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Abstract

Supported Fe catalysts of varying support chemical composition prepared by sol–gel and incipient wetness impregnation methods were studied
for the steam reforming of phenol (one of the main constituents of tar produced during steam gasification of wood biomass) in the 600–700 ◦C
range. Various natural CO2 absorbent materials were also used together with the supported Fe catalyst in a fixed-bed microreactor to investigate
the enhancement of H2 production during short times on stream, as well as the removal of CO2 from the reaction product gas (absorption
enhanced reforming [AER]). A 5 wt% Fe/50Mg-50Ce-O catalyst was found to be the most active in terms of H2 product yield, with one of the
lowest amounts of accumulated carbonaceous deposits. Among a series of x wt% Fe/50Mg-50Ce-O (x = 1–10) catalysts, H2-specific integral
production rate (mol-H2/(g s)) goes through a maximum at the 5 wt% Fe loading, whereas the largest amount of “carbon” deposits was measured
on the highest Fe-loaded (10 wt%) catalyst. The stability of the 5 wt% Fe/50Mg-50Ce-O catalyst was studied during consecutive oxidation →
reaction and oxidation → reduction → reaction cycles of short duration. X-Ray diffraction, X-ray photoelectron spectroscopy, and Mössbauer
studies were performed for detailed physicochemical characterization of the supported Fe catalysts in their fresh and used states (after phenol
steam reforming). The most active Fe-based catalyst (5 wt% Fe/50Mg-50Ce-O) was found to present a high Fe2+/Fe3+ ratio after phenol
steam reforming (Mössbauer studies). Various transient experiments demonstrated that the enhanced production of H2 occurring in the presence
of a CO2 absorbent material (supported Fe + CO2 absorbent) for short times on stream was due to a change in the water–gas shift reaction
(CO + H2O ↔ CO2 + H2) toward further H2 production. The 5 wt% Fe/Mg-Ce-O catalyst was found to compete favorably with a 35 wt%
Ni/γ -Al2O3 industrial catalyst (used for tar steam reforming) at 700 ◦C in terms of H2 product yield and to have significantly lower CO/CO2
product ratios.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Biomass is receiving increased attention as potential source
of renewable energy with respect to global issues of sustainable
energy [1]. Pyrolysis of biomass has several environmental ad-
vantages over fossil fuels, namely lower emissions of CO2 and
other greenhouse gases [1]. However, one of the major issues
in biomass gasification is dealing efficiently with tar reduction
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during the process [2–4]. The product of biomass gasification
contains about 5.0 wt% phenolic compounds [5,6]. Catalytic
steam reforming appears to be a very attractive way to convert
tar components into H2 and other useful chemicals [7].

Despite the large number of research works concerning
steam reforming of various hydrocarbons feedstock over sup-
ported-Ni [1] and precious metal catalysts [8], steam reforming
over supported Fe catalysts has not yet been studied in great
extent, especially for aromatic compounds. Murata et al. [9]
have studied the steam reforming of iso-octane and methyl-
cyclohexane (MCH) over Fe–Mg/γ -Al2O3 catalyst. The latter
was active for the steam reforming of iso-octane but less ac-
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tive for the steam reforming of MCH. The steam reforming of
methane has been studied over 1 wt% Fe/ZrO2 catalyst [10] but
low methane conversions were measured at 800 ◦C.

An alternative group of materials to supported-metals that
were investigated for biomass gasification are natural materi-
als. Calcined dolomites (MgO/CaO) and olivine are the most
investigated materials, whereas various calcites are the least in-
vestigated ones [2]. Calcined dolomites have attracted much
attention as catalysts in biomass gasification [11–16] due to the
fact that these materials are cheap and disposable and can sig-
nificantly reduce the tar content of the product gas from the
gasifier. Their chemical composition depends on their origin.
In general, it consists of 30 wt% CaO, 21 wt% MgO, 45 wt%
CO2, and trace amounts of minerals (e.g., SiO2, Fe2O3, and
Al2O3) [2].

Orío et al. [11] investigated four different dolomites of vary-
ing Fe2O3 content for oxygen/steam gasification of wood. The
dolomite with the highest Fe2O3 content exhibited the highest
activity (95% tar conversion). Aldén et al. [17] and Lammers
et al. [18] investigated the catalytic reforming of naphthalene
over dolomite. Conversions of 96 and 79%, respectively, were
achieved using 15% CO2 or 18% H2O in the reaction feed
stream. Simell et al. [19] investigated a Finnish dolomite with
relatively high iron content (1.5 wt%) and found that reform-
ing of toluene over dolomite at 900 ◦C proceeded with higher
rates using CO2 rather than steam in the feed stream, whereas
dry reforming was inhibited by the presence of steam. Taralas
et al. [20] used dolomite quicklime and dolomitic magnesium
oxide to reform cyclohexane and n-heptane (model tar com-
pounds). Delgado et al. [12] studied calcined dolomite, magne-
site, and calcite for tar conversion in the 800–880 ◦C range in
a pilot plant unit; high initial tar conversions were found, but
catalyst deactivation could not be avoided.

An interesting alternative to calcined dolomite is olivine,
a magnesium aluminosilicate. Rapagna et al. [21] investigated
the tar-reforming activity of olivine and compared it with that
of calcined dolomite. Olivine was found to be a much better
attrition-resistant material in fluidized-bed reactor applications.
Corella et al. [22] tested calcined dolomite, natural and sin-
tered olivines, and Ni-olivine catalysts for biomass gasification
with air and found dolomite to be 1.4 times more active than
olivine.

The concept of combining reaction and separation in H2
production technologies is not new. The first description of
the conversion of hydrocarbons in the presence of steam and
of CO2 acceptor was published in 1868 [23]. Brun-Tsekhovoi
et al. [24] reported significantly enhanced H2 formation for
steam reforming of CH4 in a fluidized-bed reactor containing
a Ni-based catalyst and a specially treated dolomite (CO2 ab-
sorbent). Carvil et al. [25] described the general concept of the
sorption enhanced reaction process (SERP), which uses pres-
sure and concentration swing adsorption principles for reaction
rate enhancement.

The present work is related to previous work [26–29] on the
development of novel catalytic materials for the production of
a hydrogen-rich gas ( >90 vol% H2) from steam gasification of
wood biomass in a fast-recycled fluidized-bed reactor in a sin-
gle step. To the best of our knowledge, no published works on
phenol steam reforming over supported Fe catalysts coupled
with the use of CO2 absorbent natural materials exist. In the
present work, various supported Fe catalysts, the supports of
which were prepared by sol–gel and incipient wetness impreg-
nation methods, were studied for steam reforming of phenol in
the temperature range of 600–700 ◦C. Supported Rh catalysts
were examined for phenol steam reforming [28,29]. These cat-
alysts are considered ideal for fixed-bed applications to signifi-
cantly reduce the tar content in the product gas stream; however,
fluidized-bed applications, where catalyst mass loss is consid-
ered significant, require cheap and nontoxic catalytic materials,
such as supported Fe solids.

Even though phenol was reportedly one of the major tar
constituents in steam gasification of wood biomass in a fast-
recycled fluidized-bed reactor [26,27], the catalytic behavior
of supported Fe catalysts reported herein is likely to be af-
fected by the presence of toluene (the second important tar com-
pound identified [26]) and other gas products formed within the
fluidized-bed reaction zone (e.g., coke formation). This impor-
tant subject is under investigation.

2. Experimental

2.1. Catalysts synthesis

A 50Mg-50Ce-O mixed metal oxide (50 mol% Mg and
50 mol% Ce) was prepared by the sol–gel method using
Mg(OEt)2 and Ce(NO3)2 (Aldrich) as precursors of Mg and
Ce, respectively. The synthesis procedure has been described
elsewhere [29]. The x wt% CeO2/γ -Al2O3 (x = 10, 20, 40)
and x wt% MgO/γ -Al2O3 (x = 10, 20) supported metal oxides
were prepared by the incipient wetness impregnation method
using Mg(NO3)2 and Ce(NO3)2 (Aldrich) as precursors of
Mg and Ce, respectively. Pure commercial γ -Al2O3 (Aldrich,
180 µm < d < 520 µm) was used as a support after being cal-
cined at 800 ◦C for 4 h. After synthesis and drying (overnight
at 120 ◦C), all solid samples were calcined in air at 800 ◦C for
4 h. The samples were then slowly cooled to room temperature
and stored for further use.

A series of x wt% Fe/50Mg-50Ce-O (x = 1, 2.5, 5.0,
and 10.0) solids were prepared by the incipient wetness impreg-
nation method using Fe(NO3)3 (Aldrich) as an iron metal pre-
cursor. A given amount of the precursor solution corresponding
to the Fe loading of interest was used to impregnate the support
metal oxide (in powder form) at 40 ◦C. After impregnation and
drying overnight at 120 ◦C, the supported Fe catalyst was cal-
cined in air at 600 and 800 ◦C for 2 h before storage and further
use.

Two natural dolomites, coded as D4 and DOLII, and two cal-
cites, coded as A2 and A3, were also studied in phenol steam
reforming as catalysts themselves or as CO2 absorbent mate-
rials in a fixed-bed catalytic microreactor that also contained
a supported Fe catalyst.
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2.2. Catalyst characterization

2.2.1. BET surface area, fraction of Fe metal on the surface in
the fully reduced state

The specific surface areas (m2 g−1) of the fresh and some
of the used supported Fe catalysts were measured by N2 ad-
sorption at 77 K (BET method) using a multipoint Fisons
Sorpty 1900 system. Before any measurements were taken,
the samples were outgassed at 400 ◦C under vacuum (P ≈
1.3×10−3 mbar) overnight. For the x wt% CeO2/γ -Al2O3 sup-
ported metal oxides, to correlate the BET area and content of
ceria, the apparent specific surface area (Sca

BET) was calculated
using the following relationship [30]:

(1)Sca
BET = SBET

1 − CeO2 content
.

The fraction of Fe metal on the surface in the fully reduced state
(Fe0) with respect to the total Fe in the sample for the various
supported Fe catalysts, after the applied H2 reduction treatment,
was determined by H2 chemisorption according to the follow-
ing procedure. The catalyst was first calcined in 20% O2/He at
800 ◦C for 2 h and then reduced in 20% H2/He at 400 ◦C for 4 h.
After reduction, the catalyst was heated to 600 ◦C in He flow to
desorb any H2 that might have been spilled over the support.
The catalyst was then cooled in He flow to 200 ◦C, and the feed
was switched to a 2% H2/He gas mixture for 30 min. The cat-
alyst was cooled in 2% H2/He flow to room temperature and
left for 15 min. A switch to He flow was then made for 15 min;
after this time, no H2 signal could be observed with mass spec-
trometry. The temperature of the catalyst was then increased
from room temperature to 700 ◦C to carry out a temperature-
programmed desorption (TPD) experiment. The amount of H2
desorbed (µmol/gcat) and the Fe loading of the catalyst were
used to estimate the fraction of Fe on the surface fully reduced
with respect to the total Fe in the sample (µmol-Fe0

s /µmol-Fe),
assuming H:Fes = 1:1.

2.2.2. X-Ray diffraction analyses
The crystal structure of the fresh supported metal oxides

(x wt% CeO2/γ -Al2O3, y wt% MgO/γ -Al2O3) and that of
the mixed metal oxide (50Mg-50Ce-O) prepared by the sol–
gel method were checked by X-ray diffraction (XRD) with
a Shimadzu 6000 diffractometer using Cu-Kα radiation (λ =
1.5418 Å). The samples were calcined in air at 800 ◦C for 4 h
before the XRD measurements. The primary mean crystallite
size (dXRD) of ceria and magnesia were determined using the
diffraction peaks at 2θ = 28.55◦ and 42.9◦, corresponding to
the (111) CeO2 and (200) MgO faces, respectively, and Scher-
rer’s equation [31].

2.2.3. H2 temperature-programmed reduction studies
H2 temperature-programmed reduction (TPR) experiments

were conducted by passing a 2 vol% H2/He (50 NmL/min)
over 0.2 g of the precalcined (20% O2/He, 800 ◦C, 2 h) catalyst
under a linear temperature ramp (30 ◦C/min). The H2 concen-
tration (mol%) was monitored with an on-line mass spectrome-
ter (Omnistar, Balzers). The mass numbers (m/z) 2, 18, and 32
were used for H2, H2O, and O2, respectively. Based on material
balance, the rate of hydrogen consumption (µmol H2/(g min))
versus temperature was estimated.

2.2.4. X-Ray photoelectron spectroscopy studies
X-ray photoelectron spectroscopy (XPS) studies were con-

ducted on a VG Escalab 200 R spectrometer equipped with
a hemispherical electron analyzer and an Mg-Kα (1253.6 eV)
X-ray source. The XP spectrometer was equipped with a cham-
ber for sample treatment under controlled gas atmospheres and
at temperatures below 700 ◦C. A certain region of the XP spec-
trum was scanned a number of times to obtain a good signal-to-
noise ratio. The binding energies (BEs) were referenced to the
C 1 s peak (103.4 eV) to account for charging effects.

2.2.5. Mössbauer spectroscopy studies
Mössbauer measurements were carried out with a con-

ventional constant acceleration spectrometer equipped with
a 57Co(Rh) source, calibrated with α-Fe; the isomer shifts are
reported relative to these values. The spectra recorded at 298,
77, and 4 K were fitted with a least squares minimization proce-
dure assuming Lorentzian line shapes. The fresh supported Fe
catalysts investigated were reduced in H2 at 400 ◦C for 2 h be-
fore any measurements, whereas no pretreatment was done for
the used catalysts.

2.3. Catalytic studies

The experimental apparatus used for evaluating the cat-
alytic performance of supported Fe and natural materials to-
ward phenol steam reforming has been described in detail
previously [28]. A 0.15-g catalyst sample in particle form
(d = 0.2–0.3 mm) diluted in 0.15 g of SiO2 was loaded into
the reactor. The total gas flow rate used was 100 NmL/min
(GHSV ≈ 80,000 h−1), and the feed gas composition consisted
of 0.25 vol% C6H5OH/20 vol% H2O/He. The steam reforming
of phenol reaction can be described by the following reaction
scheme [1,2,32]:

C6H5OH + 5H2O → 6CO + 8H2, (2)

CO + H2O ↔ CO2 + H2. (3)

Estimation of individual conversions, X1 and XWGS, of reac-
tions (2) and (3), respectively, based on material balances has
been described previously [28,29]. The hydrogen reaction se-
lectivity, SH2 , is given by the following relationship [28]:

(4)SH2 = 1

2.33

FTyH2

6F f
Tyf

C6H5OH

.

In Eq. (4), SH2 is a selectivity parameter relative to the maxi-
mum theoretical production of hydrogen that could be obtained
based on reactions (2) and (3).

Integral specific reaction rates, Ri (mol/g s) for product i

(e.g., H2), corresponding to phenol conversions >20% are es-
timated from material balances. Because iron (Fe2+/Fe3+) ox-
ides are one of the active phases over the supported Fe catalysts
investigated in the present work, where the support phases also
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contribute to the catalytic activity measured, estimation of true
specific reaction rates in terms of TOF (s−1) is not possible.

2.4. Transient steam reforming of phenol in the presence of
CO2 absorbent

The initial transient steam reforming reaction behavior of
the catalytic bed material (supported Fe + CO2 absorbent) was
studied as follows. The supported Fe catalyst was thoroughly
mixed with the CO2 absorbent material under consideration
in a ratio of 1:2 (w/w), with the total amount of the catalytic
bed kept constant at 0.45 g. The supported Fe catalyst and the
CO2 absorbent material used had mean particle size of 0.1 and
0.3 mm, respectively. The catalytic bed material in the absence
of CO2 absorbent consisted of 0.15 g of supported Fe and 0.3 g
of SiO2. The catalytic bed material was initially pretreated in air
at 800 ◦C for 2 h, flushed with He for 10 min, and then cooled
to 400 ◦C. It was then reduced in pure H2 at 400 ◦C for 2 h. The
reactor was then brought in He flow to the reaction temperature,
and the feed was changed to the reaction gas mixture. The tran-
sient response signals of H2, CO2, and CO were recorded with
time on stream by an on-line mass spectrometer and analyzed
as described previously [28,29].

3. Results and discussion

3.1. Catalyst characterization

3.1.1. BET surface area, fraction of Fe0 on the surface
The specific surface areas (BET) of the fresh 50Mg-50Ce-O,

10CeO2/γ -Al2O3, 20CeO2/γ -Al2O3, and 40CeO2/γ -Al2O3
supports were found to be 79.8, 77.8, 65.2, and 44 m2/g, re-
spectively. The latter three BET values are not close to the BET
value of γ -Al2O3 (100.8 m2/g), a result that also held for the
calculated specific surface area (Sca

BET) of the ceria-loaded ma-
terials. The latter were found to be 86.4, 81.5, and 67 m2/g for
the 10CeO2-, 20CeO2-, and 40CeO2-loaded γ -Al2O3 solids,
respectively. The difference between the SBET and Sca

BET values
of the ceria-loaded Al2O3 supports indicates that the BET area
and the examined CeO2 loadings are not proportional quanti-
ties. Closely equal values of SBET of the unloaded and Sca

BET
of the corresponding metal oxide-loaded support would be ex-
pected only for high dispersions (i.e., monolayer coverage) of
deposited metal oxides [30]. The ceria loading corresponding
to monolayer coverage on a given γ -alumina has been reported
to be approximately 6 wt% [33]. Mekhemmer et al. [34] re-
ported the synthesis of 10 wt% CeO2/γ -Al2O3 with 65 m2 g−1

(calcined at 500 ◦C for 2 h), and Damyanova et al. [35] re-
ported the synthesis of 12 wt% CeO2/γ -Al2O3 with 143 m2 g−1

(calcined at 800 ◦C). The SBET values of the present 10MgO/γ -
Al2O3 and 20MgO/γ -Al2O3 solids were found to be 76.9 and
58.2 m2/g, respectively. The latter value is much lower than
that of γ -Al2O3 (100.8 m2/g), because the two oxidic phases
of MgO and γ -Al2O3 reacted, forming a new spinel phase
(MgAl2O4), as revealed by XRD studies (see Section 3.1.2).
Szmigiel et al. [36] reported the synthesis of MgO/γ -Al2O3
with 65 m2/g after calcination at 900 ◦C for 1 h.
The BET area of the fresh 5 wt% Fe/50Mg-50Ce-O catalyst
was found to be 59.1 m2 g−1. However, after 2 h of continu-
ous phenol steam reforming, this BET area increased slightly,
to 64.7 m2 g−1, due to the presence of steam [28,29]. Cal-
cite A2 (north Greece) and calcite A3 (central Greece) had
BET areas of 6.4 and 8.1 m2 g−1, respectively. The BET areas
for Dolomite D4 (marble, North Greece) and dolomite DOLII
(Hufgard, Germany) were 12.4 and 15.2 m2 g−1, respectively.
Olivine had a BET area of 0.7 m2 g−1.

The fractions of Fe metal atoms on the surface fully reduced
with respect to the total Fe in the sample for the fresh x wt%
Fe/Mg-Ce-O solids estimated from H2 chemisorption (see Sec-
tion 2.2.1) were found to be 37.0, 31.0, 26.0, and 17.0% for
the 1.0, 2.5, 5.0, and 10.0 wt% Fe-loaded catalysts, respectively.

3.1.2. XRD studies
Fig. 1 presents X-ray diffractograms of 10% CeO2/γ -

Al2O3 (Fig. 1b), 20% CeO2/γ -Al2O3 (Fig. 1c), pure ceria
(Fig. 1a), and γ -alumina (Fig. 1d). All diffraction peaks cor-
responding to the fluorite structure of CeO2 (peaks 1) are
visible in Figs. 1a–c. The diffraction peaks corresponding to
γ -alumina (peaks 2) became more intense with decreasing
CeO2 loading. The CeO2 crystallite size estimated from dif-
fraction peak broadening reveals relatively smaller crystallites
in the 10% CeO2/γ -Al2O3 solid (10.2 nm) compared with the
20% CeO2/γ -Al2O3 (12.3 nm) solid; however, sizes are notably
smaller than 19.0 nm for the unsupported CeO2 (Fig. 1a). These
results agree with previous work [37], where sintering of CeO2
crystals and surface textural changes can be avoided when ceria
is loaded on a high-surface area support. However, the presence
of ceria nanocrystallites with d < 4 nm, which escape XRD de-
tection, cannot be excluded. Mekhemmer et al. [34] examined
alumina-supported ceria prepared by the impregnation method
and found a mean crystallite size of 7.5 nm after calcination at
650 ◦C for 2 h, a result similar to that obtained in the present
work. No changes in the structural composition of the present
x wt% CeO2/γ -Al2O3 supports due to the presence of Fe were
detected. XRD patterns obtained on 10% MgO/γ -Al2O3 and
20% MgO/γ -Al2O3 (not presented here) revealed the pres-
ence of MgAl2O4 with mean crystallite size of 6.2 and 8.0 nm,
respectively. XRD of 50Mg-50Ce-O solid (sol–gel) revealed
diffraction peaks corresponding to pure MgO (d = 24.5 nm)

Fig. 1. X-Ray diffraction patterns of (a) CeO2, (b) 10 wt% CeO2/γ -Al2O3,
(c) 20 wt% CeO2/γ -Al2O3, (d) γ -Al2O3.
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Fig. 2. Hydrogen temperature-programmed reduction (H2-TPR) traces in terms
of rate of hydrogen consumption (µmol-H2/(g min)) versus temperature ob-
tained on the 5 wt% Fe/x wt% CeO2-Al2O3 (x = 10, 20, 40) catalysts.
FH2/He = 50 NmL/min, β = 30 ◦C/min, W = 0.3 g.

and CeO2 (d = 16.1 nm) phases, in accordance with earlier
findings [29].

XRD measurements performed on the used 5 wt% Fe/x wt%
CeO2/γ -Al2O3 catalysts allowed estimation of the mean Fe2O3
particle size (using Scherrer’s equation). This was found to
be 12.7, 11.5, and 10.5 nm for the 10, 20 and 40 wt% CeO2-
loaded Al2O3, respectively.

3.1.3. H2-TPR studies
Fig. 2 shows H2-TPR traces in terms of rate of H2 consump-

tion (µmol-H2/(g min) versus temperature obtained over the
5 wt% Fe/x wt% CeO2/γ -Al2O3 solids. These traces are largely
different than typical H2-TPR traces of CeO2 solids [38], pos-
sibly due to differences in the extent of interaction between
supported CeO2−x crystals and γ -alumina.

The 5% Fe/10% CeO2/γ -Al2O3 solid exhibited three poorly
resolved peaks in the 150–800 ◦C range. The first peak (TM =
431 ◦C) was related to the reduction of small CeO2 crystal-
lites [39], which shifted to higher temperatures with increasing
ceria loading. The second peak (TM = 588 ◦C) could be at-
tributed to the reduction of CeO2−x microcrystals with greater
interaction with γ -alumina [35]. This peak was not clearly dis-
tinguished with increased ceria loading to 20 and 40 wt%; in-
stead, a large shoulder developed, apparently also due to the
growth of the first and third (TM = 800 ◦C) peaks. The high-
temperature reduction peak (TM = 800 ◦C) appeared in all three
solids, associated with the reduction of subsurface oxygen in
ceria crystals. The amount of reducible oxygen species due to
ceria alone was 395, 700, and 1096 µmol-O/g for the 10, 20,
and 40 wt% CeO2-loaded alumina samples, respectively, after
the equivalent amount of O associated with Fe2O3 (5 wt% Fe)
was subtracted.

Reduction of Fe2O3 is known to occur in two (or three) steps
via magnetite (Fe3O4) or wustite (Fe1−xO) [40]. TPR traces
of Fe2O3 and Au/Fe2O3 solids were reported by Munteanu
et al. [41] (TM = 280 and 427 ◦C). Gillot et al. [42] also con-
firmed the existence of two peaks in the TPR trace of Fe2O3,
Table 1
Surface atom composition (%) of the 5 and 10 wt% Fe/50Mg-50Ce-O catalysts
derived from XPS analyses

Catalyst Mg Ce Fe Ce/Mg Fe/Mg

5% Fe/50Mg-50Ce-O after oxidationa 91.4 5.6 3.0
5% Fe/50Mg-50Ce-O after reductionb 93.9 4.4 1.7 0.046 0.018

10% Fe/50Mg-50Ce-O after oxidationa 77.3 15.5 7.1
10% Fe/50Mg-50Ce-O after reductionb 78.4 15.2 6.2 0.19 0.079

a Oxidation occurred at 800 ◦C in 20% O2/He for 2 h.
b Reduction occurred at 400 ◦C in 20% H2/He for 1 h.

the positions of which were found to depend on the grain size
of iron oxide. Unmuth et al. [43] reported that the H2-TPR
trace of 5 wt% Fe/SiO2 consisted of two peaks (TM = 307 and
447 ◦C), corresponding to a two-step reduction process as men-
tioned above. In the case of TPR traces shown in Fig. 2, part
of the first peak could be assigned to the reduction process
Fe2O3 → Fe3O4, and part of the second peak could be assigned
to the reduction of Fe3O4 to Fe0 [44]. Boudart et al. [45] studied
the structure sensitivity of iron in ammonia synthesis in a series
of MgO-supported Fe particles and reported full reduction of
oxidized iron particles at 427 ◦C for at least 20 h. The aforemen-
tioned reduction characteristics of supported iron oxides are in
harmony with the present Mössbauer results, where at the ap-
plied H2 reduction conditions (400 ◦C, 2 h) only a small fraction
of Fe in the sample was fully reduced (see Section 3.1.5).

3.1.4. XPS studies
Fig. 3 presents Fe 2p (Fig. 3a) and Ce 3d (Fig. 3b) XPS spec-

tra obtained over the fresh 5% Fe/50Mg-50Ce-O catalyst after
H2 reduction at 400 ◦C for 1 h. Iron was found in its fully oxi-
dized (Fe3+, 711 eV) state [46,47]. The observed BEs of Ce can
be attributed to Ce4+; the observed satellite peaks, to Ce3+ [35].
Table 1 reports the surface atom percent composition of x wt%
Fe/50Mg-50Ce-O (x = 5, 10) catalysts obtained after the given
oxidation and reduction conditions. Reduction of preoxidized 5
and 10 wt% Fe/Mg-Ce-O solids in H2 at 400 ◦C resulted in 21
and 2% decreases in Ce surface composition and in 43 and 13%
decreases in Fe surface composition (Table 1). The Ce/Mg and
Fe/Mg surface ratios obtained after H2 reduction were about
five and four times larger in the case of Mg-Ce-O loaded with
10 wt% compared with 5 wt% Fe. It appears that Fe loading af-
fects the surface enrichment in Ce of ceria crystals. This can be
envisioned by considering that Fe2O3−x is in close contact with
ceria crystals, promoting the creation of oxygen vacancies (in
the presence of H2 at 400 ◦C) by acting as oxygen scavenger.
This in turn promotes Ce4+ cation diffusion within the ceria
lattice toward the surface layers of the solid.

3.1.4.1. Effects of consecutive oxidation/reduction cycles
Fig. 3c presents Fe 2p XPS spectra obtained on the 5%

Fe/50Mg-50Ce-O catalyst after consecutive oxidation (800 ◦C,
20% O2/He, 3 min) → reduction (25% H2/He, 650 ◦C, 10 min)
cycles were applied. Table 2 reports surface Ce/Mg, Fe/Mg,
and CO3

2−/Mg ratios obtained under the same gas treatments.
The following remarks and discussion are appropriate.
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Table 2
Surface atom composition (%) of the 5 wt% Fe/50Mg-50Ce-O catalyst derived
from XPS analyses after consecutive oxidation → reduction cycles

Cycle Treatment Ce/Mg Fe/Mg CO3
2−/Mg

1st
Hea 0.068 0.073 0.035
Oxidationb 0.065 0.077 0.018
Reductionc 0.094 0.067 0.014

2nd
Oxidationb 0.090 0.069 0.016
Reductionc 0.096 0.109 0.015

3rd
Oxidationb 0.095 0.073 0.015
Reductionc 0.094 0.098 0.012

a In He inert atmosphere.
b Oxidation occurred at 800 ◦C in 20% O2/He for 3 min.
c Reduction occurred at 650 ◦C in 25% H2/He for 10 min.

(a) After O2/He treatment, Fe was found in its fully oxidized
state (Fe3+, BE=711.1 eV) [46,47]. Treatment in H2 at 650 ◦C
for 10 min after oxidation at 800 ◦C for 3 min resulted in partial
reduction of Fe3+ (711.1 eV) to Fe2+ (709.5 eV) [48].
(b) Formation of Fe3O4 could be suggested given the co-
existence of the two oxidation states of Fe (Fe3+/Fe2+); no
Fe0 (707 eV) [47] was observed. The difficulty in reducing
Fe in metal-oxide-supported Fe catalysts is well known (see
Section 3.1.3); this difficulty is due to strong metal–support in-
teractions [49], surface decoration effects [50], and formation of
chemical compounds [49,51,52]. It has also been reported that
the extent of Fe reduction is strongly influenced by the synthe-
sis procedure, pretreatment history, and Fe loading [53]. After
oxidation, the BE of Ce is attributed to Ce4+ (882.0–882.2 eV),
whereas after reduction, the XP spectrum of Ce 3d presented
satellite peaks corresponding to Ce3+ (as in Fig. 3b).

(c) The Ce/Mg surface ratio appeared lower after the first
and second oxidations compared with that after reduction,
whereas for the third redox cycle, the Ce/Mg ratio exhibited
similar values after oxidation and reduction. This behavior can
be explained by considering that some changes in CeO2 and
MgO crystallite sizes may have occurred during the applied re-
dox cycles.

(d) The Fe/Mg surface atom ratio appeared to be lower in
reductive conditions than in oxidative conditions for the first
Fig. 3. X-Ray photoelectron spectra obtained on the 5 wt% Fe/50Mg-50Ce-O catalyst. (a) Fe 2p core level after H2 reduction at 400 ◦C for 1 h, (b) Ce 3d core level
after H2 reduction at 400 ◦C for 1 h, (c) Fe 2p core level after three consecutive oxidation (20% O2/He, 800 ◦C, 3 min) → reduction (25% H2/He, 650 ◦C, 10 min)
cycles.
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redox cycle, whereas this behavior was reversed during the sec-
ond and third redox cycles. The possibility that Fe dispersion
might have been increased to some extent after the second redox
cycle may not be excluded. In fact, Tatarchuk and Dumesic [54]
illustrated, by combined XPS and conversion electron Möss-
bauer spectroscopy, the significant morphological transforma-
tion of Fe crystallites in H2 atmosphere above 500 ◦C over the
Fe/TiO2 catalyst.

(e) The O 1s XP spectrum showed a peak at 530.1 eV at-
tributed to surface O2− species [55,56], whereas the peak at
531.7–531.9 eV can be attributed to carbonate species [55]. The
contribution of carbonate O 1s peak appears to be lower after
reduction than after oxidation (Table 2), suggesting that under
reducing conditions (650 ◦C), decomposition and/or reaction of
carbonates with hydrogen was favored.

3.1.5. 57Fe Mössbauer studies
Fig. 4 shows Mössbauer spectra collected at 77 K for the

fresh (after oxidation at 800 ◦C, followed by H2 reduction at
400 ◦C for 2 h) and after used in phenol steam reforming
(700 ◦C, 4 h) 5 wt% Fe/20CeO2/γ -Al2O3 catalyst. Tables 3
and 4 report the various Mössbauer parameters estimated from
the spectra collected at 298, 77, and 4 K and for the various sup-
ported Fe catalysts investigated. The followings remarks and
discussion are appropriate:

(a) Iron oxides were clearly present in the fresh 5% Fe/20%
CeO2/γ -Al2O3 catalyst (∼53% Fe3+; Table 3), as evidenced
by the paramagnetic doublets observed in the spectra obtained
at 298 and 77 K (not shown here).

(b) After phenol steam reforming, no sextets appeared cor-
responding to Fe oxides (Fe2+ and Fe3+) or Fe0 (spectra
were fitted with Fe2+ and Fe3+ doublets). The possibility
that some of these doublets may correspond to iron oxide
nanoparticles cannot be excluded, because they appeared as
doublets at 298 and 77 K due to their super paramagnetic be-
havior. In addition, iron (Fe2+ or Fe3+) migration into the
γ -Al2O3 and/or CeO2 lattice [57] cannot be excluded un-
der the high-temperature phenol steam reforming conditions
used.

(c) The Mössbauer peak area corresponded to the con-
centration percentage of the species associated with [58–66].
According to Table 3, a decrease in the percentage of Fe3+, fol-
lowed by a simultaneous increase of Fe2+ after phenol steam
reforming, was obtained in all three catalysts. In particular,
the decreases in Fe3+ were found to be 59, 28, and 14%
for the Fe/20% MgO/γ -Al2O3, Fe/20% CeO2/γ -Al2O3, and
Fe/50Mg-50Ce-O catalysts, respectively (based on spectra
recorded at 77 K).

(d) Among the fresh catalysts, Fe0 was observed only in
the 5% Fe/Mg-Ce-O, whereas after phenol steam reform-
ing, no Fe0 was evident (Table 3). The presence of Fe0 with
δ = −0.03 implies an increase in the electronic density of
Fe nucleus, which can be attributed to strong electronic in-
teractions between Fe and Mg-Ce-O support. This was not
observed for the CeO2/γ -Al2O3 and MgO/γ -Al2O3 supports.
The presence of Fe0 in the fresh 5% Fe/Mg-Ce-O solid de-
pended strongly on the H2 reduction time (T = 400 ◦C) as
Fig. 4. Mössbauer spectra recorded at 77 K on the 5 wt% Fe/20 wt%
CeO2–Al2O3 catalyst as fresh (a), and after phenol steam reforming at 700 ◦C
for 4 h (b).

evidenced by the XPS (1 h; Fig. 3), Mössbauer (2 h; Ta-
ble 3), and H2 chemisorption studies (4 h; see Section 3.1.1).
These results are consistent in that an increase of reduc-
tion time resulted in an increase in the Fe0 fraction in the
solid.

(e) Iron loadings >1 wt% could result in the formation of
MgFe2O4 (spinel phase) in the Fe/MgO system [63]. How-
ever, because MgFe2O4 is ferromagnetic, only a sextet peak
must be observed after low-temperature Mössbauer studies.
The Mössbauer experiment conducted at 4 K over the 5%
Fe/20% MgO/γ -Al2O3 catalyst suggested the presence of two
components: a paramagnetic doublet attributed to Fe2+ and
a slightly magnetic component of an intermediate isomer shift
corresponding to trivalent and divalent iron with a very low
Hf parameter value (see Table 4). These results can be ex-
plained as follows. XRD studies performed over the catalyst
revealed the presence of MgAl2O4, suggesting that a signif-
icant amount of Mg2+ was incorporated into the γ -alumina
lattice. Fe is also known to promote the formation of Mg and Al
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Table 3
Mössbauer parameters over the 5 wt% Fe/50Mg-50Ce-O, 5 wt% Fe/20CeO2-
Al2O3 and 5 wt% Fe/20MgO-Al2O3 catalysts (spectra collected at 25 ◦C)

Catalyst δ Γ DEQ Hhf (%)

5% Fe/20MgO/γ -Al2O3
a Fe+3 0.29 0.67 0.97 0 60.0

Fe+2 1.14 0.6 2.0 0 17.8
Fe+2 0.83 0.74 1.74 0 22.2

5% Fe/20MgO/γ -Al2O3
b Fe+3 0.25 0.5 0.92 0 17.6

Fe+2 0.76 0.66 1.56 0 46.8
Fe+2 1.13 0.56 1.62 0 35.6

5% Fe/20CeO2/γ -Al2O3
a Fe+3 0.33 0.68 0.96 52.5

Fe+2 1.05 0.78 2.0 23.7
Fe+δ c 0.56 0.36 1.88 3.8
Fe+δ c 0.52 0.56 0 446 20.0

5% Fe/20CeO2/γ -Al2O3
b Fe+3 0.26 0.64 1.1 0 32.4

Fe+δ c 0.74 0.6 1.72 0 30.2
Fe+2 1.13 0.64 1.78 0 37.4

5% Fe/Mg-Ce-Oa Fe+3 0.36 0.58 0.8 0 40.5
Fe+2 1.06 0.5 0.88 0 47.6
a-Fe −0.03 0.3 0 330 11.8

5% Fe/Mg-Ce-Ob Fe+3 0.45 0.55 1.0 0 34.9
Fe+2 1.03 0.48 0.48 0 65.1

a After oxidation in 20% O2/He at 800 ◦C followed by reduction in 20%
H2/He at 400 ◦C for 2 h (fresh catalyst).

b After phenol steam reforming reaction at 700 ◦C for 4 h.
c Indicates unknown oxidation state based on the Mössbauer measurements

at 25 ◦C.

Table 4
Mössbauer parameters over the 5 wt% Fe/20CeO2-Al2O3 and 5 wt%
Fe/20MgO-Al2O3 catalysts (spectra collected at 77 and 4 K)

Catalyst δ Γ DEQ Hhf (%)

5% Fe/20MgO/γ -Al2O3
a Fe+3 0.33 0.7 1.1 0 60.8

(77 K) Fe+2 1.22 0.62 2.36 0 39.2

5% Fe/20MgO/γ -Al2O3
b Fe+3 0.49 0.78 0.8 0 24.8

(77 K) Fe+2 1.04 0.58 2.5 0 49.7
Fe+2 1.05 0.32 3.0 0 25.5

5% Fe/20CeO2/γ -Al2O3
a Fe+3 0.37 0.75 1.1 0 50.8

(77 K) Fe+2 1.24 0.7 2.34 0 25.6
Fe+2 0.82 0.86 0 467 7.6
Fe+3 0.52 0.64 0 513 16

5% Fe/20CeO2/γ -Al2O3
b Fe+3 0.48 0.7 0.88 0 36.4

(77 K) Fe+δ c 0.79 0.36 2.6 0 12.3
Fe+2 1.1 0.5 1.4 0 51.3

5% Fe/20MgO/γ -Al2O3
b Fe+3 0.37 0.6 0.9 0 9

(4 K) Fe+2 1.05 0.6 3 0 49
Fe+2,+3 0.84 0.62 1.74 144 42

a After oxidation in 20% O2/He at 800 ◦C followed by reduction in 20%
H2/He at 400 ◦C for 2 h (fresh catalyst).

b After phenol steam reforming reaction at 700 ◦C for 4 h.
c Indicates unknown oxidation state based on the Mössbauer measurements

at 77 K.

mixed spinel phases, which are characterized by high concen-
trations of structural defects [67]. Therefore, the spinel phase of
Mg1−xFe(II)

x−3aFe(III)
2a [ ]Al2O4 (where [ ] is a defect site) could

be proposed as a component of the 5% Fe/20% MgO/γ -Al2O3

catalyst. This spinel oxide is ferromagnetic and should appear
as sextet in Mössbauer spectra when Fe is present in sufficient
amounts. In the present case, apparently the 5 wt% Fe content
led to a poorly resolved sextet with a low value of Hf. More-
over, the presence of Fe+2 and Fe+3 in the lattice resulted in
an intermediate isomer shift of 0.84 for this component (Ta-
ble 4).

(f) The 5% Fe/20% MgO/γ -Al2O3 catalyst (Table 3) showed
chemical shift (δ = 1.13) and quadrupole splitting (	EQ =
1.62) corresponding to Fe2+ in the oxide lattice, indicating
partial reduction of Fe2O3 into FeO under reaction condi-
tions.

(g) Iron species with δ = 0.32 and 	EQ = 1.18 mm/s can
be attributed to Fe3+ in a relatively strong interaction with
γ -Al2O3 support [62]. According to the Mössbauer parameters
given in Tables 3 and 4, the 5% Fe/20% CeO2/γ -Al2O3 and
5% Fe/20% MgO/γ -Al2O3 catalysts after oxidation followed
by reduction and after steam reforming have an iron component
(Fe3+) with Mössbauer parameters very close to those previ-
ously mentioned.

3.2. Catalytic performance of supported Fe catalysts

3.2.1. Effect of support chemical composition
Fig. 5 presents results of the H2 product concentration

(mol%) obtained at 600, 650, and 700 ◦C after steady state
was achieved (30 min on reaction stream) over six supported
Fe catalysts (5 wt% Fe) of varying support compositions. The
10CeO2-Al2O3 (1), 10MgO-Al2O3 (2), 20CeO2-Al2O3 (3),
and 20MgO-Al2O3 (4) supports were prepared by the incipi-
ent wetness impregnation method (see Section 2.1). Support (5)
is commercial γ -alumina, and support (6) is 50Mg-50Ce-O,
a mixed metal oxide (MgO, CeO2) prepared by the sol–gel
method (see Section 2.1). The maximum theoretical H2 con-
centration expected given the network of reactions (2) and (3),
the feed gas composition used, and considering 100% phenol
conversion was 4.4 mol% H2.

Fig. 5. Dependence of H2 product concentration (mol%) on support chemical
composition and reaction T obtained over (1) 5 wt% Fe/10 wt%CeO2-Al2O3;
(2) 5 wt% Fe/10 wt% MgO-Al2O3; (3) 5 wt% Fe/20 wt% CeO2-Al2O3;
(4) 5 wt% Fe/20 wt% MgO-Al2O3; (5) γ -Al2O3; (6) 5 wt% Fe/50Mg-50Ce-O
catalysts. Reaction conditions: 0.25% C6H5OH/20% H2O/He; t = 30 min;
W = 0.15 g; FT = 100 NmL/min; GHSV ≈ 80,000 h−1.
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Table 5
Catalytic performance of various supported-Fe catalysts for the phenol steam reforming (0.25% C6H5OH/20% H2O/He) after 30 min on stream at T = 700 ◦C

Catalyst H2
(mol%)

CO
(mol%)

CO2
(mol%)

X

(%)
SH2
(%)

Carbon
(µmol-C/g)

5Fe/10MgO-Al2O3 1.06 4.56 × 10−1 1.93 × 10−1 33.8 23.7 440
5Fe/20MgO-Al2O3 1.12 3.59 × 10−1 3.0 × 10−1 35.2 25.7 429
5Fe/10CeO2-Al2O3 1.39 5.07 × 10−1 5.03 × 10−1 40.5 31.6 355
5Fe/20CeO2-Al2O3 1.72 4.07 × 10−1 7 × 10−1 59.1 39.3 287
5Fe/40CeO2-Al2O3 2.3 4.55 × 10−1 9.2 × 10−1 61 45.8 167
5Fe/50Mg-50Ce-O 3.2 2.53 × 10−1 1.03 63.3 54.3 260
5Fe/Al2O3 1.09 6.09 × 10−1 3.82 × 10−1 48.2 34.3 448
Table 5 presents results of the reaction gas product analy-
sis, the phenol conversion (X, %), the H2 reaction selectivity
(SH2 , %), and the amount (µmol-C/g) of accumulated carbon-
containing species (termed “carbon”) measured after 30 min
of reaction at 700 ◦C. The “carbon” amount was measured by
a transient isothermal titration experiment with 20% H2O/He as
reported recently [28,29]. No CH4 or higher hydrocarbons were
measured besides small amounts of benzene (use of HPLC).
For the latter component, the corresponding phenol conversion
was estimated to be <5%. These results support the reaction
scheme described previously (see Section 2.3). The following
discussion is offered in an attempt to explain the role of support
composition on the catalytic behavior of supported Fe solids
(Fig. 5 and Table 5).

3.2.1.1. x wt% CeO2–Al2O3 versus x wt% MgO–Al2O3

5 wt% Fe supported on x wt% CeO2–Al2O3 solids exhibit
better catalytic performance in terms of phenol conversion, hy-
drogen selectivity, and yield (mol%) compared with the same
amount of iron supported on x wt% MgO–Al2O3 solids. Ac-
cording to XRD studies (see Section 3.1.2), the spinel phase
of MgAl2O4 was detected in the latter catalytic systems, where
it was reported to be practically inactive in steam reforming
reactions [68]. Furthermore, based on the Mössbauer studies
presented and discussed previously (Section 3.1.5), the spinel
phase of Mg1−xFe(II)

x−3aFe(III)
2a [ ]Al2O4 was suggested to be

part of the Fe/MgO–Al2O3 catalyst composition. In addition,
Sanchez and Gazquez [66] reported that CeO2 did not favor
penetration of Fe into the ceria-promoted alumina support. It
can be speculated whether the higher percentage of Fe3+ in
the Fe/x wt% CeO2/γ -Al2O3 solids compared with Fe/x wt%
MgO/γ -Al2O3 (see Tables 3 and 4) under phenol steam re-
forming could be one reason for their higher activity toward H2

formation.
It has been recently reported [69] that MgO and CeO2 con-

tribute significantly to steam reforming of the phenol reaction
path through –OH and/or H back-spillover onto the iron/iron
oxide surfaces. It is known that γ -Al2O3 has a large reservoir
of hydroxyl groups that favors their back-spillover or that of
adsorbed water to the metal surface of M (or MOx )/γ -Al2O3

catalysts [70].
The aforementioned factors support the view that the amount

of active sites in both iron oxide (see Section 3.1.5) and MgO-
Al2O3 phases might be lower for Fe/x wt% MgO-Al2O3 than
for Fe/x wt% CeO2-Al2O3. A precise quantification of the ex-
tent of decrease of the iron oxide and support active sites in
the former catalytic systems compared with the latter cannot be
done from the results of the present work, however.

According to the results reported in Table 5, the amount of
accumulated “carbon” on Fe/10MgO-Al2O3 at 700 ◦C is about
24% greater than that deposited on Fe/10CeO2-Al2O3. More-
over, at 600 ◦C (not presented in Table 5), the amount of ac-
cumulated “carbon” was 55% greater on the former than on
the latter (790 vs. 510 µmol-C/g). Similar behavior was seen
for the Fe/20MgO-Al2O3 and Fe/20CeO2-Al2O3 catalysts (Ta-
ble 5). These important results provide evidence that CeO2-
Al2O3 more strongly facilitates gasification by steam of car-
bonaceous deposits toward CO, CO2, and H2, thus explaining
the H2 product yield (mol%) behavior shown in Fig. 5.

Basicity measurements obtained over the 20% MgO/γ -
Al2O3, γ -Al2O3, and 20% CeO2/γ -Al2O3 supports showed
that the latter exhibited the largest specific amount of basic
sites (1.33 µmol/m2) compared with the other two supports
(0.80 µmol/m2 for 20% MgO/γ -Al2O3 and 0.76 µmol/m2 for
γ -Al2O3). This result, together with the BET values of the three
solids (see Section 3.1.1), is in harmony with the activity re-
sults shown in Fig. 5, where enhanced support basicity would
be expected to result in increased water chemisorption, thereby
leading to enhanced gasification of deposited “carbon” [71], as
well as of the rate of –OH and/or H back-spillover [69].

According to the H2-TPR results of Fig. 2 (and other results
not reported here), the amount of reducible oxygen species at
100–800 ◦C for the Fe/20CeO2-Al2O3 and Fe/20MgO-Al2O3
catalysts were 700 and 438.9 µmol-O/g, respectively. Similarly,
for the Fe/10CeO2-Al2O3 and Fe/10MgO-Al2O3 catalysts, the
amount of reducible oxygen species was 394 and 360 µmol-
O/g, respectively. According to recent investigations [69], la-
bile oxygen species are likely important intermediate species of
the steam reforming of phenol over MgO- and CeO2-supported
Rh catalysts; therefore, these findings could provide additional
explanations for the higher H2 product yields obtained on
CeO2-Al2O3-supported compared with MgO-Al2O3-supported
Fe catalysts.

3.2.1.2. Superiority of the 50Mg-50Ce-O support According
to the catalytic results reported in Table 5, iron supported on the
mixed oxide 50Mg-50Ce-O prepared by the sol–gel method ex-
hibited by far the highest H2 yield of the supported Fe catalysts.
In what follows, the main factors supported by the present work
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that reasonably explain the catalytic performance of the 5 wt%
Fe/50Mg-50Ce-O catalyst are discussed.

Based on the Mössbauer studies (Tables 3 and 4) con-
ducted over the fresh Fe/50Mg-50Ce-O, Fe/20CeO2-Al2O3,
and Fe/20MgO-Al2O3 catalysts (after H2 reduction at 400 ◦C
for 2 h), only the Fe/50Mg-50Ce-O solid exhibited a small
fraction of iron in the metallic state (Fe0), which under phenol
steam reforming was converted to Fe2+ and Fe3+. As discussed
later (Section 3.2.4), a 10-min reduction in H2 at 650 ◦C af-
ter oxidation at 800 ◦C gave significantly higher H2 product
rates than would have been obtained had reduction not been
performed over the 5 wt% Fe/Mg-Ce-O catalyst. It can be spec-
ulated that the reduction of supported Fe3+ to Fe2+ is favored
when Mg-Ce-O is used as an iron support rather than one of the
other metal oxides investigated. In fact, the quadrupole-splitting
variation of the Fe2+ doublet reported in Table 3 for the vari-
ous supported Fe catalysts (same Fe loading, 5 wt%) indicates
a significant variation in iron concentration in the local environ-
ment of Fe2+. This would be expected to have an influence on
the local surface Fe2+ environment.

As already discussed for the MgO-Al2O3 and CeO2-Al2O3
supports, the surface basicity of the support plays an impor-
tant role in the phenol steam reforming reaction. The amount
of basic sites determined for the 50Mg-50Ce-O support was
found to be 0.91 µmol/m2 or 73 µmol/g. This is the second
largest amount among the supports presented in Fig. 5, be-
hind only that of the 20CeO2-Al2O3 solid (1.33 µmol/m2 or
86 µmol/g). The fact that Fe/50Mg-50Ce-O exhibited a 85%
greater H2 product yield (mol% H2) than Fe/20CeO2-Al2O3
(with the latter having 18% more basic sites (µmol/g)), sug-
gests that support surface basicity alone cannot account for the
significantly enhanced of phenol steam reforming activity to-
ward H2 formation.

The Fe/50Mg-50Ce-O catalyst exhibited the largest amount
(747 µmol O/g) of reducible oxygen species among the sup-
ports (Fig. 5) according to a similar H2-TPR experiment pre-
sented in Fig. 2. This amount is only 7% larger than that for
the 20CeO2-Al2O3 and 32% less than that for the 40CeO2-
Al2O3 support. However, the amount of easily reducible oxy-
gen species (in the 150–500 ◦C range) in the 50Mg-50Ce-O
solid was 25% greater than that for 20CeO2-Al2O3 and 18%
greater than that for 40CeO2-Al2O3. In addition, the amount
of “carbon” deposits on Fe/50Mg-50Ce-O at 700 ◦C was 10%
lower than that for Fe/20CeO2-Al2O3 and 6% greater than that
for Fe/40CeO2-Al2O3 (Table 5). These findings suggest that la-
bile oxygen and/or –OH species of Mg-Ce-O support partly
determine the activity of supported Fe catalysts under phenol
steam reforming reaction conditions through a back-spillover
process, as reported previously [69].

3.2.1.3. Effects of ceria loading (Fe/x wt% CeO2-Al2O3)
Here we discuss the effects of ceria loading on the catalytic
activity of Fe/x wt% CeO2-Al2O3 based on the results of the
present work. Table 5 shows that increasing the amount of
deposited CeO2 on alumina from 10 to 40 wt% resulted in
significantly increased H2 product yield (by 65%) and phenol
conversion. At the same time, the CO/CO2 product ratio de-
creased by a factor of two, whereas the amount of deposited
“carbon” (µmol-C/g) also decreased significantly (by 30%; see
Table 5). Furthermore, the amount of reducible oxygen species
in x wt% CeO2-Al2O3 supports increased significantly with in-
creasing ceria loading (see Section 3.1.3). These results clearly
illustrate the important role of labile oxygen present in ceria to
promote “carbon” gasification, as well as the water–gas shift
reaction [72].

It also has been reported [35,73] that stabilization of γ -alu-
mina against thermal sintering is promoted by ceria, which
could lead to an increase in Fe dispersion [35,74]. However,
the Fe2O3 particle size determined by XRD on the used 5 wt%
Fe/x wt% CeO2/Al2O3 solids (x = 10, 20, and 40) was found
to differ by only 17% (see Section 3.1.2). Therefore, the cat-
alytic results presented in Fig. 5 and Table 5 are due mainly
to the reasons discussed in the previous paragraph. It has been
reported that partially reduced CeOx entitites (x < 2) are able
to migrate onto metal particles (M/CeO2 system), thus block-
ing active sites [75]. This migration cannot be excluded in the
present catalytic system; if this did occur, it would be favored
over the smaller CeO2 crystallites (the case of Fe/10% CeO2-
Al2O3).

3.2.1.4. CO/CO2 product ratio The CO/CO2 product ratio
obtained at 700 ◦C for the seven different supports (Table 5)
was found to be in the 0.24–2.4 range, a difference of an order
of magnitude. This indicates the strong effect of the support on
the rates of reactions (2) and (3), which control the overall H2,
CO, and CO2 product yields. The fact that the 50Mg-50Ce-O
support exhibits the largest hydrogen product yield (mol% H2)
and the lowest CO/CO2 product ratio (Fig. 5 and Table 5) sup-
ports the view that this particular support composition largely
promotes the WGS reaction (3).

3.2.2. Effects of iron loading (x wt% Fe/Mg-Ce-O)
Fig. 6a shows the effect of Fe loading of x wt% Fe/50Mg-

50Ce-O catalysts on the H2 integral specific reaction rate
(µmol-H2/(g s)) after 30 min on reaction stream at 600, 650, and
700 ◦C. It is seen that reaction rate went through a maximum
at the Fe loading of 5 wt% for all three reaction temperatures
studied. Note that H2 production arises from both reactions (2)
and (3) (see Section 2.3), and thus the plotted H2 reaction rate is
the sum of the rates in the given network of reactions involved
in the steam reforming of phenol.

Fig. 6b reports the amount of “carbon” deposited (see Sec-
tion 3.2.1) on each of the four supported Fe catalysts investi-
gated at 600 and 700 ◦C after 30 min of phenol steam reform-
ing. It is shown that as Fe loading increased, “carbon” accu-
mulation on the catalyst surface also increased. This increase
appears to be significant when Fe loading increased from 5 to
10 wt% and at the highest temperature of 700 ◦C (Fig. 6b).

Based on the results of Figs. 6a and b, it could be argued that
a monotonic increase in an important parameter that largely af-
fects reaction rate with increasing Fe loading can justify the
existence of a maximum in the H2 reaction rate versus Fe load-
ing relationship (Fig. 6a). This is so because the reaction rate
is expected to be inversely proportional to the amount of de-



142 K. Polychronopoulou et al. / Journal of Catalysis 241 (2006) 132–148
Fig. 6. Dependence of (a) hydrogen integral specific reaction rate
(µmol-H2/(g s)), and (b) “carbon” deposition on Fe loading (wt%) and re-
action temperature for the Fe/50Mg-50Ce-O catalyst. Reaction conditions:
0.25% C6H5OH/20% H2O/He; t = 30 min; W = 0.15 g; FT = 100 NmL/min;
GHSV ≈ 80,000 h−1.

posited carbon. According to the preceding discussion about
the role of Fe2+ on catalyst activity (see also Section 3.2.4), it
could be stated that if the Fe2+ surface concentration increased
monotonically with increasing Fe loading, then this along with
the relationship of deposited “carbon” versus Fe loading ob-
served (Fig. 6b) could provide a way to reasonably understand
the catalytic activity results in Fig. 6a.
3.2.3. Comparison with a commercial Ni-based catalyst
Table 6 reports reaction gas product composition (mol%),

phenol conversion, H2 reaction selectivity, and “carbon” depo-
sition after 30 min on reaction stream in the 600–750 ◦C range
over a commercial nickel catalyst (44 wt% NiO/γ -Al2O3, Süd-
Chemie, code C11-PR) used in tar steam reforming reactions. It
also reports similar results for the 5 wt% Fe/50Mg-50Ce-O cat-
alyst. The commercial catalyst exhibited superior H2 product
yield (mol%) and selectivity compared with the Fe/Mg-Ce-O
catalyst, but a similar amount of deposited “carbon,” at 600
and 650 ◦C. However, at the highest reaction temperature of
700 ◦C, the commercial catalyst exhibited only 20% more H2

yield than the Fe/Mg-Ce-O catalyst and a similar amount of de-
posited “carbon.”

Results of the H2-specific integral production rate (per g of
metal) and conversion of the WGS reaction in the 600–700 ◦C
range are presented in Figs. 7a and b, respectively, for the two
catalytic systems. The Ni-based catalyst exhibited greater spe-
cific activity than the Fe/Mg-Ce-O catalyst at 600 and 650 ◦C,
but lower (by a factor of 2.5) at 700 ◦C. In contrast, the Fe-
based catalyst had a greater (by 15–20 percentage units) CO
conversion (WGS reaction), in good agreement with the liter-
ature [10]. The CO/CO2 product ratios for the 5 wt% Fe/Mg-
Ce-O and Ni-based commercial catalyst were 0.24 and 10.3 at
700 ◦C and 0.52 and 1.25 at 600 ◦C. These are important find-
ings in terms of the practical application of steam reforming of
organic molecules to produce H2 gas of low CO content for use
in fuel cells. The lower the CO content the less hydrogen gas
will be consumed in a subsequent methanation catalytic reac-
tor (CO/H2 → CH4 + H2O), and thus the less carbon should be
formed on the catalyst surface (deactivation phenomenon).

The results of Table 6 and Fig. 7 suggest that the 5 wt%
Fe/50Mg-50Ce-O catalyst developed in the present work could
be further considered and studied for practical use in tar steam
reforming reactions in fluidized-bed reactors as an alternative
to Ni-based catalysts, because nickel mass loss in the environ-
ment during operation of such reactors must be avoided due to
toxicity concerns.
Table 6
Catalytic performance of DOLII, Ni-commercial, Fe/50Mg-50Ce-O and 50Mg-50Ce-O solids for the phenol steam reforming (0.25% C6H5OH/20% H2O/He) after
30 min on stream in the 600–700 ◦C range

Catalyst T

(◦C)
H2
(mol%)

CO
(mol%)

CO2
(mol%)

X

(%)
SH2
(%)

Carbon
(µmol-C/g)

35 wt% Ni/γ -Al2O3
(commercial)

600 3.18 0.76 0.61 70 71.4 361
650 3.59 1.81 0.10 78 80.7 345
700 3.86 1.77 0.17 84.3 87.2 285

DOLII 600 0.17 0.04 0.05 2.2 2.9 480
650 0.73 0.08 0.13 14.3 12.3 440
700 1.83 0.45 0.58 36 30.9 428

5 wt% Fe/Mg-Ce-O 600 0.51 0.08 0.15 2.5 8.9 353
650 0.8 0.13 0.25 30.4 14.0 320
700 3.2 0.25 1.03 63.3 54.3 260

50Mg-50Ce-O 600 0.015 0.004 0.005 0.1 0.3 –a

650 0.05 0.012 0.016 1.8 1.7 –a

700 0.118 0.028 0.038 2.3 1.9 –a

a Not measured.
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Fig. 7. Comparison of (a) hydrogen integral specific reaction rate (mmol-
H2/(gm s)), and (b) conversion of water–gas shift reaction obtained in the
600–700 ◦C range between 5 wt% Fe/50Mg-50Ce-O and commercial Ni-based
(C11-PR, Süd-Chemie) catalysts. Reaction conditions: 0.25% C6H5OH/20%
H2O/He; t = 30 min; W = 0.15 g; FT = 100 NmL/min; GHSV ≈ 80,000 h−1.

3.2.4. Stability of 5 wt% Fe/Mg-Ce-O catalyst under
consecutive reaction cycles

As pointed out in the Introduction, the present work was mo-
tivated by the AER process used in a fast-recycled fluidized-bed
reactor [26,27], in which in about 3–5 min the catalytic bed ma-
terial is transformed from the reaction zone to the combustion
one for regenerating the CO2 absorbent material and burning
the accumulated “carbon” deposits. Thus, it was important to
test the phenol steam reforming activity of the 5% Fe/50Mg-
50Ce-O catalyst under consecutive oxidation → reaction, and
oxidation → reduction → reaction cycles.

Fig. 8a compares the H2 product concentration obtained af-
ter consecutive oxidation → reaction cycles at 650 ◦C (with
oxidation performed with air at 800 ◦C for 3 min). The cycle
numbered 0 in Fig. 8 refers to the activity of the catalyst before
the first cycle was applied. The activity of the catalyst decreased
with increasing oxidation → reaction cycles (Fig. 8a); in partic-
ular, the initial activity dropped by about 50% after 14 consec-
utive cycles. However, after the sixth cycle, the catalyst activity
remained practically the same.

Fig. 8b compares the H2 product concentration obtained
after consecutive oxidation → reduction → reaction cycles at
650 ◦C (with reduction performed with a 25% H2/He gas mix-
ture for 10 min). The deactivation thus obtained accounted for
only 25% (based on the 14th cycle), considerably less than
that obtained under the oxidation → reaction cycles (Fig. 8a).
Fig. 8. H2 product concentration (mol%) obtained after consecutive
(a) oxidation → reaction, and (b) oxidation → reduction → reaction cycles for
short times at 650 ◦C over the 5 wt% Fe/50Mg-50Ce-O catalyst. Reaction feed
gas: 0.25% C6H5OH, 20% H2O, He balance gas; oxidation step: air at 800 ◦C
for 3 min; reduction step: 25% H2/He at 650 ◦C for 10 min; reaction step, 5 min.

The effect of H2 reduction at 650 ◦C was to increase the ini-
tial fraction of iron (III) oxide reduction to Fe2+/Fe0, accord-
ing to the work of Boudart et al. [45] on Fe/MgO, a result
that seems to enhance phenol steam reforming to H2 forma-
tion for the first 5 min of the reaction. It is speculated that the
oxidation → reduction → reaction cycles also better promote
favorable iron/iron oxide particle morphologies compared with
the oxidation → reaction cycles, a phenomenon that also may
affect catalytic activity. This is a fundamental aspect that merits
further investigation.

According to the XPS results (Fig. 3), after the first oxida-
tion, the oxidation state of Fe was that of Fe3+, whereas after
reduction, 13% of the surface Fe3+ was reduced to Fe2+. The
Fe3+ reduction increased by 13, 21, and 23% after the first,
second, and third oxidation → reduction cycles, respectively.
These results are in agreement with the stabilization of iron in
the 2+ oxidation state during the phenol steam reforming reac-
tion according to the Mössbauer studies (Table 3).

The presence of carbonate species on the catalyst surface
was evidenced by XPS, where during oxidation → reduction
cycles their concentration decreased to a greater extent under
reducing conditions than under oxidizing conditions. This de-
crease could be related to the observed catalyst deactivation
(Fig. 8), given the fact that carbonates may hinder to some ex-
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tent the back-spillover of oxygen/OH species from the support
to the metal [76], an essential step in phenol steam reform-
ing [69].

3.3. Catalytic performance of natural materials

Haematite and olivine ((Mg, Fe)2SiO4) were investigated in
the present work for their catalytic activity toward phenol steam
reforming. Both solids were calcined in air at 800 ◦C for 2 h,
and haematite was also reduced in pure H2 at 400 ◦C for 2 h
before the catalytic measurements. These materials appeared to
be practically inactive at reaction temperatures below 700 ◦C
(H2 (mol%) < 0.4; Fig. 9a). At 700 ◦C, olivine had a higher
H2 yield than haematite, likely due to the presence of MgO
in the olivine, which is known to promote tar steam reform-
ing [77–79]. On the other hand, both materials had significantly
lower H2 yields (10 and 30 times lower, respectively) than the
5% Fe/50Mg-50Ce-O catalyst at 700 ◦C (Fig. 9a).

The four natural CO2 absorbent materials (calcites and
dolomites), with the exception of DOLII, were practically inac-
tive at 600 ◦C (Fig. 9b). The dolomites exhibited better catalytic
activity than the calcites at 650 and 700 ◦C, whereas DOLII ap-
peared to be better than D4, a result in agreement with their

Fig. 9. H2 product concentration (mol%) obtained over (a) 5 wt%
Fe/50Mg-50Ce-O, hematite, and olivine, and (b) natural materials: calcites (1),
(4); dolomite D4 (2), and DOLII (3); olivine (5). For comparison, the 5 wt%
Fe/50Mg-50Ce-O catalyst (6) is also shown. Reaction conditions: 0.25%
C6H5OH/20% H2O/He; t = 30 min; W = 0.15 g; FT = 100 NmL/min;
GHSV ≈ 80,000 h−1.
exposed surface areas (12.4 vs. 6.4 m2/g). Table 6 presents the
catalytic performance of DOLII in the 600–700 ◦C range. At
700 ◦C, a H2 concentration of 1.83 mol% was obtained, com-
pared with 3.2 mol% for 5% Fe/50Mg-50Ce-O (Table 5). The
catalytic activity results shown in Fig. 9b suggest that DOLII
behaved better than calcites, due to the stabilizing effect of
MgO against sintering of CaO [80]. DOLII had a significantly
higher amount of “carbon” deposits on the surface than did
Fe/Mg-Ce-O (see Table 6).

3.4. Mechanistic aspects of phenol steam reforming over
supported and nonsupported Fe catalysts

Scheme 1 provides the essentials of the mechanisms pro-
posed in the literature for the steam reforming of phenol and
of similar to phenol molecules over metal oxides, including
the natural materials, MgO, and iron oxides (Fe/Mg-Ce-O cat-
alyst) used in the present work. Adsorption of phenol onto
a metal oxide surface is the result of interaction of the π -
electron system and the aromatic –OH group with two ad-
jacent surface hydroxyl groups (Scheme 1a). The latter are
populated on the metal oxide surface via a H2O dissociative
chemisorption step during the steam reforming reaction. This
dual site adsorption mechanism has been proposed for the ad-
sorption of chlorobenzene on the surface of ZnO [81] and
by Corella et al. [79] for the steam reforming of phenathrene
(tar species). Pohle [82] suggested that on silica with a high
concentration of surface hydroxyls, fluorobenzene can be re-
tained in a dual adsorption site such that interaction of fluo-
rine atoms with surface OH groups (hydrogen bonding) and
the interaction of π -electrons of the aromatic ring with sur-
face OH groups contribute to adsorption of the organic mole-
cule. Opening of the benzene ring by this adsorption mode
leads to several successive elementary steps toward formation
of H2, CO, CO2, and other adsorbed CxHy species (“carbon”
deposits) [79].

Scheme 1b shows the adsorption mode of phenol on the
iron oxides surfaces [83] for the present Fe/Mg-Ce-O cat-
alytic system, where under steam reforming the predominant
phases of iron are those of Fe2O3 and FeO. Phenol is ad-
sorbed dissociatively on the iron oxide surface to form sur-
face phenoxy species [84], a type of bonding that is much
stronger than the bonding between water and iron oxide, and
is not replaced by water [83]. The derived hydrocarbon frag-
ments from the phenoxy adsorbed species are oxidized by la-
bile O and/or –OH species of support via a back-spillover
process [69], and by –OH groups residing on iron oxides sur-
faces to form H2, CO, and CO2 (bifunctional catalysis; see
Scheme 1b).

According to the catalytic results given in Table 6, the con-
tribution of Mg-Ce-O support alone via the dual-site mech-
anism presented in Scheme 1a is minor compared with the
Fe/Mg-Ce-O catalytic surface (Scheme 1b). Finally, it should
be noted that the WGS reaction also occurs, further contribut-
ing to H2 and CO2 formation.
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Scheme 1. (a) Adsorption mode mechanism of phenol during steam reforming reaction on MgO and CeO2. (b) Adsorption mode of phenol and water over Mg-Ce-O
supported iron oxides. The –OH back-spillover mechanism from the support to the iron oxide crystallites during phenol steam reforming is indicated.
3.5. Steam reforming of phenol in the presence of CO2

absorbent

Fig. 10a presents transient response curves of H2 produc-
tion on the switch He → C6H5OH/H2O/Ar/He at 650 ◦C over
a catalytic bed (0.45 g) consisting of 5% Fe/Mg-Ce-O mixed
with SiO2 or dolomite DOLII (1:2 w/w), and also of DOLII
mixed with SiO2 (2:1 w/w). The figure also shows the theo-
retical transient response curve of H2 that would be obtained
if no AER effect were present (i.e., the sum of H2 response
curves due to Fe/Mg-Ce-O and DOLII alone). Based on this
analysis, the Fe/Mg-Ce-O catalytic system had higher H2 prod-
uct concentrations (solid line) in the presence of DOLII than in
the absence of DOLII during the first 20 min of reaction. After
20 min on reaction stream, the estimated AER was about 27%,
compared with 80% at shorter reaction times (e.g., 5 min). In
other words, an 80% increase in H2 production was obtained
when DOLII was present in the catalytic bed along with the
Fe/Mg-Ce-O catalyst after 5 min of reaction. It should be noted
here that the Ar response curve (not shown in Fig. 10) appeared
very close to the y-axis; thus, the time delay of about 2.5 min
observed in Fig. 10 is due purely to kinetic effects related to the
steam reforming of phenol reaction.

As seen in Fig. 10a (solid line), the transient H2 produc-
tion was always larger than the theoretical H2 production. It
should be clarified at this point that after about 30 min of re-
action, the experimental response of H2 concentration due to
the AER effect became similar to the theoretical one, as would
be expected. This is true because CO2 chemisorption on DOLII
under phenol steam reforming reaches a saturation value, and
thus the AER effect should become zero. The time of saturation
of DOLII with CO2 depends on various parameters, including
the number of sites for CO2 chemisorption per gram of solid
(DOLII and Mg-Ce-O support), the actual CO2 gas concentra-
tion around the solid particles, the reaction temperature, and
the heat of CO2 chemisorption related to DOLII and Mg-Ce-O
solids. The results of Fig. 10a demonstrate that DOLII is a suit-
able material for significantly enhancing H2 formation in phe-
nol steam reforming for short reaction times.
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Fig. 10. Transient response curves of H2 (a) and CO2 (b) obtained at 650 ◦C
over the 5 wt% Fe/50Mg-50Ce-O catalyst in the presence and absence of
DOLII CO2-absorbent, and over the DOLII alone according to the sequence:
He → 0.25% C6H5OH/20% H2O/Ar/He (t). The theoretical transient response
curves of H2 and CO2 formation calculated as the sum of the correspond-
ing curves due to Fe/Mg-Ce-O and DOLII alone are also presented. The
weight ratio of Fe-based catalyst and DOLII in the catalytic bed is 1:2 (w/w).
W = 0.45 g.

Fig. 10b shows transient response curves of CO2 produc-
tion corresponding to those of H2. The CO2 transient response
during the first 20 min of reaction obtained over the Fe/Mg-
Ce-O + DOLII catalytic bed appears to be lower than the the-
oretical one. Thus, DOLII is able to chemisorb additional CO2
produced during phenol steam reforming. The CO2 uptake by
DOLII under phenol steam reforming cannot be estimated from
the CO2 transient response curves of Fig. 10b; therefore, the
following experiment was designed to estimate the amount of
CO2 chemisorption under steam reforming of phenol reaction,
confirming the AER process of phenol toward further H2 pro-
duction (Fig. 10a).

3.6. Probing the AER effect under steam reforming of phenol

After a 30-min phenol steam reforming reaction at 650 ◦C, in
which practically no AER of phenol occurred (see Section 3.5),
the feed was changed to pure He for 65 min until a low CO2
signal was obtained (Fig. 11), at which point the temperature
of the catalytic bed material was increased to 800 ◦C in He flow
Fig. 11. Isothermal and TPSR response curves of Ar and CO2 obtained in
He flow following phenol steam reforming at 650 ◦C for 30 min over the
5 wt% Fe/50Mg-50Ce-O + DOLII catalytic bed material. The weight ratio of
Fe/Mg-Ce-O and DOLII in the catalytic bed is 1:2 (w/w). W = 0.45 g.

(TPSR, β = 25 ◦C/min). Fig. 11 presents the transient response
curves of Ar and CO2 obtained under the isothermal and TPSR
experimental runs over the Fe/Mg-Ce-O+DOLII catalytic bed.
At t = 0, the CO2 concentration was that obtained after a 5-min
flush in He of the reactor effluent stream. The total amount
of CO2 uptake (determined by integrating the CO2 response
curve relative to the Ar curve) was found to be 327.5 µmol CO2
per gram of catalytic bed. The amount of CO2 desorbed is at-
tributed to that absorbed by both DOLII and Mg-Ce-O solids
during phenol steam reforming. To estimate the contribution
of the Mg-Ce-O support to the total CO2 uptake by the cat-
alytic bed material, the same experiment was conducted over
the Fe/Mg-Ce-O + SiO2 catalytic bed. The estimated amount
of CO2 desorbed was 102 µmol CO2/g. A blank experiment
performed with SiO2 alone showed no CO2 uptake. Thus, the
amount of CO2 absorbed by DOLII after 30 min of phenol
steam reforming was 225.5 µmol CO2/g of catalytic bed ma-
terial. This amount corresponds to only 20% of that estimated
from CO2 equilibrium chemisorption experiments (10 vol%
CO2/N2) performed over DOLII at 650 ◦C using thermogravi-
metric analysis [26]. Due to the catalytic activity of DOLII, it
is reasonable to expect some of the CO2 chemisorption sites to
be covered by carbonaceous deposits (active or inactive) which
are found in the phenol steam reforming reaction path.

In the case of olivine (CO2 absorbent material), the CO2 up-
take estimated under phenol steam reforming was found to be
33 µmol-CO2/g of olivine. The natural CO2 absorbent mate-
rials of olivine, A2 and A3, were no better in promoting the
AER of phenol. CO2 chemisorption experiments at 25 ◦C fol-
lowed by TPD (β = 30 ◦C/min, W = 0.3 g) conducted over the
DOLII and A3 solids revealed that a lower bonding strength of
CO2 on DOLII than on A3 (TM = 525 ◦C vs. 720 ◦C). It ap-
pears that under phenol steam reforming reaction conditions,
the amount of “carbon” deposits on the CO2 absorbent mate-
rial is an important parameter for determining the actual CO2
uptake. Adsorption of water was found to weaken the bond be-
tween CO2 and CaO [85] and to promote the sintering of MgO
crystallites [86]. Furthermore, conversion of CaO to Ca(OH)2
is possible under the given reaction conditions. These findings
give reasonable explanations for the different AERs of phenol
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promoted by CaO and MgO in the dolomites and calcite mate-
rials examined.

4. Conclusions

The following main conclusions can be derived from the re-
sults of the present work:

(a) The support chemical composition was found to strongly
influence the rate of steam reforming of phenol toward H2

formation, the CO/CO2 product ratio, and the amount of
“carbon” deposits over supported Fe catalysts in the 600–
700 ◦C range.

(b) There was an optimum loading of Fe in the 1–10 wt% range
(5 wt%) for maximum H2 yields during steam reform-
ing of phenol over Fe/50Mg-50Ce-O catalysts, whereas the
amount of “carbon” deposits increased with increasing Fe
loading.

(c) The stability of the 5 wt% Fe/Mg-Ce-O catalyst af-
ter consecutive oxidation → reaction (at 650 ◦C) and
oxidation → reduction → reaction cycles of short dura-
tion was found to decrease only up to the sixth cycle for the
former and up to the seventh cycle for the latter. However,
only a 25% decrease in the initial rate was observed when
an intermediate H2 reduction step was applied, compared
with a 60% decrease when no intermediate H2 reduction
step was applied. The initial reduction of Fe3+ to Fe2+/Fe0

is suggested to enhance H2 product yield under short reac-
tion times.

(d) DOLII CO2 absorbent produced the greatest effect on im-
proving the H2 product yield under short reaction times in
the steam reforming of phenol over the 5 wt% Fe/50Mg-
50Ce-O catalyst, compared with olivine and calcite CO2

absorbent materials.
(e) Mössbauer studies performed over various supported Fe

catalysts revealed that Fe was present as Fe2+ and Fe3+
during phenol steam reforming, with the Fe2+/Fe3+ ra-
tio depending on the support chemical composition. In the
most active 5 wt% Fe/Mg-Ce-O catalyst, 65% of the total
iron was found in the Fe2+ oxidation state.

(f) The 5 wt% Fe/50Mg-50Ce-O catalyst developed in the
present work performed very well in phenol steam reform-
ing at 700 ◦C compared with a Ni-based commercial cat-
alyst used in tar steam reforming. A significantly lower
CO/CO2 ratio was obtained with the former compared with
that obtained with the latter. Thus, the Fe/Mg-Ce-O catalyst
should be further investigated for practical use in the steam
reforming of tar.
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