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Abstract—The metal oxides modified Ni/»Al,O, catalysts for glycerol steam reforming were prepared by impregna-
tion. Characterization results of fresh catalysts indicated that the molybdates modification abated the acidity and the
stronger metal-support interaction of Ni/yAl O, catalysts, leading to a stable catalytic activity. Especially, NiMoLa-
CaMg/»AlO, (NiMoLa/CMA) catalyst exhibited no deactivation along with glycerol complete conversion to stable
gaseous products containing 69% H,, 20% CO and 10% CO, during time-on-stream of 42 h. TPO of spent Ni/#ALO,
catalysts modified by different components showed that the carbon deposit on acidic sites and NiAlO, species led to
catalysts deactivation. A lower reforming temperature and a higher LHSV and glycerol content were helpful to the
production of syngas from GSR over NiMoLa/CMA; the reverse conditions would improve the formation of H,.
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INTRODUCTION

With increasing production of biodiesel, a great deal of glycerol
will be by-produced during biodiesel manufacturing by transesteri-
fication of vegetable oils or animal fats. Therefore, glycerol utiliza-
tion is a very important subject, and much attention has already been
focused on this field. For examples, glycerol can be used for the
production of 1,2-propanol, 1,3-propanol and other important chemi-
cal intermediates [1-3]. As a kind of oxygenated hydrocarbon, glyc-
erol can also be catalytically converted to H, and syngas, which are
applied in fuel cells [4] and the Fischer-Tropsch synthesis [5,6].

It was reported that the noble metal catalysts [7-12] such as Pt,
Pd and Ru exhibited a high catalytic activity; however, the conven-
tional reforming catalysts such as Ni/ALO, gave a low activity and
poor catalytic stability due to coke formation in glycerol steam re-
forming (GSR) [8,10]. Some researchers [10] found that the addi-
tion of a small amount of noble metal could improve the catalytic
properties of Ni-based catalysts in GSR. However, it could also in-
crease the catalyst cost. Other researchers [13-15] found that the
deactivation of Ni-based catalysts in catalytic steam reforming of
other hydrocarbons was also mainly due to the carbon deposit oc-
curred on the acidic sites over catalysts surface, which could be over-
come by adding alkaline elements such as K, Ca or Mg. Addition-
ally, some studies [16-19] indicated that the modification of Mo
oxides could improve the stability of Ni/ALO, catalyst with a high
activity for the reforming of other hydrocarbons such as CH, and
ethanol so on.

Therefore, the present work first adopts alkaline earth metal ele-
ments such as Ca or Mg modified Ni/»ALO, catalyst with a low
cost in order to reduce catalysts acidic sites, and further modifies
the obtained catalysts by adding the other transition metal elements
such as La, Ce, Y, Zr or Mo in order to improve its catalytic stability
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in GSR. The functions of the introduced metals in the correspond-
ing catalysts are investigated through the characterization by using
XRD, H,-TPR and NH,-TPD. The catalytic properties of the modi-
fied Ni/j<Al,O; catalysts are compared and the carbon deposit over
the spent catalyst is tested by TPO. Additionally, the effects of reform-
ing parameters on GSR over the key catalysts are also investigated
in detail.

EXPERIMENTAL

1. Catalysts Preparation

Ni/ALO; catalysts modified by metal oxides were prepared by
the incipient wetness impregnation. Typically, the dried commer-
cial 2ALO; (S;=210m*-g ', particle size 0.8-1.2 mm) was first
impregnated in the aqueous solution containing Ca(NO,),-4H,O
and Mg(NO;),-6H,0 at room temperature for 4 h, and then dried
overnight at 100 °C and calcined at 800 °C for 6 h in air. Thus, the
#ALO; supports (CMA) modified by Ca and Mg oxides were ob-
tained. The further modification of supports CMA with the other
metal elements such as La, Ce, Y or Zr was also carried out by using
the corresponding nitrates as precursors according to the similar
procedure, Mo precursor was (NH,);Mo,0,,-4H,0. After the mod-
ification, the Ni loading was carried out by the above method using
Ni(NO;),-6H,0 as precursor. The obtained catalysts are denoted as
NiM/ICMA, wherein M represents the modified metal oxides except
Ca and Mg. The introduced amounts of modified metal oxides and
Ni were 3 wt% and 10 wt%, respectively.
2. Catalysts Characterization

The Ni actual contents in prepared catalysts were determined by
using a Shimadzu XRF-1800 X-ray fluorescence (XRF) spectrom-
eter. The BET specific surface areas (Sg), pore volume and pore
diameter of catalysts were measured by the N, adsorption-desorp-
tion isotherms at —196 °C using an SSA-4200 micromeritics instru-
ment (Builder Co., Beijing). Powder X-ray diffraction (XRD) an-
alyses were carried out to verify the crystalline structure of the pre-
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pared catalysts, and these experiments were performed on a DX-
2700 powder diffractometer (Dandong, China) operated at 30 kV
and 20 mA, using Cu K radiation. Temperature-programmed reduc-
tion by H, (TPR). temperature-programmed desorption of ammo-
nia (NH;-TPD) and Temperature-programmed oxidation (TPO) were
performed with a TP-5080 adsorption instrument (Tianjing, China)
equipped with a thermal conductivity detector (TCD). In a typical
TPR experiment, 100 mg of sample placed in a quartz tube was
first degassed under a 30 mlmin™' of N, flow at 300 °C for 30 min.
After cooling to about 40 °C in N,, the sample was heated from room
temperature to 950 °C under a 30 ml-min™" of 5% H,-N, mixture
gas, and the heating rate was 10 °C-min"". For NH;-TPD, 200 mg
of catalysts were pretreated in He at 400 °C for 30 min, and then
NH, adsorption was carried in 30 ml'-min™" of He carrier gas con-
taining 10 vol% NH; for another 30 min. Subsequently the phys-
isorbed NH; molecules over samples were removed by He flow
for 2 h. The TPD of the obtained sample was heated in 30 ml-min™
of He at a rate of 10 °C'min™' from 50°C to 700 °C for NH, desorp-
tion. For TPO, 200 mg spent catalysts were introduced into a quartz
tube and dried at 150 °C to remove physisorbed water and then cooled
to room temperature in N,. The TPO measurements were per-
formed under a flow of 5% O,-N, mixture (30 ml-min™") from room
temperature to 700 °C at a heating rate of 10 °C-min™". The O, con-
sumption and the formation of CO/CO, were generally measured
with TCD.
3. Glycerol Steam Reforming

GSR was conducted in a vertical fixed-bed quartz reactor (20
mm diameter and 600 mm length). Prior to the catalytic test, 12 g
catalysts (apparent volume about 15 ml) were reduced in a 60 ml-
min"' of H, flow at 850 °C for 2 h. Then the temperature was ad-
justed to 750 °C and 100 ml-min™" of N, as balance carrier gas was
introduced. After the residual H, was completely removed, 35 wt%
of glycerol aqueous solution was injected by a micro-pump at a flow
rate of 42 ml*h™ to start the reaction measurements. Behind the reac-
tor outlet the reaction mixture was cooled by ice-water bath and
separated. The volume of the produced gaseous mixture was moni-
tored by wet type gas flowmeter, and the composition of gas products
including H,, CO, CO, and CH, was analyzed by on-line gas chro-
matograph (GC-2000, Chongqing, China) equipped with a TDX-
01 (carbon molecular sieves, 3 mx3 mm) packed column and TCD.
Glycerol conversion was calculated according to the GC analysis
of the collected liquid products on another GC-2000 gas chromato-
graph equipped with a KB-Wax capillary column (30 m>0.32 mmx
0.5 um, Kromat Co., USA) and a flame ionization detector (FID).
For the investigation on the effect of reforming parameters, all con-
ditions were unchanged except for the tested one.

RESULTS AND DISCUSSION

1. Catalysts Characterization

The N, adsorption-desorption measurement results of the pre-
pared Ni-based catalysts show that the surface area decreases with
increases in metal loading. It may be attributable to the pore block-
age by the introduced metal oxides. Additionally, the total pore vol-
ume and average pore diameter of the catalysts seem to also give a
decreasing trend after loading the modified metal oxides.

XRD results of Ni/j~AlO; catalysts modified by metal oxides
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Fig. 1. XRD patterns of (1) Ni/CMA, (2) NiLa/CMA, (3) NiCe/
CMA, (4) NiY/CMA, (5) NiZr/CMA, (6) NiMo/CMA, and
(7) NiMoLa/CMA.

(Fig. 1) show that the introduced metal elements except for Mo mainty
exist in the form of corresponding oxides on the support surface.
Fig. 1 shows that XRD pattern of Ni/»Al,O, modified by Y and
Ce (curves (3) and (4)) does not exhibit the characteristic signal of
the corresponding oxides, and the introduction of La gives rise to
the formation of La,O; (see curve (2)). Although two typical char-
acteristic peaks for NiO species (Pdf. 2-1216) at 26=37.5° and 43°
are very difficult to distinguish with those of »+ALO,, MgALO,,
another NiO characteristic peak at 26=62° cannot also be clearly
observed for those catalysts except for NiMo/CMA and NiMoLa/
CMA. It indicates that the bivalent metals such as Ca**, Mg** and
Ni** can easily interact with jALO, to spinel phase (Pdf. 1-1157
and 1-1299), which is possibly due to the stronger metal-support
interaction (SMSI) in Ni/»Al,O, catalysts [17]. For NiMo/CMA,
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Fig, 2. H-TPR profiles for catalysts: (1) Ni/»ALO,, (2) NVCMA,

(3) NiLa/CMA, (4) NiCe/CMA, (5) NiY/CMA, (6) NiZx/
CMA, (7) NiMo/CMA and (8) NiMoLa/CMA.
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the introduction of Mo into Ni/4~AlL,O; consisting of Ca and Mg
leads to the formation of CaMoO, and MgMoO, (Pdf. 77-2238) or
NiMoO, (Pdf. 18-879) besides MoO, (Pdf. 76-1003) species [18,
19] and o~Al,O; (Pdf. 11-661). However, NiMoLa/CMA has less
NiMoO, and MoO; due to the presence of La (compare curves (6)
and (7)). Moreover, the XRD patterns of NiMo/CMA and NiMoLa/
CMA exhibit a weak NiO characteristic peak at 26=62°, which im-
plies that the simultaneous introduction of Mo and La into NiVCMA
leads to the formation of more surface NiO species. It is probably
because the formation of a~Al,O; and the coexistence of La,0O,, MoO,,
molybdates (such as CaMoO,, MgMoO,) weaken SMSI between
Ni and support [11,17].

In the present work, H,-TPR is introduced to investigate SMSI
between Ni species and support in the mentioned-above catalysts.

®
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Fig. 3. NH;-TPD curves for catalysts: (1) Ni/<ALQO;, (2) NVCMA,
(3) NiLa/CMA, (4) NiCe/CMA, (5) NiY/CMA, (6) NiZr/
CMA, (7) NiMo/CMA and (8) NiMoLa/CMA.
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Table 2. Catalytic properties of different catalysts in GSR*
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The results (Fig. 2) show that Ni/»+ALO, catalyst and those modi-
fied by Ca-Mg, La-Ca-Mg, Ce-Ca-Mg, Y-Ca-Mg and Zr-Ca-Mg
only exhibit a single H, consumption peak maximum above 810 °C,
attributed to the reduction of Ni** species located in NiALO, spinel
phase [17,18] detected by XRD (Fig. 1). For the Mo-modified Ni/
CMA catalysts, the TPR peak at about 810 °C is widened (see curves
(7) and (8) in Fig. 2), which is probably induced by the reduction
of Mo® to Mo"" or Ni** to Ni” in NiMoO, [17]. Moreover, both NiMo/
CMA and NiMoLa/CMA exhibit a new low temperature TPR peak
at about 630 °C and 510 °C, respectively. The modification of Mo
and La gives rise to the formation of more surface NiO active species.

C3HgO3  ——= 3CO + 4H, (1)
CO +Hy0 — CO, + H, @)
CO+3H, — CH,+H,0 (3

COy +4H; ——= CH, +2H,0 (4)

Scheme 1. The possible reactions involved in GSR.

Table 1. The Ni content, BET surface area, pore volume and pore
diameter of prepared catalysts

Catalysts Ni , Pore volume Pore diameter
W%y " (em/g) (nm)’
Ni/p~ALO; 9.8 1813 0.22 3.02
NiCa/y~Al,0;4 9.7 1834 0.21 2.86
NiMg/AlL0; 9.7 173.8 0.20 2.45
Ni/CMA 9.6 1702 0.19 2.57
NiLa/CMA 9.7 1583 0.17 2.54
NiCe/CMA 9.6 1489 0.18 2.11
NiY/CMA 9.6 1438 0.18 2.16
NiZr/CMA 9.7 1245 0.16 2.26
NiMo/CMA 9.6 1155 0.15 221
NiMoLa/CMA 9.5  96.1 0.15 2.23

“Derived from XRF
"Derived from N, adsorption/desorption

Gaseous products distribution

Glycerol C conversion to Gas total volume  Production ratio (mol%)

Catalysts conversion (mol%)’  gaseous products® producedin2h (L)  of gas (L/gg,)’

’ H, CO CO, CH,
Ni/y~Al,0; 63.86 54.06 34.381 1.169 74.07 640 17.89 1.64
NiCa/yAl, O, 90.65 60.08 38.214 1.300 7481  6.55 1694 1.70
NiMg/ Al O, 83.69 58.05 36.921 1.256 7478 640 16.61 221
Ni/CMA 84.59 68.43 43.523 1.480 6792 9.19 20.57 2.33
NiLa/CMA 83.97 66.21 42.107 1.432 71.83 814 17.32 2.71
NiCe/CMA 48.15 29.64 18.851 0.641 69.02 1035 1649 4.14
NiY/CMA 67.32 43.44 27.631 0.940 68.55 995 1740 4.10
NiZr/CMA 63.14 38.07 24215 0.824 68.16 944 19.16 3.24
NiMo/CMA 93.40 93.03 57.258 1.948 65.16 10.55 19.90 4.39
NiMoLa/CMA 99.12 99.08 60.018 1.985 6323 17.68 14.13 495

“15 ml catalyst, temperature 750 °C, 42 ml-h™' of 35% glycerol aqueous solution, 100 ml-h™' of N, as balance gas

’Glycerol conversion is calculated by the GC analysis of liquid mixture collected after reaction 2 h

“The data are calculated by C balance

“The total volume of produced gas per gram of converted glycerol

Korean J. Chem. Eng.(Vol. 30, No. 3)
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It further indicates that the presence of Mo species is able to weaken
SMSI between Ni and support, leading to the increase of surface Ni
active species. This SMSI can be further weakened by the simultaneous
modification of Mo and La, because the TPR peak of NiMoLa/CMA
at below 630°C shifts to a lower temperature (curve (8) in Fig. 2).

NH,-TPD profiles (Fig. 3) of the Ni/CMA catalysts modified by
other metal oxides indicate that the introduction of rare earth and
alkaline earth metals makes the NH; desorption peak of Ni/»+Al,O,
catalysts narrow and shift to a low temperature. It shows that the
modification of these metal oxides can also decrease the acidity of
Ni/ALO, surface in some extent. Moreover, the modification of
Mo and Mo-La complex oxides can further decrease the acidity of
catalysts surface, which is perhaps from the interaction of molyb-
date anions with hydroxyl groups on alumina surface during the
catalysts’ calcination [20]. This interaction can also lead to a decreas-
ing SMSI between Ni and support »Al,O;.
2. Catalytic Reforming and Catalyst Stability

During GSR, the thermal reforming of glycerol firstly occurs,

35
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Fig. 4. Produced rate of gas with stream time over different cata-
Iysts in GSR. Conditions: 15 ml catalyst, temperature 750 °C,
42 ml-h™ of 35 wt% glycerol aqueous solution and 100 ml-
h™' N, as balance gas.

Table 3. Carbon deposit over the spent catalysts in GSR”

which leads to the formation of H, and CO mixture gas with a the-
oretical H,/CO ratio of 4 : 3 as described in Eq. (1). The produced
CO can be converted to CO, and H, through water-gas shift reac-
tion (Eq. (2)), which is able to raise the H,/CO ratio and amount of
gas products. Additionally, the methanation of CO or CO, to CH,
is possibly involved in GSR [7,11,21]. Therefore, the produced main
gaseous products include H,, CO, CO, and CH,; all possible reac-
tions are described in Scheme 1.

The catalytic results (Table 2) indicate that all Ni/»+AlLO, cata-
lysts exhibit catalytic activity on the water-gas shift reaction of CO
to CO, and methanation of CO or CO, during GSR. From glycerol
conversion during time-on-stream of 2 h over Ni/3Al,O; catalysts
modified by different metal oxides, it is found that the modification
of Ce-Ca-Mg, Y-Ca-Mg and Zr-Ca-Mg oxides can’t lead to an obvi-
ous increase in the catalytic activity of Ni/#Al,O; for GSR. How-
ever, Ni/»Al,O, catalysts modified by Mo-La-Ca-Mg, Mo-Ca-Mg,
La-Ca-Mg, Ca-Mg, Ca and Mg give a higher glycerol conversion
(>83%). From Table 2, it can also be found that the converted glyc-
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Fig. 5. Catalytic stability of NiMoLa/CMA catalyst in GSR. Con-
ditions: 15 ml catalyst, temperature 750 °C, feed rate of 35%
glycerol aqueous solution 42 ml-h™ and 100 ml'h™ N, as bal-
ance gas.

Spent catalysts Time on Total carbon deposit Temperature at max Average rate of carbon
stream (h) (mmol-g™'.)’ TPO peak (°C) deposit (mmol-g™',-h™")
Ni/p~ALO, 6 11.71 540 1.952
NiCa/y-Al,0; 6 8.72 497 1.453
NiCe/CMA 6 17.86 488 2.976
NiZr/CMA 7 15.81 499 2.259
NiY/CMA 7 15.53 478 2.219
Ni/CMA 6.5 9.21 515 1.417
NiLa/CMA 6 3.62 471 0.603
NiMo/CMA 7 0.72 498 0.103
NiMoLa/CMA 42 0.17 497 0.004

“15 ml catalyst, temperature 750 °C, 42 ml-h™" of 35% glycerol aqueous solution and 100 ml-h™' of N, as balance gas

"The data are obtained according to TPO analysis
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erol can’t completely produce gaseous products over catalysts except
for NiMoLa/CMA and NiMo/CMA. GC analysis shows that a part
of converted glycerol produces acrolein, dihydroxy acetone, hydroxy-
acetone, formaldehyde and acetaldehyde so on through thermal de-
composition, dehydrogenation and dehydration over these catalysts
[22]. It is possibly because the addition of these metal oxides exhibits
a poor effect for the improvement in the reducibility of Ni species
through decreasing SMSI of Ni/4<ALO,, resulting in a weak activ-
ity for the C-C bonds cleavage of glycerol. However, both catalysts
modified by Mo-La-Ca-Mg and Mo-Ca-Mg can make the con-
verted glycerol to completely form gaseous products (above 93%)
and give a higher gas production capacity. According to the above
H,-TPR and XRD results, it can be concluded that the excellent cat-
alytic property of both catalysts is due to the decrease on SMSI be-
tween Ni and support resulted from the simultaneous presence of
alkaline oxides, La,0; and MoOx species (such as MoO,, CaMoO,
and MgMoO,). Additionally, the electronic structure of active Ni
species can be modified through the electron transfer from MoOx
species to Ni [18], which also improves GSR.

The rates of gas production with time-on-stream over different
catalysts (Fig. 4) show that the catalytic stability of catalysts in GSR
decreases in the following order: NiMoLa/CMA>NiMo/CMA>
NiLa/CMA>NiMg/AlLO,>Ni/CMA>NiCa/»ALO;>Ni/»AL,O,>
NiY/CMA>NiZr/CMA>NiCe/CMA. NiMoLa/CMA exhibits no
deactivation (glycerol conversion ~99%) along with stable gaseous
products consisting of 69% H,, 20% CO and 10% CO, (Fig. 5), re-
spectively.

TPO results of the spent catalysts (Table 3) show that Ni/<Al,O;
catalysts modified by Mo-La-Ca-Mg and Mo-Ca-Mg give the least
carbon deposit. It indicates that the deactivation of Ni/j~Al,O, cata-
lysts in GSR mainly results from the carbon deposit on catalysts sur-
face. According to the present results and the previous studies [10,
19,23] on the reforming of other oxygenated hydrocarbons, carbon
deposit possibly occurs on the acidic sites of support and Ni metal
located in NiAl,O, species. The decrease in acidity of catalyst sur-
face and SMSI between Ni and 3<Al,O; can inhibit the carbon deposit,
leading to an excellent catalytic stability of Ni-based catalysts in
GSR.

3. Effect of Reforming Parameters

In the present work, the effects of reforming parameters on the
catalytic property of the Ni/AlO; catalyst modified by Mo-La-
Ca-Mg (NiMoLa/CMA) with an excellent catalytic stability are fur-
ther investigated. From Fig. 6(a), the gas volume of gas produced
per gram glycerol in GSR over NiMoLa/CMA rapidly increases
with an increasing reforming temperature, because the higher tem-
perature can improve the water-gas shift reaction of CO to CO, (Eq.
(2) in Scheme 1) along with the production of more H,. However,
the reforming temperature seems to have no obvious effect on the
methanation of CO or CO,. From Fig. 6(a), a lower reforming tem-
perature is helpful to the GSR to syngas (H,/CO=2.01 at 600 °C).
At a higher temperature (800 °C), the water-gas shift reaction can
promote the conversion of CO to CO, and H,, which is advanta-
geous to production of H, in GSR.

The effect of feed rate of glycerol aqueous solution on GSR over
NiMoLa/CMA (Fig. 6(b)) shows that the conversion of glycerol to
gas products, and CO, content in gaseous product decrease with
the increasing liquid hourly space velocity (LHSV) to some extent;
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Fig. 6. Effect of reforming parameters on catalytic property of
NiMoLa/CMA in GSR. Conditions: 15 ml catalyst and 100
ml-h™ N, as balance gas are changeless, and (a) LHSV of
35 wt% glycerol aqueous solution 2.8 h™, (b) glycerol con-
tent in aqueous solution 35 wt% and reforming tempera-
ture 800 °C; (c) LHSV of glycerol aqueous solution 2.8 h™
and reforming temperature 800 °C.
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however, the formation of CO and CH, exhibits a diverse trend. A
higher LHSV gives rise to a shorter contact time of glycerol, CO
or CO, with the catalyst surface, which inhibits glycerol catalytic re-
forming to gas products and conversion of CO to CO, and H, through
water-gas shift reaction.

Fig. 6(c) shows the effect of glycerol content in aqueous solu-
tion on the GSR over NiMoLaCMA. The results show that the con-
version of unit glycerol to gaseous products and the production of
H, and CO, decline with an increasing glycerol content. The increase
of glycerol content leads to a decreasing steam content, which is
disadvantageous to steam reforming and glycerol conversion. Addi-
tionally, the water-gas shift reaction also needs more water. There-
fore, the further conversion of CO to CO, and H, can also be inhibited
in the case of lower water content. However, the produced amount
of CH, in gaseous products exhibits an increasing trend with the
increasing glycerol content. It is perhaps because the higher glyc-
erol content will lead to the production of more CO and H, instanta-
neously, which is helpful to the improvement on methanation through
Egs. (3) or (4) described in Scheme 1. From Fig. 6(c) a higher glyc-
erol content in raw liquid is advantageous to GSR to syngas; how-
ever, a lower glycerol content can promote the water-gas shift reac-
tion of CO to CO,, which is helpful in the production of H, in GSR
over NiMoLaCMA catalyst.

CONCLUSIONS

The presence of SMSI and acidic sites was disadvantageous to
the improvement in the catalytic activity and catalytic stability of
Ni-based catalysts supported Al O; in GSR. The SMSI led to the
formation of NiALO,. However, the Ni/)<Al,O, catalyst through
the simultaneous modification of Mo, La, Ca and Mg (NiMoLa/
CMA) remarkably exhibited an excellent catalytic stability in GSR
to gaseous products such as H,, CO and CO,. A lower reforming
temperature and a higher LHSV and glycerol content were helpful
to the production of syngas from GSR over NiMoLa/CMA cata-
lyst; the reverse conditions would improve the formation of H,.
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