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ABSTRACT

The steam reforming of ethanol over carburized alkali-, La- and Ce-doped nickels on zirconia and various
supports was studied to determine the support effects, alkali addition and carburization. The 823 K-
carburized Ni/ZrO, and Ni/V,0s catalysts exhibited higher activities than the Ni catalysts supported on
CeO,, Al;0s, Si0,-Al;03 and MgO and a reduced catalyst. The cesium-doped Ni/ZrO, promoted more
hydrogen formation than the Li-, K-, La- and Ce-doped catalysts. From the XRD measurement, crystals of
Zr0,, Ni carbide and Ni metal were formed during the carburization of the Ni/ZrO, catalyst at 823 K. No
Ni carbide was observed on the MgO, CeO, Al,03, and V,0s carburized catalysts. The Csg2Ni/ZrO, and
Csp5Nigs/Zr exhibited no carbon deposition at 7 h. The carburized and cesium-doped Ni/ZrO, was more
effective in decreasing the carbon deposition. From the IR study, the formed carbonated species were
attributed to the formation of CO3;~ from the formed CO, (CO; +0,~ — CO3~). In the pulse experiment
of H,'80, Csg,Ni/ZrO, helped to facilitate the dissociation of H,0 to 2H and O and the decomposition of
CH3CHO to hydrogen and CO, through the CH3CO species. The TPD after ethanol adsorption on Ni/ZrO,
with and without Cs-doping showed that the Cs-doped Ni/ZrO, catalyst promoted the C-H breaking
through the CH3CO species more than the Ni/ZrO, catalyst.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The steam reforming of ethanol (SRE) has been studied for the
production of hydrogen for polymer electrolyte fuel cell (PEFC)
applications and ethylene and propylene for the plastic industry.
Various noble-metal-supported Co and Ni catalysts were exten-
sively studied for the SRE to produce hydrogen. Noble metal
catalysts, such as Rh/Ce0,ZrO, [1-3] and Ir/CeO, [4], have been
developed. 1% Rh/Ce0,-ZrO, at 973 K was studied and exhibited
a high activity for hydrogen production and high CO, selectivity
due to the mobile OH group migration on the CeO, surface [1].
Among the noble metals, the Rh catalyst exhibited a high activ-
ity for the SRE, less carbon deposition and high durability during
the reaction, but Rh is a very expensive metal. Therefore, the Rh
catalyst has this concern for promoting a practical process. The
transition metals, such as Co and Ni, for a high C-C bond scis-
sion, are used for the C-C bond scission of ethanol rather than
the C-0 bond scission. The cobalt catalysts, such as Co/CeO; [5],
Co/Ce0,Zr0, [6] and Co/ZnO [7], exhibited a very significant hydro-
gen production with less carbon deposition. The ceria-supported
Ni catalyst was reported to be more active than the Co and Ir
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catalysts for hydrogen production and to have less CO selectiv-
ity at 723K [8]. Regarding the Ni catalyst, it has a high activity
for the C-C bond scission during the SRE. However, the Ni cata-
lyst has a troublesome problem, such as catalyst deactivation, due
to a high carbon deposition. As a result, catalysts have been devel-
oped thatresist carbon deposition; i.e., Ni supported on Y03, La; O3
[9,10], and CeO, [11,12] for reducing carbon deposition, ZrO, with
a stabilizer of Y,03 for CO reduction [13], La;03 [14,15] and K
[16] doped y-Al,03 for the reduction of Ni, and alkali promoted
Ni/MgO for depressing the Ni sintering and coke formation [17,18].
The Ni metal alloys, such as the ceria-modified NiZn/Al,03 for
decreasing coke deposition [19], NiCuK/Al,03 [20] and NiCu/SBA-
15 [21] for the formation of smaller metallic crystallite sizes, have
been studied but were not relatively active for hydrogen produc-
tion. Furthermore, the transition metal carbides, such as Mo;,C
[23-25] and NiMo carbides [22,26] and Zr-K-CoMo carbide [27]
are useful for various industrial processes due to the high dis-
sociation of water and less carbon deposition and are prepared
using the temperature-programmed carburization (TPC) of their
metal oxides in a stream of methane in hydrogen. Furthermore,
TPD study after H, 180 desorption showed that zirconia prevented
the oxidation of 3-Mo,C and potassium promoted water dissocia-
tion [27]. In this study, we selected zirconia as a support and alkali
metals as promoting additives. The previous paper suggests that
zirconium and alkali additives are applicable to steam reforming of
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ethanol involving the C-H, C-C and C-O bond-breaking reactions
as well as water-gas shift (CO+H,0 — CO, + H,) and methanation
(CO +3H; — CH4 +H,0) reactions. Although the developed SRE is a
promising process, there has been little study of the carburization
and effects of Ni supported on zirconia and several oxides on the
SRE mechanism. In this paper, the effects of several supports, such
as Zr0,, V505, CeO,, MgO and Al, 03, on the SRE activity and the dif-
ference between the carburization and reduction of Ni/ZrO, were
studied. The active species of the Cs-doped Ni/ZrO, and the SRE
mechanism were discussed on the basis of the TPC, temperature-
programmed reduction (TPR), the pulse of H,'80 into the SRE, the
temperature-programmed desorption (TPD) after ethanol adsorp-
tion and the IR bands of ethanol and the products. Also, carbon
deposits present on the post-reforming catalysts were estimated
by temperature-programmed oxidation (TPO).

2. Experimental

The precursors of Ni supported on oxide supports were prepared
by the impregnating of ZrO, (Kishida Co.) with an aqueous solution
of Ni(NO3),-6H,0 to become 25 wt% NiO, then oxidized at 773K
in air. The supports of V5,05 (Kishida Co.), Al;03(JRC-ALO-2), CeO,
(Kishida Co.), Si0,-Al,03 (JRC-SAH) and MgO (Kishida Co.) were
also selected. The additives, such as Li, K, Cs, La and Ce, were added
to the precursor as an aqueous solution of LiNO3 (Kishida Co.),
K,CO3 (Kishida Co.), CsNO3 (Wako Co.), LaNO3-6H,0 (Wako Co.)
and CeNO3-6H,0 (Wako Co). The precursors containing Ni and the
support were mixed with an additive, dried at 293 K and calcined at
773 K for 5h in air. The oxidized precursor (0.2 g) was packed into
a fixed bed flow microreactor, oxidized at 773K in a stream of air
for 0.5h, and then cooled to 723 K. The precursor was carburized
from 723 to a final temperature of 773-873 K in a stream of 20%
CH4/H; at the rate of 1 K/min, maintained at this temperature for
2 h and cooled to room temperature in the stream of 20% CH4/H,.
The oxidized precursor was exposed to a stream of He at 293 K and
treated from 293 to 723 K at the rate of 1 K/min in a stream of 100%
H, for comparison of the activity and selectivity of the carburized
Ni/ZrO, catalysts.

The SRE was carried out in situ at temperatures of 573, 673
and 773K, a N, gas flow rate of 0.9L/h, in an aqueous solution of
ethanol (C;H50H:H;0 molar ratio 1:13; 20.5, w/w) at the flow rate
of 12mL/h and a catalyst charging of 0.2 g after carburization. The
contact time was varied with a GHSV of 3000-97,000 h~!. Addition-
ally, bioethanol was used for comparison with the aqueous ethanol
feed. The bioethanol was obtained from the Juon Co. (Hiroshima
prefecture), which was made from Japanese cedar with a small
amount of cypress, which was crushed, converted into glucose
and fructose with gluco-amyrase and fermented with yeast. The
produced bioethanol contained 72% (w/w) ethanol. The reaction
products were analyzed using TCD and FID-GC with a methanizer
for the reaction products during the reaction.

The N, physical adsorption experiment with the catalysts was
performed using an Ommisorp 100CX volumetric analyzer (Beck-
man Coulter Co.) at 77 K. The XRD analysis was conducted using
an RINT2000 (Rigaku Co.) with Cu-Ka radiation. The peaks were
identified on the basis of the JCPDS card references. The surface car-
bons of the CeyNigg/ZrO, and Ni/ZrO, catalysts after the reaction
were evaluated by TPO analysis using a quadruple mass spectrom-
eter (Quastar 422, Balzers Co.). The TPO was carried out from 373
to 1023 K at the rate of 10K/min in a stream of 10% O,/He. The
deposited carbon values of the various metal-doped Ni/ZrO, cat-
alysts were measured using a gravimetric method. In order to
determine how the Ni catalysts interacted with the additive during
the carburization, the TPC was carried out from room tempera-
ture to 973K at the rate of 1K/min in a stream of 20% CH4/H;
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Fig. 1. The steam reforming of ethanol on the 823 K-carburized nickel on various
supports at 773 K.

(66.7 mL/min). The desorption of H,O (m/z=18), CO (28) and CO,
(44) was obtained. TPR was carried out by heating from room tem-
perature to 1023 K at the rate of 10 K/min in a 15 mL/min stream of
10% hydrogen in helium after carburization at 823 K. The carburized
CsNi/ZrO, and Ni/ZrO, catalysts were analyzed by FTIR (Nicolet,
Model 6700FT-IR, MCT detector). The diffuse reflectance spectra
of the catalysts were recorded at temperatures from 293 to 573K
using the FTIR instrument with a resolution of 4 cm~! for 128 scans
at 293 K. The catalyst was mixed with KBr powder to a 40% dilu-
tion and placed in a cell attached to the IR compartment which was
directly treated in the cell. Prior to the IR measurement of ethanol,
the samples were activated by heating at 603 K in a stream of He,
maintained at 603 K for 4 h and then cooled to 293 K. Furthermore,
TPD was carried out in situ by heating from room temperature
to 1000K at the rate of 10K/min in a stream of Ar at 15 mL/min
after ethanol was allowed to flow (170 wmol/g-cat) over the cata-
lyst. The produced gases of H,0, CO, CO,, CH4 (m/z=16), C;H4 (26),
CH3CHO (29), C;Hg (30) and C;Hs0H (31) were monitored using the
quadruple mass spectrometer. The intensities of these gases were
calculated in order to determine the fragmentations. The CH3CHO
and C;H4 were selected to be m/z=29 and 26 because the com-
pounds had molecular ion peaks of 44 and 28 with evaluation of
several fragments overlapped with CO,, N, and CO, respectively.
Ethanol-d was used as an isotope-labeled ethanol to determine the
hydrogen behavior of the hydroxyl group of the ethanol during the
SRE. In order to study the oxygen behavior of water during the SRE,
an isotope-labeled molecule of 2 L H, 180 was studied in a stream
of C;H5'60H/He at 293 K. The H; (m/z=2), H,160 (18), H,180 (20),
C160(28), C180(30), C160, (44), C'60'80 (46) and C'80, (48) were
monitored.

3. Results and discussion

3.1. Steam reforming ethanol using carburized Ni catalysts on
various supports

The SRE on the 823 K-carburized 25% Ni catalysts supported
on various oxides (V,0s5, Al;03, ZrO,, CeO,, SiO,-Al,05 and MgO)
without any additives at 773 K was determined. The formation rate
of hydrogen and the distribution of the reaction products are shown
in Fig. 1. The carburized Ni/V,05 catalyst exhibited the highest
hydrogen formation rate of 1.67 mmol/min g among the catalysts.
The Ni/ZrO, had a high hydrogen production of 1.45 mmol/min g.
These catalysts were more active than the Ni/MgO, Ni/SiO,-Al,05
and Ni/CeO, catalysts (H, production, 1.2-1.48 mmol/ming) for
the SRE. Ni/V,05 and Ni/ZrO, produced CO, at 80% with CO and
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Fig. 2. The XRD patterns of carburized Ni supported on the supports of (a) MgO, (b)
CeOo, (C) Al,0s, (d) V505 and (E) Zr0,.

methane at 20%. For the Ni/MgO, Ni/CeO, and Ni/SiO,-Al,03 cat-
alysts, CO, was distributed at less than 80% with 6-8% CO and
methane at 10-20%. The C-H bond and C-C bond scissions of
ethanol selectively occurred during the SRE. However, for the
Ni/Al;03 catalyst, the hydrogen formation rate was low with a
high selectivity for ethylene and CO. The Ni/Al,03 catalyst exhib-
ited a large amount of CO with a high selectivity for ethylene
and methane as reported in the references [28-30]. The Ni/Al,03
has an acidic function and is responsible for the acidic cleavage
of the CO bond of ethanol which promoted the ethylene forma-
tion.

The XRD patterns of the 25% Ni supported on MgO, CeO,, Al,05,
V5,05, and ZrO, carburized at 823 K are shown in Fig. 2. Crystals of
Zr0;, Ni carbide and Ni metal were formed during the carburiza-
tion of the Ni/ZrO, catalyst at 823 K. No Ni carbide was observed
on the MgO, CeO, Al,03, and V,05 carburized catalysts. For the
Ni/MgO catalyst, only MgO was observed. The Ni/Al,03 catalyst
contained Ni metal and nickel-alumina oxide. Furthermore, the
pattern of the Ni/V,05 catalyst showed that Ni metal and V,03
were formed. V,05 was reduced to V,05 during the carburization.
After the reaction, carbons were observed along with the reaction
products. Furthermore, the Ni metal crystallite size was calculated
from the peak at 20=44.5° using the Scherrer equation. The Ni
metal size of the carburized catalyst increased from 19.9 to 22.7 A
at 5 h after the reaction, while that of the reduced catalyst increased
from 22.4 to 25.0 A. The reduction of Ni/ZrO, increased the nickel
metal size more than the carburization after the reaction. The car-
burized Ni/ZrO, catalyst had a catalyst weight gain at 56% but a
reduced catalyst at 72%. These results showed that the carbur-
ized catalyst exceeded the reduced catalyst and contained less Ni
metal.

The changes in the hydrogen formation rate and product selec-
tivity of the Ni/ZrO,, Ni/V,05 and Ni/Al,03 catalysts versus the
reaction temperature are shown in Table 1. At 573K, the Ni/ZrO,
exhibited a high formation of hydrogen and CO, which gradu-
ally increased with the reaction temperature. Methane at 573K
was highly distributed at 57%, but decreased to 9% at 773K at
which the hydrogen formation rate was 1.45 mmol/min/g with
8% CO. The Ni/V,0s5 catalyst exhibited a low hydrogen forma-
tion rate with a high acetaldehyde selectivity and unconverted
ethanol at 573 K. At 673 K, the hydrogen formation was increased,
while the CO selectivity was decreased. The Ni/V, 05 catalyst exhib-
ited a hydrogen formation rate of 1.67 mmol/min/g with 12%
CH4 and 8% CO, and then the highest H, rate at the high reac-
tion temperature, although methane was higher than with the
Ni/ZrO,. On the other hand, the ethanol conversion was 100% at
573-773K for the Ni/Al,03 catalyst. Ethylene and CO were dis-
tributed around 60% at 773 K. More ethylene was produced with
a lower hydrogen formation as shown in Fig. 1. The ethylene
was decomposed to produce carboneous materials, and finally
the Ni/Al;03 catalyst was deactivated. CO also produced carbons
through the Boudouard reaction (2CO — CO, +C). The BET surface
area of the 823 K-carburized 25% Ni/ZrO, and 823 K-carburized
Ni/V,05 were 12 and 13 m?/g, respectively. The 25% Ni/Al,03
catalyst had a surface area of 138 m?2/g but was less active for
the hydrogen formation selectivity. The Ni/ZrO, catalyst exhib-
ited the highest rate of hydrogen formation based on surface
area.

In order to determine the difference between the carburization
and reduction of the 25% Ni/ZrO, catalysts, the SRE on the 823 K-
carburized and the reduced Ni/ZrO, catalyst at 573 K are shown
in Fig. 3. The carburized catalyst continued to have a high activity
for 5 h. However, the reduced Ni/ZrO, catalyst was less active with
large amounts of CO and CH4 and the activity sharply decreased
with the formation of CO and acetaldehyde within 100 min. The
reduced catalyst was deactivated. The 823 K-carburized Ni/ZrO,
catalyst exceeded the 823 K-reduced catalyst and contained Ni car-
bide and metal and depressed the carbon deposition during the SRE.
In a previous paper [27], the zirconia prevented the oxidation of 3-
Mo,C at the expense of exchanging 80 of H,180 with Zr'60, to
form Zr'60;_, 180, in combination with doping by the alkali metal,
potassium. In this study, zirconia prevented the oxidation of NiC
and deactivation.

3.2. Promoting effect of alkali and lanthanide-doped Ni/ZrO, on
SRE

The promoting effect of the doped-alkali and lanthanide on
the activity for the SRE was studied for the development of
a highly active Ni/ZrO, catalyst. The SRE on the alkali metal-
doped M0_01_0,5Ni0.99_0,5/2r02 (M=Ll, K, CS) at 773K is shown
in Table 2. The alkali metal doping promoted H, formation
and CO, selectivity and became stable within 7 h. The hydrogen
formation increased with a heavier alkali metal (Li <K<Cs), indi-
cating that the alkali metal donated electrons to the nickel and
resulted in a more reducing metal [16]. The Kg g1 Nigg9/ZrO, exhib-
ited a value of 1.52 mmol/mmg and CSO'Ol,0_05Ni0.95,0_99/21‘02
exhibited a hydrogen formation of 1.53-1.70 mmol/min g. For the
Csp2Nigg/ZrO, catalyst, the hydrogen formation was the highest
at 1.90 mmol/ming and 87% CO, selectivity with small amounts
of CO and CH4. The addition of cerium and lanthanum to the
Ni/ZrO, exhibited hydrogen formation at 1.5 and 1.6 mmol/min g,
respectively, showing that the lanthanide addition promoted the
hydrogen formation but was less active than the cesium addi-
tion.

The Ni/ZrO, catalysts with a promoter of Li, K or Ce had a
surface area of 10-11 m?/g, showing no decrease in the surface
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Table 1
The hydrogen rate and product selectivity of the catalysts at 573 and 673 K.

Catalyst? Reaction temp. (K) H, formation (mmol/h g) Area H; formation (mmol/h m?) Selectivity (%)
C,Hs0H CHy CH5CHO CH4 co CO,
Ni/ZrO, 573 3.49 291 - - 2 57 10.3 30.7
Ni/ZrO, 673 524 523 - - - 40 2 58
Ni/V,05 573 15.5 1.19 40 - 28.2 24.1 26.5 3.5
Ni/V20s5 673 54.0 4.15 0 - - 39.5 2 56.5
Ni/Al, 03 573 25.4 0.18 - - 3.5 44.5 48 3.8
Ni/Al, 03 673 30.0 0.22 - 1 5.5 39 47 9.5
2 BET surface area of 25% Ni/ZrO,, 12 (9); 25% Ni/V,0s, 13 (9); 25% Ni/Al,03, 138 m?/g. Bracket was after reaction.
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Fig. 3. The hydrogen formation and product selectivity of Ni/ZrO, in comparison to (A) the carburization and (B) reduction at 823 K at a reaction temperature of 573 K.

area of zirconia using a doping promoter at 1mol%. The BET
surface areas of Csgg1Niggg, CSg.05Niggs and Csg;Nigg/ZrO, are
11, 10 and 5m?2/g, respectively, showing that the Cs addition at
less than 5mol% does not affect the surface area. For the car-
burized Csg,Nigg/ZrO, catalyst, the surface area with micropores
decreased to 50-60% compared to the non-doped Ni/ZrO, cata-
lyst. Furthermore, the CO adsorption of the carburized Ni/ZrO, and
Csp2Nigg/ZrO, was 47 and 63 wmol/g, respectively, and the sites
were 2.4 and 7.8/nm2. The Cs addition to the Ni/ZrO, increased
the CO adsorption sites to 325%, although it decreased the sur-
face area to 42%. In a previous paper [22], the irreversible CO
adsorption of the 873 K-carburized Nig5Mo0g 75 and Nig35Mog g5
was 0.321 and 1.16/nm2. The 823 K-carburized Csg ;Nigg/ZrO, had
7.5-4 times the value of the carburized NiMo catalyst due to highly
dispersed Ni carbide on the ZrO, than the unsupported Ni-Mo
bimetallic carbide. As shown in Fig. 4, the 25% Csg;Nig g/ZrO, pre-
cursor contained NiO (26=37.3, 43.4, and 75.6°; PDF#75-0197),
but the carburized Csg;Nig g/ZrO, had no NiO (26 =37.3°) nor Ni3zC
[31,32], but NiC (20=44.4 and 75.4°; PDF#14-0020) and Ni metal
(260=44.5 and 76.4°; PDF#87-0712). These peaks proved the for-
mation of Ni carbide from the Ni/ZrO, doped with and without Cs.
The XRD patterns confirmed the formation of Ni metal and carbide
in 20% CH4/H,. This XRD result showed that Ni metal was carbur-
ized at 656-1000K for the undoped Ni/ZrO,. The added cesium
oxides were not observed after the carburization at 823 K, although
CsNO, was observed before calcination. The nickel carbide, nickel
metal and cesium were dispersed on ZrO,, for the 823 K-carburized
Cspo Niog/Zl‘Oz.

3.3. Carbon deposition

The carbon deposition of the various additive-doped Ni/ZrO,
catalysts after the reaction is shown in Table 3. If the catalyst
weight increase in the carburized non-doped Ni/ZrO, catalyst
was 100%, the Cs-doping at 1 and 5% prevented the carbon
deposition by 68 and 45% compared to the non-doped Ni/ZrO,,
respectively. The Csg1Nigg/ZrO, and Csg,Nigg/ZrO, exhibited no
carbon deposition at 7 h. These catalysts effective in anti-carbon-
deposition were superior to Rh/MgO and K-Ni/MgO catalyst (1.0
and 2.5 mg carbon/g-cat/h, respectively) [18]. Furthermore, the low

Table 2
SRE on various alkali and lanthanide metals-doped 25% Ni/Zr catalysts carburized
at 823K at the reaction temperature of 773 K for 6.5 h.

Metal-doped Ni/ZrO,  BET surface

area (m?/g)

H, formation
(mmol/min g)

Selectivity (%)

CHy CO COy
Ni/ZrO, 12 1.45 13 6 81
Lio.01Ni.99/ZrO, 11 1.45 13 5 82
Ko.o1 Nig_gg/Zl'Oz 10 1.52 15 4.5 80.5
CSo,g]Nio,gg/ZFOz 11 1.53 14 6 80
CSo_gsNiolgs/Zl’Oz 10 1.70 12 6 82
Cs0.1Nig.9/Zr0 - 1.73 7 9 84
CSo_zNig‘g/Zl'Oz 5 1.90 6 7 87
Cso5Nigs5/Zr0; - 1.73 6 7 87
Lago5Nig.95 Zr0; - 1.60 6 6 88
Cep.01Nig.g9 /ZI'Oz 1 1.50 8 7 85
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Co2Nigg/ZrO, (b) before and (c) after reaction. (e) NiC, (A) Ni metal, (O) NiO, (%)
CsNOs and carbon, while the others are ZrO,.

concentration of doped metals (K, Li, Ce, and La) at 1-5% pre-
vented the carbon deposition by 75% compared to the non-doped
Ni/ZrO,. The 20% lanthanum addition controlled the carbon depo-
sition better than the cerium addition (a carbon deposition of
66%). Moreover, the reduced Csg,Nigg/ZrO, catalyst exhibited a
129% greater carbon deposition than the carburized catalyst. The
carburized catalyst prevented carbon deposition better than the
reduced catalyst due to the formed Ni carbide during the SRE.
Additionally, the cesium addition to the Ni/ZrO, catalyst effec-
tively resisted the deposition of graphite carbon and prevented
the carbonate and acetate species which were oxidized to pro-
duce hydrogen and CO,. The steam reforming of bioethanol derived
from wood was performed for Csg;Nigg/ZrO, at 773K (Table 4).

Table 3
25% MeyNi;_y/ZrO, Catalyst weight gain after SRE at 773 K and at 8 h after run.

Catalyst carburized at 823 K? Catalyst weight

increase (%)P

Carbon deposit (g)

25%Ni/ZrO, 100 0.056
Cs0.01Nig.99/Zr0z 68 0.038
Csp.05 Niggs5/ZrO; 45 0.025
CSO_1 Nig_g /ZI'OZ 0 0
Cso2Nios Ni/Zr05 0(25) 0(0.014)
Ko .01 Nig.99/ZrO; 80 0.045
Lig.01 Nig.go/ZrO, 98 0.055
Lio.05 Nig.g5/ZrOz 89 0.050
Ceoo1 Nig.99/Zr0» 102 0.057
Ceoos Nigos/ZrO, 100 0.056
Ceo2 Nigg/ZrO; 66 0.037
Lag.os Nio.os/ZrOz 75 0.042
Lag» Nigs/ZrO; 27 0.015
Csg2 Nigg/ZrO; (bioethanol)® 438 0.245
Cs02Nigg/ZrO, (reduced)d 129 0.072

2 0.2 g, carburized at 823 K.

b Based on the catalyst weight increase for 25% Ni/ZrO, catalyst at post-reaction.
¢ Bioethanol produced from a Japanese cedar.

d Reduced at 823 K.

¢ 60h.

Table 4
The hydrogen formation during the stream reforming of bioethanol and aqueous
ethanol solution on the 823 K-carburized 25% Csg;Nigg/ZrO, at 773 K.

Reaction time (h) H, formation (mmol/min-g)

1 10 30 60
Ethanol/H,0 2.10 1.90 1.90 1.95
Bioethanol/H,0 1.65 1.50 1.60 1.60

The hydrogen production was 1.60 mmol/min g over 60 h, and was
expected to maintain its durability for a long-time run. The catalyst
activity decreased to approximately 84% compared to the feed of
an aqueous ethanol solution which had an almost constant activ-
ity during the SRE. The carbon deposited was 1.8 times more for
the bioethanol feed than that for the feed of an aqueous ethanol
solution. This depression was probably due to inhibition by small
amounts of lipid, oxygen and sulfur-containing compounds in the
bioethanol.

3.4. Temperature-programmed carburization and reduction

The formation of H,0, CO and CO, during the TPC of
Csg2Nigg/Zr0O,, Ni/ZrO, and Cs/ZrO, in a stream of 20% CH4/H;
is shown in Fig. 5 to determine the reduction of NiO and Cs;0
and carburization of NiO. A large peak of H,O was formed by
the reduction of NiO in a stream of H, and peaks of CO and CO,
from the decomposition of CH4 on NiO. Regarding the H,0 forma-
tion, Csg>Ni/ZrO, showed two distinct formation temperatures in
the region of 519-540K and 627-656K and a broad, low peak at
700-870K. The 25% Ni/ZrO, without Cs exhibited one low temper-
atureregion of 526-550 K due to the Nireduction, while the Cs/ZrO,
exhibited another temperature region of 621-636 K due to the Cs, 0
reduction with a small peak at 745 K. The TPR of 25%Ni/ZrO, (Fig. 6)
in a stream of 100% H, showed H,0 peaks at 487, 511 and 537K
together with small shoulder peaks at 573 and 600 K. The H, O for-
mation peaks during the TPR obviously shifted the temperature
peak down by 15K, compared to that for the TPC peaks in a stream
0f 20% CH4/H;. The reduction with H, rapidly formed Ni metal from
NiO at 519-540K. Bellido and Assaf [13] studied the TPR and XRD
of Ni supported on ZrO,, ZrO,-Y,03 and ZrO,-CaO and reported
that the three TPR peaks corresponded to the reduction of (1) NiO
influenced by the oxygen vacancies, (2) NiO in the vicinity of oxy-
gen vacancies, and (3) NiO species that strongly interacted with the
support, but not in contact with the oxygen vacancies. Therefore,
the peaks at 487 Kwere due to the reduction of NiO(1),511 K(2)and
537K (3) in this study. The low temperature of H, O desorption was
due to the reduction of NiO to Ni metal and a high temperature due
to the reduction of Cs; 0 below 745 K. H, O evolution during the TPC
for the Ni species of Ni/ZrO, and CsggNig5/ZrO, was observed at
less than 690 K. Furthermore, as shown in Fig. 5B, the CO formation
was observed at 519-540 and 627-656 K and very small peaks at
870K coincidental with H,O formation during the decomposition
of 20% CHy4 for Csg,Nigg/Zr0O,, while the Cs-undoped 25% Ni/ZrO,
had very broad peaks of the CO peak from 656 to 1000 K. These
results indicated that the doped Cs assisted the nickel carburization
at around 654 K for Csg;Nigg/ZrO5.

3.5. IR study during temperature-programmed surface reaction
after adsorption of ethanol

The infrared spectra for CsgNigg/ZrO; and Ni/ZrO, during the
TPD after the ethanol adsorption are shown in Fig. 7. As shown
in Fig. 7A, the CH; species (8,(CH3) 1381 and 1454cm™!; v,(CH3)
2971 and vs(CH3) 2864 cm~!) and CH, species (vs(CH,)2896cm™!)
of the adsorbed ethoxide and bidentate carbonate species ((COO),
1121 and 1061 cm~1) were observed at 373K for Ni/ZrO, [33,34].
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Fig. 5. Desorption of products during the temperature programmed carburization of (A) 25% Cs-doped Ni/ZrO,, (B) 25% Ni/ZrO, and (C) 7% Cs/ZrO5.

The molecularly adsorbed ethanol was observed due to the bands at
2860-3000 cm~lof §(OH) (1263 cm~1). These species disappeared
at473 and 573 K, whereas the bands assigned to the acetate species
(1559, 1420, 1545 and 1425 cm~! for Pt/CeZrO, [35]) and (v(COO0),
1549 and 1420cm~! for Co/ZrO, [36]) were observed together
with the formation of gaseous CO, (2360-2366 cm™') instead of
the adsorbed ethoxide species. The carbonate bands ((CO3) 1549,
1420,1263 and 1018 cm~1 (1549, 1131 and 1018 cm~1)) attributed
to the formed CO, were observed as reported before [37], which
suggested CO, +0,~ — CO3~. The carbonate and acetate species
were extensively adsorbed based on the IR spectra, but acetalde-
hyde and acetic acid were not formed during the steam reforming
of these species. On the other hand, the Cs-doped Ni/ZrO, had
spectra different from those of Ni/ZrO, in Fig. 7B. Bands were
observed at 1645cm~! and 373K and large bands at 1616 and

1308 cm™! together with those around 1534, 1412 and 1392cm™1.
The bands at 1645 and 1305cm~! were due to the acetate and
carboxylic species by the adsorption of acetic acid at 373 K. The
CH, species (2896 cm~1, CH; (1457) and CH3 (2864cm™1) of the
adsorbed ethoxide and the bidentate species (1117 and 1056 cm™!)
were observed at 373 K. Above 473K, the band at 1616 cm~! was
possibly due to H,0 formation with the corresponding broad H,0
bands at 3500-4000cm~'. The hydrogen carbonate species (I)
(v(CO3), 1616, 1412, and 1108 cm~! and (II) (v(CO3), 1616 and
1392 cm~1[38])and CO (1(CO),2200 and 2188 cm~! at 573 K) were
observed along with gaseous CO, (2365-2342 cm™). Gaseous CO,
was adsorbed and CO, vigorously reacted with the surface O,~
to form hydrogen carbonate and bidentate carbonate species but
strongly adsorbed on ZrO, of the Ni/ZrO, catalyst. These formed
species were not desorbed into the gas phase. The small band at
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Fig. 6. The desorption of H,O during the temperature programmed reduction of
25% Ni/ZrO,.

1728 cm~! above 473 K was probably assigned to C=0 stretches in
the acetyl species (CH3CO) [33,36,39,40].

3.6. Reaction scheme for SRE on CsNi/ZrO5 based on TPD after the
adsorption of ethanol

The TPD of the 823 K-carburized Csg3Nigg/ZrO,, Ni/ZrO, and
ZrO, after ethanol adsorption is shown in Fig. 8. The SRE reac-
tion mechanism on the 823 K-carburized Cs-doped Ni/ZrO, catalyst
is shown in Fig. 9. The TPDs of ethanol are discussed using the
step number in the reaction mechanism of SRE. For the TPD
of Ni/ZrO, (Fig. 8A) after ethanol adsorption, the evolution of
gases was observed in two temperature regions. A sharp peak of
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hydrogen was observed at 489K together with CH; and CO
at 496-511K. Ethanol was adsorbed on the ethoxide species
(step 1), and subsequently formed the CH3CHO species with
H, evolved (step 2). CO, was detected together with H,O,
CH4 and CO at the peaks of 503-511K. Methane and CO were
formed through the CH3CHO species. CH3CHO(,) — CH3(y) + COyy.
CH3(a)+Ha)— CHy (step 8), where (a) stands for adsorbed.
CO(a) = COg) o1 COzy — C(a)*+ Oy (step 9). These species are the
same ones formed from step (5). As a result, carbon dioxide and
water were formed in steps 6 and 7. On the other hand, for the
Csp2Nig g/ZrO, catalyst (Fig. 8B), hydrogen and H,0 were formed
along with a small amount of CO, at the peak of 406-430K. No
release of CHy, CO, ethylene and CH3CHO occurred. H,0, CHg, CO
and CO, were formed at the peak of 565K without hydrogen as
well as the H,0 and CO, at 602 and 630K for Csg;Nigg/ZrO,. The
Cs-doped Ni/ZrO; catalyst promoted the formation of CH3CO(,) at
1728 cm~1 (step 3), along with successive C-H bond breaking (step
4) and leading to C-C bond breaking to [C and O], (step 5) and
finally producing CO, and H,O (steps 6 and 7). No methane forma-
tion showed no methanation (CO +3H, — CHy4 +H;0) through CO(,)
formed from in steps 6 and 8. Second peaks at around 600K for the
strongly adsorbed CH3CHO and CH3COO which were decomposed
to Hy, H,0 and CO,. Based on the results, NiC, Ni metal and cesium
covered the ZrO, surface, and the Cs addition promoted H, forma-
tion with less formation of CH4 and CO. The adsorbed CH3CO was
formed instep 3 and converted to C,y and O, (step 5). The CH3COy)
would not be converted to CH4 and CO (step 8; C-C bond breaking)
nor C;HsO0H(,) to C;Hy using ZrO; and Ni/Al, O3 [12,14,15], but the
successive C-H bond breaking to [C and O],) species on the carbur-
ized Csp3Nigg/ZrO, was observed. Consequently, Csg;Nigg/ZrO,
helped to facilitate the dissociation of H,O to 2H and O as well
as the dehydrogenation of CH3CO to CHCO species, leading to [C
and O](,). This mechanism of acetyl formation and the decomposi-
tion to CO, and H,0 was reported by Nagai and Gonzalez obtained
from the oxidation of ethanol and acetaldehyde on 1%Pt/SiO, cat-
alyst [39]. This acetyl is a key reaction intermediate dissociated to
co-adsorbed CO and CH species with almost no barrier on ethanol
synthesis from syngas [41]. Thus, the Cs-activated Ni carbide likely
facilitated the hydrogen and CO, formation from ethanol through
the CH3CO species. For ZrO, alone (Fig. 8C), hydrogen, CO and
ethylene were observed at 590K, desorbing ethanol and acetalde-
hyde at low temperature. Ethylene was desorbed from dehydration
of CHsOH(, on the acidic sites of ZrO,. The remaining adsorbed
CH3CHO was decomposed and desorbed as hydrogen, CO and CO,
at 770K.
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Fig. 7. IR spectra of the 823 K-carburized (A) 25% Ni/ZrO, and (B) 25% Cso2Ni/ZrO,catalysts at (a) 373, (b) 423, (c) 473, (d) 523 and (e) 573 K during TPD.
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Fig. 8. MS profiles during the temperature-programmed desorption of (A) 25% Ni/ZrO,, (B) 25% Cso>-doped Nigg/ZrO, and (C) ZrO, catalyst after ethanol adsorption.

The TPD for the Csg»Nig g/ZrO, catalyst was performed after the
adsorption of C;H50D instead of C;HsOH (Fig. 10) in order to con-
firm the contribution of the dissociated H and remaining CH3CHO to
the formation of hydrogen, water and CO,. The m/z values of 3 and
19 were observed for the HD and HOD formation on Csg 3 Nig g/ZrO,
respectively, with a large amount of hydrogen and H,O (steps
1-4, 10: hydrogen formation from C-H bond breaking). D, 160 was
hardly observed during the TPD of C;H50D. For Csg 5 Nig g/ZrO; cat-
alyst, the adsorbed 160 was reacted with D from C,Hs0D or H
from water to form HD'60 in step 7. Also, the D, and H,) reacted
with each other to form HD(,) as well as 2H(,) (step 11). Regarding
methane formation, m/z=16 was observed and but m/z= 15 was not
desorbed as a second fragmentation peak of CHy. In addition, the
m/z=17 (CH3D) was observed, but acted as m/z=18 and 19 (water).
Therefore, m/z=17, 18 and 19 were due to the fragmentation of
H,O. This result showed no formation of methane (step 8) during
the TPD of Csq;Nipg/ZrO; as well as no hydrogenation of the CO,)

formed in step 6. Moreover, CO, and CH3CHO might be observed
as (m/z=44)at 575 and 602 K. CO; has a strong intensity of m/z=44
(M*), while acetaldehyde has MS fragments of m/z=15, 19 (M*),
43 and 44. No strong peak of m/z=19 was observed, and therefore,
m/z =44 was a molecular ion peak of CO,. A pulse injection of H, 180
into the C;H5OH stream during the SRE on Csq;Nig g/ZrO, was per-
formed at 773 K. As shown in Fig. 11, C180, €180, and C!60'80
were formed together with small amounts of C'0 and C'60,. The
water was dissociated into hydrogen and oxygen. Step 10 con-
tains: Hp 180,y — 180H 4 + H(3) — 180, + 2H(4). A973 K-carburized
4.8 and 8.5% Mo/Al,03 catalysts facilitated the dissociation of
CO and H,0 as well as the dissociation-association mechanism
(13¢160 — 13C+160Q,13C160 + 160 — 13C160,) [42]. Potassiium- and
zirconium-promoted cobalt molybdenum carbide is also reported
to undergo water and CO dissociation [27]. The adsorbed
CH3CO formed in step 3 and was converted to Cg) and
O(a) (step 5). C @t ]80(3) — CISO(a). C180(a) + 180(3) —C! Oz(a).
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Fig.11. The change in the reaction products of carbon dioxide and carbon monoxide
in the pulse of H'80 into the SRE on the Csg;Nigg/ZrO, catalyst.

The effects of several supports such as ZrO,, V,0s5, CeO,, MgO
and Al, 03 on the activities and the properties of the Ni carbide cat-
alysts were studied for the reaction conditions of 573-773K, a N,
gas flow of 0.9L/h, an aqueous solution of ethanol (C;H50H:H,0
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molar ratio 1:13) and a flow rate of 12 mL/h. The CsgNigg/Zr cata-
lyst exhibited hydrogen formation of 1.9 mmol/min g and 82% CO,
selectivity with trace amounts of CO and CHy4, which was more
active than was the addition of Li, K, Ce and La to the Ni/ZrO,.
The TPO result of Csg;Nigg/ZrO, and spent Ni/ZrO, showed that
the CO, evolutions are due to the oxidation of the carbonate and
acetate species, pyrolytic carbon, Ni carbide and graphite carbon.
The Csg;Ni/ZrO, and Csg5Nig 5/Zr exhibited no carbon deposition
at 7h. The carburization and cesium-doped Ni/ZrO, were more
effective in decreasing the carbon deposition. From the IR study,
the formed carbonated species were attributed to the formation of
CO3~ from the formed CO, (CO, + 0, — CO3 7). In the pulse exper-
iment of H,'80, the ethanol stream during the SRE on Csq»Ni/ZrO,
at 773K, C180,,C'80 and C'80'60 were formed together with trace
amounts of 1CO and 16CO,. This result showed that Csg;Ni/ZrO,
helped to facilitate the dissociation of H,O to 2H and O and the
decomposition of CH3CHO to hydrogen and CO, through the CH3CO
species. The TPD after ethanol adsorption on Ni/ZrO, with and with-
out Cs-doping showed that the Csg,Nigg/ZrO, catalyst promoted
the C-H breaking through the CH3CO species more than did the
Ni/ZrO, catalyst.
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