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Abstract—In this study, oxidative steam reforming of methano Normally, a hydrogen-rich gas can be produced from

(OSRM) over a Au/Ce@-Fe0; catalyst prepared by a deposition-

precipitation (DP) method was studied to producdrbgen in order
to feed a Proton Exchange Membrane Fuel Cell (PEMHA®e
support (Ce@ Fe0; and Ce@-FeOs) were prepared by
precipitation and co-precipitation methods. The actpof the support
composition on the catalytic performance was stlithe varying the
Ce/(Ce+Fe) atomic ratio, it was found that the 1%%(0.25)
calcined at 300 °C exhibited the highest catalgativity in the
whole temperature studied. In addition, the effd#cAu content was
investigated and 3%Au/CF(0.25) exhibited the higlaesivity under
the optimum condition in the temperature rangeGff 2C to 400 °C.
The catalysts were characterized by various teciesigXRD, TPR,
XRF, and UV-vis.

Keywords—CeO,, Fe0;, Gold catalyst, Hydrogen production,
Methanol, Oxidative steam reforming.

|. INTRODUCTION

methanol by several methods; steam reforming (SRsl)jal
oxidation (POM), and oxidative steam reforming afthanol
(OSRM) or autothermal reforming of methanol (ATRB).
In this case, OSRM was chosen to be the promisiag w
which combines two reactions: SRM and POM reactidhss
operation closes to thermal neutrality or underghdly
exothermic condition. This reaction requires lower
temperature, resulting in energy saving, fastgparand quick
response of the overall reaction for operating uradkabatic
condition [6]. However, OSRM process produces C@ hg-
product in appreciable amounts, which poisons than®des
of PEM fuel cells, and also suppresses the hydregeurity
[7]. To improve the performance of this reactidme tatalysts
should be highly active in terms of high methanmhwersion
and high hydrogen selectivity (suppression of Ctnfation).
Gold (Au) catalysts are attractive catalysts beedbey are

OWADAYS, hydrogen is considered to be one of th&ighly active and selective for a number of reawti¢water-

N most alternative energy due to it is a renewabkrgn
clean fuel, non-polluting (no green house gas ®ffdess
fossil fuel consumption, and variety production re@s such
as splitting water, biomass, solar energy, and Bo[4.

Moreover, hydrogen has the potential to run a éadl-engine
with greater efficiency over an internal combustangine that
can be stored as a liquid state or gas state, whidistributed

gas shift reaction, selective oxidation of CO irdiogen-rich
stream, and etc.). Compared with the existing coroiale
catalysts (Copper (Cu) and Palladium (Pd)), Aulgats can
operate at lower temperature [8]. In addition, @eCeQ)

support is known to improve the stability of casttydue to its
ability to maintain a high dispersion and to chanige
oxidation state of the cation between®*Tand C&" (redox

via pipelines, and has been described as a lonm tefondition) as an active site [9]. For another iesting support,

replacement for crude oil and natural gas [2].

In the on-board storage of hydrogen for fuel-celjiees in
transportation applications, PEM fuel cell can ksedi for
vehicles. However, the storage has some probleseciased
with safety, and handling of hydrogen. Methanol thegn
identified as a highly suitable liquid fuel due i self
handling, low cost, high energy density liquid fehigh
hydrogen—carbon ratio, and no absence of carbobegar

iron oxide (FeOs) is also an attractive support due to an
interaction between Au and & could lead to the formation
of an active phase at the interface of the cata[§&i.
Nevertheless, the performance of Au catalysts iengty
affected not only from the type of support used, dso from
the preparation method including pretreatment camd [8].

The objective of this research is to study the OS&Mr
Au/CeQ-Fe0; catalysts. The reaction parameters such as the

bond (less coke formation). In addition, it has dooSupport composition (atomic ratio) of Ce/(Ce+Fejcmation

availability, low boiling point, no sulfur contaimj in the fuel,
and easy to storage [3], [4].
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temperature, and Au content were studied. Theystalvere
characterized by X-ray diffraction (XRD), , Tempenz-
Programmed Reduction (TPR), X-ray fluorescence (XRF
andUV-Visible Spectrophotometer.

Il. EXPERIMENT

A. Equipment
The system of experiment for oxidative steam refoghof
methanol (OSRM) is shown in Figure 1.
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Fig. 1 Schematic of oxidative steam reforming ottmeol
experimental system
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There are 4 main parts in this system: liquid feedtion,
gas blending section, catalytic reactor sectiom, analytical
instrument section.

B. Liquid Feed System

The mixture of distilled water and methanol wakedlin a
syringe and this mixture was injected by a syripgenp at a
rate of 1.5 ml/hour through a vaporizer for makthg vapor
of methanol and steam. The methanol vapor and steara
carried by helium, mixed with oxygen stream befengering
a catalytic reactor and gas hourly space velo&$V) of
30,000 ml/g-cat. hour were kept constant.

C. Gas Blending System

The pretreatment gas {+or O,), and He were delivered
from the storage cylinder tank, and then passedutir a
micron filter in order to remove particles and asthe check
valve to prevent reverse flow. The flow rate wastodlled by
840 Sierra Instrument model mass flow controllepider to
achieve the desired flow rate. All streams wereeaiin a
mixing chamber before passing through the cataktg@ctor.

D. Catalytic Reactor

The OSRM was carried out in a vertical pyrex glass

microreactor with an inside diameter of 6 mm at@pheric

pressure and in the temperature range of 200 t6@0M the

middle of the reactor, 0.1 g of catalyst was packetiveen

guartz wool plugs. The reactor was installed aedtebnically

heated in the furnace. The temperature of the ysitbbd was
controlled and monitored by PID temperature cotgrol
equipped with a chromel-alumel thermocouple (Type K

E. Analytical Instrument

The product gases (e.g,,HCO, CQ, and CH) from the
reactor were analyzed both qualitatively and quatitiely by
a Hewlett Packard 5890 series Il gas chromatogeapiipped
with a thermal conductivity detector (TCD). The woin
utilized in a gas chromatograph is Carbosphere® 108D
mesh, 10 ft x 1/8 inch stainless steel packed colum
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F. Preparation of Catalyst and Support

The supports (CeQFe0s;, and Ce@-Fe,0;) were prepared
by precipitation and co-precipitation methods asfitst step.
After that, the Au metal was loaded on the prepaguports
by a deposition-precipitation (DP) method.

G. Support Preparation

An aqueous solution of 0.1 M Ba0O; was added dropwise
in the aqueous mixture of 0.1 M Ce(l§)e6H,O and 0.1 M
Fe(NG)3.9H,0 with suitable amounts under vigorous stirring
condition at 80 °C. The mixture was kept at a (§t8-e for 1
hour. Excess ions, GO and NQ, were eliminated by
washing with warm deionized water. The suspensi@s w
centrifuged in centrifuge HERMLE Z383 at 500 rourmky
min. The precipitate was dried at 80 °C overnigit aalcined
in air at 400 °C for 4 hours. After calcinationgtbample was
labeled and kept in a desiccator. The mixed suppodre
symbolized as CF(x), where x was the Ce/(Ce+Feiniato
ratio.

H. Catalyst Preparation

Before adding the metals, the support (geBPs0s, and
CeOQ-Fe,0;) was dried in an oven at 1€ for 12 hours.
Hydrogen tetrachloroaurate (Ill), HAuClwas weighed for a
desired amount, and then dissolved in deionizecmwatder
continuous stirring and heating at 80. The dried support
was added to a solution and the pH of solutiaB) (was
adjusted by adding 0.1 M MaGO; then the mixture was aged
for 1 hour. The suspension was washed by warm gidn
water to eliminate the residue ion (€OCI and NQ). The
suspension was centrifuged in centrifuge HERMLE Z38
500 rounds per min. Deionized precipitate was daed10C
overnight and calcined in air at 46C for 4 hours. After
calcination, the sample was ground and sieved tel30
mesh size, and kept in a desiccator.

I. Calculations
Methanol conversion:

:CO +C02+CH4X100(%) (1)

MeOH
Hydrogen yield:
Yy, = X xS, (2)
Hydrogen selectivity:
H, x100(%) 3)

": " H,+CH, +CO +CO,

I1l. RESULTS ANDDISCUSSION

A. Effect of Different Supports on the Catalytic
Performance of 1%Au |oading.

To study effect of different supports on the cdialy
performance of 1%Au, the Ce/(Cet+Fe) atomic raticerew
varied (0, 0.25, 0.5, 0.75, and 1). The supporsevprepared
by precipitation and co-precipitation methods as fitst step.
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After that, the 1%Au metal was loaded on the prepared 1o
supports by deposition-precipitation (DP) method. All of them
were calcined at 400 °C for 4 hours. Figure 2 shows the
methanol conversion and hydrogen yield in the OSRM
reaction in the reaction temperature range of 200 °C to 400 °C.
It can be seen that the 1%Au/CF(0.25) exhibited the highest
catalytic activity in the whole temperature operating compared
with other atomic ratios. The methanol conversion and 0 R
hydrogen vyield reached 91.4%, and 82.8%, respectively, at e
400 °C. The mixed supports showed higher methanol
conversion, and hydrogen vyield than pure suppor
(1%Au/CeQ, and 1%AuU/FgD3). It has been reported that the
addition of Fe into CePresulted in a remarkable increase in so |
the catalytic performance [11]. In this work, the combination

80

60

40 b

%2AN/Ce0,

%% AW/CE(0.75)
%AWCF(0.5)
%% AWCF(0.25)
%eAuFe,0;

CH3OH gonversion (%)

of CeQ and FgO; can also enhance the OSRM reaction. § “
Consequently, 1%Au/CF(0.25) was chosen as the optim: 3 10
composition for further study. 1%Au/Ce0,
20 B 1%AWCF(0.75)
. . —&—  1%AWCF(0.5)
X-ray Diffraction (XRD) | Do
The XRD results of Cef) 1%Au/CeQ, 1%Au/CF(0.25),
1%AU/CF(0.5), 1%Au/CF(0.75), 1%Au/f®;, and FeO, T
calcined at 400 °C are shown in Figure 3. The XRD Temperatae (°C)

diffractions of CeQ@ and 1%Au/Ce® present a very strong Fig. 2 Effect of Ce/(Ce+Fe) atomic ratio on the methanol conversion
peak at B = 28.5°, which is characteristic of fluorite structureand hydrogen yield over 1%wt of Au/Ce@e0; catalysts calcined

of CeQ (111). The other peaks at 33.08, 47.47, 56.33, 59.08, at 400 °C. (Reaction conditions;/@8,0/CH;OH molar ratio =
69.40, 76.69, and 79.067 were corresponding to,G2aD), 0.63:2:1)

CeO (220), CeQ (311), Ce@ (222), Ce@ (400), CeQ (331),

and CeQ (420) for Cukx (1.5406 A) radiation, respectively —

[12]. The XRD pattern become broadening, or lower intensi . - : S Feo,
when CeQ@ was mixed with higher amount of f&& as a RPRSSERY SE S NP S

support, meaning that énhas incorporated in the ceria lattice . \ Jt \ i M L7aAu/Fe,0,

to form a solid solution [13]. The pure support (1%Au/geO Ao 1%An/CF(025)
and 1%Au/Fg0;) has higher crystallinity than the mixed = A A 1%6A/CF(0.5)

supports, suggesting that the combination of Ce and Fe ox i oA CEO.75)

on the catalyst can reduce the®gand CeQ crystallite sizes
[14]. The position of pecks is shifted towards higher 2the

. : 1%Au/CeOs
values as the Fe content in the solution. This suggests MMM

113
24

® (),

01
116
214

® 300

.,
o 104
110

e 010

Intensity (a.u.)

%111

formation of a Fg&Ce O, solid solution, with Fg; entering
in the fluorite structure of ceria, the lower ionic radius of Fe
(0.67 A) compared to ¢&(0.102 A) [15]. However, the Au
peaks of the prepared catalysts cannot be observed due to 10 20 30 40 50 60 70 80 00
Au content as only 1%wt, indicating either a high dispersic 2Theta (deg.)

of gold or small Au particle size [16]. The crystallite sizes or_.

catalysts were calculated based on the Scherrer equation and':t'IQe3 XRD patterns of SUpp(();eguAu catalyste. :( ) £¢6) FeOs;
results are summarized in Table I.

TABLE | From Table I, it shows that the mean crystallite sizes of
CRYSTALLITE SIZES OF THEL%AU OVER DIFFERENT SUPPORTS CeQ, 1%Au/CeQ, 1%Au/CF(0.75), 1%Au/CF(0.5),
Crystallite size (nm) 1%AuU/CF(0.25) were 9.96, 9.62, 8.09, 7.27, and 6.87,
Catalysts CeG CeQ CeQ  CeQ Au respectively. It is clearly seen that the addition of Fe decreases

(111, (200 (220 (311) (1_11} the crystallinity of ceria as the incorporation of small Fe ion

CeQ 9.69 10.80 831 11.03 h .

1%AU/CeQ 949 1058 824 1016 - into the ceria crystal [11].

1%AU/CF(0.75)  8.94 9.26 7.03 7.14 -

1%Au/CF(0.5) 7.31 9.65 6.95 5.18 - —— ;
1%AUCF(025)  6.25 10.05 678 214 i B. Effect of Calcination Temperature on the Catalytic
1%Au/FeO; B . _ B Performance

Fe:0s - - - - - To study the effect of the calcination temperature on the

activity of 1%Au/CF(0.25), the supports were prepared a co-
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precipitation method. After that, the 1%Au metalswaaded 147 °C, indicating to low oxide of Au. Corresponglito Rui-

on the prepared supports by a deposition-precipitatDP)
method. The catalysts were annealed at three eliffer
calcination temperatures of 200, 300, and 400 @& faours.
Many researchers reported that calcination temperat
significantly affect on the activity of catalystigbre 4 shows
the effect of calcination temperature on the maebhan
conversion and hydrogen vyield of 1%Au/CF(0.25) lyata.
The results showed that methanol conversion ineckagth
increasing calcinations temperature; however,
calcination temperature was increased from 3000°@00°C,
the methanol conversion, and hydrogen vyield shghtl
decreased.
calcination temperature was 300 °C.
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Fig. 4 Effect of calcination temperature on thelmebl conversion
and hydrogen yield over 1%wt of Au/CF(0.25) catedys

Temper ature-Programmed Reduction (TPR)

TPR technique was used to study the reduction lpsobf
the catalysts.
1%AuU/CF(0.25) with various calcination temperaturége
low reduction temperature (100 °C to 200 °C) wadsatted
to the reduction of AW, species, the 1%Au/CF(0.25)
calcined at 300 °C had a very small peak at 147vt@n
compared with other catalysts. The temperature atemu
peak of 250 °C to 400 °C was attributed to the ctida of

Fe0; to FgO, [18]. The high temperature reduction peak of

600 °C to 650 °C was attributed to the reductiorFef, to
FeO species [18]. In this study, it could be codellithat gold
metallic (Al) exhibited higher activity than gold oxide.

whe

It could be concluded that the apptepria

Figure 5 shows the TPR profiles ¢

hui et al., they reported that the active gold parsicdeist in
metallic state (Af) [16]

Calcined 400 °C

152

/7
A
= T - Calcined 300 °C

M7 628

Calcined 200 °C

321

Hydro gen Consumption (au.)

156
—

S

400 600 800 1000

Temperature (°C)

Fig. 5 TPR profiles of 1%Au/CF(0.25) calcined witharious
calcinations temperature

UV-visible Spectroscopy

There are many research works studied the presefhce
small Au metal by UV-vis spectroscopy to identifietgold
species on support. The gold metallic {Apeak is known to
be located between 520-570 nm for gold particlenwtal
oxides, and gold clusters (AUl < n < 10) can be observed at
280-380 nm [19]. From figure 6, it is clearly sedrat
calcination temperature of 300 °C have more goldaiie
(Au®) than 200 °C, and 400 °C (calcined at 200 °C, 400
°C had smaller peak between 520-570 nm than tladysts
calcined at 300 °C) which supported by TPR restdtwever,
the investigation of A%l was still unclear because of the
overlap of combination of support, according to gtacking
of ceria oxide and Al band, in the range of 200-350 nm and
< 250 nm, respectively [20].

Calcined 200 °C
Calcined 300 °C
Calcined 400 °C

Absorbance (a.u)

200 300 400 500 600 700 800

Wavelength (nm)
Fig. 6 Diffuse reflectance UV-vis spectra of 1%AH(C.25) calcined with
various calcinations temperature

C. Effect of Au Content on the Catalytic Performance
The AuU/CF(0.25) were prepared by a deposition-

According to the reduction of AQ, species peak was small atprecipitation technique with various Au contents16b, 3%,
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and 5% wt. All catalysts were calcined at 300°C4drours.|t
is well known that small Au particle size is higtdgtive for o7 eanCE02)
many reactions (water-gas shift reaction, seleaiiidation of SN e
CO in hydrogen rich stream, and etc.) [8]. Howewerthis -

study, the result showed that the methanol conwersiand
hydrogen yield increased with increasing Au confemrin 1%
to 3% wt and while Au content was increased fromt8%%
wt the methanol conversion, and hydrogen yield eizsed, as
shown in Figure 7. The 3%Au content exhibited tlghast
performance among the catalysts studied. -

ST S 626 3%AWCE(D.25)

619 1%AWCF(0.25)

Hydrogen Consumption (au.)

Temper ature-Programmed Reduction (TPR)

Figure 8 shows the TPR patterns of the 1%Au/CF{0.25
3%AuU/CF(0.25), and 5%Au/CF(0.25). The low tempamtu
reduction peak of 100 °C to 150 °C, could be asdito the Fig. 8 TPR profiles of Au/CF(0.25) calcined at 3@with different
reduction of Q species adsorbed on small gold particle, and Au loadings
reduction of ceria surface sites located around gparticle
[9]. At this position, the peak of the 3%Au/CF(0)2Bas X-ray fluorescence (XRF) _
shifted to lower temperature (122 °C) when companéth In order to analyze the actual metal loading, and
19%AU/CF(0.25) and 5%Au/CF(0.25) (148 °C and 132 ocgomp03|'t|on of Au/CF(0.2.5) calcined at 300 °C wdiifferent
respectively). The high temperature reduction pefag00 °c AU loadings, XRF technique was used and the resaris
to 400 °C was attributed to the reduction ofeto FeO,, ~Summarized in Table II.
the peak of 3%Au/CF(0.25) was slightly decreasedi® °C,
which indicates that Au exerts a positive influencethe ease
of FeOs; reduction which occurs at lower temperature [21].
The strong metal-metal and metal-support interactio the

0 200 400 600 800 1000

Temperature (°C)

TABLE Il
XRF OF 1%AU/CF(0.25)WITH VARIOUS CALCINATIONS TEMPERATURE

prepared catalysts lead to enhance the abilityethuge @ Catalysts Actual Au loading (%) Cel(Ce+Fe)
from iron oxideThe high temperature reduction peak (600 °C 1%Au/CF(0.25 0.89¢ 0.2(

o ; ; 3%AU/CF(0.25) 2.599 0.19
to 650 °C) was attributed to the reduction og@eto FeO 59AUICF(0.25) 3838 0.20

species. The reduction of & was much less affected by the

resence of gold.
P 9 IV. CONCLUSIONS

The hydrogen production from OSRM has been studied
over Au/CeQ-Fe0s;. Many parameters influenced on the
catalytic activity of the catalyst, which are tlypé of support,
mole ratio of support, calcination temperature,cdatent, and
operating reaction temperature. The 3%Au/CF(0.28iiced
aop at 300 °C exhibited the highest methanol conversion, and
hydrogen yield.
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