 550°C for 2 h and tested in CO, methanation
under identical reaction conditions, delivering the highest CO,
conversion of only 10% with selectivity of >99.9%. The
above results definitely indicate that the wet chemical etching
method is very effective and efficient for not only creating
highly active/selective Ni-based catalysts but also embedding
them into the Ni-foam struts.

Figure 3 shows the temperature (reactor wall temperature)
dependence of CO, methanation conversion and selectivity for
both our Ni-Al,O3/Ni-foam and reference Ni/Al,O5 catalysts.
Clearly, reaction could be lighted off over the foam-structured
catalyst at ~280°C and a sharp increase of CO, conversion
from 32 to 91% is observed along with temperature up to
300°C. The CO, conversion reaches the highest value of 94%
at 370°C and then declines continuously and smoothly down
to 72% with further increasing temperature up to 550°C. The
methane selectivity always remains at almost 100% at 240-
400°C and then shows accelerating decline trend with further
increasing temperature up to 550°C. Over the Ni/Al,O5 cata-
lyst, similar evolution behavior is observed in the temperature
dependence of CO, conversion and methane selectivity. Note
that the Ni/Al,O5 shows a light-off temperature of ~60°C
lower than our Ni-Al,O3/Ni-foam catalyst while delivering
higher CO, conversion at or below 300°C. This observation is
most likely due to the big difference in their thermal conduc-
tivity, which causes great temperature contrast in catalyst bed
(to see posterior part for detail). This also could be indirectly
evidenced by their equivalent intrinsic activity expressed by
TOFs; in TOF measurements, reaction heat effect has been

December 2015 Vol. 61, No. 12 AIChE Journal



NiO-Al,O4
composite

Figure 2. SEM images of (a) Nifoam, Ni-Al,Os/Ni-foam catalyst before (b, c), and after (d) reduction.

eliminated by controlling conversion to low level (e.g., <10%;
Table 1 and Supporting Information Table S2). It is thus easy
to understand why the CO, conversion reaches its maximum
(thermodynamic equilibrium) at ~370°C for Ni-Al,03/Ni-
foam catalyst while ~290°C for the Ni/Al,O3. At high reactor
wall temperature of >370°C, the CO, methanation moved in a
region governed by partial external diffusion limitation at
superficial gas velocity of < 2.79 cm st (Supporting Informa-
tion Figure S3), being consistent with the literature for the Ni-
based catalysts in commercial SNG process.21 This might neu-
tralize the above observed difference in CO, conversion
caused by different temperature rise of the two beds. As a
result, the conversion and selectivity evolution curves for both
catalysts are overlapped along with increasing temperature.
Supporting Information Figure S4 shows the effect of GHSV
on catalytic performance of the Ni-Al,O3/Ni-foam catalyst for
CO, methanation. Clearly, in GHSV range studied from 2500
to 10,000 h™', at each temperature the CO, conversion
declines with increase of GHSV as well as the methane
selectivity.

Heat-transfer promotion

Our principle goal is to develop a catalyst with unique com-
bination of excellent catalytic performance and excellent ther-

mal conductivity that is essential to rapidly dissipate a large
quantity of reaction heat released from such a strongly exo-
thermic CO, methanation process. The above results clearly
indicated that our foam-structured catalyst is highly active and
selective for CO, methanation. We wonder whether such cata-
lyst provided enhanced heat transfer, and if so, to what extent.
To answer this question, the CFD simulation was used to illus-
trate the temperature distribution in our foam-structured cata-
lyst bed as well as in the Ni/Al,O3 bed for comparison. For
this effort, kinetic experiments on activation energy (E,) mea-
surement was performed under the kinetic-limiting region in
an isothermal using the differential reactor.’® Supporting
Information Figure S5 shows the variation of the rate of reac-
tion with temperature. An Ea of ~85 kJ mol ! is obtained on
Ni-Al,O3/Ni-foam catalyst, being in well agreement with the
literature results (39—-89 kJ mol ') for the Ni-based catalysts
(such as Ni/Si0,).¥% This indicates that such foam-
structured catalyst does not alter the nature of reaction, which
is consistent with the fact of their equivalent intrinsic activity
(TOFs in Table 1).

The CFD simulation modeling (Supporting Information Fig-
ure S6) and methods were established and given in the Sup-
porting Information. For CFD calculation, the Ni-Al,O3/
Ni-foam (void volume, 95%; Supporting Information Table S3)

Table 1. Physicochemical Characteristics and Catalytic Activity of Ni-Based Catalysts for the CO, Methanation

Catalyst SSA* m* g™ ") dyio” (nm) Surf. Ni° (g7 1) X4 (%) s (%) TOF® (s~ 1)
Ni-Al,O3/Ni-foam 26/18 14.2 1.12x10% 91 100 0.08
Ni/AlLO; 228/176 6.6 1.51x10% 98 100 0.10

“Specific surface area (SSA) measured by N,-BET method for fresh/reduced catalyst samples.

PNiO crystal size (dyio)-

“Surface Ni atoms per gram catalyst, determined by H, chemisorption at 25°C assuming H/Ni ratio of 1.
9CO, conversion (X) and methane selectivity (S) for CO, hydrogenation at 300°C (0.1 MPa, H,/CO, = 4/1, GHSV = 2500 hh.
“Turnover frequency to methane (expressed as: moles of methane formed per second per mole surface Ni atoms); CO, conversion is controlled to be <10% at

300°C for TOF calculation.
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and the reference catalyst of Ni/Al,O3 (0.2 mm, void volume,
35%; Supporting Information Table S3) were packed in the
quartz tubular reactor (i.d., 16 mm) with catalyst dosage of
0.8 g. According to the experiments, the conversions of CO,
in both beds are ~82% at 320°C for H,/CO, (4/1) mixture
feed gas flow rate of 200 mL min~'. Figure 4 shows the

steady-state temperature distribution within the two catalyst
beds and the reaction rate along the axial direction in reaction
beds is shown in Supporting Information Figure S6. In view of
the strong exothermicity of CO, methanation process, a tem-
perature rise of reaction bed is inevitable for both of the two
catalysts. As clearly shown in Figure 4, the hot spot appears in
the up-wind side of catalyst beds where the reaction takes
place intensively as expected, which is in good agreement
with the reaction rate along the axial direction (Supporting
Information Figure S7). Whereas an equivalent amount of
reaction heat is released from the catalyst surfaces at equal
reactor conversion in both beds, our Ni-Al,Os/Ni-foam cata-
lyst bed generates a hot spot with ~30°C temperature rise,
being much smaller than that (~155°C) of Ni/Al,O3, due to
the enhanced heat transfer of our foam-structured catalyst.
Actually, as previously reported, the bed temperature rise of
>300°C is observed inside pilot reactor with oxide-supported
Ni catalyst for CO methanation.'**!

In addition, inside lab-scale reactor the temperature rises for
both foam-structured and randomly PBs was also monitored
by a thermal couple inserted inside with the results as shown
in Figure 5. The structured bed of our Ni-Al,O5/Ni-foam cata-
lyst delivers very small AT (temperature difference between
the reactor wall temperature and the catalyst-bed temperature)
of 18°C at 320°C (or 26°C at 400°C) at a high GHSV of
10,000 h~ !, being much lower than that of 125°C at 320°C (or
118°C at 400°C) in the Ni/Al,O5 PB. It is not surprising that
reaction rate in the up-wind side of Ni-Al,O3/Ni-foam catalyst
bed is much slower than the Ni/Al,O3 bed (Supporting Infor-
mation Figure S7). Clearly, the CFD simulation results are
well consistent with the experiment observation. Notably, the
temperature rises inside both foam-structured and randomly
PBs, by the CFD simulation at a reaction temperature of
320°C, are a little bit higher than the experimental observation
by the thermal couple (30°C vs. 18°C for Ni-Al,O3/Ni-foam
bed; 155°C vs. 125°C for Ni/Al,O5 bed). Such difference is
likely attributed to two points: (1) thermal couple normally
delivers an average temperature rather than hot-spot tempera-
ture and (2) model error caused by simplification of the real
reaction system is unavoidably existed.

Stability

Besides high activity/selectivity and significantly enhanced
heat transfer, our Ni-Al,03/Ni-foam catalyst shows satisfying
stability that is a very important practical consideration for a
heterogeneous catalyst. A long-term test on this foam-

Temperature (°C):

> Reaction bed

B T |

150 178 206 234 261 289 317 345 373 401 429 456 484 512 540
Figure 4. Temperature distribution at steady state inside reaction bed: Ni/Al,O3 (upper); Ni-Al;Os/Ni-foam catalyst

(down).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

4328 DOI 10.1002/aic

Published on behalf of the AIChE

December 2015 Vol. 61, No. 12 AIChE Journal


http://wileyonlinelibrary.com

20} /"‘H\‘\ﬁ\*
0 1 i 1 i 1 i 1 i 1 i 1
300 350 400 450 500 550
Twall (DC)

Figure 5. Temperature difference (AT) between the
reactor wall temperature (T,a;) and the
catalyst-bed temperature (T,cq) Over the cat-
alysts of (A) Ni-Al,O3/Ni-foam and (¢) NiO/

Al,O3, using a GHSV of 10,000 h™".

structured catalyst for the CO, methanation, with 10.2 mL cat-
alyst packed into 16 mm inner diameter tubular reactor, was
carried out at 320°C using a GHSV of 5000 h™' with the
results as shown in Figure 6. Considering such high catalyst
dosage, the heat generated during the reaction would be enor-
mous which may lead to a risk of high-temperature hop-spot
generation in the bed and cause catalyst sintering and/or cok-
ing. By taking the advantage of significantly enhanced heat-
transfer, the catalyst is superiorly stable with excellent activity
(CO, conversion of ~90%) and CH, selectivity (>99.9%)
maintenance throughout the entire 1200 h test. The used cata-
lyst shows a little sintering, with surface morphology almost
similar to that of the reduced catalyst (Figures 6b, c, used cata-
lyst; Figure 2d, reduced catalyst). Its SSA thus is slightly

reduced from ~18 to ~11 m* g~ ' after undergoing 1200 h
reaction. It should be pointed out that the SSA reduction
occurred mainly at the beginning of the reaction, as we
observe a SSA reduction from ~18 to 13 m* g~ ' within only
100 h running. To avoid the illusion of the long lifetime
caused by the excess of catalyst, another long-term test of our
Ni-Al,O3/Ni-foam was carried out under the conditions far
away from equilibrium with the results as shown in Supporting
Information Figure S8. Using a high GHSV of 15,000 h™',
CO, conversion was reduced to ~76% and subsequently dem-
onstrated excellent maintenance with CHy selectivity always
higher than 99.8% throughout the entire 500 h test at 320°C.

As well known, CH, pyrolysis to form carbon deposit will
be favorable at high temperature (e.g., >557°C). In a pilot test
for CO methanation with an inlet temperature of 300°C,
oxide-supported Ni catalyst bed temperature can reach 675°C
because of the poor heat transfer.?%?! So, if the real bed tem-
perature can be reduced lower than 600°C by improving the
bed heat transfer, coking by CH, product pyrolysis would be
significantly suppressed. In our case of 1200 h stability test,
the real bed temperature is retained at 355 *=10°C monitored
by a thermal couple inserted inside the reactor, due to the
enhanced heat transfer ability of our Ni-foam-structured cata-
lyst design. As a result, neither whisker carbon by SEM obser-
vation (Figures 6b, c) nor graphite carbon phase by XRD
detection (Supporting Information Figure S9) could be detect-
able on the catalyst after 1200 h on stream. Only trace meth-
ane formation is detected on such used catalyst by an on-line
mass spectrometry in H, temperature programmed surface
reaction (TPSR, Supporting Information Figure S10), being
assignable to hydrogenation gasification of surface active car-
bon intermediates such as surface NiC,(.55’57’58

Furthermore, we extend the application of Ni-Al,O5/Ni-
foam catalyst in the CO methanation (AH5oc = —206 kJ
mol ') that is more strongly exothermic than CO, methana-
tion (AHys5oc = —165 kJ molfl), aiming to verify the feasibil-
ity of our foam-structured Ni-based catalyst for the production
of SNG from syngas through methanation of both CO and
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Figure 6. (a) CO, conversion and methane selectivity for CO, methanation vs. time on stream using Ni-Al,O3/Ni-
foam catalyst (10.2 mL catalyst, H,/CO, = 4/1, GHSV = 5000 h~", 320°C).

SEM images from low magnitude (b) to high magnitude (c) of the catalysts after 1200 h test.
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CO,. Most interestingly, this catalyst is also working effi-
ciently in CO methanation, delivering a CO conversion of
>99% and a CHy selectivity of 93% for a feed of H,/CO (3/1)
at 330°C and 0.1 MPa with a GHSV of 5000 h™' and showing
excellent activity/selectivity maintenance throughout a 500 h
test in a PB with 10.4 mL our foam-structured catalyst (Sup-
porting Information Figure S11). We anticipate that our
approach opens a new opportunity for development of an
energy-efficient SNG process, due to the enhanced heat trans-
fer that would permit to avoid cascades of reactors and
recycles for reaction heat moving away as it is the case in
actual process.

Conclusions

We report a novel foam-structured Ni-Al,O5 catalyst for the
strongly exothermic CO, methanation reaction. This catalyst
is obtainable by facile modified wet chemical etching method,
demonstrating a combination of high activity/selectivity, high
stability, and significantly enhanced heat transfer. Uniform
NiO-AL,O3 composite catalyst layer (~2 um) is efficiently
formed and firmly anchored onto the foam struts by directly
immersing the Ni-foam substrate into a chemical etching solu-
tion consisting of SDS, acetic acid, and aluminum nitrate for
2 h at 65°C, followed by a calcination in air. High CO, conver-
sion of ~90% and very high methane selectivity of >99.9%
can be obtained and maintained for a feed of H,/CO, (4/1) at
320°C and 0.1 MPa with a GHSV of 5000 h™ !, throughout
entire 1200 h test in a PB with 10.2 mL our foam-structured
catalyst. CFD calculation and experimental measurement con-
sistently show a big reduction of “hotspot” temperature due to
highly enhanced heat transfer.
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