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Abstract The present study investigates the catalytic performance over Ni-based
catalysts supported on LaAlO5 perovskite for aqueous phase reforming of glycerol
to produce hydrogen. The X-Ni/LaAlO; (X = Cu, Co, Fe) catalysts were prepared
by precipitation. The amount of added Cu, Fe, and Co in the Ni/LaAlO; catalyst was
fixed at 5 wt.%. The catalytic reaction was tested at 250 °C and 20 bar with a
reactant feed of 15 wt.% aqueous glycerol solution (5 mL/h). The modified Ni/
LaAlO; catalysts were characterized by Brunauer—-Emmett—Teller surface area
analysis, X-ray diffraction, H,-temperature programmed reduction, H,-chemisorp-
tion, X-ray photoelectron spectroscopy, and transmission electron microscopy. The
morphology and carbon deposition of used catalysts were examined by scanning
electron microscopy and thermo-gravimetric analysis, respectively. The Cu—Ni/
LaAlOj; catalyst showed the highest glycerol conversion and hydrogen selectivity, a
result attributed to the synergistic effect of the nickel and copper components in the
catalyst. The small size and high dispersion of Ni particles and suppressed carbon
deposition in the Cu-Ni/LaAlO; catalyst positively influenced its catalytic
performance.
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Introduction

In recent years, alternative energy resources have become increasingly important
owing to dwindling petroleum reserves and increasing environmental concerns
associated with fossil fuel utilization. Catalytic conversion of the bio-diesel by-
product glycerol into hydrogen is one of the most attractive ways to utilize glycerol
and increase its value. Various methods for the production of hydrogen from glycerol
exist, which include: (1) steam reforming, a catalytic process that uses steam to obtain
a syngas containing hydrogen; (2) partial oxidation through a glycerol catalytic
reforming process, using oxygen to acquire hydrogen gas; (3) auto-thermal reforming,
which combines steam reforming and partial oxidation reforming; (4) aqueous phase
reforming, using glycerol for hydrogen production; (5) supercritical reforming, using
critical temperature and pressure to acquire hydrogen gas; and so on. Among these,
aqueous phase reforming is the only liquid phase process; all the other available
technologies of hydrogen production involve gas phase processes. Aqueous phase
reforming has many advantages: for example, it can be performed at a lower
temperature than other reforming processes, thus reducing the energy expense, and it
produces less CO [1-5]. Ni-based catalysts have been considered as highly effective
catalysts for increasing glycerol conversion and hydrogen selectivity like novel
catalysts. In Ni-based catalysts, Cu, Co, and Fe are usually used as promoters because
they can reduce carbon deposition, which is a cause of deactivation, by providing
oxygen to the surface and increasing thermal stability [6-8].

This study investigates the improvement of catalytic activity of Ni/LaAlOj
catalysts, promoted with Cu, Co and Fe, for the aqueous phase reforming of glycerol.

Experimental
Catalyst preparation

LaAlO;3 perovskite was prepared by a citric acid method. The molar ratio of
La(NO3)3-6H20:A1(NO3)2-6H20: C3H4(OH)(COOH)3: HOCH2CH20H was 1:
1: 3: 3. We prepared La(NO3)-6H20, AI(NO3)2-6H20, ethylene glycol and citric
acid. Then we mixed all the prepared solutions and stirred at 65-75 °C for 7 h. After
stirring, the mixture phase turned into sol phase. After 7 h from the sol phase, its
phase changed to gel phase with bubbling. We dried it in the oven overnight and
crushed it to make powder above 35 mesh size. We obtainedf LaAlO3 perovskite by
calcining at 400 °C for 2 h, then 850 °C for 11 h in air condition.

The X-Ni/LaAlO; (X = Cu, Co, Fe) catalysts with 15 wt.% Ni and 5 wt.% Cu,
Co, and Fe were prepared by the precipitation method. We used Na,CO; as
precipitant. The precipitate was stirred at 80 °C for 1 h and then repeatedly washed.
The prepared sample was filtered with distilled water and dried at 110 °C overnight
in an oven. All the synthesized catalysts were calcined at 500 °C for 5 h in air.
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Catalyst characterization

The catalysts were characterized by X-ray diffraction (XRD; DMAX100, Cu-Ka, Ni
filter; Rigaku, Japan), scanning electron microscopy (SEM; JSM-5400A; JEOL),
transmission electron microscopy (TEM; JEN-2000FXII; JEOL), BET (ASAP2020;
Micromeritics Ins, USA), H,-chemisorption and TPR (Chemisorption Analyzer,
BEL-CAT; BEL, Japan).

Catalytic reaction

Aqueous-phase reforming of glycerol was carried out at high pressure in a fixed-bed
reactor. The experimental setup consists of a tubular reactor of stainless steel
(i.d. = 16 mm, L = 400 mm). The temperature inside the reactor is measured by a
thermocouple located on the catalyst bed. Prior to the reaction, 1 g of the prepared
catalyst was reduced in situ at 550 °C for 2 h in a mixture of H, (3 mL/min) and Ar
(27 mL/min). The catalytic reaction was tested at 250 °C and 20 bar with a reactant
feed of 15 wt.% aqueous glycerol solution (5 mL/h). The product stream was
separated into a liquid phase and a gas phase component in a condenser connected
to the reactor outlet. The gaseous products were analyzed on-line by gas
chromatography using a Shimadzu-14B model equipped with a thermal conduc-
tivity detector (TCD). The gases H,, CH,, CO, and CO, were separated in a
Hayesep D column (@ 1/8” x 7 m, 100/20 mesh) using Ar as the carrier gas.

The conversion of glycerol to gaseous products was calculated according to the
following equation on the basis of carbon balance:

Glycerol conversion into gaseous products (%)
C atoms in gas products % 100 (1)

- Total C atoms in the feedstock

Produced Hymol 1
H, selectivit = x —x 100 2
2 selectivity (%) Total glycerol mole converted R @)

where R is the H,/CO, reforming ratio of 7/3 for glycerol

Produced Cymol
C,component selectivity (%) = Totaioprl(l)cdeucedl 20m01 x 100 (3)
I

(C; component = carbon monoxide, methane, carbon dioxide)

Results and discussion
Catalyst characterization
Table 1 shows the BET surface areas of the X-Ni/LaAlO; (X = Cu, Co, Fe)

catalysts. The Ni/LaAlOj catalyst has a lower BET surface area than the X-Ni/
LaAlOj catalysts. It appears that modification of Ni-based catalysts with Cu, Co,
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and Fe increases the BET surface area, indicating that metallic Ni particles are well
dispersed on the catalyst surface.

Figures 1, 2 and 3 show the XRD patterns of prepared catalyst in order to identify
the structure and particle size of the prepared catalysts. Figure 1 shows a peak at
20 = 33°, corresponding to the perovskite structure of all the catalysts. For the
X-Ni/LaAlOj catalysts, characteristic peaks appeared at 20 = 37.2°, 43.4°, and 63°,
corresponding to (111), (200), and (220) of NiO, respectively [9]. No diffraction
peaks corresponding to CuO, CeO,, and FeO5; were observed, suggesting that these
species were well dispersed on the catalyst surface or had a small particle size.
Figure 2 shows the XRD pattern of the reduced catalysts. All the catalysts were
completely reduced to metallic Ni’, as evidenced by Ni’ peaks at 20 = 44.5° and
51.8°. Figure 3 shows the XRD pattern of the catalysts.

The catalysts still maintained their perovskite structure, amd Fe,O and CuO
peaks were observed. The Ni/LaAlO; and Co—-Ni/LaAlO; catalysts showed a
diffraction peak of graphite carbon at 20 = 26.5°. This indicates that the lower
catalytic activity of the Ni/LaAlO; and Co-Ni/LaAlO; catalysts is a result of
graphite carbon deposition, which causes deactivation of the catalysts.

The crystallite sizes of metallic Ni in the used catalysts were determined using
the Scherrer equation. As shown in Table 2, the Ni particle size in the Cu—-Ni/
LaAlOj catalyst was the lowest (10.75 nm), whereas the Ni particle size in Ni/
LaAlOj; was the largest (26.45 nm). We suggest that promotion by Cu, Fe, or Co of
Ni supported on a perovskite catalyst has an effect on the metallic Ni dispersion.
Table 2 also shows the metallic Ni dispersion of the catalysts measured by
H,-chemisorption. It can be seen that the Cu—Ni/LaAlO; catalyst has the highest Ni
dispersion, indicating that there are more active sites present on the Cu—Ni/LaAlO;
catalyst surface.

Figure 4 shows the TPR profiles of the prepared catalysts. The Ni/LaAlOj
catalyst exhibited a reduction peak at low temperatures (350 °C), which can be
attributed to the reduction of NiO species on the catalyst surface [10, 11]. The
presence of the low-temperature reduction peak (200 °C) for the Cu—Ni/LaAlO3
catalyst indicates the reduction of CuO species. The high temperature reduction
peak at 280 °C can be attributed to the reduction of NiO species on the catalyst
surface. Figure 4 shows the presence of at least two peaks in the TPR profiles of the
Co-Ni/LaAlOj catalyst, indicating the reduction of CoO at a lower temperature
(300 °C) [12]. The peak at around 489 °C can be attributed to the reduction of Fet
to Fe>" in iron oxides [13, 14]. No reduction peak of NiO appeared for the Fe—Ni/
LaAlOj; catalyst, suggesting that the reduction peak of NiO and the reduction peak
of Fe** to Fe*" in iron oxides overlapped to form one broad peak. The Cu-Ni/

Table 1 BET surface areas of

2
modified Ni/LaAlOs, Ni—Cw/  CA@Iyst BET (m’/g)
LaAlO,, Ni-Co/LaAlOs, Ni—Fe/
LaAlO; catalysts Ni/LaAlO; 5.3
Ni~Cu/LaAlO, 1.6
Ni~Co/LaAlO, 7.1
Ni—Fe/LaAlO, 24.1
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Fig. 1 XRD patterns of bimetallic catalysts after calcination: a Ni-Fe/LaAlO3, b Ni-Cu/LaAlO3, ¢ Ni—
Co/LaAlO3;, d Ni/LaAlO3
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Fig. 2 XRD patterns of bimetallic catalysts after reduction: a Ni-Fe/LaAlO3, b Ni-Co/LaAlO3, ¢ Ni—
Cu/LaAlOs, d Ni/LaAlO;

LaAlOj; catalyst showed a lower reduction temperature of NiO than the Ni/LaAlO5
catalyst. It can be seen that the Cu—Ni/LaAlO; catalyst had an enhanced metallic Ni
dispersion due to the addition of Cu. Therefore, the Cu—Ni/LaAlO; catalyst showed
the best reducibility of NiO, which has an effect on the catalytic activity.

The performance of the catalysts in terms of coke formation was compared by
thermo-gravimetric analysis (TGA) (Fig. 5). The Co-Ni/LaAlOj; catalyst shows the
lowest level of carbon deposition, whereas the Ni/LaAlO; catalyst shows the highest
level. The Cu—Ni/LaAlO5 catalyst shows an intermediate amount of carbon
deposition, but shows the best performance in terms of catalytic activity. It is
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Fig. 3 XRD patterns of bimetallic catalysts after reaction: @ Ni/LaAlO3, b Ni—-Co/LaAlOs, ¢ Ni-Fe/
LaAlO;, d Ni-Cu/LaAlO;

Table 2 Physicochemical properties of the catalysts

Catalyst NiO diameter (nm)* Ni diameter (nm)* Metal dispersion (%)°
Ni/LaAlO; 20.83 26.45 0.106

Cu-Ni/LaAlO; 29.26 10.75 0.141

Co-Ni/LaAlO; 70.61 24.10 -

Fe-Ni/LaAlO; 25.66 13.30 -

% Size of Ni particles on the catalysts determined by the Scherrer equation

® Determined from H, uptake on the catalysts

suggested that graphite deposition has a greater influence on the deactivation of the
catalyst than the deposition of other forms of carbon or the amount of carbon
deposition. The characterization of the XRD patterns shows that whisker-type
carbon does not have an effect on the deactivation of catalyst [15, 23].

Figure 6 shows SEM images of fresh and used catalysts. Before reaction, the
metal was well supported on the perovskite and the metal particles were dispersed as
small clusters of various shapes. After reaction, the Ni/LaAlOj; catalyst in particular
showed higher metallic Ni particle sizes than Ni-based catalysts promoted by Co,
Cu and Fe, due to sintering of Ni particles during the aqueous phase reforming.
However, no change in the size of the Ni particles on the surface of the Cu-Ni/
LaAlOj catalyst was observed.

Figure 7 shows TEM images of fresh and used catalyst. Before reaction, the
metal particles were well dispersed on the support with small and large particles,
respectively. After reaction, the Ni/LaAlO;5 catalyst showed deposition of graphite-
type carbon. In contrast, the Cu-Ni/LaAlOj5 catalyst had deposition of whisker-type
carbon. According to the literature, the whisker-type carbon does not affect the
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Fig. 4 TPR profiles of catalysts: a Ni/LaAlO;, b Ni—Cu/LaAlO;, ¢ Ni-Co/LaAlO;, d Ni-Fe/
LaAlO;catalysts
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Fig. 5 TGA profiles of catalysts (air, 10-1000 °C): a Co-Ni/LaAlO3;, b Fe-Ni/LaAlOz, ¢ Cu-Ni/
LaAlO;, d Ni/LaAlOj;catalysts

catalytic performance because it grows on one side of the metallic Ni particles,
unlike graphite-type carbon [23].

The surface composition and the oxidation state of metals in the Cu—Ni/LaAlO;
catalyst before and after reaction were characterized by XPS. Figure 8 shows the
XPS spectra of the fresh catalyst. The binding energies of Ni in the Cu—Ni/LaAlO3
catalyst correspond to that of Ni** (855.75 eV) and Ni® (853.60 eV), respectively.
After reaction, the binding energy of Ni decreased from its original value of
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Fig. 6 SEM images of Ni/LaAlO3, Cu-Ni/LaAlO3, Fe-Ni/LaAlO;, Co-Ni/LaAlO; catalysts: (/) Ni/
LaAlO; a before and a’ after reaction, (2) Cu-Ni/LaAlO3 b before and b’ after reaction, (3) Fe-Ni/
LaAlOj; ¢ before and ¢ after reaction, (4) Co-Ni/LaAlOs d before and d’ after reaction

853.08-852.35 eV and the peak in the bimetallic catalyst was intensified. This peak
corresponds to the Ni*™ species and is close to the binding energy of Ni,Ps, in
NiAl,O,. This peak originates as a result of the decrease in the binding energy of Ni
after the reaction; it appears that more Ni atoms are reduced to metallic Ni on the
catalyst surface. Figure 8b, b’ shows the O, XPS spectra of the fresh catalyst. The
binding energy of O-'s before reaction has contribution from two components: the
lower binding energy of 529 eV is attributed to lattice oxygen O*~ and the
remainder is attributed to absorbed O,27/O~, OH™ of hydroxyl species or oxygen
species from a carbonate CO5>~ [17-22]. The amount of lattice oxygen before and
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Fig. 7 TEM images of Ni/LaAlO;, Cu-Ni/LaAlO;, Fe-Ni/LaAlO3;, Co—Ni/LaAlOj catalysts: (/) Ni/
LaAlO; a before and a’ after reaction, (2) Cu-Ni/LaAlOs b before and b’ after reaction, (3) Fe-Ni/
LaAlOj; ¢ before and ¢ after reaction, (4) Co-Ni/LaAlOs d before and d’ after reaction
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Fig. 8 XPS analysis of Cu-Ni/LaAlO; catalyst before (a, b) and after reaction (a’, b’)

Table 3 Glycerol conversion and gas product selectivity (15 wt.% glycerol, 250 °C, 20 bar, 5 mL/h, 1 g
catalyst)

Catalyst Conversion (%) H, selectivity (%) C; compound selectivity (%)

CH,4 CO, co

15 wt.% Ni/LaAlO3 234 61.1 10.1 45.4 44.5
15 wt.% Ni-5 wt.% Cu/LaAlO3 34.6 79.7 1.4 80.9 17.7
15 wt.% Ni-5 wt.% Co/LaAlO3 16.4 64.0 14.1 335 524
15 wt.% Ni-5 wt.% Fe/LaAlO3  27.3 67.6 12.0 44.1 44.0

after reaction was compared, and it was observed that the amount of lattice oxygen
is lower after reaction. This indicates that the lattice oxygen content of the Cu—Ni/
LaAlO; catalyst does not cause a large improvement in resistance to carbon
deposition in the aqueous phase process [16—22]. This finding is in agreement with
the TGA results, which show that the Cu—Ni/LaAlOj; catalyst has a relatively large
amount of deposited carbon compared to the other catalysts.

Catalytic activity

The catalytic activities of the catalysts for the aqueous phase reforming of glycerol at
250 °C are shown in Table 3. In the aqueous phase reforming process, measurement
was performed at 20 bar and 250 °C with a feed flow rate of 0.083 mL/min (15 wt.%
glycerol in water). Glycerol conversion using the Cu—Ni/LaAlO; catalyst was found
to be 34.6 % and hydrogen selectivity was 79.7 %. Of the catalysts investigated, this
catalyst showed the highest glycerol conversion and hydrogen selectivity. The Cu-Ni/
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LaAlOj; catalyst with the smallest Ni particle size and largest BET surface area
showed the best catalytic performance, indicating that Ni particle size and BET
surface area have an effect on the catalytic performance. The high catalyst activity
can also be attributed to the Cu—Ni/LaAlO; catalyst presenting a large number of
active sites on the catalyst surface. The Cu—Ni/LaAlOj; catalyst showed the highest
carbon dioxide selectivity and the lowest carbon monoxide selectivity. It is suggested
that the catalyst favors the water—gas shift reaction and methanation.

Conclusions

The present work investigated the catalytic performance for aqueous phase
reforming of glycerol to produce hydrogen over Ni-based catalysts supported on
LaAlO;3 perovskite. The Cu-Ni/LaAlO; catalyst showed the highest glycerol
conversion and hydrogen selectivity. In addition, the Cu—Ni/LaAlO; catalyst
showed the highest carbon dioxide selectivity and the lowest carbon monoxide
selectivity. It is suggested that this catalyst favors the water—gas shift reaction. The
catalytic activity of Cu-Ni/LaAlO; was enhanced by the lower metal particle size,
the increased number of active sites, and improved Ni dispersion. TEM images of
the Cu—Ni/LaAlOj; catalyst showed the formation of whisker-type carbon during the
aqueous phase reforming of glycerol. It is known that the whisker-type carbon has
no influence on catalytic activity [23]. The Cu—Ni/LaAlO; catalyst was therefore
found to be a good catalyst for the aqueous phase reforming of glycerol.
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