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Abstract—Fe-Cr-Cu nanocatalyst was synthesized through an inorganic-precursor thermolysis approach and exploited
for high temperature water gas shift reaction. The results demonstrated that the method used for the nanocatalyst fab-
rication led to smaller crystallite size (32.9 nm) and higher BET surface area (127.3 m*/g) compared to those of a refer-
ence sample (65.5 nm, 78.6 m’/g) prepared by co-precipitation conventional method. Furthermore, the obtained data
for catalytic activity showed that the catalyst prepared via inorganic precursor has better activity than the reference
sample in all studied temperatures (350-500 °C) and also exhibited higher catalytic activity than a commercial Fe-Cr-

Cu catalyst in higher temperatures (more than 450 °C).
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INTRODUCTION

The water gas shift (WGS) reaction is one of the most attrac-
tive heterogeneous reactions [1-4] due to applications in ammonia
synthesis, adjusting the CO/H, ratio in the methanol production
and the Fischer-Tropsch synthesis and recently, fuel cell technol-
ogy. This exothermic reaction is kinetically limited at low tempera-
tures and thermodynamically limited at high temperatures; therefore,
it is typically performed in two steps: one at high temperatures
(HTS, 300-500 °C), using Fe-Cr-based catalysts [5,6], and the sec-
ond at low temperatures (LTS, 200-250 °C), using Cu-Zn-based
catalysts [7,8].

Magnetite (Fe;O,) has been identified as an active component
in the HTS conventional catalysts, but during the reaction its activity
reduces rapidly owing to the sintering [9]. Therefore, chromium
oxide (Cr,0O;), as a textural promoter, is usually added to the com-
mercial catalysts to increase their stability [10,11]. The commercial
HTS catalyst is composed of a small amount of copper to promote
its activity and selectivity at lower temperatures [12-16]. The pro-
motional effect of copper is significantly related to the catalyst fab-
rication approach [17].

The fabrication route can play a key role in the physicochemi-
cal properties, and thus the catalytic performance of the WGS cat-
alysts [17]. A few synthetic routes, including co-precipitation (using
sodium hydroxide or ammonia as precipitant) [18,19], oxidation-
precipitation [16,20], and pyrolysis [21], have been reported to fabri-
cate Fe-Cr-Cu catalysts.

In our previous work [22] high temperature shift Fe-Cr nano-
catalyst was prepared via [Fe(H,0)s][Cr(C,O,);], and its catalytic
activity was compared with that of an Fe-Cr-Cu commercial cata-
lyst. The results revealed that the CO conversion for the prepared
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Fe-Cr catalyst reached that of the commercial one only in a nar-
row range of temperatures (around 500 °C). In this work, to improve
the catalytic performance of the HT'S nanocatalyst prepared through
new facile technique [22], the precursor was modified to [Fe(H,O)q]
[Cr(C,0,);]*4H,0-nanoCuO. Then, the physicochemical proper-
ties and catalytic performance of the nanocatalyst obtained from
the thermolysis of the modified precursor were compared to those
of a reference sample fabricated from conventional co-precipita-
tion method. In addition to the reference sample, a commercial
Fe-Cr-Cu catalyst was also used for more comprehensive compari-
son of catalytic activities.

MATERIALS AND METHODS

1. Materials
Consumed chemical materials such as Fe(NO,);*9H,0, Cr(NO;);*
9H,0 and Cu(NO;),*3H,0 were provided from commercial sources
and used without further purification.
2. Precursor Preparation
For [Fe(H,O);][Cr(C,0,);]*4H,0-nanoCuO precursor fabrica-
tion, first, copper oxide nanoparticles and [Fe(H,0),][Cr(C,O,);]*
4H,0 complex were synthesized, and then precursor was obtained
via their interaction.
2-1. Synthesis of Copper Oxide Nanoparticles
A 0.5M sodium hydroxide aqueous solution was added drop-
wise to a 0.1 M aqueous solution of Cu(NO;),*3H,O (containing
0.484 g copper nitrate in 20 ml water) until pH 12 was reached.
Resulting precipitate was aged for 3h and then filtered, washed with
deionized water, dried and finally calcined at 400 °C for 3 h.
2-2. Synthesis of [Fe(H,0);][Cr(C,0,);]*4H,0
[Fe(H,0)][Cr(C,0,);]*4H,0 ion-pair complex was synthesized
by reaction of [Cr(C,0,);]*3H,0 and Fe(NO;);*9H,0 aqueous
solutions similarly to the procedure described elsewhere [22].
2-3. Fabrication of [Fe(H,O),][Cr(C,0,);]-4H,0O-nanoCuO Precursor
[Fe(H,0)4][Cr(C,0,);]*4H,0-nanoCuO precursor was fabri-
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cated by a liquid-phase method and the detailed procedure is as
follows: the synthesized copper oxide nanoparticles (0.01 g, 0.125
mmol) were added to an aqueous solution of [Fe(H,O),][Cr(C,O,);]*
4H,0 complex (2.5 g, 4.5 mmol) and the obtained mixture was stirred
at 50 °C until dry.
3. Catalyst Fabrication

Fe-Cr-Cu catalysts were fabricated through inorganic precursor
approach and co-precipitation method (as a reference). The fabri-
cated catalysts were with molar ratios Fe: Cr 1:1 and Fe: Cu5: 1.
3-1. Fabrication of Fe-Cr-Cu Nanocatalyst

The Fe-Cr-Cu nanocatalyst was obtained from calcination of
the [Fe(H,O)][Cr(C,0,);]*4H,0-nanoCuQ precursor in air using
a heating rate of 10 °C/min up to 500 °C and then maintaining at
this temperature for 4 h.
3-2. Fabrication of Reference Catalyst

For fabrication of reference catalyst via co-precipitation tech-
nique, first, Fe(NO5);*9H,0 (1.33 g, 3.3 mmol), Cr(NO;);*9H,0
(1.32 g, 3.3 mmol) and Cu(NO;),*3H,0 (0.096 g, 0.4 mmol) were
dissolved in distilled water to form a mixture of aqueous solutions.
Next, an ammonia solution was slowly added to the mixture to adjust
pH around 8, which resulted in the precipitation of the hydroxide
salts. The obtained precipitate was aged for 6 h under continuous
stirring and then filtered and washed several times with deionized
water. Finally, the product was dried at 110 °C for 24 h and calcined
at 500 °C for 4 h.
4. Sample Characterization

Elemental analysis was determined by a Perkin-Elmer 2400 CHNS/
O elemental analyzer. Conductivity reading was obtained by using
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a Ciba Corning model check-mate 90 conductivity meter. Infrared
spectra (4,000-400 cm™") were measured on an FT-IR PHILIPS,
PU9624 spectrophotometer with KBr pellets. Electronic spectra
were obtained on a Perkin-Elmer, Lambda 25 spectrophotometer.
The metal content of the precursor was measured by atomic ab-
sorption spectroscopy using a Varian AA50 equipment. XRD pat-
terns were performed on a Inel-3000 diffractometer using Cu Ko
(1=1.5418 A) as incident radiation. The BET surface areas and pore
volumes of samples were measured with a BELSORB mini model
apparatus. Scanning electron microscopy (SEM) of the samples was
investigated using the Zeiss Sigma VP SEM equipped with Oxford
EDX/WDX detectors.
5. Catalytic Activity Measurements

A stainless steel tube reactor with an inner diameter of 2 mm,
equipped with a coiled-around electrical heater and a temperature
control system, was used to measure the activity of the studied cat-
alysts (Fig. 1). The reactions were conducted by using 0.8 g (mesh
25-35) catalyst sample, and the influent gas (CO and N,) flow rates
were measured by means of mass flow controllers (7star, Model
DO07-11¢). Precise control of de-ionized water flow rate was achieved
via a dosing pump (Milton Roy, Model CEP133-392S3), and the
water stream after passing through a vaporizer (400 K) entered the
reactor. To homogenize the gas mixture, the inlet portion of the
reactor was packed with quartz granules. The reaction product
stream after passing through a condenser, was sent to an on-line
gas chromatograph (GC) (molecular sieve 5A 80/100) to analyze
the CO content. Before reaction, catalyst samples were reduced at
350 °C for 3 h using a H,/N, mixture (50% vol. H,).

GC |

L4
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To Vent
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Fig. 1. Experimental setup for catalytic activity measurement.
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Fig. 2. XRD patterns of CuO nanoparticles.

RESULTS AND DISCUSSION

1. Sample Characterization

The [Fe(H,0),][Cr(C,0,);]*4H,0-nanoCuO precursor is com-
posed of about 88 wt% [Fe(H,O);][Cr(C,0,);]¥4H,0 ion-pair com-
plex (containing [Fe(H,0),]*" cationic part and [Cr(C,O,)s]* anionic
part ) and 12 wt% CuO nanoparticles.

Structural characterizations of [Fe(H,O)4][Cr(C,0,);]*4H,0 ion-
pair complex corresponded to the results reported in our previous
work [22].
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Signal A = SE2
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Fig. 3. SEM image for CuO nanoparticles.
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The CuO nanoparticles synthesized by precipitation method were
characterized by X-ray diffraction (XRD), scanning electron micros-
copy (SEM) and energy dispersive X-ray (EDX) techniques. In XRD
pattern (Fig. 2) all diffraction lines are assigned to copper oxide
phase (JCPDS No. 48-1548). The average crystallite size of copper
oxide that was calculated from line broadening of reflections using
the Scherrer equation is 17.47 nm. SEM image of copper oxide nano-
particles (Fig. 3) displays spherical particles with sizes of 20-50 nm.
Energy dispersive X-ray (EDX) analysis (Fig. 4) shows existence of
pure CuO with a molar ratio Cu: O 1: 1, which is in agreement
with XRD results.

XRD patterns of the Fe-Cr-Cu nanocatalyst fabricated via inor-
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Fig. 4. EDX spectrum of CuO nanoparticles.
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Fig. 5. XRD patterns of Fe-Cr-Cu catalysts (a) fabricated catalyst and (b) reference catalyst.

ganic precursor approach and the reference sample prepared by
co-precipitation are displayed in Fig. 5. Reflection lines in the XRD
pattern of fabricated nanocatalyst confirm the existence of Cr, ;Fe,;O;
(JCPDS No. 035-1112) and CuFe,O, (JCPDS No. 34-425) phases,
indicating that chromium and copper are incorporated into hematite
lattice. In addition, the diffraction peaks in the XRD pattern of the ref-
erence sample are related to o~Fe,O; (JCPDS No. 033-0664), FeCr,O,
(JCPDS No. 34-0140) and CuO (JCPDS No. 80-1268) phases. Aver-
age crystallite sizes calculated from the XRD peak width at the half

February, 2016

height by using the Scherrer equation (Table 1) for the fabricated
nanocatalyst and the reference sample were 32.9 and 65.5 nm, respec-
tively; which is in accordance with the SEM results described later.

Fig. 6 shows that the particle sizes for the nanocatalyst and the
reference samples are around 30 nm and within the range of 30-
100 nm, respectively. Comparing SEM images of the fabricated
nanocatalyst and the reference sample revealed that the fabricated
nanocatalyst has narrower distribution and smaller particle size,
indicating the influence of the fabrication method.
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Table 1. Textural properties of the precursor, prepared Fe-Cr-Cu EDX results (Fig. 7) show that the Fe (as active component) com-
catalyst and reference sample position within the fabricated nanocatalyst is close to the magni-
BET surface  Crystallite tude used during sample synthesis, whereas this is not the case for
Sample 2 .
area (m’/g)  size (nm) the reference catalyst.
[Fe(H,0)][C(C,0),] 4H,0-CuiO 119 2. Catalytic Performance
2-1. Residence Time
Prepared catalyst 127.3 329 In contin alvti - d fime i Al
Reference catalyst 86 65.5 continuous catalytic reactions, residence time is usually rep-

resented by gas hourly space velocity (GHSV) expressed as

200 nm EHT = 20.00 kV Signal A = SE2 Date:11 Dec 2013 ZEIXX
L] . .
WD =103 mm Mag= 40.00KX Time:15:37:17

200 nm EHT = 20.00 kV Signal A = SE2 Date :11 Dec 2013 ZEISX
i ; )
WD = 10,9 mm Mag= 40.00KX Time:15:26:04 Ty
(b)

Fig. 6. SEM images for (a) fabricated catalyst and (b) reference catalyst.
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Fig. 7. EDX spectrum of Fe-Cr-Cu catalysts (a) fabricated catalyst (b) reference catalyst.

GHSV=(volume flow)/(volume of the catalyst) (1)

In Fig. 8 the CO conversion variation versus the GHSV is shown
at 450 °C and the H,O/CO ratio of 4.8 over the fabricated nano-
catalyst. Clearly, in Fig. 8, the CO conversion reduces with increas-
ing GHSV and this decrease is seen to be linear in the results range
(36,000 to 134,000 hr'). The value of 36,000h™" was adopted for
GHSYV in the rest of the experiments.
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2-2. Effect of Temperature

To compare the catalytic activity of the prepared and the refer-
ence catalysts, CO conversion over the catalyst samples was meas-
ured at various temperatures at H,O/CO ratio of 4.8. Also, the activ-
ity of the laboratory - fabricated catalysts was compared with that
of a commercial Fe-Cr-Cu catalyst along with the Fe-Cr catalyst
prepared via an ion-pair complex route [22], and the results are
shown in Fig. 9. The catalytic activity of the all catalysts increases
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Fig. 8. Effect of GHSV on CO conversion over the fabricated cata-
lyst at 450 °C and H,0/CO ratio of 4.8.

with temperature rising, but the extent of these increases differs
from one catalyst to another one. The reaction progress over the
commercial catalyst experienced a considerable increase from 350
to 400 °C, whereas this breakthrough in CO conversion for the Fe-
Cr-Cu nanocatalyst occurred between 400 and 450 °C. This oc-
currence is observed from 450 to 500 °C for the reference sample,
though the catalytic activity of the Fe-Cr nanocatalyst presents almost
linear behavior between 400 and 500 °C. From 350 °C to 400 °C the
commercial catalyst shows the greatest increase in activity; never-
theless, this catalyst in the temperature range of 400 to 500°C pres-
ents the lowest one. Between 400 to 450 °C, the greatest increase in
catalytic activity is for the Fe-Cr-Cu nanocatalyst. In addition, this
catalyst displays higher activity than Fe-Cr nanocatalyst and the
reference sample in all studied temperatures. Comparison of the
results for Fe-Cr and Fe-Cr-Cu nanocatalysts indicates that the modi-
fication of the [Fe(H,O),][Cr(C,0,);]*4H,O precursor by CuO nano-
particles enhances the catalytic activity of the HTS nanocatalyst in
all studied temperatures. Furthermore, in Fig. 9, in a wider range
of temperatures, the Fe-Cr-Cu nanocatalyst shows higher catalytic
activity than the commercial one, compared to the Fe-Cr sample,
as the CO conversion for Fe-Cr-Cu catalyst edges the commercial
catalyst in lower temperatures. Also, as observed in Fig. 9, the CO
conversion for the Fe-Cr-Cu nanocatalyst is higher than the refer-
ence one in all temperatures, which can be attributed to better dis-
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Fig. 9. Temperature effect on the catalyst samples activities.
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Fig. 10. H,O/CO ratio influence on the Fe-Cr-Cu nanocatalyst activ-
ity in 450 and 500 °C.

persion of the Fe-Cr-Cu nanocatalyst components, i.e., Fe, Cr and Cu
(confirmed by XRD and SEM-EDX results), and having higher BET
surface area (due to smaller particle size) compared to the refer-
ence sample, indicating the influence of fabrication route.

3. Effect of H,O/CO Ratio

Fig. 10 demonstrates the effect of H,O/CO ratio on the Fe-Cr-
Cu nanocatalyst activity at 450 and 500 °C.

As depicted in Fig. 10, after a slight increase from the ratio of
3.2 to 4, the CO conversion almost remains constant at 450 °C. Also,
variation of H,O/CO ratio from 3.2 to 6.8 at 500 °C does not have
any significant influence on the CO conversion over the Fe-Cr-Cu
nanocatalyst.

CONCLUSIONS

The Fe-Cr-Cu nanocatalyst was fabricated via thermolysis of an
inorganic-precursor obtained from modification of [Fe(H,O)q]
[Cr(C,0,);]*4H,0 by adding CuO nanoparticles. Compared with
Fe-Cr-Cu prepared from conventional co-precipitation method,
this nanocatalyst displays smaller crystallite size and higher BET
surface area along with higher catalytic activity for high tempera-
ture water gas shift reaction. The CO conversion over the nanocata-
lyst that resulted from [Fe(H,0)q][Cr(C,0,)s]¥4H,0-CuO was higher
than the Fe-Cr nanocatalyst prepared from [Fe(H,O),][Cr(C,0,);]*
4H,0, suggesting favorable precursor modification. Moreover, the
nanocatalyst presents higher catalytic activity than a commercial
catalyst in around and more than 450 °C
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