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WATER-GAS SHIFT REACTION OVER THE POLYMETALIC
Fe-CONTAINING SUPPORTED CATALYSTS

Abstract. The water-gas shift reaction over the polymetallic iron-containing catalysts modified by additives of
the transition metals and supported on alumina was studied in the work. The effects of process temperature and
nature of additives (Co or Cu) on behavior of the iron-containing catalysts in the process of interaction between
water and carbon monoxide were investigated. It was observed that the synthesized iron-based catalysts modified by
additives of copper/cobalt and transition metal of the 8™ group of elements as the third component and supported on
alumina perform the high activity and selectivity on hydrogen formation in the water-gas shift reaction. The optimum
conditions for producing hydrogen by the water shift reaction over the synthesized catalysts are determined.
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1. INTRODUCTION

The water-gas shift reaction (WGSR) discovered by Italian scientist Felice Fontana as early as
1780 [1] became well-known in the 1912 due to process of ammonia synthesis [2,3]. At present time,
WGSR is widely used for hydrogen production from fossil and renewable carbonaceous raw materials —
biomass. Hydrogen is used to enrich gas mixtures, production of ammonia, and also in oil refining and
petrochemistry, and more recently in fuel cells [1, 4-5]. Hydrogen is considered as one of the most
attractive types of future clean fuels, because it can be effectively stored and transported. Only water is
formed as a side product when hydrogen is burned [6]. Water-gas shift reaction as well as the steam
reforming of methane/other hydrocarbons is the most industrially developed method for hydrogen
production. Overall reaction of water-gas shift is described by the following equation (1):

CO + H,0 < CO,+H, AH,**®* = - 41.09 KJ/mol (1)

The same amount of carbon dioxide is formed in water-gas shift reaction and hydrocarbon fuel
combustion; however carbon dioxide produced can be captured and then can be either stored or utilized.
This fact permits to classify this reaction as a process with zero CO, emission [7].

WGSR reaction (Eq.1) runs with the release of heat and without changing the volume, therefore an
increase in temperature will help to reduce the degree of CO conversion. There is no possibility to shift the
reaction equilibrium to the right due to the pressure change. Nevertheless, growing the total pressure leads
to an increase in the rate of reaching the equilibrium state. An increase in H,O /CO ratio enhances carbon
monoxide conversion, however for reasons of cost reduction, a large excess of steam should be avoided.
As for the iron-based catalysts, the minimum excess of steam is needed to prevent excessive catalyst
reduction, which leads to methanation [8,9], for the copper catalysts this fact is not critical.

With taking into account the opposite effect of temperature on both the reaction completeness and
rate, the various types of catalysts operating at different temperature ranges are used. They are divided on
the high temperature (HT) and low temperature (LT) catalysts [10]. Traditionally, the iron-chromium and
copper-zinc catalysts were used for facilitation of reaction in high and low temperature regions
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respectively [1]. The typical composition of high temperature catalysts operating in temperature region
within 310-450°C: 74.2% Fe,0;, 10% Cr,0;, 0.2% MgO and balance of variable composition. It is
supposed that the active phase is the magnetite (Fe;0Q,) is formed during partial reduction of the initial
catalyst, while Cr,O; improves the catalyst stability and prevents sintering the iron oxide. By using the
high temperature catalysts it is possible to achieve residual concentration of CO in amount of 3%, which
corresponds to the equilibrium concentration at 450°C [3,11]. Because of risk of leakage of toxic Cr(VI),
the chromium-free catalysts should be developed. Aluminum was considered as an alternative, because it
is textural promoter. Introduction of AI’" ions into iron oxide is casily feasible because they have similar
ionic radii: 0.675A and 0.690A for AI’" and Fe’" respectively [12].

Low temperature process (LTS — Low Temperature Shift) is carried out in temperature range of
200-250°C. Because of water condensation negatively effects on catalyst activity, a lower limit of process
temperature is determined by condensation temperature of water under specific pressure. The typical
catalysts for LTS have the following composition: 32-33% CuO, 34-53% ZnQ, 15-33% Al,O; [2]. The
active centers in these catalysts are crystallites of CuQO, while ZnO provides the structural stability and
Al O;, mainly inactive, provides dispersion of an active phase and prevents shrinking of catalyst granules
[1]. Using the low temperature catalysts allows reaching the residual concentration of CO is 0.1% [8].
Another advantage of low temperature water gas shift catalysts is their low activity toward the side
reactions. That has importance under elevated pressures [13,14]. Disadvantages of the low temperature
catalysts are their susceptibility to poisoning by sulfurous compounds, halogens, and unsaturated
hydrocarbons, pyrophoricity, low thermal stability, and complexity of their activation [15,16].

Despite of industrial development of WGSR process, search for more active and efficient catalysts
and optimal process parameters is still ongoing. In recent years, the technologies of catalysts preparation
have been significantly improved. The catalysts are modified in order to provide the reaction in the middle
range of temperatures and to achieve both high conversions of CO and selectivity [1,17]. As a rule, the
middle temperature catalysts are the low temperature catalysts modified usually by iron oxide. They
operate at higher temperatures — 275-350°C [18]. The catalysts supported on alumina contain sulfides of
cobalt and copper or cobalt and nickel as the active ingredients. The feature of the catalysts is their sulfur
resistant [19-20].

In addition to these types of catalysts, the acid gas shift catalysts and catalysts containing noble metals
are developed [9]. The latter mainly include gold or platinum and are used in fuel cells.

In general, there is significant progress in the water-gas shift reaction including approaches to the
methods of preparation and characterization, doping, improvement and evaluation of catalysts, in
particular the nanocatalysts [1,6]. The data concerning WGSR studies permanently published demonstrate
a significant variety of the novel catalysts compositions and continuous interest in this field [7].

This work deals with testing the novel chromium-free, polymetallic alumina supported catalysts based
on iron as main component of high temperature catalysts and modified by additives of cobalt or copper as
the main components of low temperature catalysts and a noble metal — M, as a promoter. The catalysts
were tested in the water-gas shift reaction under atmospheric pressure and varying temperature, gas hourly
space velocity (GHSV), and steam to CO ratio (H,/CO).

2. EXPERIMENTAL

The WGSR process — water-gas shift reaction was carrying out in a quartz flow reactor with fixed bed
catalyst under atmospheric pressure. Volume of catalyst was 6 ml. Water was supplied with well-
controlled rate using the syringe pump “Perfusor FM BRAUN” plugged to an unit via connecting tube
equipped by heating system aimed for evaporating water. Steam was mixed with carbon monoxide (99.9%
vol. purity) and argon (99.9% vol. purity) used as balance-gas (10 vol.%) incoming from cylinders. Gas
velocities (carbon monoxide and argon) were regulated and controlled by means gas the mass-flow rate
regulators (F201CV, series EL-FLOW). Gas hourly space velocity (GHSV) of inlet mixture of carbon
monoxide and steam was varied within a range of 500-1500 h™. Steam to carbon monoxide ratio —
H,0/CO was varied from 1.0 to 1.6. Temperature was varied in the range of 200-400°C. Duration of
catalysts testing was 8-20 hours.

Composition of inlet and outlet gas streams was determined by gas chromatograph Chromatec Crystal
5000.1 equipped with two TCD and with two packed columns, NaX 60/80 and Hayesep R 80/100, to
detect CO, H,, CO,, CH,, C,-C;s hydrocarbons.
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The catalysts with the following composition were prepared: 10%Fe-Cu(1:1)-0.25%M,/Al,O; and
10%Fe-Co(1:1)-0.25%M,/AL,O; (wt.%), where M; — metal of the Group VIIL. The catalysts were prepared
by the impregnation method.

Conversion of CO (Xco,%) was calculated by formula given below:

co _yrco
X(CO)= %x 100%,

where V52 - mole fraction of CO in inlet stream, VS, — mole fraction of CO in outlet stream.

Conversion of water was not calculated.

Yields of reaction products: hydrogen, carbon dioxide and methane, (Y, Ycorand Yopy respectively)
expressed as its amount (umol) formed by gram of the catalyst per second (pumol/(g-s)).

3. RESULTS AND DISCUSSION

The important parameters of WGSR process are reaction temperature and steam/CO ratio. The effect
of temperature and H,O/CO on carbon monoxide conversion and products yields have been studied in
WGSR under atmospheric pressure over the synthesized catalysts

During testing the 10%Fe-Cu(1:1)-0,25%M/Al,Oscatalyst in reaction of water-gas shift under
atmospheric pressure, H,O/CO=1 and GHSV=1000 h" it was observed that dependence of carbon
monoxide conversion degree on temperature is characterized by maximum at 290°C (Fig.1). Conversion
degree of CO at this temperature is 96.4%. Further increase in temperature to 310°C leads to slight
decrease of carbon monoxide conversion to 95.0%, while at 340°C the degree of CO conversion is
markedly decreased: X(CO)=88.0%. It is predictable taking into account the tendency of copper to thermal
sintering at higher temperatures [2]. The reaction products are hydrogen and carbon dioxide only. Their
yields and carbon monoxide conversion degree are symbatically changed. The yields of hydrogen and
carbon dioxide reach at maximum 1.33 and 1.30 umole/(g-s) respectively at temperature 290°C (Fig.1).
The formation of methane was not detected in the whole investigated range of temperatures.
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Figure 1 — Effect of temperature on WGSR process parameters over
10%Fe-Cu(1:1)-0.25%M,/ALO; catalyst, H,O/CO=1/1, P=1 atm, GHSV=1000 h'*

Testing the catalyst modified by cobalt — 10%Fe-Co(1:1)-0.25%M,/Al,O; under the same conditions
showed that the maximum conversion degree is 94.6% was reached at 315°C. In contrast to copper
containing catalyst, there was no significant decrease in degree of CO conversion with increase in
temperature (Fig. 2). Yields of hydrogen and carbon dioxide are almost equal and get at maximum 1.29
umole/(g-s) at t=315-320°C (Fig. 2). At temperature > 320°C, the formation of insignificant amount of
methane was occurred (less than 0.03%). At temperatures below 320°C, the formation of methane was not
observed.

— |4 ——



ISSN 2224-5286 4. 2019

95 | ./.,’./._.\‘ i 14

& [ ]
i“::: 90 1 B ].3‘ R‘
= 85 - ——X(C0) = 1.2 .
< Y(H2) -
B - ——Y(CO2) R
-‘; T T T ]..0
295 305 315 325

t,°C

Figure 2 — Effect of temperature on WGSR process parameters over
10%Fe-Co(1:1)-0.25%M,/Al,O; catalyst, H,O/CO=1/1, P=1 atm, GHSV=1000 h™*

For the both catalysts, the effect of steam amount on water-gas shift reaction was studied. In industry,
the water-gas shift reaction is carried out at the excessive H,O/CO ratios. Decreasing operating
temperature and increasing steam/carbon ratio stimulate the growth of conversion degree regardless to
operating pressure. It is well-known that the low steam/CO ratios can result in epy metallic iron formation,
which causes increasing of methanation, carbon deposition, and Fischer — Tropsch reaction [6].

It was observed that a character of dependence of carbon monoxide conversion on molar ratio of
H,0/CO was the opposite to the expected one. That requires the further study. However, the high value of
feed conversion at a low stecam to carbon monoxide ratio may indicate that the 10%Fe-Co(1:1)-
0.25%M,/AL,O; is a perspective one to be used as the middle temperature catalyst for water-gas shift
reaction accompanied with the steam economy.

At Fig.3 the dependence of carbon monoxide conversion degree on H,O/CO ratio over the iron-
copper catalyst at t= 310°C and GHSV=1000 h™' is presented. With increase in H,O/CO ratio from 1 to 1.4
the conversion degree is decreased from 95.0 to 91.9% and accordingly the yields of hydrogen and carbon
dioxide decreased from 1.27 and 1.28 to 1.22 umol/(g-s) respectively.
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Figure 3 — Eftect of H,O/CO ratio on WGSR process parameters over
10%Fe-Cu(1:1)-0.25%M,/Al,O5 catalyst, P=1 atm, t=310°C, GHSV=1000 h™*

The iron-cobalt catalyst is less sensitive to the effect of steam excess in comparison with the Fe-Cu.
Nevertheless, the observed insignificant extremal dependence of carbon monoxide conversion and
15
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products yields on H,O/CO ratio indicates a negative impact of steam excess for this catalyst too (Fig. 4).
The optimal ratio HyO/CO=1.2 at temperature of 320°C when degree of CO conversion is 95.2% and
yields of hydrogen and carbon dioxide are equal to 1.31 umol/ (g-s) each.
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Figure 4 — Eftect of H,O/CO ratio on WGSR process parameters over
10%Fe-Co(1:1)-0.25%M,/Al,O; catalyst, P=1 atm, =320°C, GHSV = 1000 h™

The effect of gas hourly space velocity on WGSR process parameters was studied over the 10%Fe-
Co(1:1)-0.25%M/ALQ; catalyst. The optimal value of GHSV in terms of products yields is 1000 h™', when
the carbon monoxide conversion is 91.0% that is slightly lower than 93.6% at GHSV=500 h'. The yields
of hydrogen an carbon dioxide are equal to 1.2 umol/g-s, that is twice higher in comparison with
GHSV=500 h' (Table 1). Increase in GHSV to 1500 h™' is accompanied with decrease in both carbon
monoxide conversion and products yields (Table 1).

Table 1 — Effect of space velocity on WGSR process parameters
over 10%Fe-Co(1:1)-0.25%M,;/Al,05 catalyst at H,O/CO=1/1, P=1 atm, t=310 C

GHh-SIV’ X(CO) % Yield of products, pmole/(g:s)
Y(H,) Y(CO,)
500 93.6 0.5 0.6
1000 91.0 1.2 1.2
1500 60.4 0.8 0.81

Thus, the testing of 10%Fe-M(1:1)/A1,0; catalysts, where M is Co or Cu, demonstrate their high
activity in water-gas shift reaction. The comparison of catalysts under the following conditions:
H,0/CO=1/1, P=1 atm, GHSV = 1000 h™', is given in Table 2. It needs to note that the cobalt-containing
catalyst has lower but quite sufficient activity. The catalyst has not a tendency to significant decrease in
activity with increasing temperature.

Table 2 — Comparative characteristics of the catalysts in WGSR process at H,O/CO=1/1, P=1 atm, GHSV=1000 h™'

Yield of products, pmole/g*s
Catalyst X(CO)ax,%0 t,°C
Y(Hy) Y(COy)
10%Fe-Cu(1:1)- 0.25%M/Al,O; 96.4 290 1.33 1.30
10%Fe-Co(1:1)-0.25%M/Al,05 94.6 315 1.29 1.29




ISSN 2224-5286 4. 2019

Both catalysts worked without loss of stability for 20 hours of their exploitation. The values of
specific surface area and pore volume of the fresh and spent catalyst are given in Table 3. Insignificant
decreasing of both parameters is occurred, that can be explained by blocking of surface by reaction
products, which were not removed from the surface after reaction running for 20 hours.

Table 3 — Specific surface area (BET) and pore volume of catalyst samples

Specific surface area, m*/g Pore volume, ml/g
Catalyst
Fresh Spent Fresh Spent
10%Fe-Cu(1:1)- 0.25%M/AL,O; 1322 123.9 n/d n/d
10%Fe-Co(1:1)-0.25%M/Al,05 156.2 141.9 146.1 126.6
CONCLUSIONS

On the base of data obtained the following can be concluded.

The both iron-containing catalysts studied perform the high activity in water gas shift reaction with
production of hydrogen. Conversion degree of carbon monoxide reaches 94.6 and 96.4% in maximum for
Fe-Co and Fe-Cu catalysts respectively. The copper containing catalyst exhibit somewhat higher activity:
higher carbon monoxide conversion (96.4% versus 94.6%) is achieved at lower temperature (290°C versus
315°0).

The both catalysts can be assigned as the middle temperature ones. The optimal temperatures of
WGSR are within the temperature region of 290-320°C depending on the second metal nature — Cu or Co.

Further studies of catalysts are planned in particular to scale the water gas shift process - WGSR over
the developed catalysts.
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MOJUMETAJABI Fe-KYPAMJIBI KOHABIPLITFAH KATAJIM3ATOPJIAPIA
CYJBIH KEPI BIFBICY PEAKIIUSICHI

AnnoTtanus. by xxyMmpIcTa aybICialibl METANIap KOCMACBIMEH MOJH(DHIMPIICHICH KOHE AFOMHHUH TOTHIFBIHA
KOHJBIPHUIFAH MOJMMETAIIBI TEMIPKYPaM/IBI KATATH3ATOPIAPAA CY/IBIH KEpPi BIFBICY peakumsiach 3eprremmi. Kemiprek
TOTBIFBIMCH CYIBIH OPCKETTCCYl MPOLCCIHAC TEMIPKYPaMIbl KATATH3ATOPIAP CHIATHIHA MPOICCC TEMIICPATYPACHI
meH kocma (Co Hemece Cu) TaburaThIHBIH ocepi, coHbIMEH Katap H,/CO KaTsIHAChI MEH KOIEMIIK KbLTIAMIBIK 3Cepi
KapacThIpsiTFaH 0onaTeiH. KoOambT HeMece MBIC KOCTACBIMEH MOAM(DHIMPICHTCH, COHAAW-AK YIIIHIII KOMIOHCHT
periHzae 8-Imi TON 3JCMEHTIHIH AybICTIANBI METAIBIH KYPAHTHIH JKOHC ATIOMHHHH TOTBHIFBIHA KOHIBIPBUIFAH TEMIp
HETI3IHET] CHHTE3EITCH KaTaIu3aTopiap CyIbIH Kepl bIFBICY PEAKIMACHIHAA CYyTErl OOMBIHINA KOFAPhI OCICEHIIITIK
TICH TAJFAMABUIBIKTHI KepceTTi. CHHTE3ICNTEH KaTanu3aTopiapAa CYIbIH KEepl BIFBICY JKOJBIMEH CYTETI aiyIbIH
THIMII JKAFIANBI AHBIKTAJIIBL.

Tyiiin ce3aepi: Cyasig Kepi blrpicy Peaxmmsacer, Fe-Kypamaer Korasipeuran Karammusarop, Cyreri, Kemiprek
ToTBIFBI




News of the Academy of sciences of the Republic of Kazakhstan

YAK 542.973; 544.47:544.344
MPHTH 31.15.28

K.A. Basmmegrcknii', IIL.C. Hrky.oea', E.A. Bosey6aes'

'AO «MHCTHTYT TOIINBA, KATAMH3A U dekTpoxumun uM. JIB. Coxomscroro», Amvartsr, Kazaxcrau
Ty -3 » - |

PEAKIIUA BOJAAHOT O CABUT A HA NOJIUMETAJUVIHYECKHUX Fe-COAEPKAIIINX
HAHECEHHBIX KATAJIU3ATOPAX

Annoranmust: B jmanHoi paGoTe ObDTa M3ydeHa peakiiysl BOJSTHOTO CJBUTA Ha MONUMETAJUIMIeCKUX HaHECEHHBIX Ha
OKCH/| aJIIOMUHUS SKelle30CoIepKaliX KaTaln3aropax, MoAuGUITHPOBAHHLIX JT00aBKaMU MEPeXOTHBIX MeTallioB. BBITo
PaccMOTPEeHO BIWSHUE TeMIepaTyphl Ipollecca W Npupoasl Jo6aBok (Co mmm Cu) Ha MOBeJCHUE KEIe30-CoepKariiX
KaTalu3aTopOB B MpoIlecce B3auMOoIeHCTBHS BOJIBI ¢ OKCHIOM VIIepoa. [lokasaHo, 9To CHHTe3NpOBaHHbIE KaTaln3aToPhI
Ha OCHOBE ’Kelesa, MOAUGDHUITMPOBAaHHBIC J0OaBKaMM MEJH N KoOalabTa, a Takke CoJepialliue B KauecTBe TPEThero
KOMITOHEHTa — Tepexo Hoit MeTamt u3 8-oif rpyIIbl SJIeMEHTOB, HaHeCEHHbIE HA OKCH]] AIOMHUHUS, 00J1aJaloT BEICOKOM
aKTUBHOCTHIO W CEIEKTUBHOCTBHIO IO BOJOPOJY B peakily BOJSHOTO cjpura. OmpejeleHbl ONTHMAalbHbIE YCIOBHS
MOy UeHISI BOIOPOIa Iy TeM PeakITid BOITHOTO CIBUTA HA CHHTE3UPOBAHHBIX KaTaln3aTopax.

KmoueBnie cioBa: Peaxiust Bogsnoro Casura, Fe-copepxamuit Hanecernsiit Katamuzatop, Bojgopoa, Oxcujbt
Yriepoa.
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