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The Ni metallic phase supported metal oxides such as a-Al, 03, Ceg75Zr02502, and MgO were tested under
the steam reforming of acetic acid selected as a representative compound for the aqueous phase of the
bio-oil derived from biomass pyrolysis. It was found that the catalytic activity and carbon formation
for the catalysts studied were significantly dependent on the Ni content and the nature of support. The
15%Ni/Ceq.75Zr 250, catalyst exhibited the highest catalytic performance in terms of C-C breakage con-
version and hydrogen yield. In addition, the redox property of Ceg75Zrg250, provided higher stability
than the MgO and «-Al,03 due to its less carbon deposition even at low steam-to-carbon ratios.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is being considered as an environmentally friendly
source of energy for power generation with fuel cells. Currently,
hydrogen is produced from fossil fuels such as natural gas, naph-
tha and coal [1]. However, these resources utilized result in a large
quantity of greenhouse gas emission. For this reason, a renewable
energy source such as biomass may be used as an alternative feed-
stock because it appears to have formidably positive environmental
properties resulting from no net releases of carbon dioxide (CO;)
and very low sulfur content [2]. Biomass can be converted to bio-
oils by fast pyrolysis and then the bio-oils can be converted to
hydrogen (H;) by catalytic steam reforming [3-5].

Bio-oils produced from biomass pyrolysis are virtually sepa-
rated into the oil and water-rich phases. The oil phase contains
lignin-derived materials that can be used for the production
of more valuable products while the water-rich phase contains
mostly carbohydrate-derived compounds that can be catalytically
reformed with steam [6-8]. Since acetic acid is one of the major
components of the water-rich phase of bio-oil [5,9], therefore,
steam reforming (SR) of acetic acid has been extensively inves-
tigated as a model reaction in order to understand the integrity
required for designing the efficient catalysts for use in the SR of the
bio-oil water-rich phase.

Ni based catalysts are intensively used for steam reforming of
hydrocarbons including oxygenate hydrocarbons [10-12]. It was
reported the major problem of a Ni-based catayst is its fast deac-
tivation due to carbon deposition and/or metal sintering [13,14].
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Alternative supports such as dolomite, olivine, MgO and MgO-Ca0
were reported to improve the catalytic stability [15-17]. Recently, it
has been reported that Ce;_,Zry0, mixed oxides exhibited a supe-
rior resistance to carbon formation on the partial oxidation and
steam reforming of hydrocarbons [18,19], due to the high oxygen
vacancy and oxygen mobility. In our early study, we have also found
that Ceq 75Zrg 250, solid solution exhibited the highest reducibility
and activity for oxidation reactions [ 18-20]. In this study, we inves-
tigate the effect of the supports on the steam reforming catalytic
activity and stability of acetic acid as a biomass-derived oxygenate
compound model over Ni/Ceq75Zrg 2502, Ni/a-Al,03 and Ni/MgO
catalysts.

2. Experimental
2.1. Catalyst preparation and characterizations

Ceq.75Zrg 250, and MgO were prepared via urea hydrolysis and
precipitation method, respectively, whereas o:-Al, 03 was obtained
from a company. Ni(NO3 ), aqueous solution as Ni precursors was
incorporated into the supports by the impregnation method. The
desired amounts of Ni loading were 5-25wt% for Ceg75Zrp2502,
and 15 wt% for both MgO and «-Al,03. The catalysts were charac-
terized by BET, XRD, TPR, TPO, and TEM techniques. The detailed
synthesis procedure and characteristics of catalysts were reported
elsewhere [19].

2.2. Catalytic activity testing
To compare the catalytic activity and stability of the catalysts

on the steam reforming of acetic acid, the reaction was carried out
at 650°C with steam-to-carbon (S/C) ratios ranging from 1 to 6.
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Typically, 0.1 g of catalyst was packed between the layers of quartz
wool in a quartz tube microreactor (i.d. 10 mm) placed in an elec-
tric furnace equipped with K-type thermocouples. The temperature
of catalyst bed was monitored and controlled using Shinko tem-
perature controllers. A liquid mixture feed consisting of a known
composition of acetic acid aqueous solution was introduced into
an evaporator at ca. 140°C to vaporize and mix with a gas stream
prior to entering the reactor set at a desired temperature. Gaseous
products were analyzed using on-line gas chromatographs in series
equipped with TCD and FID detectors. Prior to running the reaction,
the catalyst was reduced in situ with a flow of 50% H, in N, gas
at 600°C for 2 h. The C-C breakage conversion of acetic acid was
defined as a molar ratio of the gaseous single carbon compounds
(CHg4, CO and CO,) in the product steam to the acetic acid reactant
and the product yield was defined as a molar ratio of the product
to the theoretical amount of product produced from steam reform-
ing of acetic acid. The C-C breakage conversion and product yield
reported in this work were calculated as follows:

C — C breakage conversion (%)

_ mOICH4,0ut + molco,out + mOICOZ,out

= x 100 1

2 x InOIAcOH,out (1)
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% yieldcg = 2 % molacorm x 100 3)

o molco, out
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mol
% yieldey, = CHaout . 100 (5)

2 x MOlacoH,in
3. Results and discussion
3.1. Catalyst characterization

The BET surface areas, degrees of metal dispersion, and mean
size diameters of the catalysts are shown in Table 1. As for the
Ni/Ceq.75Z1r9250, catalysts, their surface areas are in the range of
58-78 m?/g and decreased with increasing Ni loading. At a given
support, the degree of metal dispersion is decreased and the mean
size diameter is increased as the Ni loading is increased. This is due
to the formation of NiO bulk particles [19]. However, at a given Ni
loading (15 wt%), the Ni/Ceq 75Zr( 250, catalyst possesses the high-
est metal dispersion degree with the smallest mean size diameter.
The low metal dispersion degree of 15%Ni/a-Al,03 is due to the
low surface area of the support while that of 15%Ni/MgO is owed
to the formation of NiO-MgO solid solution.

The XRD patterns of the Ni/Cey75Zrg250, catalysts indicate a
typical cubic fluorite structure of ceria with the presence of NiO
phase (37°,43°, and 62° (20)) as shown in Fig. 1. However, the Ni or
NiO phase was absent in the case of low Ni loading (5 wt%). Since

Table 1
BET surface area, degree of metal dispersion and mean size diameter of the catalysts.
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Fig. 1. XRD patterns for the catalysts investigated (a) 5%Ni/Ceg75Zr02502, (b)
15%Ni/Ceg75Z1r9 2502, (c) 25%Ni/Ceo75Zr02502, (d) 15%Ni/MgO, and (e) 15%Ni/a-
A1203.
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Fig. 2. H,-TPR profiles for the catalysts with a heating rate of 10°C/min, a reduc-
ing gas containing 5% H, in N, with a flow rate of 30 ml/min: (a) 15%Ni/MgO,
(b) S%Ni/CE()szl'o,z_r,Oz, (C) 15%Ni/Ceg,7szrg,2502, (d) 25%Ni/Ceo,752ro,2502, and (e)
15%Ni/a-Al, 05.

the peak intensity was amplified with increasing Ni loading, it was
suggested that NiO species is present in the forms of nano-particles
and bulk agglomerated particles at a low- and a high-Ni content,
respectively [19]. This result appears to be in good agreement with
the data on degree of metal dispersion. Furthermore, the XRD pat-
tern of the 15%Ni/a-Al,03 catalyst reveals the separate phases of
NiO and a-Al,03, yet the absence of Ni-Al alloy phase. However,
that of the 15%Ni/MgO catalyst indicates a NiO-MgO solid solution
as similar to what reported elsewhere [21].

Fig. 2 depicts the H,-TPR profiles for Ni/Cey75Zrg 2502, Nijo-
Al;03 and Ni/MgO. The results showed that the reducibility

Catalyst BET surface area (m?/g) Degree of metal dispersion (%) Mean size diameter? (nm) Mean size diameter® (nm)
5%Ni/Ce0_752r0_2502 78 8.29 - 12.2
15%Ni/Ceq.75Zr2502 68 3.06 29.5 33.0
25%Ni/Ce.75Zr0.250, 58 2.15 44,7 47.0
15%Ni/Al; 03 4 1.98 47.6 51.0
15%Ni/MgO 50 2.11 - 47.8

2 Calculated from XRD.
b Calculated from H;-chemisorption.
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of the 15wt% Ni loading catalysts is in the following order:
Ni/Ceg.75Zr9.2507 > Ni/a-Al, O3 > Ni/MgO. Noticeably, two Hy con-
sumption peaks are observed for Ni/Cegp75Zrg350, catalyst as
compared with that for Ni/a-Al,03 catalyst. The low tempera-
ture peak in the range of 250-300°C can be associated with the
reduction of free NiO particles and the other peak in the range
of 300-450°C can be attributed to the reduction of complex NiO
species in intimate contact with the oxide supports [19,22,23]. This
suggests that interaction between Ni and the Ceg75Zrg250, sup-
port makes the catalysts more reducible, which probably enhances
the oxygen mobility during the reforming reaction. For the Ni/oa-
Al,03 catalyst, only one broad peak attributed to agglomerated Ni
is observed at ca. 410°C. Similar reduction patterns were found in
the cases of 5 and 25 wt% Ni loadings on Ce( 75Zrg 250, with slightly
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Fig. 3. Effect of S/C ratio on the C-C breakage conversion, the yields of carbon con-
taining products and hydrogen yield over: 15%Ni/Ceq75Zr02502, 15%Ni/MgO and
15%Ni/a-Al; 05 at 650°C and S/C ratio: (a) 1, (b) 3 and (c) 6.
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Fig. 4. Catalytic activity for acetic acid steam reforming over 15%Ni/Ceq75Zr( 2502,
15%Ni/a-Al; 03, and 15%Ni/MgO catalysts: T=650°C and S/C ratio=1.

lower reduction temperatures. It should be noted that the absence
of the reduction peak for 15%Ni/MgO catalyst might be due to the
incorporation of NiO into the MgO lattice resulting in the formation
of NiO-MgO solid solution [21,24].

3.2. Catalytic activity for acetic acid steam reforming

To investigate the effect of support on the catalytic activity and
stability, the a-Al, O3 (inert) and MgO (basic support) were selected
to compare with Ceg75Zrg250, support for steam reforming of
acetic acid. The performance of the catalyst was defined in terms of
C-C breakage conversion and hydrogen yield. The results showed
that the 15%Ni/Ceq 75Zr 250, was the most active catalyst while the
15%Ni/a-Al; 03 was the least active one for such a steam reforming
reaction as shown in Fig. 3. This could be in part ascribed to the
nature of supports steering different degrees of metal dispersion
in which these were 3.06, 2.11, and 1.98% for 15%Ni/Ceg 75Zrg 250>,
15%Ni/MgO and 15%Ni/a-Al,03, respectively. It should be noted
that for 15%Ni/a-Al, 03, the catalytic activity was solely due to Ni
metal.

During the course of our experiments H, and CO, were not only
the steam reforming products found, CO and a trace of CH4 were
detected at low steam to carbon ratio (S/C=1). It was reported CO
could be generated from ketene decomposition [25] as shown in
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Fig.5. Total amount of carbon deposited on catalysts via acetic acid steam reforming
over 15%Ni/Ceg75Zr2502, 15%Ni/MgO and 15%Ni/a-Al, 03 catalysts; after 320 min
on stream, at 650°C, S/C ratios of 1-6.
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Table 2

Acetic acid steam reforming on 0.1 g of 5%Ni/Ceg75Zr02502, 15%Ni/Ceq75Zr0 250, and 25%Ni/Ceq75Z1r9 250, catalysts at T=650°C and WHSV (HAc)=22h""'.

Catalyst S/C ratio Yield" (%) C-C breakage conversion” (%)
H; co CO, CHy

5%Ni/CeorsZio2502 1 33.84 15.78 2252 0.00 3829
3 64.39 10.89 57.55 0.00 68.44
6 98.52 8.46 90.53 0.00 98.98

15%Ni/Ceor5Zr02505 1 62.98 32.06 4320 1.30 76.56
3 93.83 19.10 80.25 0.00 99.35
6 99.34 9.59 89.15 0.00 98.84

25%Ni/Ceo75Zr02505 1 60.66 30.69 4135 0.84 72.88
3 73.62 11.65 65.44 0.00 77.09
6 98.74 9.31 89.43 0.00 98.74

* At time on steam of 40 min.

Egs. (6) and (7). The absence of C;Hy4 in this case would be, then,
suggested that CO is probably produced via the decomposition of
acetic acid (Eq. (8)) as reported elsewhere [25] or from the reverse
water gas shift reaction [12]. Since the methanation reaction is not
thermodynamically favoured under our conditions, CH4 might be
generated from the decarboxylation of acetic acid (Eq. (9)) [12].

CH3COOH — CH,CO + H,0 (6)
2CH,CO — CyH4+2C0O (7)
CH3COOH — 2CO + 2H, (8)
CH3COOH < CHy+CO, (9)

The results also showed that the hydrogen yield increases
steadily with the increase in steam to carbon ratio, in parallel with
the carbon dioxide concentration, due to the shift in the water
gas shift equilibrium toward hydrogen production. The absence of
methane in the cases of S/C=3 and 6 for 15%Ni/Ceq 75Zrg 2503, and

15%Ni/a-Al, 03 catalysts might be due to the steam reforming reac-
tion of methane. However, a trace amount of CH4 was still observed
on the 15%Ni/MgO catalyst at S/C ratios of 3 and 6, which might be
due to the presence of NiO-MgO solid solution.

The effect of Niloading on the Ce( 75Zr( 250, support was further
investigated. It was found that the catalytic activity at a low S/C
ratio was dependent on the nickel loading as shown in Table 2. The
optimal loading was 15 wt%, which is related to the metal surface
area and the metal particle size. At a high steam to carbon ratio
(S/C=6), the effect of Ni loading seems to be less pronounced.

3.3. Carbon formation

The results showed that the C-C breakage conversion of
15%Ni/a-Al,03 decreases from 57% to 39% while those of
15%Ni/Ceg 75Zr9250, and 15%Ni/MgO are rather stable, reported
at 76% and 71%, respectively (at S/C=1) as shown in Fig. 4.
This suggests that 15%Ni/Ceg75Zrg250, and 15%Ni/MgO are more

Fig. 6. TEM images of the spent catalysts: (a) 15%Ni/a-Al,03, (b) 15%Ni/Ceq.75Zr02502, and (c) 15%Ni/MgO.
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active and stable than 15%Ni/a-Al;0s. It is noticed that although
15%Ni/a-Al,03 shows the lowest C-C breakage conversion, the
amount of carbon formed is somewhat higher than that of
15%Ni/Ceq 75Zrg250, and 15%Ni/MgO (Fig. 5). At higher S/C ratios
(§/C=3 and 6), the 15%Ni/Ceq 75Zrg250, exhibits a better activ-
ity with less carbon formation as compared to 15%Ni/Mg0O and
15%Ni/a-Al,03. This indicates that the synergetic effect of an ease
of reducibility and a good oxidation ability of the Ceg75Zrg 250,
mixed oxide could promote the oxidation of carbon precursors on
the nickel surface as similar to what reported elsewhere [19,26].
The spent catalysts were found to be covered with filamentous car-
bons as shown in Fig. 6 and the results comform to the TPO analysis,
which indicated mainly a high temperature oxidation peak at ca.
650°C (the results are not shown).

4. Conclusions

It can be concluded that the nature of the support affects the
catalytic activity and stability by influencing the metal degree of
dispersion and water activation. The Ceg 75Zr 250, supported cat-
alysts exhibit an excellent activity and stability for an acetic acid
steam reforming. This is due to good redox properties and oxy-
gen mobility of Ceg75Zrg250,, promoting the oxidation of carbon
species. At a high steam to carbon ratio (S/C=6), the effect of the
support on the activity was found to be less pronounced but was
still present on the carbon formation of the catalysts.
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