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Abstract

The current paper reports on the kinetics of glycerol reforming over the alumina-supported Ni catalyst
that was promoted with rare earth elements. The catalysts were synthesized via wet impregnation
method with formulations of 3 wt% Sm-20 wt% Ni/77 wt% Al2Os. The characterizations of all the as-
synthesized catalysts were carried out, viz. BET specific surface area measurements, thermogravim-
etri analysis for temperature-programmed calcination studies, FESEM for surface imaging, XRD to ob-
tain diffraction patterns, XRF for elemental analysis, etc.. Reaction studies were performed in a
stainless steel fixed bed reactor with reaction temperatures set at 973, 1023 and 1073 K employing
weight hourly space velocity (WHSV) of 4.5x104 mL g1 h-1. Agilent GC with TCD capillary column was
used to analyze gas compositions. Results gathered showed that the BET specific surface area was 2.09
m2.g-! for the unpromoted Ni catalyst while for the promoted catalysts, was 2.68 m2.g-1. Significantly,
the BET results were supported by the FESEM images which showed promoted catalysts exhibit
smaller particle size compared to the unpromoted catalyst. It can be deduced that the promoter can in-
crease metal dispersion on alumina support, hence decreasing the size of particles. The TGA analysis
consistently showed four peaks which represent water removal at temperature 373-463 K, followed by
decomposition of nickel nitrate to produce nickel oxide. From reaction results for Sm promotion showed
glycerol conversion, X¢ of 27% which was 7% higher than unpromoted catalyst. The syngas productions
were produced from glycerol decomposition and created H2:CO product ratio which always lower than
2.0. The H2:CO product ratio of 3 wt% Sm promoted Ni/Al203 catalyst was 1.70 at reaction temperature
of 973 K and glycerol partial pressure of 18 kPa and suitable enough for Fischer-Tropsch synthesis.
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1. Introduction that has been used as an additive in the food,
cosmetic, drugs and pharmaceutical industries
[1]. The feasibility of glycerol to function as a
reactant in some catalytic processes for the pro-
duction of commodities has been evaluated in

For the last decades, glycerol (propane-
1,2,3-triol) is an oxygenated organic compound

% Corresponding Author. some of the past literature [1,2].

. . . Glycerol has been proposed as a feedstock
E-mail: chink .edu. .K. Ch . .
mail: chinkui@ump.edu.my (C.K. Cheng) for several productions, such as: acrolein [3],
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synthesis gas [4], hydrogen [5], and also as an
additional transportation fuel via Fisher-
Tropsch synthesis [6]. Theoretically, 4 moles of
hydrogen and 3 moles of CO can be produced as
gaseous product from 1 mole of glycerol. Gasifi-
cation, pyrolysis or steam reforming could lead
to a very satisfying performances [2].

Steam reforming of glycerol over ceria-
supported Ir, Co, and Ni catalysts for produc-
tion of hydrogen was studied [7]. The same case
for the reforming of glycerol and its aqueous so-
lution over nickel-based catalyst was deter-
mined [8]. For the gas phase pyrolysis of glyc-
erol in steam produce in a laminar flow reactor
successfully reported by Stein et al. [9]. Fur-
thermore, from the pyrolysis of glycerol in N2 in
a packed bed tubular for production of syngas
was performed by [10]. The thermal decomposi-
tion of glycerol in near-critical and supercritical
water has been finalized by Buhler et al. [8].
Apart from that, the pyrolysis of the crude glyc-
erol from Dbiodiesel production plant was
achieved by thermogravimetry coupled along
with Fourier transform infrared spectroscopy
in current work [2,11].

Significantly, this work aims to expand the
study of production of syngas from glycerol py-
rolysis over rare earth promoted Ni/Al2O3 cata-
lyst in a stainless steel fixed bed reactor. There
are several novelties of the current work.
Firstly, raw material (glycerol) was normally
produced from biodiesel production as a by-
product. But, the process is slow, expensive and
produces low yield. In this case, the glycerol
will act as a raw material undergoing reliable
process to produce useful products such as syn-
gas. The second aspect is the employed cata-
lysts. Most of the time, common rare earth pro-
moters like La and Ce were employed. Rare
earth metal like Samarium is rarely studied,
therefore was promoted into Ni/Al2Os catalyst
in this study. The development of novel process
is also involved. From previous study, catalytic
reforming shows an impressive performance on
syngas production [12,13]. The H20 or COz was
used together with raw material in the reform-
ing process as gasifying agent. But, this work
investigates a direct catalytic reaction of glyc-
erol molecule itself. Ni catalysts supported on
MgAl204 promoted with rare earth have shown
an impressive catalytic performance in ethanol
steam reforming in other previous works [14].
Therefore, the primary objective of the current
work is to study direct catalytic reaction of
glycerol for syngas production over Ni/Al:Os
catalyst promoted with rare earth metal, sa-
marium.

2. Materials and Method

The alumina support was pretreated in a
muffle furnace (Carbolite) at temperature of
1073 K for 6 h using a heating rate of 10
°C/min. Then, it was screened to 140-425 pm
particle range. The freshly screened alumina
was precisely weighed, then transferred into a
beaker that contained desired amount of aque-
ous solution of Ni/(NOs3)2.6H20 and
Sm(NQOs3)3.6H20 in order to prepare 3wt%Sm-
20wt%Ni/7T7Twt%Al203 catalyst. For the unpro-
moted 20wt% Ni/80wt%Al203 catalyst, it was
produced via the same method. To complete the
impregnation procedure, the slurry was mag-
netic-stirred at 6.0 to 8.0 rpm (based on slurry
condition) for 3 h at ambient condition, then
oven-dried at 393 K for overnight. The dried
catalysts were then air-calcined at 1073 K for 5
h. Finally, the calcined catalyst was crushed
and sieved to 140-250 um particle range for re-
action studies.

For the x-ray diffraction (XRD) measure-
ment, Shimadzu diffractometer model XRD-
6000 employing Ni-filtered CuK. with a wave-
length (A) of 1.5418 A at 40mA and 45 kV was
used, with scanning ranged 10° to 80°. Based
on the Scherrer equation [15], the crystalline
size of the catalysts was calculated:

090x A

Dp= ——
P B * casf

D

where D, is known as crystallite size, A is the
wavelength of the radiation, £ is a half of the
maximum intensity peak and 6 is the half of
the diffraction angle. In order to determine the
cacination profiles of the uncalcined dried cata-
lysts and to ensure metal oxide formation by
decomposition of metak nitrate, the TGA
(Q5000-model) analysis was performed from
room temperature to 873 K. The ramping rates
operated were 10, 15 and 20 K/min under air
purging consists of with 20 ml/min of Oz and 80
ml/min of No. BET analysis was employed to
calculate the surface area of the catalysts.
Moreover, liquid N2 was used as adsorbate and
77 K was set as temperature. Density of the
catalysts for Ng-physisorption was obtained
from the Gas pycnometer (1340 AccuPyc). Wa-
ter was utilized as a blank with number of
purge and cycles of 10.JEOL/JSM-7800F model
of FESEM was applied for surface imaging of
the catalysts. From 5kV of voltage acceleration
with 10, 20 and 30 kx magnification, the image
was detected.
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Reaction glycerol pyrolysis was carried out
in a stainless steel fixed bed reactor with 0.20 g
of catalyst. The reaction temperatures were set
at 973, 1023 and 1073 K. The total inlet flow
rate was 150 ml.min-! culminating in weight
hourly space velocity (WHSV) of 4.5x104 ml g-!
h-l. In order to analyze the gas compositions,
Agilent GC (Model no. 6890 series) with TCD
capillary column was used. The GC has two
packed columns, which are Supelco Molecular
Sieve 13X (10 ft x 1/8 in OD x 2 mm ID, 60/80
mesh, Stainless Steel) and an Agilent Hayesep
DB (30 ft x 1/8 in OD x 2 mm ID, 100/120 mesh,
Stainless Steel). The carrier gas used was He
gas.

In addition the glycerol conversion to gase-
ous product (based on atom-H balance), yield of
carbon and hydrogen were calculated based on
Equations (2) to (4):

2XFy +4XFy

X 100
8 X FCEHBGE,EH (2)
Y, = : X 100 where i = C0,CO, an'’ "7
3X FEEHBDE,E?:
3)
2 X Fy
Yy = 2 — % 100
' B XFryo,.in (4)

where I = CO, CO2, danCH4 F; is the molar
flow rate of component .

3. Results and Discussion
3.1 X-ray diffraction

Figure 1 shows the XRD pattern of both
catalysts which indicates the existence of high
crystallinity demonstrated by sharp peaks re-
corded at different 26. According to the graphs,
during NiO at 37° in which impute its diffusion
into the support to provide Ni-Al:O4 at 36°, 38°
and 63° [12,13].

Apart from that, the peaks indicates alike
pattern for Sm promoted catalyst but has a

Table 1. Crystallite size for unpromoted
Ni/Al2O3 and 3 wt% Sm-Ni/Al2Os3 catalyst

Crystallite Size

Sample (nm)
20% N1/Al20s3 39.22
3% Sm-20% Ni/77%Al203 42.12

lower intensity value in contrast to the unpro-
moted catalyst. Constant crystallite structure
at the catalyst represent by the almost similar
sharp peak pattern in NiAl204 peak. The result
was verified by FESEM image in which showed
fine metal dispersion between the surfaces of
the catalysts.

Table 1 summarizes the crystallite size for
both sets of catalysts, with Sm promoted cata-
lyst showing larger value compared to the un-
promoted catalyst. The crystallite size was par-
allel with BET analysis that display higher
surface area for Sm promoted Ni/Al>Oscatalyst.
The larger crystallite size could avoid pore
blockage at the catalyst as well as increase the
surface area.

3.2. TGA analysis

By using air blanket to determine the
weight loss associated with decomposition of ni-
trate, the thermal calcination profiles were ob-
tained. Figure 2 illustrates the derivative
weight changes profiles for both the unpro-
moted Ni/Al2O3 and 3wt% Sm-Ni/Al2Os cata-
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—— 3%Sm-NVALO,

Intensity (a.u.)
-
®
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Figure 1. XRD pattern for calcined unpromoted

Ni/Al203 and 3 wt% Sm-Ni/Al2Os catalyst (m Ni-
Al:04; e NiO)
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Figure 2. Derivative weight profiles of unpro-
moted N1/Al2O3 and 3 wt% Sm-Ni/Al2O3
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lysts.

As shown in the Figure 2, it consistently re-
corded four peaks at temperature ranged 373 to
513 K that represent physical and hydration
water removal. The sharp and large peaks re-
corded at temperatures from 513 to 643 K can
be attributed to the decomposition of nickel ni-
trate and samarium nitrate to form NiO and
Sm20s3, respectively. Beyond 643 K, the profile
was flat. Therefore, the calcination of dried
catalysts for actual reaction studies was carried
out at temperature beyond 643 K to ensure
complete removal of nitrate precursor.

3.3. BET specific surface area

As can be seen in Table 2, the BET specific
surface area for Sm-promoted calcined catalyst
was higher compared to the unpromoted; this
observation was also verified by the subsequent

Table 2. Specific surface area for unpromoted
Ni/Al20s and 3 wt% Sm-Ni/Al>Os catalysts

BET Surface Area

Catalyst (m? g1)
Unpromoted Ni/Al2O3 2.09
Sm promoted Ni/Al2O3 2.68

30
(@
25
20
=
E1s
> 10
5
5 .
0 0.2 0.4 0.6 08 1 1.2
p/Pe
0.6
(b)
0.5
= 04
3

Eo3
Fo2
01

o
0 02 0.4 0.6 0.8 1 12
p/P

Figure 3. N2 physisorption isotherms for cal-
cined (a) unpromoted Ni/Al20O3 and (b) 3 wt% Sm-
Ni/Al2Os catalysts

FESEM analysis. The result was proven from
low surface area for unpromoted catalyst in
which effected from sintering from calcinations
process earlier.

Based on N2-physisorption isotherms (cf. Fig-
ure 3), it is confirmed that the unpromoted
Ni/Al203 catalyst possessed mesoporous type V
tunnel whilst upon 3 wt% Sm impregnation, the
texture has changed to mesoporous type IV. The
creation of new compositions by upgrade of the
surface structure of the catalysts results in the
change of interaction.

3.4. FESEM surface images

FESEM images showed the surface morphol-
ogy of the catalysts as demonstrated in Figure 4.
For Figure 4(a) labeled as unpromoted Ni/Al20s
catalysts the particle size as well as the porosity
were contrast compared to with 3 wt% Sm-
Ni/Al203 (Figure 3(b)) catalysts. Due to the crys-
tallite formation, the unpromoted catalyst pre-
sent with the rougher and bulkier surface as
well as larger particle size. Meanwhile for the
Sm-promoted catalyst, the existence of metal
such as Ni and Sm improved the surface struc-
ture due to the nature of the metals which avoid

Figure 4. Catalysts structure for calcined
(a) unpromoted Ni/Al203 (b) 3 wt% Sm-Ni/Al203
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the blockage of alumina pores. Hence, the pres-
ence of promoter catalyst can results in the in-
creasing the surface area of calcined catalysts
which was also supported by the BET results
presented earlier.

From the images presented also indicated
that the promoted catalyst has smaller particle
size compared to the unpromoted catalyst. In
order to avoid any formation of larger particles,
the upgrade metal dispersion is necessary and
to minimize sintering process, textural promot-
ers play very important roles.

3.5. Catalytic reaction performance test-
ing

The reaction studies that were included in
the latest work are the effects of glycerol con-
version and products yield. All the reactions
part was run at ranging temperature 973 to
1073 K for 3 h with WHSV of 4.5%104 ml geac!
h-1 and 0.2 g of the catalysts.

In order to measure glycerol conversion, Xa
and product yield, Y;, partial pressure of glyc-
erol, Py, was varied along with various carrier
gas (nitrogen) partial pressures, Py» at fixed
temperature. Glycerol conversion profile indi-
cates for unpromoted Ni/Al2Os and 3 wt% Sm-
Ni/Al203 catalysts over 3 h reaction time were

recorded in Figure 5.

According to the graph, glycerol conversion
for Sm promoted Ni/Al203 was higher than un-
promoted Ni/Al203 catalyst, additionally as se-
curing steady state at early reaction. There-
fore, glycerol composition was carried to pro-
duction of syngas with assist by promoter of
catalyst to upgrade reactant’s internal diffu-
sion into catalyst molecule. This situation re-
lated to FESEM images earlier which pro-
moted catalyst could increase pores of the cata-
lyst as well as improve reactant’s internal dif-

30
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Figure 5. Glycerol conversion for unpromoted
Ni1/Al:O3 and 3 wt% Sm-Ni/Al:Os at T = 973 K,
Pgy = 14 kPa and WHSV = 4.5X104 ml gcarth-!
over 3 h reaction time

Table 3. Hz yield over glycerol partial pressure for unpromoted Ni/Al2O3

Glycerol Partial Pres- Hydrogen Yield
sure (kPa) 973 K 1023 K 1073 K
4.5 22.64 24.00 18.97
9 27.51 19.76 26.01
13.5 17.91 18.00 21.66
18 17.71 18.56 16.29
22.5 12.52 21.74 20.70
Table 4. H: yield over glycerol partial pressure for 3 wt% Sm-Ni/Al2Os catalysts
Glycerol Partial Pres- Hydrogen Yield (Yz2)
sure (kPa) 973 K 1023 K 1073 K
4.5 22.33 22.53 25.74
9 20.59 23.11 25.97
13.5 24.49 23.79 25.79
18 20.33 22.47 20.05
22.5 20.44 21.11 27.43
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Figure 6. H2:CO product ratio versus glycerol partial pressure for a) unpromoted and b) 3 wt% Sm-
Ni/Al2O3 at T =973 K and WHSV = 4.5x104 m] gearth-1

fusion.

The reactions were thoroughly explored by
yield of hydrogen (Hz) over glycerol partial
pressure at various temperatures (973, 1023
and 1073 K) as shown in Tables 3 and 4. The
yield of hydrogen indicated steady state read-
ing at lower glycerol partial pressure which is
at 4.5-13.5 kPa before reduce moderately at 18
kPa and showed increment pattern again at fi-
nal partial pressure. The observation may re-
sult from the carbon laydown at the surface of
catalysts. The observations also represent dif-
ferent stage of product yield by using varied
temperature. According to H: yield, 1023 K
temperature was pointed out as the most stable
production in contrast to the other tempera-
ture. Hence, at temperature above 1023 K, car-
bon deposition may start to take place.

Furthermore, based on Figure 6 the H2:CO
ratio can be observed. The value from the en-
tire ratio recorded less than 2.0 at all operating
temperatures. The highest H2:CO ratio re-
corded around 1.70 at glycerol partial pressure
of 18 kPa. Therefore, all the ratio results feasi-
ble as the most appropriate alternatives for
Fischer-Tropsch synthesis.

4. Conclusions

The current work was presented the glycerol
pyrolysis over 3 wt% Sm promoted Ni/Al2Os
catalyst into syngas production which mainly
produces H2. Sm promotion had larger BET
surface area by doping 3 wt% Sm into a
Ni/Al2Os catalyst based on physicochemical
characterization of catalysts in which later
verified and proved with FESEM surface im-
ages. Textural promoters take part in huge
roles in order to minimize sintering and up-
grade metal dispersion which were crucial to
avoid formation of larger particles. The avail-

ability of promoter enhances the control the
crystallite size to avoid pore blockage as pro-
vided by XRD results. Base on the reaction re-
sults for Sm promotion indicated glycerol con-
version, Xg, of 27% which was 7% higher than
the unpromoted catalyst. From glycerol decom-
position, the syngas productions were created
and presented with Ha2:CO ratio which always
lower than 2.0. The H2:CO ratio of 3 wt% Sm
promoted Ni/Al:Os catalyst was 1.70 at reac-
tion temperature of 973 K with recorded glyc-
erol partial pressure of 18 kPa, suitable for
Fischer-Tropsch synthesis.
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