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Abstract

The paper presents the recent advances of water-gas shift process using supported nickel catalysts. The effect
of different supports, nickel loading, gas hourly space velocity, dopant materials, on the catalyst activity, H, yield,
and H, selectivity are discussed. Ceria promoted nickel catalyst supported on powder alumina (Ni/CeO,-Al,O,)
demonstrated the best performance. The performance of this catalyst was affected by the amount of nickel loading.
The addition of small amounts of cobalt or chromium as a dopant material resulted in a considerable increase of the
catalyst performance. The prepared catalysts were also compared with a commercial catalyst (Shift Max 120). It was
observed that either of the doped or undoped Ni/CeO,-Al,O, catalysts revealed a much higher performance in term
of activity, H, yield, and H, selectivity, as compared to a commercial one.

Introduction

Water gas shift (WGS) reaction is an established industrial
technology in which water (H,0) in the form of steam reacts with
carbon monoxide (CO) to produce hydrogen (H,) and carbon
dionoxide (CO,). The reaction is presented in Equation 1 [1-3].

CO +H,0 = H, + CO, AG** = - 41.2 kJ/mol; AG®* = -28.6 kJ/mol (1)

Recently, the WGS reaction has attracted new interest due to
development on fuel cell technology. Carbon monoxide existed in the
synthesis gas produced via steam reforming of hydrocarbons (e.g.,
natural gas, petroleum, or renewable resources) and gasification of coal
or biomass poisons the catalyst used in fuel cell. The benefit of using
WGS reaction is that it reduces CO concentration while producing
extra H, which is fuel for hydrogen-fuel-cells.

To produce high purity hydrogen at the highest possible CO
conversions, two-stage adiabatic reactors with cooling in between
are used: a high temperature shift (HTS) reactor operating at 320-
450°C with a catalyst based on iron oxide structurally promoted with
chromium oxide (Fe,0,-Cr,0,), and a low temperature shift (LTS)
reactor operating at a temperature range of 200-250°C with copper-zinc
oxide supported on alumina (Cu-ZnO/ALQO,) catalyst [4-6]. Typical
designs of HTS WGS reactors with Fe,0,-Cr,O, catalyst reduces CO
content from 8-10% to about 3-5% CO, while a LTS reactor with Cu-
ZnO/AlQ, catalysts further decreases the CO level to less than 1%.

Itis well known that nickel catalysts are familiar for steam reforming
of natural gas. However, Ni also plays an important role for the water
gas shift reaction. For example, Willms [7] reported that Ni was a good
catalyst to produce hydrogen either through WGS reaction or steam
reforming process. Cooper [8] also noted that Ni, which forms a part
of the anode composition, facilitates the WGS reaction to take place
on the surface of the anode of solid oxide fuel cells. The existence of
Ni in CeO,-supported bimetallic Ni-Rh catalyst was reported to help
converting CO into CO, and H, by WGS reaction [9]. Chu et al. [10]
observed that Ni/ceria had higher activity for WGS reaction than Fe/
ceria did. Nickel catalysts, however, seemed to be good for HTS reaction

than for the LTS one [10]. Li et al. [11] investigated the use of ceria-
lantana supported catalysts for the WGS reaction at gas hourly space
velocity (GHSV) 8000 and 80000 h* and temperature ranges of 150 to
550°C. It was found that Ni-Ce(La)O, catalyst was much superior than
the support itself, i.e., Ce(La)O,. It was also observed that at around
350°C, the activity of Ni-loaded catalyst surpassed the activity of Cu-
loaded one [11]. In the previous works [12,13] we have demonstrated
that nickel catalysts showed a good performance for the WGS especially
at high temperature (450°C). Our recent report presented that Ni
catalysts were not stable at low temperature (250°C), [14] This paper
reports the performance of nickel catalysts for high temperature WGS
reaction. The experiment was carried out at temperatures 450°C with
CO-to-steam (CO/S) molar ratio of 1:3. Effects of different supports,
metal loading, GHSV, and dopant materials were investigated. In order
to evaluate the prepared catalysts, we also compared with a commercial
high temperature WGS catalyst.

Method

The catalysts preparation had been described in our previous work
[14]. Nine nickel catalysts with different oxides support are presented
in Table 1.

The catalysts were tested using rig and method as described in
earlier work [14]. In this work, reaction were conducted at temperature
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at 450°C with a CO flowrate of 15 ccm, steam flowrate of 0.04 ml/min
and catalyst loading of 0.05 g diluted in 1.5 g of fused SiO, (Sigma
Aldrich). A commercial high temperature WGS catalyst, Shift Max 120,
was supplied from Siid Chemie. The commercial catalyst had a tablet
form and is designed for the high temperature shift WGS reaction
working at 450°C. The composition of this commercial catalyst is
presented in Table 2.

The catalyst was crushed and sieved to have a particles size range
of 20-60 mesh to be analogous to the other tested catalysts. According
to the company manual [15], the catalyst must be reduced using syngas
at a speed velocity greater than 200 Nm’/h and at a temperature not
exceeding 175 °C. In this experiment, the catalyst was reduced in situ
at 160°C for 7 hours using 15 ccm of gas mixture and 0.15 cm®/min of
steam. The composition of gas mixture for reduction step is presented
in Table 3. The catalyst was tested at 450°C with a CO flowrate of 75
ccm and a steam flowrate of 0.2 cm®/min.

Catalyst performance is demonstrated by catalyst activity, H, yield
(vol.%), and H, selectivity. The catalyst activity is presented as CO
conversion (XCO) and defined as:

€01, ~[C0L, 1100 @

[CO],
Hydrogen selectivity (SH,) is defined as follows:

XCO =

SH, = %XIOO% 3)
2 dmax

Catalyst Composition BET cm?g
Ni/CeO, 4% Ni; 96% CeO, 80.79
Ni/Al,O, powder 4% Ni; 96% Al,0, 3.79
Ni/ALO, monolith 4% Ni; 96% ALO, 1.53
Ni/CezrO, 4% Ni; 96% CeO,-ZrO, 102.00
Ni/CeYO, 4% Ni; 96% CeO,-Y 100.50
Ni/CeO,-Gd 4% Ni; 76.8% CeO,; 19.2% Gd 119.30
Ni/CeO,-Sekar Mirah 4% Ni; 81.6% CeO,; 14.4% Sm 425.00
Ni/CeO,-Al,0, monolith 4% Ni; 3% CeO,; 93% Al,O, 6.44
Ni/CeO,-AL,O, powder 4% Ni; 3% CeO,; 93% Al,O, 9.01

Table 1: The composition of prepared nickel-based catalysts and its BET surface
area.

Compound Fraction
Iron (I11) oxide 80-95
Chromium (l1l) oxide 5-10
Copper oxide 1-5
Graphite 1-5
Chromium (V) oxide <5

Table 2: Composition (in weight percent) of Shift Max 120.

Compound Formula Fraction

Acetylene CH, 2.94
Ethane C,H, 2.85
Ethylene C,H, 2.98
Methyl acetylene CH, 3.07
Propane C,H, 2.85
Propylene C,H, 3.1
Carbon dioxide CO, 10.30
Methane CH, 10.20
Carbon monoxide CO 25.00
Hydrogen H, 29.80
Nitrogen N, balance

Table 3: Gas composition (in volume percent) used for reduction of Shift Max 120.
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Figure 1: Average performance of Ni catalysts for WGS reaction at 450 °C
(Condition: catalyst loading 0.05 gram, CO/steam molar ratio 1:3, GHSV =
200 L.h. gcat ). Note: H, yield is expressed in volume wise.
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Figure 2: Catalyst stability at 450 °C for about 12 hours. (Condition: catalyst

loading 0.05 gram, CO/steam molar ratio 1:3, GHSV = 200 L.h-". g; ).

in which [H,] _ is the maximum H, yield based on thermodynamic
equilibrium at the respected temperature and CO/S ratio.

Results and Discussion
Effect of support

Figure 1 demonstrated the effect of different supports on the
catalyst performance in term of catalyst activity (XCO), H, yield, and
H, selectivity (SH,). It can be observed that at high temperature all
catalysts showed a good performance. Four catalysts including Ni/
CeOz—AIZO3 (powder), Ni/ CeO,, Ni/CeYO,, and Ni/CeOZ—Gd exhibited
very good activity. Except for Ni/CeO,-Gd, the other three catalysts
also demonstrated extremely high H, yield and good stability over 12
h. As can be observed from Figure 2, Ni/CeO,-Gd also took longer time
to be stable. Two catalysts, Ni/ CeOz-A1203 (powder) and Ni/CeO,, had
H, selectivity >70%.

In general, ceria promoted nickel catalyst supported on alumina
powder demonstrated the best performance for HTS WGS reaction.
At CO/S ratio 1:3, the catalyst had an average activity of 95%, H, yield
of 52% (v/v), and H, selectivity of 73%. At the same conditions, the
equilibrium CO conversion is 94% with H, yield of 50%. The differences
may be resulted from the accuracy of flowrate reading which, in fact,
fluctuated from the setting point. Our results, with an acceptable error,
suggest that the performance of Ni/CeO,-Al O, catalyst was very active
for HTS WGS reaction and achieved equilibrium CO conversion even
at very little loading (0.05 g).
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It can also be observed that catalysts without ceria (Ni/Al,O,
either powder or monolith) had the lowest H, yield, CO conversion,
and H, selectivity compared to those supported on or promoted with
ceria. This observation provides evidence that the presence of ceria is
advantageous for WGS catalysts. The beneficial role of ceria for WGS
catalyst has been reported, among others, by Hilaire et al. [16], Gorte
and Zhao [17], and Swartz et al. [18].

Most catalysts, however, also produced unwanted CH,. The
evolution of CH, formation during WGS reaction is presented as
follows:

CO +3H,= CH, + H,0 AH** = -206 kJ/mol AG** = -142.2 k] (4)
CO, +4H, = CH, + 2H,0 AH* = -165 kJ/mol AG** = -113.7kJ (5)
2CO +2H, = CH, + CO, AH* = -247 kJ/mol AG¥* = -170.8 k]  (6)

Tanaka and lizuka [19] suggested that after water gas shift
reaction, the formation of CH, occur through the hydrogenation of
carbonaceous species formed by the dissociation of CO or CO, [19]. All
of the aforementioned methanation routes require H,. Therefore, the
higher the CH, yield, the lower the H, yield will be.

Figure 3 shows that monolith alumina supported catalysts (with
or without ceria promotion) produced the highest CH, yield, around 5
vol.% in average. This was another indication of the drawback of using
monolith alumina as a support for Ni catalyst.

Effect of GHSV

Gas Hourly Space Velocity (GHSV) is defined as the ratio of the
volumetric flow rate of reactants at standard conditions (25°C and 1
atm) to the total catalyst volume [20,21]. If the quantities of catalyst
and reactants are in the same units, e.g. for monolith catalyst, GHSV is
frequently expressed in h' (inverse time). For a granule catalyst, GHSV
is frequently expressed in ml (g_.h)". A higher GHSV implies a shorter
time that the reactants are in contact with catalyst.

Figure 4 shows the effect of GHSV on the performance of 4%Ni/
CeO,-ALO,. It was revealed that increasing GHSV from 200 to 1000
resulted in the decreasing catalyst performance. A noticeable decrease
in CO conversion as the GHSV increase was also observed for the
Au/CeO, catalyst [22] and the Au/TiO, catalyst [23]. Typical GHSV
value for HT or LT WGS reaction is 4000 h™' [24] but for on-board
fuel processing the U.S. Department of Energy targets at least 30,000
h'[25,26]. Due to the inverse relationship between GHSV and space
time, it is clear that CO conversion will increase with the increasing
space time. Our results, as presented by Figure 4 provide evidence for
this proposition.
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Figure 3: Average CH, yield for different catalysts at 450 °C (Condition:
catalyst loading 0.05 gram, CO/steam molar ratio 1:3, GHSV = 200 L.h™.
-1
Beu)
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Figure 4: Effect of GHSV on the performance of 4%Ni/CeO,-Al,O, at a

temperature of 450 °C and CO/S molar ratio 1:3.
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Figure 5: Effect of Ni loading on the catalyst performance for WGS reaction,
averaged over around 6 h. (Condition: reaction temperature 450 °C, catalyst
loading 0.05 gram, CO/steam molar ratio 1:3, GHSV = 1000).

Effect of Ni loading

From the above discussion, it can be concluded that Ni/CeO,-Al,0,
powder is the best catalyst for the WGS reaction at high temperature
(450°C). We were interested in investigating the effect of Ni loading
on the catalyst performance. For this purpose, we tested the Ni/CeO,-
AL O, powder catalyst with a different Ni loading ranging from 1 to
8% (w/w). In this test, we also increased the flowrate five times while
keeping the other conditions the same. The results are presented in
Figure 5.

It can be observed that increasing Ni loading results in a
considerable increase of the catalyst performance. Catalyst activity
increases from 24% at a Niloading of 1%; to 54% at a Ni loading of 4%;
and to 76% at a Ni loading of 8%. Similarly, H, yield increases from
15% to 36% and to 44% at Ni loadings of 1%, 2%, and 8% respectively.
Hydrogen selectivity also increases from 15% to 55% and to 82% at Ni
loadings of 1%, 2%, and 8%, respectively. Again, we observed here that
the high H, yields are followed by higher CH, production.

Effect of dopant

Figure 6 demonstrates the effect of the addition of slight amounts
of a dopant to the Ni/CeO,-Al O, powder catalyst. The dopants used
here include Co, Cr, Mo, and Ru. These materials were selected because
they have been tried as promoters to improve other catalystic reactions.
Andreev et al. [22] for example, studied the effect of addition of CoO (5
wt. %) on the activity of Fe-Cr catalysts [27]. Chromium is well known
as promoter in commercial iron-based catalysts for high temperature
WGS reaction. Meanwhile, the addition of Ru was reported to have a
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promoting effect on the activity and enhanced the redox effect of the
iron oxide catalysts for the WGS reaction [28,29]. Molybdenum and Co
are also well known dopants in sulfur-resistant WGS catalysts [30,31].

In our experiment, the loading of the dopant was 1% of the nickel
loading and was loaded after the catalyst had been dried. Chromium
nitrate nonahydrate (Cr(NO,),.9H,0), cobalt nitrate hexahydrate
(Co(NO,),.6H,0), ruthenium (III) nitrosyl nitrate (HN,O Ru) -
all from Sigma Aldrich- and ammonium molybdate tetrahydrate
((NH,),Mo.0,,.4H,0) from Fisher Chemicals, were used as precursors
for Cr, Co, Ru, and Mo, respectively. The catalysts were tested with
reaction conditions of: temperature 450°C, CO flowrate 75 ccm, HO
flowrate 0.2 cm*/min, and catalyst loading 50 mg diluted with 1.5 gram
inert silica. The results are presented in Figure 6.

It can be observed that Co- and Cr-doped catalysts substantially
improve the catalyst performance in terms of activity, H, yield, H,
selectivity, and CH, yield, compared to that of undoped one/s. The
undoped, Co-doped, and Cr-doped Ni catalysts had activity values of
48.8, 84.7, and 77.8%, respectively; hydrogen yields of 36.3, 48.9, and
45.8 vol.%, respectively; and hydrogen selectivity values of 60.6, 98.3,
and 77.8%, respectively. The addition of Ru dopant resulted in a higher
CO conversion (59.7%) than that of the undoped catalyst. However, H,
yield (38.6 vol.%) and H, selectivity (61.9%) of Ru-doped catalyst were
comparable to that of the undoped one. The addition of Mo, on the
other hand, resulted in a lower performance than that of the undoped
one. This could be attributed to the poisoning effect of Mo on the nickel
catalyst. The negative effect of the presence of Mo on other catalysts
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Figure 6: Effect of dopant to the catalyst performance and gas composition
(Reaction conditions: temperature 450°C, CO/steam molar ratio 1:3, catalyst
loading 50 mg diluted with 1.5 gram inert silica, GHSV = 1000 L/g cat).
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Figure 7: Performance of commercial catalyst Shift Max 120. Reaction
condition: temperature 450 °C, CO/steam molar ratio 1:3, catalyst loading 50
mg diluted with 1.5 gram inert silica, GHSV = 1000 L/g
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was also reported by Zhao and Gorte [32], for example, ceria supported
palladium [32].

Comparison with commercial catalyst

Figure 7 reveals the performance of the commercial catalyst
Shift Max 120 (Siid Chemie). The catalyst is designed for the high
temperature shift WGS reaction working at 450°C with composition
as presented in Table 2.

It was observed that the commercial catalyst was very stable and
was not selective towards CH, production. However, Ni/CeO,-Al O,
catalysts, irrespective of being doped or undoped, proved to be much
active for the HT WGS reaction compared to the commercial catalyst
at identical conditions. The activity of the undoped Ni/CeO,-AlO, at
450 °C was 60% with a H, yield of 40 vol.% and SH, of 60%. Using Cr
dopant, the activity of the catalyst was increased to be more than 80%
with a H, yield of 50 vol.% and a H, selectivity almost 100% (Figure 6).
At the same conditions, the activity of the commercial catalyst was 36%
with a H, yield and SH, of 20 vol.% and 18%, respectively.

Conclusions

Based on the discussion above, it can be concluded that ceria-
promoted Ni catalyst supported on alumina powder (Ni/CeO,-ALO,)
demonstrated the best performance for the WGS reaction at high
temperature (450°C). The addition of a small amount of Cr or Co as
a dopant considerably increased the performance of Ni/CeO,-AlL O,
catalyst. Compared to a commercial catalyst for high temperature shift
WGS, both doped and undoped Ni/CeO,-Al,O, catalysts demonstrated
higher activity, H, yield and H, selectivity. The importance of this work
is that Ni catalyst developed is non-pyrophoric. The other important
feature is that there is no need to reduce the catalysts prior to use.

References

1. Panagiotopoulou P, Kondarides DI (2004) Effect of morphological
characteristics of TiO , -supported noble metal catalysts on their activity for the
water - gas shift reaction. Journal of Catalysis 225: 327-336.

2. Wheeler C, Jhalani A, Klein EJ, Tummala S, Schmidt LD (2004) The water -
gas shift reaction at a short contact time. Journal of Catalysis 223: 191-199.

3. Jacobs G, Williams L, Graham U, Sparks D, Davis BH (2003) Low- temperature
water - gas shift In-situ DRIFTS - reaction study of a Pt/CeO 2 catalyst for fuel
cell reformer applications. JPhyChem107:10398-10404.

4. Bustamante F, Enick RM, Killmeyer RP, Howard BH, Rothenberger KS, et al.
(2005) Uncatalyzed and Wall-Catalyzed Forward Water-Gas Shift Reaction
Kinetics. American Institute of Chemical Engineers Journal 51:1440-1454.

5. Qi X, Flytzani-Stephanopoulos M (2004) Activity and stability of Cu-CeO,
catalysts in high-temperature water-gas shift for fuel-cell applications. Ind Eng
Chem Res 43:3055-3062.

6. Quadro EB, de Lourdes M, Dias R, Amorim AMM, do Carmo Rangel M (1999)
Chromium and copper-doped magnetite catalysts for the high temperature shift
reaction. J Braz Chem Soc 10: 51-59.

7. Willms RS, Wilhelm R, Okuno K (1994) June 27 - July 1, Performance of
a palladium membrane reactor using a Ni catalyst for fusion fuel impurities
processing. Presented at the Third International Symposium on Fusion Nuclear
Technology, Los Angeles, CA, USA.

8. Cooper RJ, Billingham J, King AC (2000) Flow and reaction in solid oxide fuel
cells. Journal of Fluid Mechanics 411: 233-262.

9. Kugai J, Velu S, Song C (2005) Low-temperature reforming of ethanol over
CeO2-supported Ni - Rh bimetallic catalysts for hydrogen production. Catalysis
Letters 101:255-264.

10. Chu D, Lee IC, Pati RK, Ehrman SH (2004) Ceria based nano- scale catalysts
for water-gas shift (WGS).

J Thermodyn Catal
ISSN: 2157-7544 JTC, an open access journal

Volume 2 + Issue 1+ 1000106


http://www.sciencedirect.com/science/article/pii/S002195170400226X
http://www.sciencedirect.com/science/article/pii/S002195170400226X
http://www.sciencedirect.com/science/article/pii/S002195170400226X
L. D. The water - gas shift reaction at a short contact time.
L. D. The water - gas shift reaction at a short contact time.
http://pubs.acs.org/doi/abs/10.1021/jp0302055
http://pubs.acs.org/doi/abs/10.1021/jp0302055
http://pubs.acs.org/doi/abs/10.1021/jp0302055
http://onlinelibrary.wiley.com/doi/10.1002/aic.10396/full
http://onlinelibrary.wiley.com/doi/10.1002/aic.10396/full
http://onlinelibrary.wiley.com/doi/10.1002/aic.10396/full
http://pubs.acs.org/doi/abs/10.1021/ie0306170
http://pubs.acs.org/doi/abs/10.1021/ie0306170
http://pubs.acs.org/doi/abs/10.1021/ie0306170
http://en.scientificcommons.org/1448365
http://en.scientificcommons.org/1448365
http://en.scientificcommons.org/1448365
http://journals.cambridge.org/abstract_S0022112099008150
http://journals.cambridge.org/abstract_S0022112099008150
http://www.springerlink.com/index/UU36464N1P4V804W.pdf
http://www.springerlink.com/index/UU36464N1P4V804W.pdf
http://www.springerlink.com/index/UU36464N1P4V804W.pdf

Citation: Haryanto A, Fernando SD, Filip To SD, Steele PH, Pordesimo L, et al. (2011) High Temperature Water Gas Shift Reaction over Nickel Catalysts
for Hydrogen Production: Effect of Supports, GHSV, Metal Loading, and Dopant Materials. J Thermodyn Catal 2:106. doi:10.4172/2153-

0645.1000106

Page 5 of 5

11. Li Y, Fu Q, Flytzani-Stephanopoulos M (2000) Low-temperature water - gas
shift reaction over Cu- and Ni-loaded cerium oxide catalysts. Applied Catalysis
B: Environmental 27:179-191.

12. Haryanto A, Fernando S, Adhikari S (2007) Ultrahigh temperature water gas
shift catalysts to increase hydrogen yield from biomass gasification. Catalysis
Today 129: 269-274.

13. Haryanto A, Fernando S, Adhikari S (2007) March 29 - April 1, H, yield from
water gas shift reaction over bimetallic Pt - Ru and Ni catalysts supported on
ceria - alumina at high temperatures. Presented at the Institute of Biological
Engineering (IBE) Meeting, St. Louis, MO.

14. Haryanto A, Fernando SD, To SDF, Steele PH, Pordesimo L, et al. (2009)
Hydrogen Production through the Water-Gas Shift Reaction: Thermodynamic
Equilibrium versus Experimental Results over Supported Ni Catalysts. Energy
& Fuels 23: 3097-3102.

15. Chemie S (2007) Operating manual Shift Max 120. Stid Chemie Inc Louisville,
KY 40232.

16. Hilaire S, Wang X, Luo T, Gorte RJ, Wagner J (2004) A comparative study
of water-gas-shift reaction over ceria-supported metallic catalysts. Applied
Catalysis A:general 215: 271-278.

17. Gorte RJ, Zhao S (2005) Studies of the water-gas-shift reaction with ceria-
supported precious metals. Catalysis Today 104: 18-24.

18. Swartz S, Azad AM, Seabaugh M (2002) Ceria-based water-gas-shift catalysts.
Presented at The 2002 Fuel Cell Seminar and Exposition, Palm Springs, CA,
Nov 18-21 587-590.

19. Tanaka Y, lizuka T (1985) Methanation of carbon monoxide with water over
supported rhodium catalysts. Australian Journal of Chemistry 38: 293-296.

20. Chaniotis AK, Poulikakos D (2005) Modeling and optimization of catalytic
partial oxidation methane reforming for fuel cells. Journal of Power Sources
142: 184-193.

21. Haber J (1991) Manual on Catalyst Characterization. Pure & Applied Chemistry
63:1227-1246.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Andreeva D, Idakiev V, Tabakova T, llieva L, Falaras P, et al. (2002) Low-
temperature water-gas shift reaction over Au/CeO, catalysts. Catalysis Today
72: 51-57.

Idakiev V, Tabakova T, Yuan ZY, Su BL (2004) Gold catalysts supported
on mesoporous titania for low-temperature water-gas shift reaction. Applied
Catalysis A 270: 135-141.

Brown LF (1996) A survey of processes for producing hydrogen fuel from
different sources for automotive-propulsion fuel cell. Los Alamos National
Laboratory Loas Alamos, New Mexico.

Krause T, Souleimanova R, Krebs J, Castagnola M (2004) Water gas shift
catalysis in DOE hydrogen program (Report). The U.S. Department of Energy,
462-466.

Choung SY, Krebs J, Ferrandon M, Souleimanova R, Myers D, et al. (2003)
Water-Gas Shift Catalysis in Progress Report Hydrogen, Fuel Cells and
Infrastructure Technologies. The U.S. Department of Energy.

Andreev A, Idakiev, V, Mihajlova D, Shopov D (1986) Iron-based catalysts for
water-gas shift reaction promoted by first row transition metal oxides. Applied
Catalysis 22: 385-387.

Basinska A, Jozwiak WK, Goralski J, Domka F (2000) The behaviour of Ru/
Fe,O, catalysts and Fe,O, supports in the TPR and TPO conditions. Applied
Catalysis A 190: 107-115.

Hou P, Meeker D, Wise H (1983) Kinetic studies with a sulfur-tolerant water gas
shift catalyst. Journal of Catalysis 80: 280-285.

Jozwiak WK, Maniecki TP, Basinska A, Goralski J, Fiedorow R (2004)
Reduction requirements for Ru/(K)Fe,O, catalytic activity in water-gas shift
reaction. Kinetics and Catalysis 45: 879-889.

Park JN, Kim JH, Lee HI (1998) A study on the Sullfur-Resistant Catalysts for
Water Gas Shift Reaction | TPR Studies of Mo/y-Al,O, Catalyst. Bulletin Korean
Chemical Society 19: 1363-1368.

Zhao S, Gorte RJ (2004) The activity of Fe—Pd alloys for the water—gas shift
reaction. Catalysis Letters 92: 75-80.

J Thermodyn Catal
ISSN: 2157-7544 JTC, an open access journal

Volume 2 + Issue 1+ 1000106


http://linkinghub.elsevier.com/retrieve/pii/S0926337300001478
http://linkinghub.elsevier.com/retrieve/pii/S0926337300001478
http://linkinghub.elsevier.com/retrieve/pii/S0926337300001478
http://www.sciencedirect.com/science/article/pii/S0920586107005469
http://www.sciencedirect.com/science/article/pii/S0920586107005469
http://www.sciencedirect.com/science/article/pii/S0920586107005469
http://pubs.acs.org/doi/abs/10.1021/ef801076r
http://pubs.acs.org/doi/abs/10.1021/ef801076r
http://pubs.acs.org/doi/abs/10.1021/ef801076r
http://pubs.acs.org/doi/abs/10.1021/ef801076r
http://www.sciencedirect.com/science/article/pii/S0926860X0100535X
http://www.sciencedirect.com/science/article/pii/S0926860X0100535X
http://www.sciencedirect.com/science/article/pii/S0926860X0100535X
http://www.sciencedirect.com/science/article/pii/S0920586105000982
http://www.sciencedirect.com/science/article/pii/S0920586105000982
http://www.eng.utoledo.edu/~aazad/pdf/374-FC.pdf
http://www.eng.utoledo.edu/~aazad/pdf/374-FC.pdf
http://www.eng.utoledo.edu/~aazad/pdf/374-FC.pdf
http://www.publish.csiro.au/?paper=CH9850293
http://www.publish.csiro.au/?paper=CH9850293
http://www.sciencedirect.com/science/article/pii/S0378775304010948
http://www.sciencedirect.com/science/article/pii/S0378775304010948
http://www.sciencedirect.com/science/article/pii/S0378775304010948
http://www.iupac.org/publications/pac/1991/pdf/6309x1227.pdf
http://www.iupac.org/publications/pac/1991/pdf/6309x1227.pdf
http://www.sciencedirect.com/science/article/pii/S0920586101004771
http://www.sciencedirect.com/science/article/pii/S0920586101004771
http://www.sciencedirect.com/science/article/pii/S0920586101004771
http://www.sciencedirect.com/science/article/pii/S0926860X04004053
http://www.sciencedirect.com/science/article/pii/S0926860X04004053
http://www.sciencedirect.com/science/article/pii/S0926860X04004053
http://www.osti.gov/energycitations/product.biblio.jsp?osti_id=212711
http://www.osti.gov/energycitations/product.biblio.jsp?osti_id=212711
http://www.osti.gov/energycitations/product.biblio.jsp?osti_id=212711
http://cat.inist.fr/?aModele=afficheN&cpsidt=8026458
http://cat.inist.fr/?aModele=afficheN&cpsidt=8026458
http://cat.inist.fr/?aModele=afficheN&cpsidt=8026458
http://linkinghub.elsevier.com/retrieve/pii/S0926860X99002641
http://linkinghub.elsevier.com/retrieve/pii/S0926860X99002641
http://linkinghub.elsevier.com/retrieve/pii/S0926860X99002641
http://linkinghub.elsevier.com/retrieve/pii/0021951783902531
http://linkinghub.elsevier.com/retrieve/pii/0021951783902531
http://www.springerlink.com/index/v23n42mk3683q733.pdf
http://www.springerlink.com/index/v23n42mk3683q733.pdf

