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1. INTRODUCTION 

The water gas shift (WGS) reaction

CO + H

 

2

 

O  CO

 

2

 

 + H

 

2

 

, 

 

∆

 

H

 

 = –41.1 kJ/mol

can be catalyzed by many metals and metal oxides [1].
This process plays an important role in industry and
usually is performed in conjunction with production of
hydrogen by steam reforming of hydrocarbons [2]. Cat-
alysts based on iron oxides are used in the WGS reac-
tion which proceeds in the temperature range of 

 

400–
500°ë

 

 [1]. The catalysts containing a supported metal-
lic phase (Ru) and doped with alkali metals (Na, K)
were also investigated in the WGS process [3]. Despite
extensive research efforts, the mechanism of the water
gas shift reaction on the iron oxide surface and the exact
nature of active sites for WGS reaction are relatively
poorly understood [4, 5].

This paper is focused upon the influence of potas-
sium on the reduction behavior and catalytic properties
of Fe

 

2

 

O

 

3

 

, Ru/Fe

 

2

 

O

 

3

 

, and Ru/(K)Fe

 

2

 

O

 

3

 

 catalysts for the
water gas shift reaction.

2. EXPERIMENTAL

Iron(III) oxide, used as a support for Ru/Fe

 

2

 

O

 

3

 

 and
Ru/(K)Fe

 

2

 

O

 

3

 

 catalysts, was prepared by calcination of
iron oxide-hydroxide for 3 h at 

 

600°ë

 

 in air [5, 6]. The
ruthenium catalysts (0.5, 1, and 5% Ru) were obtained
by incipient wetness impregnation using RuCl

 

3

 

 aque-
ous solution, followed by drying at 

 

105°ë

 

 and 3 h oxi-

 

1

 

This article was submitted by the authors in English.

 

dation in air at 350

 

°

 

C. Potassium-doped catalysts con-
tained 3.6% K.

The catalysts were characterized by H

 

2

 

 chemisorp-
tion, TPR

 

H2

 

, TPR

 

CO

 

, TPD, low-temperature N

 

2

 

 adsorp-
tion, TG-DTA-MS, FTIR and XRD techniques.

Thermogravimetric measurements (TG-DTA-MS)
were carried out in different atmospheres (H

 

2

 

, 2% H

 

2

 

–
98%

 

 Ar, CO, 5% CO – 95% He, 5% H

 

2

 

O

 

–95%

 

 Ar). The
linear heating rates (1 and 10 K/min) were used in the
temperature range 20–1000

 

°

 

C. Sample mass was about
20 mg.

Surface area and pore distribution of catalyst sam-
ples were determined by Sorptomatic 1900 (Carlo
Erba) using low-temperature nitrogen adsorption.

Temperature programmed reduction (TPR) mea-
surements were carried out on an AMI–1 Altamira
instrument. Prior to the TPR measurements, catalyst
samples (0.2 g) were calcined for 1 h at 350

 

°

 

C in
10% O

 

2

 

–90% Ar gas stream. The oxidized samples
were reduced in 10% H

 

2

 

–90% Ar gas mixture (flow
rate: 50 cm

 

3

 

/min); heating rates were 1 and 10 K/min.
In the case of the latter heating rate, isothermal condi-
tions were maintained for 0.5 h after reaching 900

 

°

 

C. 

TPD studies were conducted according to the fol-
lowing procedure: catalysts were activated for 4 h in the
stream of CO/H

 

2

 

O = 1 : 25 at 350

 

°

 

C, cooled down in
the above mixture to 100

 

°

 

C, and then desorption was
carried out in a stream of argon at a linear temperature
increase of 10 K/min up to 950

 

°

 

C.
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Abstract

 

—This paper is focused upon the influence of potassium on the reduction behavior and catalytic prop-
erties of Fe

 

2

 

O

 

3

 

, Ru/Fe

 

2

 

O

 

3

 

 and Ru/(K)Fe

 

2

 

O

 

3

 

 catalysts for the water gas shift (WGS) reaction. The effect of pro-
motion by potassium is attributed to stabilization of a highly dispersed ruthenium phase on the iron oxide sur-
face. The hydrogen reduction behavior of Fe

 

2

 

O

 

3

 

 catalysts is strongly influenced by time-pressure dependent
processes and comprises two or three heavily overlapped TPR peaks which can be ascribed to the following
stages of the iron(III) oxide reduction 3Fe

 

2

 

O

 

3

 

  2Fe

 

3

 

O

 

4

 

  6FeO  6Fe. The appearance of FeO as an
intermediate phase was confirmed by XRD. The presence of ruthenium(IV) oxide substantially changes the
kinetics of the reduction process. In the case of potassium-doped catalysts, the reduction of Fe

 

2

 

O

 

3

 

 is substan-
tially different and is assigned to the reduction phase of KFeO

 

2

 

. Both ruthenium and potassium have a promot-
ing effect on the catalytic activity for the WGS reaction.
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X-ray diffraction (XRD) measurements were per-
formed with a polycrystalline D 5000 Siemens X-ray
diffractometer. It operated with a scanning speed of
0.03

 

°

 

 step per 5 s. Diffraction patterns were recorded in
the range of 

 

2

 

θ

 

 = 20°–80°

 

 using nickel–filtered Cu

 

K

 

α

 

radiation.

Hydrogen chemisorption measurements were car-
ried out on an ASAP 2010C instrument made by
Micromeritics. Sample weight was about 0.5 g. The fol-
lowing procedure was applied: preliminary evacuation
and heating at 

 

200°ë

 

 (1 h), the flow of hydrogen at the
same temperature (1 h), evacuation at 

 

200°ë

 

 (2 h),
cooling down to 

 

100°ë

 

, leak test and finally the mea-
surement of the hydrogen chemisorption isotherm at

 

100°ë

 

.

Measurements of catalytic activity for the WGS
reaction were carried out under atmospheric pressure at
300 or 

 

350°ë

 

 with a reactant mixture flow rate of
60 cm

 

3

 

/min and a molar ratio of H

 

2

 

O/CO = 2.5. GC
analysis of the reactant mixture was performed after 3 h
standardization of the catalyst sample (0.2 g) in WGS
conditions.

The catalytic activity was characterized by the con-
version of CO (mol %).

3. RESULTS AND DISCUSSION

 

3.1. Surface Area and Pore Size Distribution

 

Results of surface area measurements of Fe

 

2

 

O

 

3

 

,
(K)Fe

 

2

 

O

 

3

 

, Ru/Fe

 

2

 

O

 

3

 

 and Ru/(K)Fe

 

2

 

O

 

3

 

 catalysts after
their calcination in oxygen (4 h) at 600

 

°

 

C (support) and
350

 

°

 

C (support + active phase) are presented in
Table 1. Depending on the kind of catalyst, specific sur-
face area ranged from 7–21 m

 

2

 

/g. The potassium-doped
Fe

 

2

 

O

 

3

 

 catalyst has considerably higher surface area (by
about 60%) than that of undoped Fe

 

2

 

O

 

3

 

, whereas sur-
face areas of ruthenium-containing catalysts are lower.
Pore size distributions for these catalysts are presented
in Figs. 1a and 1b for Ru/Fe

 

2

 

O

 

3

 

 and Ru/(K)Fe

 

2

 

O

 

3

 

 cata-

lysts, respectively. The bimodal character of pore size
distribution for Fe

 

2

 

O

 

3

 

 undergoes considerable modifi-
cation as a result of ruthenium and potassium presence
on the iron oxide surface. At a ruthenium content of
0.5% a considerable increase in dominant pore radius
from 100 to 500 Å is observed. An increase in ruthe-
nium loading to 5% results in a rise in the dominant
radius to 200 Å (Fig. 1a). Quite a different textural pat-
tern is shown by the potassium-doped Fe

 

2

 

O

 

3

 

 (Fig. 1b)
catalyst which is characterized by the presence of
micropores (dominant radius of about 16 Å). The intro-
duction of ruthenium to the (K)Fe

 

2

 

O

 

3

 

 system results in
a behavior analogous to that observed for potassium-
free catalysts (compare Figs. 1a and 1b).

 

3.2. Phase Composition

 

The influence of calcination in oxygen (4 h) at 600
and 900

 

°

 

C on the XRD patterns of Fe

 

2

 

O

 

3

 

 and potas-
sium-promoted (K/Fe

 

2

 

O

 

3

 

) catalysts is presented in
Fig. 2. The effect of the WGS reaction (350

 

°

 

C, 4 h) on
phase compositions of the catalysts is shown as well.
The phase composition of Fe

 

2

 

O

 

3

 

 does not change after
oxygen treatment at 600 and 900

 

°C (compare curves (1)
and (2)), whereas a new phase, KFeO2, is formed in the
potassium-doped catalyst during its calcination in oxy-
gen. This potassium-iron oxide phase is dominant,
especially after oxidation at 900°C (see curves (3)
and (4)). The complete reduction of Fe2O3 to Fe3O4 has
occurred after catalyst treatment in WGS reaction con-
ditions (see curves (5) and (6)). The identification of
ruthenium oxide phase (RuO2) by means of XRD was
not possible both for potassium-free and potassium-
doped 5% Ru/Fe2O3 catalysts. The major phase, Fe3O4,
which is present during the WGS reaction, is accompa-
nied by minor FeOOH and FeC phases (in Fig. 2 see
curves (5) and (6)).

The influence of various reduction conditions on the
XRD patterns recorded for iron(III) oxide is shown in
Fig. 3. Results for the Fe2O3 sample subjected to a pre-
liminary oxidation (4 h in O2 at 600°ë) are presented in
curve 1. The subsequent reduction of this sample (4 h in
H2 at 200°C) results in a coexistence of two phases,
Fe2O3 and Fe3O4, which is illustrated by curve 2. The
same pattern was obtained for iron oxide after a TPRH2
run (10% H2 – 90% Ar, 1 K/min) interrupted at 360°C
(curve 3). The analogous shape of the TPR pattern up to
500°C confirms the disappearance of the Fe2O3 phase
and the coexistence of Fe3O4 and FeO phases (see
curve 4). Reduction in pure hydrogen (4 h at 400°C) or
carbon monoxide (4 h at 500°C) results in the appear-
ance of only a metallic iron phase (curves 5 and 6). In
the latter case, the iron metal phase is accompanied by
the presence of carbon deposits formed as a result of a
carbon monoxide disproportionation reaction. The for-
mation of large amounts of carbon was observed on the

Table 1.  Surface areas of Ru/Fe2O3 and Ru/(K)Fe2O3 cata-
lysts Fe2O3

Catalyst Surface area, m2/g Calcination
temperature, °C

Fe2O3 13 600

(K)/Fe2O3 21 ″

0.5% Ru/Fe2O3 7 350

0.5% Ru/(K)Fe2O3 9 ″

5.0% Ru/Fe2O3 9 ″

5.0% Ru/(K)Fe2O3 13 ″
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hematite layer during calcination in CO as well as dur-
ing the thermogravimetric analysis of hematite in a car-
bon monoxide atmosphere (see further on).

3.3. Ruthenium Dispersion

Hydrogen chemisorption on ruthenium catalysts is
an activated process which is very slow at room temper-
ature. Therefore, the use of hydrogen uptakes at 100°C
was suggested for the determination of ruthenium sur-
face area [7]. For this reason we performed hydrogen
adsorption measurements at the above temperature.
Although some reduction of iron(III) oxide was
expected to occur at 200°C (see curve 2 in Fig. 3), we

have chosen the latter temperature for hydrogen pre-
treatment (prior to adsorption measurements) in order
to assure complete reduction of RuO2 to Ru.

The results of hydrogen chemisorption measure-
ments are given in Table 2. Ruthenium dispersion
ranges from about 11 to 90% and higher values were
obtained for lower ruthenium loadings. Potassium-pro-
moted ruthenium catalysts show a much higher disper-
sion of ruthenium than potassium-free catalysts of the
same Ru loading. In order to determine the effect of
treatment with hydrogen (preceding chemisorption
measurements) on the surface area of iron oxide-sup-
ported catalysts, the latter was measured both before
and after chemisorption experiments. Results of these
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Fig. 1. The influence of ruthenium loading on pore size distribution in Ru/Fe2O3 (a) and Ru/(K)Fe2O3 (b) catalysts.
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measurements, which are presented in Table 3, point to
about 20% decrease in surface area after such a treat-
ment. This effect can be assigned to partial reduction of
hematite at 200°C taking place during hydrogen pre-
treatment (see also Fig. 3 curve 2).

3.4. Catalyst Reduction

Reduction with H2. The susceptibility of iron(III)
oxide to reduction with hydrogen strongly depends on
the heating rate and the hydrogen partial pressure in the
H2–Ar stream [8]. TG curves (Fig. 4) show that reduc-

25

Relative intensity, arb. units

3530 40 555045 60 65 70
2θ, deg

6

5

4

3

2

1

FeC

FeOOH
Fe3O4

KFeO2

Fe2O3

Fig. 2. XRD patterns of Fe2O3 pretreated with O2 and exposed to WGSR for 4 h: (1) Fe2O3, 600°C, O2; (2) Fe2O3, 900°C, O2;
(3) (K)Fe2O3, 600°C, O2; (4) (K)Fe2O3, 900°C, O2; (5) Fe2O3, 350°C, WGSR; (6) (K)Fe2O3, 350°C, WGSR.

Table 2.  Dispersion and surface area of ruthenium as determined by hydrogen adsorption at 100°C

Catalyst Metal dispersion, %
Metal surface

Adsorbed volume,
cm3/g (STP)

m2/g Ru m2/g sample

0.5% Ru/Fe2O3 60.0 292.3 1.5 0.333

1.0% Ru/Fe2O3 42.1 208.2 2.1 0.474

5.0% Ru/Fe2O3 11.6 56.7 2.8 0.645

0.5% Ru/(K)Fe2O3 89.3 435.0 2.2 0.495

1.0% Ru/(K)Fe2O3 58.3 285.0 2.8 0.647

5.0% Ru/(K)Fe2O3 35.4 172.0 8.6 1.962

* Determined from the adsorption of H2 at 100°C.
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tion of Fe2O3 to Fe metal begins at about 200°C and can
be completed at about 390 and 470°C (at heating rates
of 1 and 10°C per minute, respectively) in pure H2 or at
1250°C in a 2% H2–98% Ar mixture [9–11].

TPRH2 profiles for iron oxide-based catalysts,
obtained in a 10% H2–90% Ar mixture, are presented in
Figs. 5 and 6 with heating rates of 1 and 10 K/min,
respectively. The reduction begins at about 200°C (see
Fig. 5) and results in the appearance of two overlapped
TPRH2 peaks which can be attributed to the following
stages of the iron(III) oxide reduction 3Fe2O3 
2 Fe3O4  6Fe [12]. The presence of ruthenium
(from RuO2) substantially changes the character of the
reduction process and three distinct stages are notice-
able [13]. The first stage can be assigned to reduction of
ruthenium(IV) oxide (RuO2 + 2H2  Ru + 2H2O), the
second one to reduction of Fe2O3 to Fe3O4, and the third
stage, at which the reduction reaches 100%, to a grad-
ual transformation of Fe3O4  FeO  Fe which
manifests itself as an unresolved peak. The overall pro-
cess appeared to be limited by a time/temperature–
pressure dependent diffusion process and strongly
depends on heating rate (compare Figs. 5 and 6). In
such conditions, the reduction of Fe3O4  Fe in 10%
H2–90% Ar can be accomplished at 620–1250°C. In
pure H2, the reduction of 3Fe2O3  2 Fe3O4  6Fe

proceeds in the temperature range of 200–400°C (see
Fig. 4). There is no uniform view concerning the mech-
anism of Fe2O3 reduction. According to some literature
sources [12], the only intermediate is magnetite,
whereas others [14] postulate both magnetite (Fe3O4)
and wustite (FeO). Our experimental data (from TPR
and XRD measurements) prove the existence of a FeO
phase as an intermediate in the course of Fe2O3 reduc-

25

Relative intensity, arb. units

3530 40 555045 60 65 70
2θ, deg

6

5

4

3
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1

Fe3O4

FeO

Fe2O3

Fe

Fig. 3. Reducibility of Fe2O3 under various treatment conditions characterized by XRD patterns: (1) calcination in O2 at 600°C for
4 h (original sample), (2) original sample reduced at 200°C for 4 h, (3) TPR up to 360°C in a 10% H2–Ar mixture (1 K/min), (4) TPR
up to 500°C in a 10% H2–Ar mixture (1 K/min), (5) reduction at 400°C in H2 for 4 h, and (6) reduction at 500°C in CO for 4 h.

Table 3.  BET surface area of catalysts before and after hy-
drogen adsorption measurement

Catalyst
Surface area before 

chemisorption, 
m2/g

Surface area after 
chemisorption, 

m2/g

0.5% Ru/Fe2O3 7 6

1.0% Ru/Fe2O3 – –

5.0% Ru/Fe2O3 9 6

0.5% Ru/(K)Fe2O3 9 7

1.0% Ru/(K)Fe2O3 – –

5.0% Ru/(K)Fe2O3 13 12
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tion regardless of diffusion or kinetic limitations. As
can be seen from Figs. 5 and 6, the first step of Fe2O3
reduction, i.e., Fe3O4 formation, is much easier due to
hydrogen spillover from ruthenium on iron(III) oxide
(see Fig. 6a). The opposite effect, retardation of magne-
tite formation caused by potassium, may be attributed
to the KFeO2 phase which is considerably more resis-
tant to hydrogen reduction (see Figs. 5 and 6b). Reduc-
tion of RuO2 does not appear as a distinct step of
Ru/(K)Fe2O3 reduction (see Fig. 6b). In all cases, the
overall extent of reduction of Fe2O3 to Fe, calculated on
the basis of surface areas under TPR curves, was 100%.

Reduction with CO. The susceptibility of iron(III)
oxide to reduction with carbon monoxide strongly
depends on the heating rate and the carbon monoxide
partial pressure in a CO–Ar stream. The relevant TG
curves are shown in Fig. 7. The reduction of Fe2O3 to
metallic Fe begins at about 20°C and can be accom-
plished in the temperature range of 400–1200°C
depending on CO partial pressure and heating rate. The
reduction of Fe2O3 to iron metal is accompanied by car-
bon formation in the reaction of carbon monoxide dis-
proportionation: 2CO  C + CO2 (compare Fig. 3).

TPRCO measurements were carried out in a gas mix-
ture consisting of 5% CO–95% He which contained
trace amounts of O2 and H2O of about 300 and 10 ppm,
respectively. Thus simultaneous determination of cata-
lyst reduction effects during the reactions of CO oxida-
tion with O2 and water (WGS) could be followed as a
function of increasing temperature. The temperature-
controlled sequence of events can be inferred from
TPRCO concentration profiles of O2, H2, CO2, and CO
recorded for 5% Ru/Fe2O3 catalyst and illustrated in
Fig. 8a. Starting from the temperature of about 100°C,
CO and O2 are consumed while CO2 is evolved, which

indicates the occurrence of the reaction CO + 1/2 O2 
CO2 [9]. In the range 210–245°C, sharp peaks related to
CO consumption and CO2 release are interpreted as reduc-
tion of a ruthenium(IV) oxide phase (RuO2 + 2CO 
Ru + 2CO2). From about 230°C, the evolution of hydro-
gen is observed, resulting from the WGS reaction that
proceeds on the ruthenium surface. The maximum con-
centration of hydrogen occurs at 245°C and at the same
temperature the concentration of CO reaches, in prac-
tice, its initial level. Most likely, it corresponds to the
completion of ruthenium oxide(IV) reduction to metal-
lic ruthenium. Above 245°C, a rapid decrease in the
concentration of hydrogen and carbon monoxide is
observed, which points to the beginning of hematite
reduction to magnetite, reflected by consumption of
both CO and H2 (the latter originates from the WGS
reaction). When the above reduction is completed, the
concentration of hydrogen in the system again
increases and reaches its maximum at 310°C. At higher
temperatures, the H2 concentration decreases once
more as it is consumed for further catalyst reduction,
and due to the thermodynamic limitations of the WGS
reaction, simultaneous desorption of CO and CO2 is
observed at about 500°C. These desorption effects can
serve as an indication of catalytic activity for the WGS
reaction. Within the temperature range of 320–440°C,
the concentration of hydrogen monotonously
decreases, in the range of 440–500°C a slight increase
in H2 concentration is observed as a result of the WGS
reaction, and in the range of 500–900°C the concentra-
tion of H2 stabilizes at a constant level. The simulta-
neous desorption of CO and CO2 is related to the
decomposition of a formate-like surface species,
according to the equations: HCOOH  CO2 + H2 and
HCOOH  CO + H2O. The evolution of hydrogen
was detected during TPD experiments in an Ar stream
after the WGS reaction at 350°C. The absence of water
evolution can be explained by the subsequent step of
iron(II) oxidation: Fe2+ + H2O  Fe3+–O– + H2.

The analogous TPRCO experiment was performed
for the potassium-doped catalyst 5% Ru/(K)Fe2O3

(Fig. 8b) in which hydrogen evolution begins at about
280°ë due to the WGS reaction that proceeds on the
surface of metallic ruthenium. Above 360°ë, the
hydrogen concentration decreases as a result of its con-
sumption for the reduction of hematite and potassium
ferrate(III) (KFeO2), and the decrease is continued up
to about 580°ë because of the reaction between hydro-
gen and the evolving oxygen. The latter could originate

from peroxide ions  present in the KFeO2 phase in
the potassium-doped catalyst.

O2
2–

–5

–10

–15

–20

–25

–30

100 200 300 400 500 600 700 800 900 1000
T, °C

Weight loss, %

3
2

1

Fig. 4. TG curves for Fe2O3 in H2 stream at different heat-
ing rates and H2 concentrations: (1) 2% H2–98% Ar,
10 K/min; (2) 100% H2, 10 K/min; (3) 100% H2, 1 K/min.
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3.5. Catalyst oxidation studied by 

Water, which is the product of the reduction of
Fe2O3 catalyst with H2, plays both an important role as
a reactant in the WGS reaction and can serve as an oxi-
dant of the iron metallic phase. Fe2O3 and Ru/Fe2O3
catalysts, previously subjected to complete reduction,
were oxidized in a 5% H2O–95% Ar stream. The results

TPOH2O of TG measurements performed in the above gas mix-
ture are presented in Fig. 9. Reoxidation of iron,
Fe + H2O  Fe2O3 + H2, proceeds in the temperature
range 25–800°ë and is promoted by the ruthenium
phase. TG-DTG-DTA results for completely reduced
Fe2O3 sample are presented in Fig. 10. Four endother-
mic effects in the DTA curve can be assigned to the
strongly overlapping following stages: simultaneous

0

H2 consumption

T, °C
200 600400

6

5

4

3

2

1

165°C
240°C

350°C

520°C

210°C

240°C

545°C

175°C

180°C

330°C

395°C

560°C

360°C

550°C

Fig. 5. TPRH2 profiles for Fe2O3, (K)Fe2O3, Ru/Fe2O3, and Ru/(K)Fe2O3 recorded at a heating rate of 1 K/min: (1) Fe2O3,
(2) (K)Fe2O3, (3) 1% Ru/Fe2O3, (4) 1% Ru/(K)Fe2O3, (5) 5% Ru/Fe2O3, and (6) 5% Ru/(K)Fe2O3.
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formation of an oxy-hydroxy layer on iron and intense
dehydration (up to 300°C), wustite formation (300–
550°C), magnetite formation (550–620°C) and finally
transformation into hematite (up to 800°C). Total
increase in sample mass and three positive DTG signals
allow us to suggest that the oxidation process proceeds
in three stages: Fe  FeO  Fe3O4  Fe2O3; the

sequence is in reverse, compared with that observed
during the Fe2O3 reduction with H2.

3.6. Activity for the WGS Reaction

Catalytic activity for the WGS reaction at 300 and
350°C was presented in Table 4. Iron oxide catalysts,

0

H2 consumption

T, °C
200100 300 400 500 600 700 800 900

495°C

395°C

615°C

645°C

370°C

305°C

200°C

310°C
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5% Ru/(K)Fe2O3

1% Ru/(K)Fe2O3

0.5% Ru/(K)Fe2O3

(K)Fe2O3

(b)

H2 consumption
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5% Ru/Fe2O3

1% Ru/Fe2O3

0.5% Ru/Fe2O3

Fe2O3

(a)

300°C

215°C

210°C

420°C
680°C

650°C

Fig. 6. TPRH2 profiles for Fe2O3, Ru/Fe2O3 (a) and (K)Fe2O3, Ru/(K)Fe2O3 (b) recorded at a heating rate of 10 K/min.
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Fig. 7. TG curves for Fe2O3 in a CO stream at different heating rates and CO concentrations—the effect of CO disproportionation:
(1) 5% CO–95% H2, 10 K/min; (2) 5% CO–95% H2, 1 K/min; and (3) 100% CO 1 K/min.
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Fig. 9. TG curves recorded for completely prereduced
Fe2O3 and Ru/Fe2O3 catalysts during their treatment with a
5% H2O–95% Ar mixture: (1) Fe, (2) 0.5% Ru/Fe, and
(3) 5% Ru/Fe.

both alone and potassium-doped, were practically inac-
tive for the WGS reaction (carbon monoxide conversion
at 350°C was as low as about 6%). The potassium-free
0.5% Ru/Fe2O3 catalyst also appeared to be inactive, but
when potassium was added, this catalyst of low ruthe-

nium content was characterized by CO conversions of
about 21 and 85% at 300 and 350°C, respectively. At
higher ruthenium loadings, CO conversions at 350°C on
potassium-doped catalysts were clearly above 90%.

3.7. Studies of WGS Active Surface by the TPD Method

Catalytically active surface should enable easy
access and removal of compounds involved in the reac-
tion to and from active sites. A useful tool for studying
the active surface is temperature programmed desorp-
tion, which we have performed according to the proce-
dure described in the experimental section. The desorp-
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tion of species present on catalyst surfaces after 4 h on-
stream in a WGS reaction at 350°C is shown in
Figs. 11a and 11b for the most active potassium-free
and potassium-doped 5% Ru/Fe2O3 catalysts, respec-
tively (for their catalytic activity—see Table 4). They
differ slightly in CO desorption effects, which appear at
400–650°C, and significantly in CO2 and H2 desorption
effects. The CO/CO2 molar ratio is close to 1 for the
potassium-doped catalyst but much higher (CO/CO2 > 5)

for the potassium-free catalyst. Thus, a comparable
coverage by CO and CO2 on the magnetite surface
seems to meet the requirement for the best catalyst per-
formance in the WGS reaction. The rate of the WGS
reaction is almost independent of H2 and H2O concen-
trations when water is in excess of the stoichiometric
amount. Further, more detailed, studies are in progress.

Two kinds of catalytic sites responsible for the WGS
reaction are postulated: one is Ru(O) located on the
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Fig. 10. TG–DTG (a) and DTA (b) study on the completely reduced Fe2O3 sample in 5% H2O–95% Ar.
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ruthenium surface, and the other belongs to the Fe3O4
surface. The preliminary condition for high activity is a
partial reduction of the catalyst at low temperatures.
The ability of the catalyst surface to adsorb carbon

dioxide and carbon monoxide can serve as a measure of
the concentration of active sites on the iron oxide sur-
face. Lower activity of the magnetite surface results in
smaller CO2 and CO desorption effects and in an
increase of the CO/CO2 ratio.

CONCLUSIONS
The mechanism of hematite reduction by hydrogen

presented by the scheme: 3Fe2O3  2Fe3O4 
6FeO  6Fe involves both magnetite and wustite
intermediates, regardless of diffusion and kinetic limi-
tations. Reduction of hematite by carbon monoxide
proceeds in a similar way. The mechanism of metallic
iron oxidation by water or oxygen is postulated to occur
in the reverse direction.

The highest activity for the WGS reaction on a mag-
netite surface is assured by comparable CO and CO2
coverages, which are characteristic of potassium-doped
Ru/Fe2O3 catalysts.

Both ruthenium and potassium strongly influence
the promotional effects in reduction and in WGS activ-
ity of iron(III) oxide catalysts.

Potassium leads to the formation of a KFeO2 phase
which stabilizes the ruthenium phase on the magnetite
surface.
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Table 4.  Catalytic activity for WGS reaction

Catalyst
Conversion of CO, % mol*

at 350°C at 300°C

(K)Fe2O3 (600°C) 6.2 0.0

(K)Fe2O3 (900°C) 0.0 0.0

Fe2O3 (600°C) 1.6 0.0

Fe2O3 (900°C) 0.0 0.0

0.5% Ru/(K)/Fe2O3
84.6 21.2

0.5% Ru/Fe2O3 1.1 0.0

1% Ru/(K)/Fe2O3 92.2 47.7

1% Ru/Fe2O3 90.4 15.1

5% Ru/(K)/Fe2O3 94.7 86.1

5% Ru/Fe2O3 88.2 49.3

* Measured after catalyst operation for 3.5 h.
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Fig. 11. Temperature programmed desorption from
5% Ru/Fe2O3 (a) and 5% Ru/(K)Fe2O3 (b) catalysts, per-
formed after WGS reaction (350°C, 4 h): (1) CO, m/e = 28;
(2) CO2, m/e = 44; (3) H2, m/e = 2.


