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Sustainable Production of Syngas from Biomass-Derived
Glycerol by Steam Reforming over Highly Stable Ni/SiC

Sung Min Kim and Seong lhl Woo*®

The production of syngas was investigated by steam reforming
glycerol over Ni/Al,O;, Ni/CeO,, and Ni/SiC (which have acidic,
basic, and neutral properties) at temperatures below 773 K.
The complete and stable conversion of glycerol with a yield
(higher than 90%) of gaseous products (mainly syngas) was
achieved over Ni/SiC during a 60 h reaction, whereas the con-
version of glycerol continually decreases over Ni/Al,O; (by
49.8%) and Ni/CeO, (by 77.1%). The deactivation of Ni/Al,O;
and Ni/CeO, is mainly caused by coke deposition because of
the C—C cleavage of the byproducts produced by dehydration
over acidic sites and condensation over basic sites. Gaseous
products with a 1.0-1.9 syngas ratio (H,/CO) are produced

Introduction

Fossil fuels are the world's main energy source but supplies
are diminishing in spite of the growing consumer demand.
Environmental issues impact on the use of fossil fuels and
have led to the development of clean and sustainable energy.
In this era, next-generation biofuels, such as bioalcohol and
synthetic biofuels, have become the main substitute for con-
ventional fossil fuels due to technical, economic, and environ-
mental sustainability.” Biodiesel, in particular, is a next-genera-
tion biofuel and it is considered that it will be important in the
future due to its flexibility of manufacture from not only con-
ventional free fatty acids (FFAs) containing animal fats and
vegetable oils, but also nonedible oils, such as jatropha and
algal oils. Its low sulfur content and potential for reducing
global warming is essentially considered as well.” The biodie-
sel market has been expanding (from 7 million tons in 2006 to
18 million tons in 2010). Glycerol is produced as a byproduct
of the biodiesel production process and it contains approxi-
mately 10 wt% of biodiesel.”! Although glycerol is used as
a raw material in food, pharmaceutical, cosmetic, and tobacco
products,”” the supply of glycerol is greater than the demand
because of the increase in biodiesel production. Thus, re-
searchers have been investigating various ways of consuming
surplus glycerol.”!

Of the various types of catalytic conversion of glycerol, this
study focused on the production of syngas from steam reform-
ing of glycerol because crude glycerol contains large quantities
of water. The process of carbohydrate fermentation and the
transesterification of vegetable oil and animal fat produces
aqueous glycerol with a weight percentage in the range of 25
to 80 wt%."*¥ Thus, steam reforming of glycerol can be con-
ducted without any other pretreatments, such as purification
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over Ni/SiC. This ratio is required for the Fischer-Tropsch syn-
thesis. However, a syngas ratio of more than 3.0 was observed
over Ni/AlL,O; and Ni/CeO, because of the high activity of the
water—gas-shift reaction. Any dissociative or associative adsorp-
tion of water on Al,O; and CeO, promotes a water-gas-shift re-
action and produces a higher syngas ratio. H, and CO were
mainly produced by decomposition of glycerol through dehy-
drogenation and decarbonylation over Ni sites. Thus, SiC pro-
motes an intrinsic contribution of nickel (dehydrogenation,
and decarbonylation) without any byproducts from the dehy-
dration and condensation.

and separation of crude glycerol. The syngas produced by
steam reforming of glycerol can be combined with a Fischer-
Tropsch (FT) synthesis for the production of fuels and chemi-
cals. The combination of the glycerol steam reforming and the
FT synthesis can provide energy-efficient routes for the produc-
tion of fuels and valuable chemicals. The dual process com-
bines the energy efficiency of the endothermic behavior of
glycerol steam reforming and the exothermic behavior of the
FT synthesis.*™ Biosyngas plays a significant role in the produc-
tion of valuable intermediate feedstocks for the chemical in-
dustry because it can be converted into useful biofuels, such
as Bio-SNG (synthetic natural gas from biomass), biohydrogen,
biomethanol, and FT-fuels.”"

Metal-supported catalysts such as those based on Pt, Pd, Ni,
and Co catalysts have been reported for glycerol steam reform-
ing.” Glycerol steam reforming is typically focused on the pro-
duction of hydrogen over metal-supported catalysts at high
temperatures.®""” However, the production of syngas by glyc-
erol steam reforming at low temperatures is an energy-efficient
route for the production of fuels and chemicals. A nickel-based
catalyst is one of the most promising metal-supported cata-
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lysts because of its low price and high activity for the reform-
ing of glycerol. However, coke deposition is a key problem in
steam reforming of glycerol.®®¢"® Nichio et al. reported that
the acidic and basic catalysts, Pt/ZrO,, Pt/Al,O;, and Pt/CeO,-
ZrO,, promote coke deposition through dehydration- and con-
densation-induced byproducts, whereas the catalytic activity of
the neutral catalyst Pt/SiO, for steam reforming of glycerol
was maintained for more than 40 h®! In order to improve the
catalytic stability, the effect of an additive, such as La,0; and
Ce0,, on the Pt/ALO; catalyst was investigated by Fornasiero
etal.” and highly stable catalytic activity for the steam re-
forming of glycerol was obtained over Pt/La,0,/Al,0; catalysts.
These indicate appropriate supports, and their composition is
a prerequisite for obtaining higher activity on steam reforming
of glycerol with stability. However, the high syngas ratio (H,/
CO) of Pt/SiO, and Pt/La,0,/Al,04 renders them inapplicable to
FT synthesis because of the high activity in the water-gas-shift
reaction over oxide supports, which leads to the adsorption of
water." Thus, new catalysts should be developed so that
syngas can be produced with a suitable ratio,1.0-2.0, for FT
synthesis.

Thus, nickel-based catalysts supported on Al,O,, CeO,, and
SiC, which typically exhibit acidic, basic, and neutral properties,
respectively, were studied for the steam reforming of glycerol
in this work. Characterization of the nickel-based catalysts has
also been carried out to evaluate the support effect and to
compare their activity in the steam reforming of glycerol.

Results and Discussion
Characterization

The temperature-programmed reduction (TPR) profiles of pre-
pared nickel-based catalysts are described in Figure 1. In the
case of CeO,, the reduction of surface Ce*" into Ce®" was
caused by hydrogen spillover where the reduction occurred at
the interface of the metal (Ni in this study) and Ce0,." This
phenomenon could be supported by TPR results. As reported
by Kunkes et al. for Pd/CeZr0,"? the low-temperature reduc-
tion peak at 480 K was assigned to the reduction of Pd and of
ceria species in intimate contact with the metal, whereas the
broad peak centered at 720 K was assigned to the reduction of
surface ceria species that are not in contact with the metal.
The latter reduction was shifted to lower temperature from
860 K on CeZrO, due to hydrogen spillover from the metal.
This could also be caused by the
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Figure 1. TPR profile of prepared nickel-based catalysts; a) Ni/Al,O; and
Ni/SiC, b) CeO, and Ni/CeO,

that the hydrogen spillover from Ni to surface ceria species is
negligible for the Ni/CeO, prepared in this work. Thus, we did
not strongly consider the occurrence of hydrogen spillover on
Ni/CeO,. Nevertheless, the metal dispersion of Ni/CeO, appears
to be relatively high. In order to estimate the CO spillover on
Ni/CeO,, the Ni particle size was measured by chemisorption,
XRD, and scanning transmission electron microscopy (STEM).
Identical Ni particle sizes were observed. This indicates that
spillover of hydrogen from Ni to surface ceria species, and
overestimation of metal dispersion are restricted in this work.

The results of physical and chemical analyses for the pre-
pared nickel-based catalysts are summarized in Table 1. The
catalyst with the highest specific surface area and metal dis-
persion was Ni/AlLO,, followed by Ni/CeO,, and Ni/SiC. The

high value of metal dispersion
measured for the CeO, based

Table 1. Physical and chemical analyses of the nickel-based catalysts.

catalysts. Thus, we conducted | e gam d”  COuptake  PSyen'®  PSp®  PSgev®  NH;TPDY  CO,TPDY
TPR experiments for both Ni/ M?ge ™l [%]  [umolgg T [nm] [nm] [nm] [umolge "l [umolgg, ]
CeO, and CeO,. As shown in _F'g' Ni/ALO, 543 105  127.8 96 9.7 9.2 412 68
ure 1(b), CeO, shows a high- [ nNiceo, 417 53 644 19.1 20.1 189 0 352
temperature reduction peak cen- Ni/SiC 322 2.8 34.1 36.5 359 339 0 32

tered at about 928 K, which is
almost identical to the peak for
Ni/CeO, with the reduction of Ni

[a] Specific surface areas were determined by BET analysis. [b] Metal dispersion measured by chemisorption.
[c] Average particle size of nickel obtained from chemisorption (with the assumption of a spherical geometry).
[d] Average particle size of the nickel crystal as determined by Scherrer’s equation. [e] Average nickel particle
size measured by STEM. [f] Total desorbed amount of NH; or CO..

at 673 K. This finding suggests
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order of metal dispersion corresponds with the specific surface
area, indicating that a high surface area induces high nickel
dispersion. Although Ni/Al,O; was reduced at a higher temper-
ature than Ni/CeO, and Ni/SiC, it showed the highest metal
dispersion among the prepared nickel-based catalysts. The pre-
pared nickel-based catalyst with the lowest nickel dispersion
and specific surface area was Ni/SiC.

The XRD patterns of the reduced nickel-based catalysts at
each temperature determined by TPR are shown in Figure 2.
All the nickel-based catalysts show metallic nickel peaks. In the
case of Ni/SiC, which was calcined at 873 K in air, the peaks in-
dicate nickel and SiC but no oxide species such as SiO,. This
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Figure 2. X-ray diffraction profile of reduced nickel-based catalysts

result suggests that SiC is not easily oxidized and maintains its
carbide state under oxidizing conditions. Moreover, the peaks
representing Ni and Al,O; were mainly observed in the XRD
profile of Ni/Al,O; A slight shift in the peaks from 20 =67° for
v-AlL,O; to 20=66°" representing the diffraction peak for the
(440) plane of NiAl,O, was also observed. This indicates that
metallic Ni, Al,O;, and Ni,Al,O, coexist in reduced Ni/Al,O; cat-
alysts. This is in accordance with the work of Li et al.!"¥

The profile of NH; and CO, temperature-programmed de-
sorption (TPD) is shown in Figure 3, and the total amount of
desorbed NH; and CO, is summarized in Table 1. Peaks of NH,
desorption at 475 and 880 K can be observed over Ni/Al,O;,
but there are no peaks over Ni/CeO, and Ni/SiC. The amount
of NH; desorbed from Ni/Al,O; was 228 umolg™" at 475 K and
182 umolg™' at 880 K (Figure 3a). In the case of the CO,-TPD
(Figure 3b), there are many peaks over Ni/CeO, in the temper-
ature range investigated, but only a single peak at 370 K over
Ni/Al,O; and Ni/SiC. In the case of Ni/Al,O; and Ni/SiC, the CO,
was mainly physically adsorbed.™ The amount of CO, desor-
bed from Ni/CeO, was 82 umolg,, ' for temperatures below
500K and 270 umolg, ' for temperatures above 500 K.
Amounts of 68 and 32 umolg., ' of physically adsorbed CO,
were measured over Ni/Al,O; and Ni/SiC, respectively. These
results indicate that Ni/SiC has no functionality, whereas
Ni/AlL,O; and Ni/CeO, clearly have acidic and basic properties,
respectively.

Figure 4 shows STEM images of the reduced catalysts. In the
case of Ni/Al,O,, the nickel particle size is smaller than 10 nm
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Figure 3. a) NH;-TPD and b) CO,-TPD profiles of the reduced nickel-based
catalysts.

and the nickel particles are well dispersed on the Al,Os. In con-
trast, the nickel particles tend to agglomerate and form parti-
cles larger than 20 nm on CeO,. In the case of Ni/SiC, which
has the largest nickel particles, the particles have a distributed
size of around 40 nm on the SiC. The nickel particles are well
dispersed on the SiC surface. These results imply that the inter-
action of nickel and SiC is much weaker than that of the other
prepared nickel-based catalysts. During the calcination, reduc-
tion, and reaction processes, nickel particles on SiC become
larger than those on Ni/Al,O; and Ni/CeO,.

Effect of support on production of syngas and hydrogen

The activity of glycerol reforming can be affected by the sup-
port properties. To investigate the effect of the support on the
production of syngas and hydrogen, the reaction parameters
were varied for the conversion of aqueous glycerol by steam
reforming. First, the reaction was conducted in a temperature
range of 573-773 K. Table 2 shows that the complete conver-
sion of glycerol occurred over Ni/Al,O; and Ni/CeO, at temper-
atures higher than 673 K and over Ni/SiC at 773 K.

This result is due to the fact that the nickel particles on
AlLO; and CeO, are smaller and more highly dispersed than
those on SiC. At temperatures above 623 K, Ni/Al,O; and Ni/
CeO, have a H,/CO ratio higher than 2.3 and a CO/CO, ratio
lower than 2.4. This result indicates that the water—gas-shift re-
action vigorously produces hydrogen over Ni/Al,O; and Ni/
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Figure 4. STEM images of reduced nickel-based catalysts: a) Ni/Al,O,,

b) Ni/CeO,, and c) Ni/SiC.
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Ce0,. The water—gas-shift reaction is known to be active over
catalysts supported on acidic and basic oxides such as CeO,
and Al,0,"® This level of activity occurs because these oxide
supports offer dissociative and associative sites for the adsorp-
tion of water and the metal provides a site for the adsorption
of CO. Formate is generated between the adsorbed water and
CO and then decomposes into H, and CO, as a result of dehy-
dration over the acidic oxide support and dehydrogenation
over the basic oxide support. However, the nonoxide-support-
ed catalyst Ni/SiC has a lower syngas ratio (1.0-1.7) and
a higher CO/CO, ratio (3.0-45.2) than Ni/Al,0; and Ni/CeO,.
The much higher CO/CO, ratio (above 40) was caused by the
low catalytic activity of the water—-gas-shift reaction. The
syngas produced over Ni/SiC has a syngas ratio of about 1.5;
this value, which is in agreement with our expected value, sug-
gests that the syngas can be used for FT synthesis. It confirms
that the water-gas-shift reaction is active on the oxide-sup-
ported catalysts Al,O; and CeO, but not on SiC. The activity of
the glycerol steam reforming and the water-gas-shift reaction
is lower over Ni/SiC than over Ni/Al,O; and Ni/CeO,. However,
the conversion of glycerol into a gaseous-phase product con-
taining CH,, CO, and CO, tends to occur at a higher rate over
Ni/SiC than over Ni/Al,O; and Ni/CeO,. These results imply that
the Ni/SiC catalyst is more suitable for the production of
syngas than the oxide-supported catalysts Ni/Al,O; and
Ni/CeO..

To further demonstrate the effect of oxides and nonoxides
on the production of syngas and hydrogen, the water to glyc-
erol molar ratio (WGMR) was varied for glycerol steam reform-
ing over the prepared nickel-based catalysts at 673 K. The
molar ratio of water to glycerol was varied from 3:1 (63 wt%
of glycerol) to 9:1 (36 wt% of glycerol) because 25-80 wt% of
aqueous crude glycerol is produced during the transesterifica-
tion process in the production of biodiesel.**¥ The results are
presented in Table 3. The conversion of glycerol into gaseous
products increases as the WGMR increases because the con-
centration of glycerol is diluted when the WGMR is increased.

The H,/CO and CO/CO, ratio

over the oxide-supported cata-

Table 2. Effect of reaction temperature on the molar ratio of the main gaseous products during the glycerol lysts Ni/Al,O; and Ni/CeO, is sig-

steam reforming experiments.®

nificantly affected by the WGMR

Catalyst ™! Conv.[ Molar ratio X,.@ | because of the water-gas-shift
K] [%] H,/CO Co/co, CHy/H, [%] reaction. The increase of water
573 82.0 13 53 0.14 20.1 content in the feed promotes
Ni/ALO 623 97.0 23 24 0.1 564 | a forward reaction of the water—
23 673 100 44 0.5 0.11 62.2 _shif : : _
gas-shift reaction, which pro

773 100 49 0.4 0.09 927 .
573 722 10 47 02 203 duce hydrogen and carbon diox-
Ni/CeO 623 9.4 25 23 0.05 424 | ide from water and carbon mon-

I/Ce! . . .
: 673 98.7 3.0 1.2 0.05 59.7 oxide. Thus, the H,/CO ratio in-
773 100 48 05 0.05 873 creased to 12.7 and the CO/CO,

573 56.6 1.0 - 0.30 15.9 )

623 74.4 12 452 0.07 67.9 ratio decreased to 0.2 as the
Ni/SiC 673 918 13 274 0.06 74.6 WGMR increased to 9:1 over the
773 100 1.7 3.0 0.05 93.7 oxide-supported catalysts, espe-

[a] Reaction conditions: WGMR of 6:1, FFR of 0.15mLmin~' (LHSV=33.3h™"), and atmospheric pressure. cially Ni/Al,O;. The influence of
[b] Reaction temperature. [c] Conversion of glycerol (%)= (inlet of glycerol—outlet of glycerol)/inlet of glycer- the water content was also ex-
0lx100. [d] Conversion of glycerol into a gaseous phase (%) = (R;_outet X N)gas/ (Raiycerol-intet X Naiycerol) X 100, where R hibited over Ni/SiC. However, be-

and N represent the molar flow rate and the carbon number, respectively, of CO, CO,, and CH,.
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) - - - ratio (H,/CO) was lower than 2.2,

Table 3. Effect of the molar ratio of water to glycerol on the molar ratio of the main gaseous products during hich i hi h h
the glycerol steam reformation experiments.® which is much lower than those
for Ni/Al,O; (12.8) and Ni/CeO,
Catalyst WGMR™ Conv. Molar ratio Xgas (6.4) under the same conditions,

9 H Hy/H 9 . o
el /0 €orco; cH/H, el although they contained similar
3 96.8 27 11 0.10 464 | Ni particle sizes. This is because
Ni/Al, O, 6:1 100 44 0.5 0.1 62.2 .. . . _
9:1 100 12.7 0.2 0.06 73.0 th_e aCtIVI.ty I.n the _Water 9as
341 0028 25 1.7 013 505 | shift reaction is significantly gov-
Ni/CeO, 6:1 98.7 3.0 12 0.05 59.7 | erned by the catalytic properties
9:1 100 6.4 04 0.04 87.7 | of the support, although the ad-
3:1 83.0 13 117.8 0.07 65.7 oas . .
ition of Ni prom h ivi-

Ni/SiC 6:1 91.8 1.5 274 0.06 74.6 dition o promotes the act
9:1 100 18 141 0.06 050 | ty. In other words, the water-
- — - — - gas-shift reaction is inactive over

[a] Reaction conditions: A reaction temperature of 673 K, FFR of 0.15 mLmin~' (LHSV=33.3 h™'), and atmos- Sic d Ni/SiC i . f
pheric pressure. [b] Water to glycerol molar ratio. It an I/5IC Is appropriate tor

in the water—gas-shift reaction, we observed no significant
change of H,/CO over Ni/SiC, only a slight increase of the H,/
CO ratio, and a decrease of CO/CO.. This result confirms that
catalysts supported on acidic and basic oxide are unsuitable
for producing syngas because of their higher hydrogen yield
and lower CO yield.

Effect of Ni particle size over

the production of syngas for FT
synthesis by the steam reform-
ing of glycerol.

The catalytic stability of prepared 1.0-10.0 wt% Ni/SiC cata-
lysts was also tested (Figure 5). The catalytic activity in the
steam reforming of glycerol and the H,/CO molar ratio were
maintained for 20 h. This confirmed the correlation between
metal loading and H,/CO ratio. These findings suggest that the
sustainable production of syngas from the steam reforming of
glycerol can be accomplished over Ni/SiC.

Ni/SiC

To elucidate the effect of the Table 4. Effect of the Ni loading on the molar ratio of the main gaseous products during the glycerol steam

properties of the support, the reformation experiments over Ni/SiC.”’

Stea‘m reforming of glycerol was Nominal Ni d® CO uptake PS pemi Conv. Molar ratio Xgas

carried out over 1.0-10.0wWt% | [wt%] %] [umolge, ] [nm] [%] H,/CO Co/CO, CH,/H, [%]

Ni/SiC, where the reaction tem- 7y 10 134 9.2 507 22 5.2 0.05 404

perature, pressure, feed flow |30 70 256 144 634 20 9.1 0.05 48.1

rate (FFR), and WGMR were 5.0 44 27.0 228 74.1 1.9 11.2 0.05 70.2

673 K atmospheric pressure 7.0 35 295 29.2 89.1 1.8 135 0.06 823
. . 10.0 28 341 36.5 100 1.8 141 0.06 95.2

0.15 mLmin [liquid  hourly

space velocity (LHSV) of [a] Reaction conditions: A reaction temperature of 673 K, WGMR of 9:1, FFR of 0.15 mLmin™" (LHSV of 33.3 h™"),

333 h,1]l and 9:1, respectively. and .atmosphenc prgssure: [b] M.etal dispersion measured by .chemlsorptlon. [c] Average particle size of nickel

obtained from chemisorption (with the assumption of a spherical geometry).

The CO uptake, metal dispersion,
and Ni particle size were calcu-
lated by CO chemisorptions and
are summarized in Table 4.

As the Ni loading on SiC decreased, the metal dispersion in-
creased from 2.8% to 11.0%, whereas Ni particle size and the
amount of CO uptake decreased (from 36.5 to 13.4 nm for the
former and from 34.1 to 13.4 pumolg., ' for the latter).
As a result, the conversion of glycerol decreased from 100 to
50.7%. This indicates that the catalytic conversion of glycerol
by steam reforming is affected by the absolute amount of Ni
sites. On the other hand, the H,/CO ratio increased and the
CO/CO, ratio decreased as the Ni particle size became smaller.
This indicates that the activity of the water-gas-shift reaction
is enhanced by smaller Ni particles. This corresponds well with
the fact that Ni addition in small amounts enhanced the cata-
lytic activity of the water-gas-shift reaction, whereas higher
metal contents led to bulk particle formation and a negligible
contribution to the catalytic activity."®™ However, the syngas

ChemSusChem 2012, 5, 1513 - 1522
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Figure 5. Stability tests of 1.0-10.0 wt % Ni/SiC at a temperature of 673 K,
a WGMR of 9:1, a FFR of 0.15 mLmin~' (LHSV of 33.3 h™'), and atmospheric
pressure.
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Effect of contact time over

Table 6. Product distribution from the conversion of glycerol steam reformation over the catalyst Ni/SiC at

Carbon selectivity'
methanol acetic acid acetol ethylene glycol 1,3-dihydroxy-2-propanone acetone

[b]

Ni/SiC 673 K2
The above results confirmed that | Catalyst FFR . K
in~ 0

Ni/SiC is suitable for producing (mimin 1 1%
syngas. Thus, we focused on un- 0.08 0 0

. . 015 48 048
'derstand'lng the catalytic k'Jehav Ni/siC o 336 027
ior of Ni/SiC. The conversion of 05 457 007

0 0 0 0 0
0.02 0.08 0.13 0.20 0.09
0.01 0.11  0.10 0.44 0.1
0 0.17  0.09 0.53 0.14

glycerol into gaseous products,
especially syngas, is greater over
Ni/SiC than over Ni/Al,O; and Ni/

[a] Reaction conditions: reaction temperature of 673 K, WGMR of 9:1, and atmospheric pressure. [b] The carbon
selectivity of liquid phase products=(Ri_suiet X Miig/ Z(Ri_outiee X Mg X 100, where R and N represent the molar
flow rate and the carbon number of given species (i), respectively.

Ce0,. The difference in activity
for the production of syngas
came from the competitive activity between dehydrogenation
(for the production of hydrogen) and decarbonylation (for the
production of carbon monoxide) over nickel sites and side re-
actions, such as dehydration and condensation over the acidic
sites of Al,O; and the basic sites of CeO,. That is, the nickel
sites over neutral SiC have only an intrinsic contribution with-
out side reactions at acidic or basic sites. Thus, the use of Ni/
SiC resulted in higher yields of syngas.

To confirm and further study the catalytic behavior over Ni/
SiC, steam reforming was conducted by varying the FFR from
0.08 (LHSV=17.8 ") to 0.5 mLmin" (LHSV=111 h™"). Table 5
shows that the glycerol was completely converted and that
95% of it was converted into gaseous products. Furthermore,
there was a syngas ratio of 1.8-1.9 for an FFR value of less
than 0.15 mLmin™" (LHSV=33.3 h™"). However, the activity of
the glycerol reforming was drastically decreased when the FFR
exceeded 03 mLmin~' (LHSV=66.6 h™'). When the FFR in-
creased to 0.5mLmin™" (LHSV=111h""), the H,/CO ratio
dropped to 1.2, the CO/CO, ratio increased to 53.3 and the
CH,/H, ratio increased to 0.22. These results indicate that suffi-
cient contact time is required for the production of hydrogen
and carbon monoxide by dehydrogenation and decarbonyla-
tion. The portion of liquid products produced over Ni/SiC at an
FFR of more than 0.3 mLmin~' exceeds 40%. Thus, an analysis
of the liquid products can help identify the reaction mecha-
nism of the glycerol reforming.

pared nickel-based catalysts. Table 6 shows that the liquid-
phase products increased as the FFR of the aqueous glycerol
solution increased. Significant amounts of methanol and 1,3-di-
hydroxy-2-propanone and slight amounts of acetic acid, 1-hy-
droxy-2-propanone (acetol), ethylene glycol, and 2-propanone
(acetone) were produced over Ni/SiC during the reaction. The
amounts of these liquid products as well as the following:
2-methyl-cyclopentanone, ethylene glycol, propylene glycol,
butanal, and 5-hydroxy-2-methyl-1,3-dioxane were mainly pro-
duced over Ni/Al,O; and Ni/CeO,. The reaction pathway of
glycerol steam reforming over nickel-based catalysts was sug-
gested based on these quantitative and qualitative analyses by
means of GC-MS and gas chromatography with a flame ioniza-
tion detector (GC-FID, Figure 6).

First, the glycerol undergoes not only dehydration into
acetol and 3-hydroxypropanal, but also dehydrogenation into
1,2-dihydroxypropanal over acid/base sites and metal sites, re-
spectively. The Ni/SiC catalyst promotes the intrinsic metal ac-
tivity without any support-induced side reactions. Thus, ethyl-
ene glycol is produced by the subsequent decarbonylation of
1,2-dihydroxypropanal. 2-Hydroxyacetaldehyde and formalde-
hyde were also produced from 1,2-hydroxypropanal by retroal-
dol condensation. In addition, the continuous dehydrogena-
tion and decarbonylation produces methanol, hydrogen, and
carbon monoxide. In the case of Ni/ALO; and Ni/CeO,, the
metal contribution (the dehydrogenation and decarbonylation)
competes with the support con-

tion experiments over Ni/SiC."”!

Table 5. Effect of the FFR on the molar ratio of the main gaseous products during the glycerol steam reforma-

tribution (the dehydration and
condensation). Acrolein (prope-
X nal) can be produced by the de-

FFR® LHSV Conv. Molar ratio s

ImLmin~"] h™" [%] H,/CO Co/CO, CH/H, %] hydration of 1-hydroxypropanal
0.08 178 100 190 106 0.07 100 obtained by the dehydration of
0.15 333 100 18 14.1 0.06 952 | glycerol, however, it requires
03 66.6 68.1 13 338 0.10 664 | high acidity."® Thus, the produc-
0.5 m 4238 1.2 53.3 0.22 534

tion of acrolein was restricted

aqueous glycerol.

[a] Reaction conditions: reaction temperature of 673 K, WGMR of 9:1, and atmospheric pressure. [b] The FFR of

over the prepared catalysts.
1-Hydroxypropanal also subse-

Proposed reaction pathway of glycerol steam reforming

To study the reaction mechanism of glycerol steam reforming,
gas chromatography-mass spectrometry (GC-MS) was carried
out for qualitative analysis of the liquid produced over the pre-
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quently underwent decarbonyla-
tion and resulted in the produc-
tion of ethanol. Ethanol was
then converted into syngas and methane. Acetol is produced
by the hydrogenation of 1,3-dihydroxy-2-propanone and/or
the dehydration of glycerol. 2-Methylcyclopentanone was sub-
sequently produced by the continuous condensation and hy-
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Figure 6. Proposed reaction pathway of glycerol steam reforming over nickel-based catalysts.

drogenation of acetol over acid/base sites. The hy-
drogenation of acetol produces acetone, and simulta-

neously the dehydrogenation with decarbonylation
100

of acetol produces acetaldehyde. The intercondensa-
tion between acetaldehyde and glycerol produces 5-
hydroxy-2-methyl-1,3-dioxane, and the self-condensa-
tion (aldol condensation) of acetaldehyde with hydro-
genation produces butanal."”’ Propane and CO were
then produced by the decarbonylation of butanal.
Acetic acid was produced not only by the steam re-
forming of acetone, but also the oxidation of acetal-
dehyde. As a result of the decarbonylation of acetic

90

80

704

60

Conversion of glycerol (%)

50

Conversion of glycerol

acid, methane was obtained. This mechanistic study
of glycerol steam reforming over nickel-based cata-
lysts suggests that intrinsic metal activity helps ach-
ieve a higher yield of syngas by promoting dehydro-
genation and decarbonylation. On the other hand,
acid/base sites promoted the reaction of not only de-
hydration, but also condensation, such as aldol con-
densation. These findings suggest that promoting
the Ni contribution was a mandatory requirement for
the production of syngas, whereas valuable chemi-
cals, such as ethylene glycol and alcohols, were ob-
tained over acid/base sites. Thus, control of the con-
tributions between metal and acid/base sites plays

c)

H2/CO molar ratio

30 40 50 60

Time/h

20

g S e )

a significant role for the production of biofuels. N
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Time/h

prepared nickel-based catalysts

for 60h, where WGMR, FFR
and temperature were 9:1,
0.15mLmin™" (LHSV=333h™),

and 673 K, respectively. The con-
version of glycerol on the stud-
ied nickel-based catalysts was
completed in 20 h. On the Ni/
AlL,O; and Ni/CeO, catalysts, the
glycerol conversion gradually de-
creased, but on Ni/SiC, the con-
version of glycerol remained at
100%. By the end of the reac-
tion, 49.8% of the glycerol on
Ni/Al,O; and 77.1% of the glyc-
erol on the Ni/CeO, had been
converted (Figure 7 a).

As shown in Figure 7b, the
conversion of glycerol to gas-
eous products was in the range
of 59.6 to 31.5% for the glycerol
on Ni/AlLLO;. This value is slightly
less than the corresponding
range of 84.3 to 53.7% for glyc-

erol on Ni/CeO,. When the
oxide-supported catalysts  Ni/
b)
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Figure 7. Stability tests of nickel-based catalysts at a temperature of 673 K, a WGMR of

Stability test and study of deactivation

9:1, an FFR of 0.15 mLmin~', and atmospheric pressure; the time-on-stream of a) the

conversion of glycerol, b) the conversion of glycerol into gas-phase products, c) the H,/

To compare the durability of the studied catalysts,

steam reforming of glycerol was carried out over the (a), and SiC (e).
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Al,O; and Ni/CeO, are used, the syngas ratio is higher than 6
and the CO/CO, ratio is lower than 0.4 (Figures7c and d).
As mentioned above, a high syngas ratio is inappropriate for
an FT synthesis. However, when Ni/SiC is used, the syngas ratio
is between 1.5 and 1.7, glycerol is completely converted, and
more than 90% of the glycerol is converted into gaseous prod-
ucts. This result indicates that Ni/SiC has the highest stability
of all the studied nickel-based catalysts with regard to the pro-
duction of syngas; furthermore, there is a significant deactiva-
tion over Ni/AlL,O; and Ni/CeO,.

After the stability test, the Ni-based catalysts were collected
and characterized for the purpose of investigating the deacti-
vation process. Nickel-based catalysts are known for their high
reforming activity.*®"'® However, coke deposition and meth-
ane formation are disadvantages of nickel-based catalysts.®'”
To investigate the coke deposition on the used nickel-based
catalysts, temperature-programmed oxidation (TPO), thermo-
gravimetric/differential thermal analysis (TG/DTA), and STEM
analyses were conducted. As a result of the oxidation of the
used catalysts under 20% of O,/He, the deposited coke was
oxidized into carbon dioxide (Figure 8a). In the case of the cat-
alysts that underwent deactivation, the TG/DTA in air reveals
that the weight loss was 59.84 % for Ni/Al,O; and 9.47 % for Ni/
CeO, but only 2.7% for Ni/SiC (Figures 8b and c). This result
implies that a significant amount of coke was deposited on
Ni/Al,O; and Ni/CeO, and that the catalytic activity was mainly
deactivated by the coke deposition. Coke deposition on nickel-
based catalysts is generally attributed to the high C—C cleav-
age activity of nickel. A significant amount of coke was depos-
ited as a result of the C—C cleavage of dehydration-induced
intermediates (such as oxygenated and olefin species).5*89:20
the coke deposition during the reaction is mainly due to the
C—C cleavage of byproducts produced by dehydration and
condensation. In particular, the TPO and DTA peaks of Ni/CeO,
occurred at 590 K, which is a much lower temperature than
that of the peaks of Ni/Al,O; and Ni/SiC (Figures 8a and c).
CeO, is known to have a high oxygen storage capacity and
a high resistance to coke deposition.”>?" The oxygen in CeO,
reacts with the surface coke, producing a soft coke deposition,
which can be removed at a low temperature.

The coke deposition of the used catalysts was confirmed by
the STEM mapping analysis. As shown in Figure 9, the coke en-
tirely covers the surface of Ni/Al,O; and Ni/CeO, but not Ni/
SiC. In particular, there is a carbon whisker in the STEM image
of the nickel-based catalysts. The formation of carbon whiskers
in the steam reforming process is a well-known fact.?® The
carbon encapsulates the surface nickel, an active site, and then
it forms nickel carbide. The nickel carbide is not stable under
steam reforming conditions. Thus, the carbon nucleates form
filaments, which grow into carbon filaments during the reac-
tion. The results indicate that coke deposition is critical for
glycerol steam reforming over a nickel-based catalyst. Resist-
ance to coke deposition is therefore a prerequisite for glycerol
steam reforming over nickel-based catalysts. Higher coke re-
sistance was accomplished over Ni/SiC, and as a result pro-
nounced stability was obtained. This characteristic property is
in accordance with the dry reforming of methane over Ni/SiC:
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Figure 8. Deactivation test of nickel-based catalysts reacted for 60 h at a tem-
perature of 673 K, a WGMR of 9:1, an FFR of 0.15 mLmin~', and at atmos-
pheric pressure; a) TPO, b) TG, and c) DTA for nickel supported on Al,O,
(dash), CeO, (dash-dot), and SiC (solid line).

higher coke resistance and stability were achieved over Ni/
SiC.” From this point of view, Ni/SiC is a promising catalyst
for the production of syngas by glycerol steam reforming as
shown by the pronounced coke resistance.

Conclusions

The production of syngas by the steam reforming of glycerol
over Ni/SiC leads to a high yield of syngas, and the catalyst
has outstanding stability. The neutral properties of SiC pro-
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Figure 9. STEM and mapping image of nickel-based catalysts: a) reduced catalysts, b) catalysts after 60 h of reaction at a temperature of 400°C, a WGMR of

9:1, an FFR of 0.15 mLmin~', and atmospheric pressure.

mote an intrinsic nickel contribution to glycerol steam reform-
ing, especially in terms of dehydrogenation and decarbonyla-
tion. At the same time, there are minimal side reactions from
the condensation induced by the basic properties and the de-
hydration induced by the acidic properties. This feature of Ni/
SiC contributes to the high stability of glycerol steam reform-
ing and the low level of coke deposition. An appropriate
syngas ratio for the FT synthesis can be achieved over Ni/SiC
because the nonoxide support SiC is more inactive in a water—
gas-shift reaction than the oxide supports Al,O; and CeO.,.

In conclusion, nickel-based catalysts promote the production
of syngas by glycerol steam reforming. This effect is due to the
intrinsic nickel contribution, particularly the dehydrogenation
and decarbonylation, over Ni/SiC. The process minimizes the
coke deposition and side reactions.

Experimental Section

Catalyst preparation: Nickel-based catalysts were prepared over y-
AlLO; (Alfa Aesar), CeO, and SiC (Sigma-Aldrich). The catalysts
were prepared by using a traditional impregnation method with
Ni(NOs),-6 H,O (Sigma-Aldrich). A nominal 1-10 wt% Ni was loaded
onto all the supports. The prepared catalysts were dried at 383 K
overnight and calcined at 873 K for 2 h in air. The calcined catalysts
were ground and sieved under 200 pm.

ChemSusChem 2012, 5, 1513 - 1522
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Catalytic activity test: The glycerol steam reforming was conduct-
ed in a quartz reactor (length: 15 in; diameter of the inlet: 1/4in;
diameter of the bed: 1in), where 0.5 g of calcined catalyst was
packed in the middle. Prior to the activity test, the catalyst was re-
duced over 1 h by TPR at a given temperature with 20 vol % of H,/
Ar. The reaction system was equilibrated for 1 h at a certain tem-
perature in the range of 573 to 773 K in a stream of Ar. An aque-
ous glycerol solution with a certain molar ratio of glycerol and
water was fed by a liquid pump into the heating zone and gasified
at 523 K. The gasified reactant was introduced into the catalyst
bed with Ar at a rate of 20 mLmin~". The liquid-phase products,
unreacted glycerol, and water were condensed and collected in
a separator, which was kept at 278 K; they were then analyzed
with a GC equipped with a flame ionization detector and a DB-
WAX column. A GC equipped with a thermal conductivity detector
was also used to analyze the gaseous products. A molecular sieve
5A was used for the analysis of H,, CO, and CH,, and porapak Q
was used for the analysis of CO..

Characterization of catalysts: 1) TPR and TPO were conducted
with a mass spectrometer (Hiden Analytical Ltd.). Prior to the TPO
and TPR, we dehydrated and degassed the catalysts at 373 K for
2 h under He. Our analysis was conducted at 373-1173 K with
a heating rate of 5Kmin~' with less than 5vol% H,/Ar
(30 mLmin~") and with less than 10 vol% O,/He (50 mLmin~") for
the TPR and TPO, respectively. We used a mass spectrometer to
trace H, and H,0 for the TPR and CO, CO,, H,0, and O, for the
TPO. 2) TPD experiments with CO, and NH; were conducted by
using a BEL-CAT instrument (BEL Japan, Inc.) equipped with a ther-
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mal conductivity detector (TCD). For 1 h, the prepared catalysts
were loaded and reduced in H, for each temperature determined
by the TPR. The reactor was then purged with He at 623K for
30 min and cooled to 313 K for CO, adsorption or 473 K for NH,
adsorption. After the reduced catalyst was exposed to a flow of
5.98% CO,/He or 5% NHsy/He (50 mLmin~") for 1 h, we removed
the residual gases by purging with pure He for 1 h at either 313 K
for CO, or at 473 K for NH;. TPD profiles were obtained by ramping
up the temperature at a heating rate of 5Kmin~' under He
(50 mLmin™") to either 1073 K for the CO,-TPD or to 1173 K for the
NH,;-TPD. The CO,- and NH;-TPD profiles were normalized by the
weight of sample. 3) For the physisorption of nitrogen (BET mea-
surement) and the chemisorptions of carbon monoxide, we used
ASAP 2010 and Autochem 2910 apparatus (Micrometrics). The ni-
trogen physisorption measurement was taken at 77 K. Before the
measurement, all the samples were degassed and dehydrated at
573 K. In the case of the chemisorption of carbon monoxide, the
catalysts were reduced at each temperature determined by TPR.
The reactor was then kept at 573 K for 1 h to remove the absorbed
hydrogen. The chemisorption was conducted after cooling to
323 K. For computing the CO uptake of the nickel catalysts, a value
of 1.4 for the Ni/CO stoichiometry was used.”® 4) XRD patterns of
each calcined and reduced catalyst were obtained by using
a Rigaku D/MAX-III X-ray diffractometer with nickel-filtered CuK, ra-
diation (40 kV and 40 mA). It was then measured at 2° steps in the
2-theta range of 20-80°. The average particle diameter is derived
from Scherrer’s equation. 5) Catalyst profiles derived from TG/DTA
were analyzed by using a TG209F3 instrument (Netzsch). After all
the catalysts were dehydrated and degassed at 373 K for 2 h, they
were heated to 1173 K at a heating rate of 5 Kmin~' in air. 6) The
morphology and particle size of the reduced and used catalysts
were analyzed by using a HD-2300 STEM instrument (Hitach). The
distribution of elements was measured by using a TEM-EDAX in-
strument. To analyze the carbon element, a non-carbon tape TEM
grid was used to map all the catalysts.
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