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The main objective of this work was to study the physicochemical and catalytic properties of bimetallic sup-
ported catalysts [1%M-Fe/Al,03-Cra03 (2:1) (M = Ru, Au, Pt, Pd)] in Fischer-Tropsch synthesis. Furthermore,
the study investigated the effect of noble metal addition to iron-supported catalysts on their physicochemical
properties and reactivity. The physicochemical properties of the catalysts were studied using a range of char-
acterization techniques such as X-ray diffraction (XRD), temperature-programmed reduction (TPR-Hy),
temperature-programmed desorption of ammonia (TPD-NH3) and BET (Brunauer — Emmett - Teller method). The
activity tests were performed by Fischer-Tropsch synthesis in a high-pressure fixed-bed reactor using a gas
mixture of Hy and CO with a molar ratio of 1:1. The correlation between the physicochemical properties of the
investigated catalysts and their catalytic performance in CO hydrogenation was also investigated. The reactivity
results showed that the most active system exhibited a high specific surface area, the highest total acidity and
was the most reducible catalyst compared to the other catalysts tested. In addition, the Au—Fe system showed

high selectivity towards liquid product formation during CO hydrogenation.

1. Introduction

Fischer-Tropsch (F-T) synthesis is one of the main alternatives to
fossil fuels [1-7]. The advantage of this process is the possibility to
obtain clean fuel without sulfur and nitrogen compounds. The wax
product obtained during the F-T synthesis can be potentially processed
into a diesel or a gasoline fraction [8]. The most well-known catalysts
used in F-T reactions are cobalt, ruthenium and iron [9-12]. However,
the problem with current F-T catalysts is to achieve high selectivity to-
wards fuel fraction production. Therefore, much effort is put into
selecting active phase promoters and support material additives to
improve the reactivity of the catalytic material [13,14]. Much attention
has recently been paid to the preparation of highly active iron catalysts
[15,16]. The improvement of catalyst activity and selectivity is usually
achieved by modifying the active phase structure (e.g., exposure of
crystal walls, improvement of the metallic dispersion of the active phase,
etc.) and changes in the electronic structure of the active phase. It has
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been shown that the use of ruthenium catalysts in the F-T process for the
formation of heavier hydrocarbons does not require any modification. In
contrast, iron or cobalt-based catalysts require the introduction of
appropriate promoters. It is well known that iron and cobalt-based
systems are promoted by alkali metal ions, and noble or transition
metal oxides. Usually, iron-supported catalysts are promoted by Ru,
which changes the electron properties of these systems [9]. The modi-
fication of iron catalysts improves their activity and selectivity. This
behaviour is associated with an increase in CO chemisorption while
inhibiting hydrogen chemisorption. The increase of the iron catalyst
activity in the F-T process is associated with its modification by Ru
[6,9,17]. The addition of noble metal facilitates the reducibility of the
iron catalyst and may increase the number of carbides formed on its
surface. These phenomena can increase the selectivity of the Fe system
towards the formation of a gasoline or a diesel fraction. To the best of
our knowledge, there is no information in the literature concerning of
supported catalysts promoted with noble metals such as Au, Pt, Pd used
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in the Fischer-Tropsch synthesis. Very few information can be found in
the literature about the influence of various noble metals addition on
selectivity and activity results of iron catalysts supported on the same
catalytic carrier. In addition, the lack is the works presenting the com-
parison studies about bimetallic systems containing noble metal pro-
moters testing in Fischer-Tropsch synthesis. Therefore, the main
objective of the present work was to select the most optimal promotor
for the catalyst to improve the selectivity of iron catalysts towards the
liquid product. Furthermore, the correlation between the catalytic and
physicochemical properties of bimetallic supported catalysts was
determined.

2. Experimental
2.1. Catalyst and support preparation

Aly03-Cry03 (2:1) was prepared via co-precipitation method from
appropriate aqueous solution of AI(NO3)3-9H20 and Cr(NO3)3-9H20. An
aquas solution of ammonia was used as a precipitating agent during the
co-precipitation process. Then the obtained material was calcined for 4 h
in air atmosphere at 400 °C. Monometallic iron catalyst Fe/Al;03-Crp03
(2:1) was prepared by impregnation method using Fe(NOs)s - 9H20 as
an active phase precursor. The obtained catalysts were calcined in an air
atmosphere for 4 h at 400 °C. The bimetallic Ru—Fe, Pd—Fe and Pt—Fe
catalysts were prepared by subsequent impregnation from the ruthe-
nium (IIT) chloride, palladium (II) chloride or palladium (II) nitrate and
hexachloroplatinic acid solution, respectively. While, the bimetallic
Au—TFe catalyst was prepared by deposition — precipitation method ac-
cording to the procedure described in our previous work [18]. The
second bimetallic Pd—Fe catalyst was also prepared via the impregna-
tion method employed previously in synthesizing the Fe/Al;03-CrpO3
(2:1) catalyst but using palladium (II) chloride solution. The metal
loading for monometallic iron catalyst was 40 wt% of Fe. While, in the
case of bimetallic catalysts 1%M-Fe/Al;03-Cry03 (2:1) (M = Ru, Au, Pt,
Pd) the metal loading was following 40 wt% of Fe and 1 wt% of noble
metal.

2.2. Characterization of the catalytic material

The specific surface area (SSA) of the catalytic materials was
measured using the BET method [18]. All measurements were per-
formed in a Micromeritics Instrument Corporation, Norcross, GA, USA
apparatus. The pore size distributions for catalysts were determined
based on the BJH method. The TPD-NH3 technique was used to inves-
tigate the total acidity and the distribution of acid centres present on the
catalyst surface. Prior to all TPD runs, 0.2 g of the sample was reduced in
situ in a 5%H2-95%Ar mixture at 500 °C for 1 h and then purified in situ
in a He stream at 600 °C for 30 min. Then the catalyst was cooled to
ambient temperature in the same atmosphere. In the next step, the
physically adsorbed NH; was removed from the sample’s surface in a
helium stream at 100 °C. The chemisorbed ammonia was monitored and
recorded using a thermal-conductivity detector (TCD) in each experi-
ment in the temperature range 100-600 °C. Phase composition studies
were studied using a PAN analytical Pro MPD using Cu Ko radiation from
a sealed tube. A PANalyticalX’Celerator detector was used in all mea-
surements. Reduction studies of the catalytic material was evaluated
using the Temperature-programmed reduction technique. TPR-Hjy
measurements of catalytic materials were carried out using an automatic
AMI-1 instrument in the temperature range 25-900 °C with a linear
heating rate of 10 °C/min. In all TPR-H; measurements a mixture of 5%
Ho_95%Ar was used. A thermal conductivity detector (TCD) was used to
monitor the hydrogen concentration. The mass of the sample in each
experiment was 0.1 g.
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2.3. Catalytic activity measurements in hydrogenation of CO process

The F-T synthesis was carried out in a high-pressure fixed bed reactor
using a gas mixture of Hy and CO with a molar ratio of 1:1. The total flow
of the reagents during the reaction was 90 mLemin~!. In each test
approximately 2 g of the catalytic material was loaded into the fixed bed
high-pressure reactor and the SV at reaction temperature was 7.1 L/g-h
(the catalyst bed lenght was 6 mm). The hydrogenation of CO process
was carried out at 280 °C under an elevated pressure of 30 bar. Before
each test, the catalyst was reduced in situ in a reaction mixture (CO: Hy
= 1) for 1 h at 500 °C. The catalytic activity measurements were done
after 20 h of reaction. The conversion of CO and the product concen-
tration formed during the process were determined using chromato-
graphic analysis (GC-MS, GC with TCD, or FID detector). Carbon
balance based on the ratio between the molar ratio of all products and
the mole of the CO consumed during the catalytic process was
calculated.

3. Results and discussion

The catalytic activity data obtained in the Fischer-Tropsch synthesis
is given in Table 1. As the results indicate that the distribution of hy-
drocarbons in the final product depends on the composition of the
catalyst used during the Fischer-Tropsch synthesis. The reactivity mea-
surements performed in the hydrogenation of CO showed that the
highest CO conversion of 73.7% showed 1%Au-40%Fe/Al;03-Cro03
(2:1) catalyst. At the same time, the iron catalyst promoted by Pt showed
CO conversion of 52.4%. Bimetallic Pd—Fe catalysts prepared using two
different precursors, palladium (II) nitrate dihydrate and palladium (II)
chloride, were also tested in the F-T process. The Pd—Fe catalyst pre-
pared from the palladium (II) nitrate dihydrate showed higher CO
conversion (53.2%) compared to the same system prepared from the
palladium (II) chloride precursor (47.4%). On the other hand, bimetallic
Ru—Fe catalyst showed the lowest CO conversion value of 27.8%. The
results from the catalytic activity studies indicate that in the case of
Ru—Fe, Pt—Fe and Au—Fe bimetallic catalysts, CO hydrogenation leads
to practically the same number of liquid products in the final product. A
slightly lower content of liquid products in the final product was
observed for the Pd—Fe catalyst prepared from the palladium (II)
chloride precursor. In comparison, the lowest content of liquid hydro-
carbon fraction was obtained for the Pd—Fe system prepared from the
palladium (II) nitrate dihydrate precursor.

The catalytic activity results showed that the hydrogenation of CO
over Ru—Fe catalysts produced the lowest gaseous hydrocarbons con-
tent of 28.4%. While in the case of the most active Au—Fe catalyst, the
lowest content of CO, formed was detected in the effluent gas mixture.
This result indicates that during the F-T process using the Au—Fe sys-
tem, the conversion of monoxide with water vapour (WGS) proceeds
only to a small extent. It should also be noted that hydrogenation of CO
with Pt—Fe and Au—Fe catalysts leads to approximately the same
content of released gaseous hydrocarbons (methane, ethane, propane,
and butane) of 33.7 and 33.5%, respectively. On the other hand, the F-T
process carried out using bimetallic Pd—Fe synthesized from the
palladium (II) chloride and palladium (II) nitrate dihydrate leads to the
highest content of gaseous hydrocarbons in the final product of 39.0 and
40.7%, respectively. In addition, the carbon balance for the process
conducted over bimetallic catalysts were also calculated and it was
inserted in the text of the manuscript. The calculated values showed that
in all cases the carbon balance was below 90%. These results confirm the
formation of the iron carbides during the conducting the process and
may also be assigned with the accuracy of determining the content of the
analyzed products. It should be noted that during the analysis of the
products and the evaluation of the CO conversion two GC and one
GC-MS chromatographs were applied. The analysis of the obtained
liquid products was performed using the GC-MS technique. The distri-
bution of the hydrocarbons formed during the hydrogenation of carbon
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Table 1
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Distribution of products obtained during F-T synthesis carried out on bimetallic supported catalysts.

Catalysts CO, CH,4 CoHg C3Hg C4H1o Liquid CO Conv. Carbon balance

(%) (%) (%) (%) (%) (%) (%) (%)
1%Ru-40%Fe/Al;03-Cr,03 (2:1) 6.3 19.5 7.0 1.7 0.2 65.3 27.8 88.9
1%Pd-40%Fe/Al,03-Crz03 (2:1) (palladium (II) chloride) 3.3 22.3 11.4 4.4 0.9 57.7 47.4 87.4
1%Pt-40%Fe/Al,03-Cry03 (2:1) 2.8 17.3 9.9 5.3 1.2 63.5 52.4 87.8
1%Au-40%Fe/Al053-Cry03 (2:1) 1.7 18.7 8.9 4.6 1.3 64.8 73.7 89.8
1%Pd-40%Fe/Al,03-Crz03 (2:1) (palladium (II) nitrate 4.2 23.8 9.8 6.0 1.1 55.1 53.2 86.1

dihydrate)
monoxide for all bimetallic supported catalysts tested is given in Table 2. Table 3
able

Analyses of the liquid products obtained during hydrogenation of CO
showed the formation of linear and branched hydrocarbons. The results
presented in Table 2 show that when the Pt—Fe catalyst in employed,
only linear hydrocarbons are formed. In comparison, when other
bimetallic catalysts are used, both linear and branched hydrocarbons are
formed. In the case of Pd—Fe catalysts prepared from the palladium (II)
chloride precursor, the most branched hydrocarbons were formed.
Furthermore, the lowest content (5.2%) of branched hydrocarbons were
formed for the bimetallic 1%Ru-Fe/Aly03-Cry03 catalyst. For the most
active Au—Fe catalyst, 8.9% of branched hydrocarbons were detected in
the liquid product.

The hydrocarbons formed in the liquid product were analyzed for
their respective gasoline and diesel fractions. The partitioning of the
liquid product into a gasoline fraction (Cs-Cg) and a diesel fraction (Cqo-
Co1) in the CO hydrogenation process is given in Table 3. The GC-MS
analysis showed that both Cs-Cg and C;0-Co; hydrocarbons are formed
for all catalytic systems tested. It should be emphasized that in the case
of the Pt—Fe and Pd—Fe catalysts formed from chloride precursor, the
highest amount of diesel fraction was formed. In the case of bimetallic
Au—Fe catalysts, 41.6% gasoline fraction and 58.4% diesel fraction
were formed. However, the largest gasoline fraction was formed for the
bimetallic Ru—Fe catalyst, which was also characterized by the highest
CO4, content in the gaseous products.

Table 4 presents the comparison of the catalytic results of the
investigated bimetallic catalysts with other systems used in F-T process.
The results clearly showed that bimetallic catalysts except of Ru—Fe
system exhibited high CO conversion values at lower temperature
(280 °C) compared to the rest systems presented in the Table 4. In
addition, they also showed high selectivity towards Cs hydrocarbons
production what is beneficial from the application point of view of their
uses in fuel fractions production. The prepared bimetallic catalytic
systems showed also low CO5 and Cy-C4 selectivity in the studied
reaction.

To understand the activity of the bimetallic iron supported catalyst in
the Fischer-Tropsch synthesis, specific surface area (SSA) measurements
were performed. The SSA results obtained for the bimetallic iron cata-
lysts are presented in Table 5 and Fig. 1. The pore size distributions
showed that the most active 1%Au - 40%Fe/Al203-Crp03 (2:1) system
had the smallest average pore radius of about 3.5 nm. It also showed the
highest specific surface area of 130 m2.g~!. The same average pore
radius of 3.5 nm was measured for the Pd—Fe catalyst prepared using
palladium (II) nitrate dihydrate. This system also exhibited a high SSA of
124.2 m2.g~1. While the less active 1%Pt - 40%Fe/Al,03-Cr,03 (2:1)
and 1%Pd-40%Fe/Aly03-Cro03 (2:1) catalysts (prepared from the
palladium (II) chloride precursor) exhibited the same average pore

Table 2
Distribution of hydrocarbon fractions in the liquid product formed on bimetallic
supported catalysts in Fischer - Tropsch synthesis.

Hydrocarbon fraction 1%Pd 1%Pt 1%Au 1%Ru
Linear hydrocarbons (%) 90.3 100.0 91.1 94.8
Branched hydrocarbons (%) 9.7 0.0 8.9 5.2
Unsaturated hydrocarbons (%) 0.0 0.0 0.0 0.0

Distribution of liquid hydrocarbons formed using 1%M-Fe/Al,03-Cr203 bime-
tallic catalysts (where M = 1%Au, 1%Ru, 1%Pt or 1%Pd) in the Fischer - Tropsch
synthesis determined using GC-MS.

Hydrocarbon fraction 1%Pd 1%Pt 1%Au 1%Ru
Cs-Co (%) 21.1 27.6 41.6 73.7
C10-C21 (%) 78.9 72.4 58.4 26.3

radius of 3.7 nm and the SSA values of 113 and 119 m2.g ™}, respectively.
The ruthenium-promoted iron catalyst had the lowest SSA and the
highest average pore radius of 4.2 nm, showing the lowest CO conver-
sion in CO hydrogenation.

To investigate the interaction between the catalyst components, their
reducibility was determined using the TPR-Hj technique. The reduction
profiles recorded for bimetallic iron containing catalysts are shown in
Fig. 2. To better understand the observed reduction steps, TPR-Hy
measurement recorded for monometallic Fe catalyst was also included.
The TPR profile recorded for the 40%Fe/Al,03-Crp03 catalyst showed
three reduction stages with maxima of the hydrogen consumption peaks
at 230, 350 and 500 °C, respectively. The first reduction stage (in the
temperature range 240-260 °C) is associated with the reduction of Fe,O3
to Fe3O4. The second reduction peak (~260 °C) is attributed to the
reduction of Fe3O4 to metallic Fe. The third reduction peak (between
450 °C and 550 °C) relates to the reduction of the spinel phase (iron
aluminate or iron chromite) to metallic iron [23,24]. The reduction of
iron oxides has been extensively studied by Jozwiak et al. [24]. The
authors proposed a two- or three-stage mechanism for hematite reduc-
tion. They found that hematite reduction proceeds according to the
following scheme: FepO3 > Fe3O4 > Fe. These authors also found that
when the temperature of total reduction of iron oxides exceeds 570 °C,
hematite is reduced in three reduction steps according to the following
scheme: Fe;O3 > Fe304 > FeO > Fe.

Furthermore, they also established that depending on the process
conditions, the complete reduction of hematite to metallic iron can be
achieved at low temperatures, up to 380 °C, in an atmosphere of pure
hydrogen [23]. The physicochemical properties of spinel supported
catalytic systems have also been studied [23,25]. The authors studied
the reducibility of FeAlOs3 system using the TPR-Hy method. Three
reduction effects were observed, corresponding to the reduction of iron
oxide forms, which proceed in parallel with the reduction of the spinel
structure system. The following two schemes can describe the reduction
mechanism of the FeAlO3 binary oxide:

Fe,0;=>Fe;0,=Fe and/or

FeAlO;=>Fe, AlO4=FeAl,0,=Fe

The first mechanism is the reduction of hematite. The second
mechanism represents the reduction of the FeAlOs binary oxide through
spinel structure reduction steps, leading to the final product - metallic
iron and iron (II) aluminate FeAloO4 which is difficult to reduce up to
900 °C in an atmosphere of 5% Hy-95% Ar.

TPR - H;, profiles recorded for bimetallic 1% Pt-40% Fe/Al,03-Cry03
(2: 1) and 1% Pd-40% Fe/Al,03-Cry03 (2: 1) catalysts prepared using
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Table 4
The catalytic activity results of Fe-based catalysts in Fischer-Tropsch synthesis.
Hydrogen selectivity (%) CO conv.
Metal P Temp CO, cH CC P c (%) Ref.
: o o 4 2-C4 2-Ca 54
Catalyst I(.‘;Dz;dmg SV (P:Icz)/ (Bar) (°C) (%) ©6) (%) %) )
Fe/SiO, 20% 3.6L/gh 1.0 10.0 350 15.0 24.0 5.0 31.0 40.0 11.0 [19]
Au-Fe/Al,03-Cry03 1%Au-40% 7.1L/gh 1.0 30.0 280 1.7 18.7 14.8" - 64.8 73.7 This
Fe work
Pt-Fe/Al,03-Cr03 1%Pt-40%Fe 7.1L/gh 1.0 30.0 280 2.8 17.3 16.4" - 63.5 52.4 This
work
Pd-Fe/Al,03-Cry03 1%Pd-40% 7.1L/gh 1.0 30.0 280 3.3 22.3 16.7% - 57.7 47.4 This
Palladium (II) chloride Fe work
Ru-Fe/Al;,03-Cr03 1%Ru-40% 7.1L/gh 1.0 30.0 280 6.3 19.5 8.9" - 65.3 27.8 This
Fe work
Pd-Fe/Al;03-Cr;03 1%Pd-40% 7.1L/gh 1.0 30.0 280 4.2 23.8 16.9° - 55.1 53.2 This
Palladium (II) nitrate Fe work
dihydrate
FeSn/SiO; (m) 10%Fe 3.6 L/g-h 1.0 10.0 350 26.0 28.0 6.0 33.0 33.0 8.0 [19]
FeSb/SiO, (m) 10%Fe 3.6 L/g:h 1.0 10.0 350 24.0 18.0 5.0 24.0 53.0 14.0 [19]
Fe/2%K50/83%ZnAlg0;3 15%Fe 1.5L/g:h 1.0 20.0 340 69.1 18.7 67.4 58.6 13.9 1.7 [20]
Fe/2%K0/83%ZnAl;04 15%Fe 1.5L/g-h 1.0 20.0 340 17.6 15.4 17.6 14.3 67.0 6.7 [20]
Fe/SBA-15 10%Fe 16.0 L/ 2.1 20.0 300 10.2 21.0 20.9 14.3 43.8 24.7 [16]
gh
Fe/AC 10%Fe 16.0L/ 21 20.0 300 34.1 7.8 17.3 21.2 53.7 64.0 [16]
gh
Fe/SiOy 10%Fe 8.0 L/g:h 2.1 20.0 300 19.1 14.6 17.4 20.2 47.8 38.8 [16]
Fe 100Fe* 7.0 L/g-h 2.0 30.0 270 6.0 18.2 39.8a - 42.0 29.4 [21]
Fe/B 100Fe/ 7.0 L/g-h 2.0 30.0 270 4.5 21.4 36.1a - 42.5 30.8 [21]
1.22B*
Fe/B 100Fe/ 7.0 L/g-h 2.0 30.0 270 5.4 19.7 33.9a - 46.4 32.1 [21]
3.70B*
Fe-H-M 5% 13.5L/ 2.0 20.7 300 21.3 36.8 30.2a - 11.7 14.4 [22]
gh
Fe-Na-M 5% 13.5L/ 2.0 20.7 300 12.9 47.8 27.8a - 11.5 7.3 [22]
gh

* - the numbers present the atomic ratio derived from Induced Coupled Plasma-Optical Emission Spectrometry measurements.

@ - all content of C»-C4 hydrocarbons (olefin and paraffin).

Table 5
Specific surface area and average pore radius for iron catalyst supports.

Catalyst Specific surface Average pore
area (m%g~ 1) radius (nm)
1%Ru-40%Fe/Al,03-Cry03 (2:1) 100 4.2
1%Pd-40%Fe/Al,03-Cr,03 (2:1) 119 3.7
palladium (II) chloride
1%Pt-40%Fe/Al,03-Cry03 (2:1) 113 3.7
1%Au-40%Fe/Al;03-Crz03 (2:1) 130 3.5
1%Pd-40%Fe/Al,03-Cr,03 (2:1) 124 3.5

palladium (II) nitrate dihydrate

palladium (II) chloride also showed three reduction stages. The first
stage occurs in the temperature range of 300-350 °C. The second
reduction maximum occurs at 420 °C. The last one, with maximum
hydrogen consumption, occurs at 500 °C. While the first reduction stage
is related to the reduction of Fe;O3 to Fe3Oy4, the second reduction stage
is the reduction of magnetite to metallic iron. On the other hand, the
third reduction effect, observed in the TPR-H; curves at the maximum
reduction temperature of 500 °C, is related to the reduction of spinel-
structured phases formed during the preparation of the catalytic mate-
rial. Jin-Yong et al. [26] studied the effect of platinum addition on the
reducibility of Fe-Ba/Aly,O3 catalysts. The authors reported that the
addition of platinum to the iron catalyst shifted the iron oxide reduction
effects towards lower temperatures due to the spillover effect generated
by Pt.

The TPR - H;, profile recorded for the 1% Au-40% Fe/Al;03-Cry03 (2:
1) catalyst also showed three reduction stages. The first one, with the
maximum hydrogen consumption at 260 °C, is related to the reduction
of Fe;03 to Feg04. With a maximum temperature of 430 °C, the second
stage presents the reduction of magnetite to metallic iron. The last

reduction stage, observed at about 550 °C, is associated with the
reduction of spinel phases formed at the stage of the catalyst preparation
[5,23,27]. The TPR - Hy profile recorded for the 1% Ru-40% Fe / Aly0s3-
Cry03 (2: 1) catalyst showed four reductions stages. The first two stages
are related to the reduction of RuO,, which takes place in two stages
[28]. The apparent reduction effect at 180-350 °C is also associated with
the reduction of hematite to magnetite [23]. The last reduction peak at
400-600 °C indicates the reduction of magnetite to metallic Fe. Tengku
et al. [29] studied the effect of noble metals, such as Ru, on the reduc-
ibility of iron catalysts. They confirmed the promoting effect of ruthe-
nium addition on the reducibility of iron oxides, which was established
by shifting the reduction effects towards lower temperatures after
introducing 3 wt% of ruthenium into the catalytic system. The work of
Witoniska et al. [30] also demonstrated that the addition of palladium on
the surface of the Fe/SiO; iron catalyst facilitates the reduction of the
oxidized forms of iron.

In the next stage of this work, the donor-acceptor properties of the
bimetallic catalysts were evaluated using the TPD-NHj3 technique. The
temperature-programmed desorption of ammonia was used to deter-
mine the acidity and the acid centers distribution on the catalyst surface.
The distribution of acid centers was calculated from the area under the
peaks in the corresponding temperature range. These results are given in
Table 6. The TPD-NH3 results confirmed the presence of three types of
acid centers, namely, weak acid, moderately strong and strong acidic.
The results obtained for the supported iron-containing catalysts show
that the 1%Au-40%Fe/Al»03-Cro03 catalyst had the highest total acidity
compared to the other materials tested. In contrast, the Ru—Fe and
Pt—Fe bimetallic systems had the lowest total acidity. Moreover, the
palladium catalysts synthesized from palladium (II) chloride and palla-
dium (II) nitrate dihydrate had practically equal values for total acidity
of 0.40 and 0.44 mmol-g ™.
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—— 1%Ru40%Fe/Al,03-Cr,05(2:1)
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Fig. 1. Pore size distributions of bimetallic noble metal-iron catalysts supported on binary oxide.
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Fig. 2. TPR-H; profiles recorded for monometallic and bimetallic Pd—Fe
(catalyst prepared from the palladium II chloride precursor), Pt—Fe, Au—Fe
and Ru—Fe catalysts supported on Al,O3 —Cr03 (2:1) system.

TPD-NH3 measurements showed that the most active catalysts also
had the highest content of weak centers on their surface, equal to 0.18
mmol-g~! and the highest total acidity compared to the rest of the
investigated catalysts. In addition, the catalytic activity results showed
that the system which exhibited the highest content of weak acid centers
on the catalyst surface like Au—Fe and Pd—Fe catalysts also showed the
highest concentration of branched hydrocarbons in the final product.
While Pt—Fe catalyst did not show branched hydrocarbons production
during the F-T process. This result could explain the high activity of this

Table 6
The amount of NH3 desorbed from the surface of the 1%M-40%Fe/Al,05-Cr,03
(2:1) bimetallic catalysts tested over a range of relevant temperatures.

Catalysts Weak Medium Strong The total
centers centers centers amount of
(mmol-g~1) (mmol-g1) (mmol-g~ 1) desorbed NH5
100-300 °C 300-450 °C 450-600 °C (mmol-g~1)
100-600 °C
1%Ru - 40%Fe/ 0.09 0.11 0.14 0.34
Al,03 Cry03
(2:1)
1%Pd - 40%Fe/ 0.12 0.14 0.14 0.40
Al,05-Cr,05
2:1)
Palladium (II)
chloride
1%Pt - 40%Fe/ 0.09 0.11 0.14 0.34
Al,05-Cr,03
(2:1)
1%Au - 40%Fe/ 0.18 0.25 0.09 0.62
Al,05-Cr,03
(2:1)
1%Pd - 40%Fe/ 0.13 0.14 0.17 0.44
Al,05-Cr,04
2:1)
Palladium (II)
nitrate
dihydrate

system in the F-T process. Other authors reported that the selectivity
towards Cy-C4 hydrocarbons formation and the yield towards olefins
production decreased with an increase of the total acidity of the inves-
tigated systems [31]. The weak acid sites are responsible for the olefin
cracking to improve Cy-Cy4 olefin selectivity. While the presence of the
strong acid sites on the surface leads to Cs, fraction production via
isomerization and oligomerization. In addition, strong acid sites are also
responsible for the enhanced the concentration of isomers and aromatics
in the Cyp; compounds.

In addition, it should be emphasized that the acidity of the catalytic
system is a function of the catalysts composition. Our results showed
that the calcined and activated and tested systems showed different
phase compositions (see XRD studies). These facts confirm that the
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activity may be changed during the process until the catalyst phase
composition will not change. In our paper we present the activity results
for the catalytic systems evaluated after 20 h of the conducting of the
process. Based on the results previously presented in our paper [5] we
can conclude that the tested system in the presented paper are stable.

To further investigate the activity of the bimetallic catalysts, their
phase composition after calcination and after the reaction were
measured by XRD. The XRD results are given in Figs. 3 and 4. Diffraction
curves recorded for the bimetallic catalysts calcined in air for 4 h at
500 °C indicate the formation of oxidic phases such as hematite and
spinel structures (iron aluminate and iron chromite). Any other oxide
phases attributable to noble metal oxides were not detected by the XRD
technique, or the XRD detection limit was too low to account for the size
of the crystallites assigned to these phases.

In the case of the bimetallic catalysts evaluated in the F-T process, the
recorded XRD diffractograms showed the following crystallographic
phases: y-Al;03, Fe30y4, Fez0s, 1-FexC, 0-FesC, h-FesC, y-FesCy, FeAl,04
and FeCrp04 (see Fig. 4). It is well known that iron carbides form on the
catalyst surface during the activation process performed in a reaction
mixture at 500 °C for an hour. During the preparation of the bimetallic
catalysts, spinel phases such as iron aluminate and iron chromite are
also formed. Moreover, in the case of the Pt—Fe catalyst, additional
reflexes attributable to the crystallographic phase of the Al; 9Crp 103
solid solution can be easily recognized. Probably the presence of plat-
inum facilitates the formation of the solid solution during activation and
reaction process. Wang et al. [32] studied the effects of various oxide on
the carbothermic reduction of synthetic FeCry04. The authors observed
that during high temperature reduction of FeCry04, when the reduction
degree is higher than 30% an addition of Al;Oj3 significantly affects on
reduction behaviour of iron chromite. The phase composition studies of
the investigated material showed that next to Al;03, Fe—Cr and solid
solution between aluminium (Al;03) and chromium oxides (Cry03)
phases were detected. The authors reported also that AlI®* ions can
diffuse to the inner core and replace of Cr3* in its structure. The
occurrence of the solid solution phase can further explain the lower CO
conversion value compared to the activity of the bimetallic Au—Fe
system tested in the F-T process. The catalytic activity results and our
previous studies have showed that the created carbides are crucial for
improving the catalytic activity of iron catalysts in the F-T process. Some
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authors have even reported that the presence of iron carbides on the
catalyst surface are more important than iron dispersion to achieve a
high activity in hydrogenation of CO. As shown in Fig. 4, the most active
catalyst in CO hydrogenation showed the presence of the following iron
carbides of n-Fe,C, o-FesC, h-FesC and y-FesCy on its surface. It is also
worth noting that reflexes assigned to all types of spinel structures,
namely, Fe30y4, FeAl;04 and FeCry04 and additional FeCrO3 phase, were
detected. The occurrence of carbides phases are in agreement with
literature data and our previous studies [6] and explain the high activity
of this system in the F-T process. It is also worth to noted that in the case
of bimetallic Au—Fe system additional FeCrO3; phase on the XRD
diffraction curve was detected and this phase may be responsible for
high conversion value observed for this system in the studied process in
comparison to the other investigated catalysts. In addition, it should be
noted that the possibility of alloys formation between noble metals and
Fe (Au—Fe, Ru—Fe, Pd—Fe and Pt—Fe) cannot be ruled out [33,34].
The formation of such alloys may explain high activity and selectivity of
bimetallic catalysts towards Cs fraction production. Our XRD studies
did not confirm the alloying process between Fe and noble metals due to
low concentration of noble metal in each catalyst and the complex
composition of the tested systems. Furthermore, the studied systems
have high content of iron species which covered surface of the catalyst
result in the lack the appearance of the XRD reflexes coming from the
alloy phases.

The high activity and selectivity of iron-containing catalysts are well
known to be associated with the presence of the Hagg carbide y-FesCy
phase on the catalyst surface. In comparison, catalyst deactivation of the
Fe systems is related to the formation of the cementite phase 6-FesC
[35,36].

SEM-EDS measurements were performed for the bimetallic Au—Fe,
Pt—Fe, Ru—Fe and Pd—Fe supported catalysts to determine their
morphology and composition. SEM images and EDS spectra acquired for
the catalysts are given in Fig. 5. The results confirmed the catalysts’
composition. The same elements, namely, Fe, Al, and Cr, were observed
on the catalysts’ surface in all cases. Except for the bimetallic Au—Fe
system, all the catalysts contained chlorine which originated from the
precursor salts used during the preparation step. The absence of this
element in the Au—Fe system could be due to how gold was introduced
onto the catalyst surface. For the gold-iron catalyst, gold was introduced

*x Fe,0,
® FeCr,04
& FeAl,O,

*o®

1%Pd40%Fe/ALOs-Cr20s(2:1)

—: A 1%Pt40%Fe/Al205-Cr20s(2:1)

VI ?” 1%AU40%F e/Al:05-Cr20s(2:1)

1%Rud40%Fe/Alz05-Cr20s(2:1)

P — 2

20 30

s
20(]

70

Fig. 3. XRD patterns recorded for the bimetallic Pd—Fe (catalyst prepared from the palladium II chloride precursor), Pt—Fe, Au—Fe and Ru—TFe catalysts supported

on Al,03-Cry03 (2:1) calcined at 400 °C for 4 h in an air atmosphere.
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Fig. 4. Diffraction curves recorded for the 1% M-40%Fe/Al;03-Cro03 (2: 1) bimetallic catalysts (where, M = Pd (catalyst prepared from the palladium II chloride
precursor), Pt, Au, Ru) after reduction for 1 h at 500 °C in a 50% H»-50% CO mixture and reaction.

by the deposition-precipitation method [18]. Furthermore, the SEM
images recorded for all catalysts showed that the most active catalysts
had the highest distribution of iron species on their surface, which can
explain the reactivity results of this system in the F-T process.

4. Conclusions

The catalytic activity of monometallic iron and bimetallic Ru—Fe,
Pt—Fe, Au—Fe and Pd—Fe supported catalysts in the F-T process was
investigated in detail. The F-T reaction was carried out at 280 °C under
elevated pressure (3.0 MPa). The catalyst loading was 2 g and the
composition of the reaction mixture used in each catalytic test was: Hy:
CO =1 (molar ratio). The physicochemical properties of the mono and
bimetallic supported catalysts were studied using a range of analytical
techniques including XRD, BET, TPR, TPD-NH3 and SEM EDS. The
reactivity measurements performed in the studied reaction showed that
CO conversion was the highest for bimetallic catalysts on Au—Fe sup-
port, leading to the formation of a large amount of liquid product. The
catalytic activity of the investigated bimetallic supported catalysts in the
F-T reaction can be expressed by the following activity series: Au-Fe >
Pt-Fe > Pd-Fe > Ru-Fe. The catalytic activity results provided evidence
that the distribution of the hydrocarbons obtained using Ru—Fe, Au—Fe
and Pt—Fe bimetallic catalysts had high selectivity towards the forma-
tion of liquid products (Cs, ). However, the Au—Fe and Pd—Fe catalysts
exhibited the highest content of branched hydrocarbons in the liquid
product. The promotion effect of gold and ruthenium on the catalytic
selectivity of iron catalyst towards the formation of liquid products
containing Cs to Cg carbon atoms was also demonstrated. Furthermore,
among all the bimetallic catalysts, the most active system in the F-T

process was at the same time also the most easily reducible. It was also
confirmed that the carbide phases o-FesC, h-FesC, y-FesCy and n-FeoC
had a huge impact on the catalyst activity and selectivity. The reactivity
results obtained in Fischer-Tropsch synthesis confirmed that the acidity
and phase composition of the catalyst has enormous impact on its cat-
alytic properties. It was shown that the catalyst with the highest total
acidity (electron-acceptor properties) exhibited the highest CO conver-
sion and selectivity towards the liquid fraction in F-T synthesis. This
system owned the highest content of weak centers on their surface, equal
to 0.18 mmol-g~! compared to the rest of the investigated catalysts. In
addition, the catalysts which demonstrated the highest content of weak
acid centers like Au—Fe and Pd—TFe catalysts also exhibited the highest
concentration of branched hydrocarbons in the final product. In addi-
tion, the formation of alloy phases between noble metals and Fe cannot
be ruled out. The formation of these phases could also explain the high
activity and selectivity towards Cs, formation in Fischer-Tropsch syn-
thesis. This possibility is confirmed by TPR-H, studies, which showed
the interaction between Fe and noble metals. The results showed also
possible potential application of studied systems in the production of
fuel fractions.
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