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ABSTRACT

The goal of this study was to identify the most suitable chromium-free iron-based catalysts for the HTS
(high temperature shift) reaction of a fuel processor using LPG. Hexavalent chromium (Cr®") in the
commercial HTS catalyst has been regarded as hazardous material. We selected Ni and Co as the
substitution for chromium in the Fe-based HTS catalyst and investigated the HTS activities of these Cr-
free catalysts at LPG reformate condition. Cr-free Fe-based catalysts which contain Ni, Zn, or Co instead of
Cr were prepared by coprecipitation method and the performance of the catalysts in HTS was evaluated
under gas mixture conditions (42% H,, 10% CO, 37% H,0, 8% CO,, and 3% CHy; R (reduction factor): about
1.2) similar to the gases from steam reforming of LPG (100% conversion at steam/carbon ratio = 3), which
is higher than R (under 1) of typically studied LNG reformate condition. Among the prepared Cr-free Fe-
based catalysts, the 5 wt%-Co/Fe/20 wt%-Ni and 5 wt%-Zn/Fe/20 wt%-Ni catalysts showed good catalytic

activity under this reaction condition simulating LPG reformate gas.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells are one of the most promising new power sources,
featuring both cleanliness and versatility [1] and the hydrogen fuel
cell, in particular, has engendered extensive research efforts.
Among the several types of fuel cells that have been explored, the
PEMFC (Polymer Electrolyte Membrane Fuel Cell) appears to be a
promising alternative for internal and external combustion
engines in transportation or at fixed sites [2-4].

As the gas flow through the PEMFC must contain very little CO to
avoid CO-poisoning of Pt electrode [5-7], the fuel processor for
industrial applications of PEMFC generally includes a catalytic
reformer, water gas shift reaction (WGSR), preferential oxidation
(PROX)and/or PSA (pressure swing adsorption) for the removal of CO.
Of the available catalytic reforming strategies, steam reforming of
methane is the most widely used [5] and LNG is the most effective
stock for the hydrogen production method because methane has the
highest H/Cratio of any hydrocarbon. However, the infrastructure for
hydrogen production should be constructed in areas neighboring a
natural gas pipeline due to the large energy investment required for
the transport and storage of LNG, which includes the technical
difficulties of natural gas liquefaction [8]. On the other hand, LPG is
comparatively easy to procure, because facilities for LPG delivery to
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residential and commercial regions are well established, especially in
Koreaand Japan[8]anditis regarded as an alternative fuel for LNG for
its high availability and low price [8]. Therefore, from the standpoint
of making the application more realistic, it would be meaningful to
develop an effective LPG fuel processor and integrate it into a fuel cell
system. Furthermore, it is meaningful from the viewpoint of
diversification of fuel source for hydrogen production, as well.

The WGSR (Eq. (1)) is a main process for hydrogen production
from various hydrocarbon sources [9,10].

CO + H,0 — CO, +H,, AH = —41.1k]/mol 1)

On the basis of thermodynamic and kinetic considerations, WGSR
is typically performed in two stages, using a high temperature shift
(HTS) and a low temperature shift (LTS) catalyst bed, and it has
been established that magnetite (Fe304) shows the best catalytic
activity for HTS [9-11]. A commercial HTS catalyst optimized for
the reaction of LNG reformate consists of Fe and Cr species in which
chromium(III) oxide (Cr,03) prevents Fes04 from sintering, while
Fe;04 functions as the active component [9]. The composition of
fresh commercial Fe-Cr catalyst varies with the manufacturer, but
8 wt%-Cr,03/Fe304 catalyst is generally used in the commercial
HTS processing of LNG reformate [9,11-13]. At present, it has been
known that the catalytic activity of Fe-Cr catalyst containing small
amounts of Cu is higher than that of the existing Fe-Cr catalyst [12-
15].

Prior to initial use of commercial Fe-Cr catalyst, iron(Ill) oxide
(Fe;03), must be converted to magnetite (Fes04) by a partial
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reduction through pre-reduction using the reformer product gases,
where excess additional steam is introduced to control the proper
extent of the reduction [9,11,16,17]. Over-reduction of the catalyst
to FeO or Fe causes the loss of the active component (Fe304) as well
as physical damage of the catalyst. In such case, a damaging hot
spot can form during the reaction due to exothermic methanation
for which metallic iron is known to be a good catalyst [11]. Thus, it
is very desirable to avoid over-reduction of the Fe;04 during the
pre-reduction as well as the reaction [9,11,18]. It is generally
known from industrial experience that, if the reduction factor (R,
Eq. (2)) for the reformed gas is maintained at less than 1.2, then
over-reduction of Fes0,4 is not occurred, while over-reduction
consistently occurs when R is greater than 1.6 [9,18].

. Pco + P
R (reduction factor) = % (2)
H,0 o,

Pre-reduction and activity test for WGSR catalyst is generally
performed at R under 1 [2,13,15]. In case of LPG reformate, R is
about 1.2 without additional steam, which is a little bit higher than
R of typically studied reduction gas composition. As the
equilibrium of CO conversion is very susceptible to the reactant
gas composition and the composition of LPG reformate is different
from that of LNG with additional steam, it is very valuable to
identify a highly effective catalyst for HTS reaction of LPG
reformate.

The fresh and aged commercial HTS Fe-Cr catalysts usually
contain levels of about 1 wt% hexavalent chromium (Cr®"), a heavy
metal ion very toxic to humans, organisms, or cells, and an
undesirable environmental contaminant which is difficult to
properly dispose [10]. Especially in Europe, RoHS (Restriction of
Hazardous Substances) restricts the use of six hazardous materials
including Cr®" in all the electronic/electrical equipments and
components [19]. Many researches about Cr-free catalyst for HTS
reaction have been performed in the last two decades [20-23].
Recently, Fe-Al-Cu was known as a highly active catalyst for HTS
reaction [22,23]. However, the research about Cr-free catalyst for
HTS at LPG reformate condition has not been reported yet.

In this study, an Fe-based catalyst, devoid of chromium, is
suggested for the HTS step of fuel processing using LPG by testing
the HTS activities of a series of prepared Cr-free Fe-based catalysts
under LPG reformate conditions. Characterization of catalysts was
performed using ICP, BET, and XRD. Ni, Zn, and Co have been
selected as the substitution for Cr in Fe-based catalysts since they
showed good catalytic activity in syn-gas (CO, H,) related reactions
and the WGSR, respectively [20,21,24-27], as well as the thermal
stability of Fe-Co metal particles was reported to be improved with
increasing Co content [28]. These activities were then compared
with well-known LNG-reformate HTS catalysts under the same
conditions.

2. Experimental
2.1. Preparation and characterization of the catalysts

Fe/Cr/Cu catalyst obtained kindly from Johnson Matthey Co.
was used as the commercial LNG-reformate optimized HTS
catalyst in this study. Fe-based metal oxide catalysts were
prepared by a coprecipitation method similarly to Rhodes et al.
[12,13]. All metal precursors (purchased from Aldrich) were in
nitrate hydrate form, and sodium carbonate and sodium hydroxide
(Aldrich) were used as the precipitant. Initially, metal nitrate
hydrate precursors were dissolved together in deionized water
with appropriate ratios to yield the desired metal weight ratio in
the product. Sodium carbonate was subsequently added to
produce pH 2.75, the brown solution was heated at 70 °C for

Table 1
The notations of the prepared catalysts.

Notation Description of the prepared catalyst

Desired weight ratio Weight ratio from ICP analysis
Fe100 100 wt%-Fe N.M.?
FeCo20 Fe/20 wt%-Co N.M.?
FeNi8 Fe/8 wt%-Ni N.M.?
FeNi20 Fe/20 wt%-Ni Fe/23.3 wt%-Ni
Cu2FeCr8 2 wt%-Cu/Fe/8 wt%-Cr N.M.?
Cu5FeCr10 5 wt%-Cu/Fe/10 wt%-Cr 5.2 wt%-Cu/Fe/10.3 wt%-Cr
Zn5FeNi20 5 wt%-Zn/Fe[20 wt%-Ni 5.4 wt%-Zn/Fe[22.3 wt%-Ni
Co5FeNi20 5 wt%-Co/Fe/20 wt%-Ni 5.1 wt%-Co/Fe/[23.1 wt%-Ni
Zn5FeC020 5 wt%-Zn/Fe[20 wt%-Co N.M.?
Ni5FeC020 5 wt%-Ni/Fe/20 wt%-Co N.M.?

2 Not measured.

1h, and sodium hydroxide was added to pH 7.5, forming a
precipitate. After filtering, the precipitate was washed repeatedly
with sufficient deionized water, dried at 110 °C for 24 h, and
calcined at 500 °C for 5 h. The notations of the prepared catalysts
are shown in Table 1.

The metal contents of the catalysts were determined by
inductively coupled plasma atomic emission spectrophotometer
(ICP/AES, 138 Ultrace, Jobin Yvon), powder X-ray diffraction
patterns obtained using a D/max-2500 (Rigaku) with Cu Ko
(A = 1.54056 A) radiation generated at 40 kV and 150 mA, and the
BET surface areas of the products measured with a ASAP 2010
(Micrometrics).

2.2. HTS activity measurement

In consideration of the equilibrium composition of LPG steam
reformate after the LPG conversion of 100% at steam/carbon
ratio = 3 (further information about the LPG used is confidential), a
gas composition of CHy, CO, CO,, Hy, and H,0 at 3, 10, 8, 42, and
37 vol%, respectively, was used as the HTS reactant composition.
Considering the temperature at the steam reformer outlet,
isothermal tests for the HTS reaction were performed at 375
and 400 °C with steam fed to the reactor by a syringe pump and
other gases individually introduced via a mass flow controller
(5850E, Brooks). A catalyst (150-250 pwm) was packed over a
quartz wool bed located in the middle of a stainless steel tube
reactor (ID = 12.5 mm), and water was separated from the outlet
gases using a cold-trap at 0 °C, after which the gases were analyzed
by on-line gas chromatography (Acme 6000 M, Young Lin)
equipped with a Porapak Q (6 ft x 1/8in. SS, Supelco) column
and TCD detector.

3. Results and discussion

3.1. Activities of LNG optimized HTS catalysts under LPG reformate
conditions

An Fe/Cr catalyst to which 2 wt% Cu is added yields a Fe/Cr/Cu
catalyst that is well known as a good catalyst for the HTS reaction
of LNG reformate [12,13,15]. A commercial HTS catalyst (Fe/Cr/Cu,
Johnson Matthey) and two prepared catalysts (Cu2FeCr8 and
Cu5FeCr10) were examined here to evaluate the applicability of
the catalysts in the HTS reaction for LPG reformate. The isothermal
experiments were performed under reactant composition
described above at 400 °C and a gas hourly space velocity (GHSV)
of 25,000 ml/gc,c h for about 10h and the CO conversion was
assessed (Fig. 1). Under these conditions the equilibrium CO
conversion was estimated to be about 77.2% [11,29].

The average CO conversions of the commercial and the
prepared Cu5FeCr10 and Cu2FeCr8 catalysts were about 45.1%,
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Fig. 1. CO conversions of prepared catalysts (Cu2FeCr8 and Cu5FeCr10) and a
commercial catalyst (Johnson Matthey) at 400 °C as a function of time.
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Fig. 2. XRD patterns of prepared catalysts and after reaction at 400 °C for 3 h,
respectively: (a) Cu2FeCr8 (fresh); (b) Cu5FeCr10 (fresh); (c) Cu2FeCr8 (after
reaction); (d) Cu5FeCr10 (after reaction).

43.7% and 40.6%, respectively, showing similarity (Fig. 1). From X-
ray diffraction patterns of the fresh Cu2FeCr8 and Cu5FeCr10
catalysts, only hematite species (Fe,0s3;, JCPDS 33-0664) was
detected (Fig. 2). It means that Cu and Cr were in solution with iron

oxides, rather than in separate regions of CuO and Cr,03, which
was similar to results reported by Edwards et al. [15]. On the other
hand, the magnetite (Fe304, JCPDS 19-0629), which has been
known as an active species for HTS by other research groups [9-
11], was observed to dominate in aged catalysts after reaction at
400 °C for 3 h.

The catalytic activities of Cu2FeCr8 and Cu5FeCr10 were stable
for 10 h (Fig. 1). Therefore, it is expected that a separate pre-
reduction step for Cr-containing Fe-based catalysts is not required,
especially in our reaction condition simulating LPG reformate gas.
Fe/Cr/Cu has been known as the best catalyst for the HTS reaction of
LNG reformate [9-13,30], but the CO conversions of these catalysts
were lower than 50% in the present LPG-reformate HTS conditions.

3.2. BET results and catalytic activities of two component Fe-based
catalysts

Various Cr-free Fe-based catalysts were prepared by the
coprecipitation method and the surface area, pore volume and
pore diameter were evaluated (Table 2). The prepared iron oxide
catalyst had a BET surface area of 21.1 m?/g and, notably, the BET
surface area increased to 30-65m?/g as other metals were
introduced to the catalyst.

Single and two component Fe-based catalysts (Fe100, FeNi8,
FeNi20 and FeCo020) were examined in the HTS reaction at 400 °C
for 3 h. The results of CO conversions of the catalysts showed that
the addition of Ni and Co increased the catalytic activity of the Fe
(Fig. 3). Average CO conversions of Fe100, FeCo20, FeNi8 and
FeNi20 catalysts were about 26.3%, 39.2%, 50.6% and 67.6%,
respectively. The CO conversion of the FeCo20 catalyst was lower
than the 45.1% of commercial catalyst under these conditions, but
the CO conversion by the FeNi8 and FeNi20 catalysts at 400 °C were
higher than the commercial catalyst, with the CO conversion by the
FeNi20 catalyst over 65%.

3.3. Catalytic activities of three component Fe-based catalysts and X-
ray diffraction results

Isothermal catalytic activity examinations of three component
Fe-based catalysts for the HTS reaction were performed at 375 and
400 °C for 3 h. Using the reaction composition described pre-
viously, the equilibrium CO conversions were calculated to be
81.6% at 375 and 77.2% at 400 °C, respectively (Fig. 4) [11,29].
These results showed that CO conversions of the Zn5FeNi20 and
Co5FeNi20 catalysts were both over 65% at 375 and 400 °C, while
CO conversions of the Zn5FeCo20 and Ni5FeCo20 catalysts were
under 55%, and the former two catalysts showed enhanced CO
conversions compared to commercialized LNG-reformate opti-

Table 2

The results (surface area, pore volume and pore diameter) of BET analysis and inverse spinel crystallite size from XRD data of various catalysts prepared by coprecipitation

method.

Catalyst BET analysis Inverse spinel crystallite size* [nm]
Surface area [m?/g] Pore volume [cm?[g] Pore diameter [nm]

Fe100 21.1 0.099 19 40.0

FeC020 31.7 0.191 24 N.M.P

FeNi8 322 0.201 25 N.M.P

FeNi20 443 0.169 15 29.9

Cu2FeCr8 29.2 0.238 33 22.8

Cu5FeCr10 30.2 0.192 25 23.7

Zn5FeNi20 64.8 0.158 10 214

Co5FeNi20 51.5 0.138 11 234

Zn5FeC020 48.7 0.155 13 N.M.P

Ni5FeC020 52.1 0.186 14 N.M.P

2 Crystallite size after reaction at 400 °C for 3 h.
> Not measured.
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Fig. 3. CO conversions of Fe100, FeCo20, FeNi8, FeNi20 and commercial catalyst as a
function of time and equilibrium CO conversion at 400 °C.

100

Zn5FeCo20 I NiSFeCo20 = Co5FeNi20
90 | B ZnSFeNi20 [ ] Commercial Catalyst

80 -

70

60

50

40 L

CO Conversion [%]

30

20 -

10 -

Temperature [°C]

Fig. 4. CO conversions of three component catalysts at 375 and 400 °C.

mized catalysts and the two component Fe-based catalysts (Figs. 1
and 3). In the case of Zn5FeNi20, CO conversions were 76.6% and
77% at 375 and 400 °C, respectively, close to the equilibrium CO
conversion. From the performances of the Zn5FeNi20 and
Zn5FeCo20 catalysts, it was concluded that the addition of
5 wt% Zn generally improved the catalytic activities of Fe/Ni and
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Fig. 5. CO conversions of commercial and prepared three component catalysts at
400 °C as a function of time.
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Fig. 6. XRD patterns of prepared catalysts after reaction at 400 °C for 3 h: (a) Fe100
and Cr-containing catalysts (Cu2FeCr8 and Cu5FeCr10); (b) Ni-containing Cr-free
Fe-based catalysts (FeNi20, Zn5FeNi20 and Co5FeNi20).

Fe/Co catalysts. CO conversion by the Co5FeNi20 catalyst was
higher than the Ni5FeC020 catalyst, in spite of the fact they were
the same metals simply in different proportions. It thus appeared
that the specific metal additives and their proportions were
important factors in screening for useful three component Fe-
based HTS catalysts.

The isothermal tests on various three component Fe-based
catalysts performed for longer times (~10 h) at 400 °C, and CO
conversion was evaluated as a function of time (Fig. 5). CO
conversion by the Ni5FeCo20 catalyst was slightly higher than the
commercial catalyst at 400 °C. The Zn5FeCo020 catalyst initially
showed better catalytic activity than the commercial catalyst, but
after 80 min CO conversion gradually decreased and finally
stabilized at 34% after 6 h. The Zn5FeNi20 and Co5FeNi20 catalysts
showed CO conversions higher than any other catalysts and,
moreover, their catalytic activities were comparatively stable for
about 10 h.

Powder X-ray diffraction patterns of Fe-based catalysts
revealed the absence of crystalline phases related to Cu, Cr, Zn,
Co, and Ni in all cases with exception of the peaks at 44° and 52° in
Ni-containing catalysts (Fig. 6), which can be attributed to the
formation of a homogeneous solid solution or amorphous phase
[15,17,31]. The inverse spinel type crystalline was observed to
dominate in all catalysts. The X-ray diffraction peaks of Cu2FeCr8
and Cu5FeCr10 catalysts were broader than the Fe100, indicating
that the magnetite crystallite sizes of these catalysts were smaller
than the Fel00 catalyst. The XRD peaks of Zn5FeNi20 and
Co5FeNi20 catalysts were broader than the FeNi20 in case of Ni-
containing Cr-free Fe-based catalysts, which exhibits the similar
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phenomenon as Cr-containing catalysts. The inverse spinel
crystalline sizes in all catalysts were calculated using the Scherrer
equation applied to the [311] (20 =35.422° and 35.684°) diffrac-
tion peaks [32] (Table 2). The dominance of the inverse spinel
crystalline phase and its small crystallite size were assumed here
to be two causes of their high activities (Figs. 4 and 5).

4. Conclusions

Cr-free Fe-based metal oxide catalysts constituted with two or
three metal components were prepared by a coprecipitation
method. The BET surface area of prepared catalysts increased with
the addition of other metals to the Fe. Among the prepared
catalysts, Zn5FeNi20 and Co5FeNi20 catalysts showed good
catalytic activity (around 65-75% CO conversion at 400 °C) in
the HTS condition of LPG reformate. Furthermore, the CO
conversions on these catalysts were higher than the CO conversion
on commercial catalyst optimized for HTS reaction of LNG
reformate and, particularly, the Zn5FeNi20 catalyst exhibited CO
conversion quite close to the equilibrium conversion. In addition,
the catalytic activities of the Zn5FeNi20 and Co5FeNi20 catalysts
were comparatively stable for 10 h under these conditions.
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