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ABSTRACT 

This paper reports the synthesis 
and the investigation of the 
properties and performance of 
Fe-Al catalysts modified with Cu 
or Co for the steam reforming 
of ethanol. The materials were 
prepared by the precipitation 
method with different Fe/Al 
ratios. The samples were 
characterised by the SBET, 
TG/DTG, XRD, H2-TPR and TPO/DTA analyses. The increase in the Fe/Al ratio leads to a decrease in the 
specific surface area and shifts the reduction peaks towards higher temperatures. The partial 
substitution of Fe by Co or Cu modifies the structure of the materials because higher specific surface 
areas and crystallites of iron oxides with smaller sizes are formed. The promotion also improves the 
reducibility of the iron species. These changes provide higher activity and selectivity towards H2 and CO 
for the modified samples and for the samples with lower Fe/Al ratio. The Co-containing catalyst showed 
the best performance because this sample exhibited the highest conversions and selectivity towards 
both H2 and CO and the lowest formation of coke according to the TPO analysis. 

Keywords: Iron catalyst, precipitation method, mixed oxides, steam reforming, cobalt, copper, coke. 
 
 
1. Introduction 
 
The processes involving wastes derived from biomass feedstock arise as interesting alternatives taking 
into account the needs for the minimisation of landfill disposal and the depletion of the crude 
petroleum reserves and consequently oscillation on its price (de Souza et al., 2012a; Ponton Lozano 
et al., 2014). The steam reforming of bio-wastes is a promising route because it can originates hydrogen 
and synthesis gas (a mixture of H2 and CO) from renewable resources. The use of hydrogen for fuel cells 
still requires greater efforts in terms of research and development before large scale application of this 
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technology. The questions related to the cost of this new infrastructure and the efficiency matters that 
would be required for a future hydrogen society could lead to the production of synthetic liquid fuels 
instead of only hydrogen (Huber et al., 2005; Rostrup-Nielsen, 2005). Hydrocarbons and a wide range of 
other chemicals can be produced from the conversion of synthesis gas originated from biomass 
resources (such as rich ethanol wastes) through the Fischer-Tropsch Synthesis (FTS) or processes 
involving the synthesis and further transformation of methanol. Moreover, the FTS technology produces 
ultra clean diesel oil fraction with high cetane number and without any sulfur and aromatic compounds 
(Lira et al., 2008), thus preventing the emission of pollutants such as particulates, benzene, toluene, 
polycyclic aromatic hydrocarbons (PAH) and SOx. 

The development of catalysts is crucial for the feasibility of the steam reforming of ethanol for 
commercial scale. Several catalysts have already been studied, mostly based on Ni (Zhang et al., 2009a; 
Wang and Wang, 2010), Co (Song et al., 2011; Espinal et al., 2012; Davidson et al., 2013) or noble metals 
such as Ir, Rh and Pd (Galvita et al., 2001; Zhang et al., 2008a; González Vargas et al., 2013; Coronel 
et al., 2014). However, nickel is still the preferred option because of its high activity for the reforming 
reaction and lower price (Dias and Assaf, 2003; Jones et al., 2008). The literature does not report results 
for steam reforming of ethanol over Fe-based catalysts. However, its’ much cheaper price (Dry, 2002), 
apparently moderate activity for reforming (Jones et al., 2008) and interesting results involving the 
decomposition of ethanol (Li et al., 2008; Wang et al., 2011) are incentives to the investigation of Fe-
bulk materials for the steam reforming of ethanol reaction. 

This paper reports the study of Fe-Al catalysts for the steam reforming of ethanol, herein representing 
rich ethanol wastes. The samples were prepared by the precipitation method with different Fe/Al ratios. 
Also, the modifications on the structure and catalytic performance provided by the partial substitution 
of Fe3+ by a divalent metal (Cu2+ or Co2+) was investigated in this work. 
 
2. Methods 
 

2.1 Preparation of samples 

The samples were synthesised with different Fe/Al molar ratios by the continuous co-precipitation 
method described earlier (de Souza et al., 2012a). The Fe-Al samples were prepared from an aqueous 
solution containing the Fe(III) and Al(III) nitrates. The aqueous solutions for the modified samples also 
contained the Co(II) or Cu(II) nitrates. An aqueous solution containing NaOH and Na2CO3 (1:1 v/v) was 
used as the precipitant. The solutions were continuously fed into a continuous stirred tank reactor 
(CSTR) kept at constant temperature (60 ± 1°C) and pH (9 ± 0.1). After crystallisation at 60°C for 1 h, the 
precipitate was filtered and washed with distilled and deionised water. After drying at 80°C for 24 h in 
an oven, the samples were crushed and sieved. The fraction with particle sizes between 355 and 500 µm 
was taken. The thermal treatment was conducted under an air flow of 50 mL min-1 at 600°C for 6 h. 

2.2 Catalytic evaluation 

The catalysts were reduced in situ under 100 mL min-1 of pure H2 flow for 1 h at 600 °C prior to the 
catalytic evaluation. The steam reforming reactions were performed in a quartz tubular fixed bed 
reactor (6 mm i.d.) loaded with 100 mg of catalyst. The tests were performed under atmospheric 
pressure at 600°C. The flow rate of nitrogen was adjusted to 100 mL min-1 through a mass flow 
controller. The ethanol-water mixture (1:1 molar ratio) was fed by a syringe-type micro-pump at a flow 
rate of 0.5 mL h-1. The products were analysed by gas chromatography. The ethanol conversion and the 
water consumption (Xreact) were defined based on the concentration in the inlet ([React]IN) and outlet 
([React]OUT) streams: 

 react( ) 
[React] N [React]  T

[React] N
 100 (1) 

The selectivity for hydrogen (SH2) and C-containing products (SCi) was evaluated as follows: 
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SH2
 

[H2]

∑  j[H2j]
 (2) 

SCi 
 i[Ci]

∑  j[Cj]
 (3) 

Where [Cj] and [H2j] is respectively the number of moles of C-containing and H2-containing j product in 
the outlet stream and υj is the ratio of stoichiometric reaction coefficients. 

2.3 Characterisation 

The uncalcined samples were characterised by thermogravimetry (TG/DTG). The specific surface area 
(SBET), X-ray diffraction (XRD) and temperature-programmed reduction (H2-TPR) was performed for the 
calcined catalysts. The spent catalysts were investigated by the temperature-programmed oxidation 
coupled with differential thermal analyses (TPO/DTA). 

The TG/DTG and TPO/DTA experiments were conducted using a thermobalance (TA Model SDT600). 
Approximately 10 mg each of the uncalcined (TG/DTG) or the spent sample (TPO/DTA) was purged with 
1000 mL min-1 of nitrogen at 30°C for 10 min before the tests. Then the samples were heated at 10°C 
min-1 to 850°C under a synthetic air flow rate of 100 ml min-1. 

The SBET and H2-TPR data were collected using a multipurpose system equipped with a thermal 
conductivity detector (TCD). A quartz “ -type” reactor was loaded with 100 mg of the calcined sample 
and placed in a temperature-controlled oven. A pretreatment step under nitrogen flow at 250°C was 
conducted for 1 h before the measures. For the H2-TPR analysis, the temperature was increased at a 
rate of 10°C min-1 from 40°C to 900°C. The heating was carried out under 30 ml min-1 of a diluted H2/N2 
mixture (10% v/v). The SBET data was recorded using the N2 dynamic adsorption method at -196°C. 

The XRD patterns were obtained using the powder method for the calcined catalysts. The patterns were 
collected for 2θ between 10 and 70° with a Bruker D2 Phaser  -ray diffractometer. The spectra were 
collected at ambient temperature using CuKα radiation. 
 
3 Results and discussion 
 
Table 1 exhibits the nominal molar composition and the SBET measurements for the calcined catalysts. 

Table 1. Nominal composition and SBET measurements for the calcined samples 

Sample 
Composition (mol. %) 

SBET (m
2 g-1) 

Cu Co Fe Al 

Fe66 0.0 0.0 66.7 33.3 79 

Fe75 0.0 0.0 75.0 25.0 46 

Fe80 0.0 0.0 80.0 20.0 37 

CuFe70 10.0 0.0 70.0 20.0 78 

CoFe70 0.0 10.0 70.0 20.0 78 

Table 1 shows that the specific surface area strongly decreases with decreasing Al content for samples 
with different Fe/Al ratios. This trend highlights the role of aluminium as a structural promoter for the 
precipitated samples. Despite involving another metal with different oxidation state, the same 
behaviour was observed for Co-Al precipitated catalysts (Hermes, 2010). The substitution of 10 mol. % 
of iron by copper or cobalt significantly increases the specific surface area. The combination of both 
trivalent elements (Fe3+ and Al3+) probably does not provide the formation of mixed oxides, which are 
known to possess high specific surface area. On the other hand, the presence of the divalent metals 
(Cu2+ or Co2+) would allow the formation of mixed oxides, thus the increment on the specific surface 
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area provided by referred metals. Additionally, the presence of copper was told to lead to smaller 
crystallites of Fe2O3, which could also contribute to increase the specific surface area (Wan et al., 2008). 

Figure 1 exhibits the curves related to the thermal decomposition of the uncalcined Fe-Al samples.  
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Figure 1. TG/DTG curves for uncalcined samples 

The DTG peaks related to the decomposition of the precursors are observed at temperatures below 
400°C. The decomposition phenomena might include the water removal at lower temperatures, 
followed by the release of the NO, OH- and CO3

2- compounds generated from the decomposition of the 
precursors (Crepaldi et al., 2000; Frost et al., 2005; Palmer et al., 2009; Hermes et al., 2011). The total 
weight loss in Figure 1 varied with the content of iron and aluminium on samples. However, the DTG 
peaks end at similar temperatures, suggesting that the thermal stability of the Fe-Al samples might be 
approximately the same. Other materials synthesised by the precipitation method with metal nitrates 
and sodium precursors also exhibited the thermal decomposition ending at temperatures below 400°C 
(Zhang et al., 2008b; Hermes et al., 2011). 

The X-ray diffractograms and the H2-TPR profiles for the calcined samples are showed in Figure 2-a and 
2-b, respectively. The XRD patterns in Figure 2-a present diffraction reflections located at 2θ   24.2, 
33.2, 35.6, 40.9, 49.5, 54.0, 57.6, 62.4 and 64.0° for all the samples. These diffraction peaks can be 
ascribed to the hematite phase (Fe2O3). The X-ray diffraction patterns did not point to the formation of 
the hercynite phase (FeAl2O4). The diffractograms are similar to those reported by Zhang et al. (2009b) 
for Fe-Al materials prepared by the sol-gel method. 

The CoFe70 present an additional reflection with weak intensity at 2θ   36.9° that indicates the 
presence of the Co3O4 phase. Regarding the CuFe70 catalyst, the stronger peak ascribed to the tenorite 
phase (Cu ) at 2θ   38.7° was not identified in Figure 2-a, neither the reflections associated to Cu-
containing mixed oxides. The additional phases expected for the CoFe70 and CuFe70 catalysts could not 
be precisely identified due to the low content of cobalt or copper on these samples. However, the 
absence of the aluminium ferrite is in agreement with the specific surface area measurements (Table 1), 
because the partial substitution of Fe by Cu or Co might form the mixed oxides that would lead to the 
increase in the surface area. 

Based on the width at half the maximum intensity for the reflection at 2θ   35.6°, a decrease in the 
crystallinity of the Fe2O3 phase is noted for both the Cu- and Co-modified catalysts compared to the 
Fe80 sample. This peak could also suggest that the partial substitution of Fe by Cu or Co originates Fe2O3 
crystallites with smaller diameters, which would also be expected by the mixed oxides that might be 
formed for these modified samples. 
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The H2-TPR curves are shown in Figure 2-b. Two main reduction peaks can be seen for all the Fe-Al 
samples. The peaks located at temperatures in the range 300-550°C can be ascribed to the reduction of 
the Fe2O3 phase to the Fe3O4 phase and possibly its subsequent reduction to FeO. The overlapped peaks 
starting at 600°C are related to further transformations of the iron oxides to metallic iron. This peak at 
higher temperatures could also be related to the reduction of the FeAl2O4 spinel phase because the 
mixed oxides are told to be thermally more stable and therefore more difficult to be reduced (Vaccari, 
1998; Hermes et al., 2011). Nonetheless, this Fe-Al mixed oxide phase was not identified by the XRD 
analysis (Figure 2-a) and is not expected from the iron precursor adopted (Fe3+). The peak at higher 
temperatures does not finish due to the limit of the equipment for the upper temperature. However, it 
can be seen that the reduction peaks shift towards higher temperatures with increasing Fe/Al ratio. The 
reduction profile found for the Fe-Al samples is similar to that reported for other bulk iron (Hayakawa 
et al., 2006) and Fe-Al materials (Oliveira and Rangel, 2003). 

  

(a) (b) 

Figure 2. (a) XRD patterns and (b) H2-TPR profiles for calcined samples 

For the CoFe70 catalyst, two main peaks are also observed. The first one takes place at approximately 
the same temperature compared to the unpromoted Fe-Al samples. This peak is ascribed to the 
reduction of the Fe2O3 and the bulk cobalt oxides to metallic cobalt. The reduction of Co3O4 to Co0 is 
known to takes place at these temperatures. Additionally to the further reduction of the iron oxides to 
metallic iron, the hydrogen consumption at higher temperatures might also include the reduction of the 
CoAl2O4 phase identified by the XRD analysis (Figure 2-a) (Hermes et al., 2011; Cai et al., 2013; Escobar 
and Perez-Lopez, 2014; Fakeeha et al., 2014).  

The copper-promoted catalyst show a different reduction profile compared to the other catalysts. An 
additional peak is noted at temperatures in the range 135 – 230 °C. This TPR peak is assigned to the 
reduction CuO to Cu0. The peak attributed to the initial reduction of the Fe2O3 phase occurs at lower 
temperatures for the CuFe70 sample. As showed in other papers, the presence of copper shifts the 
reduction of the iron oxides towards lower temperatures. The Cu crystallites nucleate during reduction 
of CuO at lower temperatures, providing H2 dissociation sites capable of reducing iron oxides at 
significantly lower temperatures (Zhang et al., 2006; Wan et al., 2008). The addition of copper also shifts 
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significantly towards lower temperatures the further reduction of the iron oxides to Fe0 and possibly the 
reduction of the Cu-containing mixed oxides. For example, this broad reduction peak starts at ca. 100°C 
lower temperatures compared to the Fe66 sample. The same behaviour was observed for the Cu-Co-Al 
mixed oxides reported by Escobar and Perez-Lopez (2014). 

Figure 3 exhibits the variation of the distribution of products and water consumption with time on 
stream for the steam reforming of ethanol over the Fe66 catalyst. The conversion of ethanol was 
complete during all the reaction. 
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Figure 3. Distribution of products and water consumption with time on stream for the steam reforming 
of ethanol over the Fe66 catalyst 

As illustrated in Figure 3 for the Fe66 catalyst, the distribution of products and the water consumption 
did not change significantly during the catalytic evaluation. For the Fe66 catalyst, the highest selectivity 
values towards hydrogen and carbon monoxide and consumption of water was observed after 2 h, 
although it remains almost at the same level in the period range 2 – 4 h. The main products formed 
during the reaction are H2, CO and CO2. This result highlights the steam reforming of ethanol reactions 
(eq. 4 and eq. 5) that are favoured during all the catalytic evaluation. 

C2H5OH + H2  → 2C  + 4H2  ΔH298K = 256 kJ mol-1 (4) 

C2H5OH + 3H2  → 2C 2 + 6H2  ΔH298K = 174 kJ mol-1  (5) 

On the other hand, other products are observed in Figure 3 because the consumption of water does not 
follow the complete conversion of ethanol. This phenomenon points to reactions involving the 
decomposition of ethanol. The decomposition of ethanol can also form the synthesis gas (eq. 6). The 
methane produced in eq. 6 can be further decomposed to hydrogen and carbon (eq. 7). The ethane and 
ethylene can be produced from the dehydration of ethanol (eq. 8), while oxygenates such as 
acetaldehyde might be formed from the dehydrogenation of ethanol (eq. 9). 

C2H5 H → CH4 + CO + H2  ΔH298K = 49 kJ mol-1 (6) 

CH4 → C(S) + 2H2    ΔH298K = 75 kJ mol-1 (7) 
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C2H5 H → C2H4 + H2O   ΔH298K = 45 kJ mol-1 (8) 

C2H5 H → CH3CHO + H2   ΔH298K = 68 kJ mol-1 (9) 

Table 2 summarises the results collected after 4 h of the steam reforming of ethanol at 600°C. The DTA 
peaks related to the oxidation of carbon and the mass of carbon formed per mass of catalyst (mC mcat

-1) 
estimated by the TPO/DTA analyses of spent catalysts are also shown in Table 2. 

Table 2. Results of the steam reforming of ethanol after 4 h and TPO/DTA data 

Sample 
XH2O 
(%) 

XET 
(%) 

SCO 

(%) 
SH2 

(%) 
H2/CO ratio 
(mol mol-1) 

TPO/DTA analysis 

mC mcat
-1 (gC gcat

-1) DTA Peak (°C) 

Fe66 73 100 49 88 2.7 0.08 581 

Fe75 68 100 45 79 2.7 0.27 561 

Fe80 14 26 10 54 6.0 0.04 514 

CuFe70 48 72 38 70 2.6 0.05 528 

CoFe70 86 100 60 95 2.6 0.01 539 

(EtOH:H2O = 1 mol mol-1; WCAT = 0.1 g; TREA   600°C, FLIQ = 0.5 mL h-1). 

The selectivity towards both the components of the synthesis gas and the water consumption decreases 
with increasing Fe/Al ratio. Therefore, the performance of these Fe-Al samples followed the specific 
surface area measurements in this reaction (Table 1). This worsening in the performance for samples 
with increasing Fe/Al ratio is more evident taking into account the results collected for the Fe80 catalyst. 
This sample exhibited low conversion of ethanol in addition to the lowest values for water consumption 
and selectivity. 

The TPO/DTA analysis revealed lower amount of coke on the Fe66 sample compared to the Fe75 
catalyst. This result is in agreement with the higher consumption of water and selectivity towards H2 and 
CO observed for the Fe66 sample because coke might be gasified by water to generate synthesis gas (eq. 
10). However, this sample might require approximately 20°C higher temperatures for its regeneration 
compared to the Fe75 catalyst. 

C(S) + H2  → C  + H2   ΔH298K = 131 kJ mol-1 (10) 

Regarding the samples in which 10 mol. % of iron was substituted by copper or cobalt, Table 2 shows 
that the modification leads to a significant improvement on the activity and the selectivity towards the 
synthesis gas after 4 h of reaction. This improvement on the performance is expected from the changes 
on the structure of the materials provided by the divalent metal (Cu2+ and Co2+), which leaded to an 
increase in the specific surface area (Table 1), crystallites of iron oxides with smaller diameters (Figure 
2-a) and higher thermal stability ascribed to the mixed oxides (Vaccari, 1998). Moreover, it is expected 
from previous results collected for the decomposition of ethanol (Souza et al., 2012) and to the higher 
activity for the reforming reactions of Co compared to Fe (Jones et al., 2008). The H2/CO ratio of the 
synthesis gas is the same for the CuFe70 and CoFe70 samples and is almost at the same level compared 
to the Fe66 and Fe75 catalysts. The low formation of carbon on the modified samples compared to the 
other samples with different Fe/Al is remarkable. The CoFe70 catalyst exhibited the best performance 
because this sample showed the highest consumption of water, selectivity towards both the H2 and CO 
products and formed the lowest quantity of coke. 

Figure 4-a shows the evolution of the conversion of ethanol and consumption of water with time on 
stream for the Fe80, CuFe70 and CoFe70 catalysts. The corresponding selectivity towards H2 and CO 
with time on stream is showed in Figure 4-b. Figure 4-a depicts the deactivation phenomenon that takes 
place on the Fe80 catalyst. The conversion of ethanol and the water consumption decrease continuously 
after 1 h of reaction for the Fe80 catalyst, thus revealing low thermal stability for this sample. The 
selectivity towards H2 and CO in Figure 4-b follows this behaviour for the Fe80 catalyst. 
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As previously showed in Table 2, the overall performance is enhanced when Fe is partly substituted by 
Cu or Co. Comparing to the Fe80 sample, the modification with copper enhances the activity (Figure 4-a) 
and the selectivity towards H2 and CO (Figure 4-b) of the sample with time on stream. Despite exhibiting 
the same trend, the decrease on the activity during the reaction is less dramatically for the CuFe70 
sample compared to the Fe80 catalyst. The performance for the CuFe70 might be affected by the 
sintering of the Cu0 phase, because the reduction of the CuO phase takes place at low temperatures 
(Figure 2-b), as this phenomenon was observed after decomposition of ethanol over Cu-Ni-Al samples 
(de Souza et al., 2012b). In addition to the higher values, the Figure 4-a and Figure 4-b show that both 
the conversions and the distribution of products remain at the same level with time on stream for the 
CoFe70 catalyst. Therefore, Figure 4-a and Figure 4-b point to the high thermal stability for this sample 
in addition to its best activity and selectivity results. 

 

(a) (b) 

Figure 4. Evolution of (a) the ethanol conversion and water consumption and (b) the selectivity towards 
H2 and CO with time on stream for the steam reforming of ethanol over the Fe80 (solid line), CuFe70 

(dash) and CoFe70 (dot) catalysts 

 
4 Conclusions 
 
A series of Fe-Al samples with different Fe/Al ratios and modified with Cu or Co was prepared by the 
precipitation method, characterised and evaluated for the steam reforming of ethanol. Higher specific 
surface areas and easier reducible iron species were observed for samples with lower Fe/Al ratio and for 
samples modified with Cu or Co. The former samples also exhibited smaller crystallites of iron oxides. 
These changes on the structure provided higher conversions of ethanol and water consumption and 
higher selectivity towards H2 and CO for the samples with lower Fe/Al ratios and for the modified 
catalysts. The Co-loaded sample showed the best performance in terms of activity, selectivity and 
formation of coke. The results obtained point to the investigation of Cu- or Co-promoted samples with 
lower Fe/Al ratios. 
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