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Abstract: The emphasis on climate change requires processes to be more efficient to minimize CO2

emissions, and nanostructured materials as catalysts could play a crucial role due to their high
surface area per unit volume. Herein, we report the synthesis of silica microspheres (450–600 nm)
using a modified Stober process, on which iron oxide clusters were deposited by sonolysis of iron
pentacarbonyl to yield a nanostructured iron material (Si-Fe). A suite of spectroscopic techniques
was used to characterize the synthesized materials. The BET surface area of freshly prepared Stober
silica was 8.00 m2/g, and the Si-Fe material was 24.0 m2/g. Iron is commercially used as a Fischer–
Tropsch (F–T) catalyst due to its low cost. However, catalyst attrition causes catalyst loss and lower
product quality. In this study, the synthesized Si-Fe materials were evaluated for F–T synthesis to
address these challenges. For comparison, two commercial materials, UCI (silica-supported micron-
sized iron oxide) and BASF (unsupported nanosized iron oxide), were also evaluated. All three
materials were first activated by pretreatment with either CO or synthesis gas (a mixture of CO and
H2) for 24 h, then evaluated for quick screening in batch mode for F–T synthesis in a Parr batch
reactor at three temperatures: 493 K, 513 K, and 533 K. The F–T data at 513 K showed that the
CO-pretreated Si-Fe catalyst demonstrated lower CO2 (<0.5%), lower CH4 (<0.5%), and higher (>58%)
C8–C20 selectivity (mol% C) to hydrocarbons, surpassing both reference catalysts. The temperature
dependence data for Si-Fe: 17.4%, 58.3%, and 54.9% at 493 K, 513 K, and 533 K, respectively, showed
that the hydrocarbon yield maximized at 513 K. The surface area increased to 27.9 m2/g for the
CO-reduced Si-Fe catalyst after the F–T reaction at 513 K. The morphology and structural change of
catalysts, before and after the F–T runs, were imaged. Of all the catalysts evaluated, the SEM–EDS
data analysis showed the least carbon deposition on the CO-treated Si-Fe catalyst after the F–T
reaction at 513 K and minimized CO2, a greenhouse gas. This could pave the way for selecting
nanomaterials as F–T catalysts that effectively operate at lower temperatures and produce negligible
CO2 by minimizing water-gas-shift (WGS) activity.

Keywords: Fischer–Tropsch (F–T); sonolysis; iron oxide; nanocatalyst; syngas catalysis; water-gas-shift

1. Introduction

Fischer–Tropsch synthesis (F–T) is a widely used commercial process to produce fuels
and chemicals from coal, natural gas, or biomass-derived synthesis gas (syngas). Since its
discovery in the 1920s [1,2], F–T has been one of the most important gas-to-liquid (GTL)
processes [3]. The advantage of syngas conversion via F–T is the production of clean
hydrocarbons free of sulfur, nitrogen, and aromatics. Due to emerging environmental and
sustainability demands and the evolution of new methods to produce petrochemicals from
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abundant natural gas or biomass and other feedstocks [1,4], there is renewed interest in
F–T synthesis. Based on the published data, the research output of the F–T topic more than
tripled, with the published papers increasing from 1709 during 1999–2008 to 5740 during
the 2009–2018 period.

The F–T reaction involves the hydrogenation of CO over a metal catalyst. Metals such
as Co, Ru, Fe, and Ni are known to be F–T active [4], though Co and Fe catalysts stand
out in industrial applications due to their higher activity and selectivity for hydrocarbons.
Catalysts based on iron are favored over cobalt to produce long-chain hydrocarbons due to
their low cost and low methane selectivity at low-temperature F–T (LTFT) conditions [4].
However, in practice, an iron catalyst is used in the LTFT application with an H2 deficient
syngas source (H2/CO ratio < 1) due to its unique water–gas shift (WGS) activity, while
cobalt is favored in F–T with relatively high H2/CO ratio (>1.7). As a result of the WGS
reaction, the Fe-catalyzed F–T is usually highly produced (over 20% CO2) as a major side
product.

Previously published reports suggest that nanosized iron catalysts could potentially
retard the WGS activity as the F–T reaction temperature is lowered. In previous work from
our group, it was suggested that the size of catalyst particles proved crucial during F–T
synthesis as CO2 yield decreased with smaller α-Fe2O3 catalyst particle size [3,5]. The
simulation of the WGS kinetics over a nanostructured iron-catalyzed F–T by Pour et al. [6]
was based on the Langmuir–Hinshelwood–Hougen–Watson rate equations that were of a
similar type as those derived for the formate mechanism. These simulations indicated that
the reduction in the catalyst particle size leads to an increase in the activation energy of the
WGS reaction, which resulted in a decrease in the reaction rate. Among other characteristics,
the attrition of iron catalyst is a major issue in slurry bubble column reactors that causes
the plugging of downstream filters and lowers product quality [7,8]. Thus, smooth round
catalyst particles are desirable to limit abrasion as particles contact each other in the moving
bed in a slurry reactor [9]. To improve the mechanical integrity of the catalyst from attrition,
structural promoters/support are often included. To anchor the catalyst, SiO2, Al2O3, and
TiO2 are the most widely studied supports [7,10,11]. Silica was the best support in terms of
both activity and selectivity during the F–T reaction [12]. Recent results [13–15] featured
special morphologies, such as hollow multi-shelled structures and hierarchical porous
structures in catalysis, and established that these features play an important role in catalytic
activity.

Considering all the above aspects, a solid silica sub-microsphere structural support
was proposed in the present study for the deposition of nanosized iron catalysts. The silica
sphere support could also serve other purposes, such as (1) to spread catalyst nanoparticles
over a larger surface area to reduce aggregation that leads to low catalytic activity and
high methane selectivity, as observed when using bulk iron catalysts, and (2) to stabilize
catalysts from sintering which would potentially result in longer catalyst life.

Sonolysis is a technique to synthesize nanostructure materials that allows the produc-
tion of novel materials without the demand of reaction conditions such as high tempera-
tures, pressures, or long reaction times. Ultrasound-assisted chemistry involves a process of
acoustic cavitation that involves the formation, growth, and implosive collapse of bubbles
within a solvent [16]. Localized hot spots are generated by the collapsing bubbles, and
these have been experimentally determined to produce extreme conditions: over 5000 K
temperature, 180 MPa pressures, and a 1010 K.s−1 cooling rate [17–19]. Inside the collaps-
ing bubble, volatile organometallic compounds could decompose into metal atoms and
agglomerate to form nanostructured materials. Suslick et al. [18–20] reported a series of
studies to use these exceptional local conditions to produce amorphous metal nanoclusters,
nanostructure alloys, and metal carbides.

The use of silica as a support was studied previously for application in F–T synthesis,
where the atomic ratio of Fe to silica was varied from 100 to 2 [21]. Recently, the use of
silica-encapsulated nanosized Fe, Co, and Ru metals for F–T synthesis in a microchan-
nel reactor was also reported [22]. In this study, we report a novel nanostructured iron
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catalyst synthesized using an ultrasound-driven method to deposit iron clusters on sub-
microspherical silica support. The synthesized nanosized material was evaluated in a batch
reactor, along with two commercially available F–T catalysts for comparative performance,
concerning selectivity for total hydrocarbons (useful products) and CO2 (a greenhouse
gas) and temperature-dependent catalyst sintering. For preliminary screening, all three
catalysts were evaluated in a 300 mL Parr batch reactor for F–T synthesis at three operating
temperatures of 493 K, 513 K, and 533 K.

2. Materials and Methods
2.1. Materials

Ethyl alcohol (≥99.5% purity), ammonium hydroxide (ACS reagent, 28.0–30.0%
NH3 basis), Tetraethyl orthosilicate (TEOS), reagent grade, 98% purity), iron pentacar-
bonyl (>99.99%), N, N-Dimethylformamide (DMF, 99.8%), and n-hexadecane (95%) were
purchased from Sigm-Aldrich- USA and used as received. Millipore-Q purity water was
used. Ethylflopolyolefin-164 solvent, a dec-1-ene homopolymer (composition: 84.4% trimer,
14.5% tetramer; b.pt. = 518 ◦C; d = 0.818 g mL−1; mol. wt. = 437) was purchased from the
Ethyl Corporation.

Two commercial reference Fe-containing catalysts were used as received. (1) BASF
catalysts from BASF corporation, comprised of α-Fe2O3 nanoparticles having the following
properties: Size = 20 to 80 nm; surface area (SA) = 16 to 20 m2 g−1 and d (bulk) = 5.25 g/mL,
and (2) UCI catalyst comprised of 69.6 wt.% Fe2O3, 5.1 wt.% K2O, 8.3 wt.% SiO2 = 8.3
and 2.6 wt.% CuO, having the following properties: Loss on ignition (LOI) = 14.4 wt.%,
MPD = 32.5 µm, SA = 232 m2 g−1, and d = 0.80 g/mL, from Air Products and Chemicals [3].

2.2. Synthesis of Silica Nanospheres by the Stober Process

The silica microspheres were synthesized by the Stober process consisting of the
hydrolysis of TEOS (described elsewhere) according to the following procedure [23]: Two
solutions, solution I containing 8.6 mL TEOS in 51.4 mL ethanol, and solution II containing
16.3 mL ammonia in 85.7 mL ethanol, were prepared separately at room temperature under
an inert atmosphere with continuous stirring. Solution II was placed in a round-bottom
flask. Solution I was then added to solution II with a micro-feed pump using a syringe with
a constant flow rate of 2.5 mL/min. A water bath was used to control the temperature of the
reactions with an accuracy of ±0.05 ◦C. The whole mixture reacted within 12 h. A powder
of silica microspheres was obtained by washing extensively with alcohol in a centrifuge and
then drying in an oven at 333 K overnight. The size range of the silica particles obtained
was between 400–600 nm.

2.3. Sonochemical Synthesis of Iron Oxide on the Silica Nanoparticle Support

Iron oxide was deposited onto the silica support by using the sonochemical synthesis
technique. The reaction was carried out by a MISONIX S3000 ultrasonic liquid processor
with microprocessor-controlled auto-tuning and temperature control. The sonicator had a
power output of 600 W, operating at a fixed frequency of 20 kHz. The deposition procedure
was carried out by adding 2 g silica to a mixture of 60 mL hexadecane and 3 mL DMF in the
sonication vessel. The cell was attached to the sonicator probe tip (diameter of 0.5 inches),
nitrogen was bubbled for 30 min to expel any dissolved air/oxygen, and the solution
was kept under nitrogen. Iron pentacarbonyl was then added to the vessel, which was
kept immersed in a water bath during the entire sonication. The sonolysis was monitored
through the evolution of carbon monoxide (CO) gas and lasted for 3 h. Previous studies
of this reaction indicate that the average yield obtained was 80%. To evaluate the effect of
iron concentration on the final product, the initial volume of the Fe(CO)5 precursor added
to the silica suspension was set at 1 mL, 0.5 mL, and 0.2 mL, corresponding to an initial
SiO2/Fe(CO)5 weight ratios of 1.38, 2.76, and 6.89, respectively. The brick red solid product
was collected by multiple cycles of washing with hexane and centrifugation and then dried
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overnight. To fully oxidize the iron phase in the sample, the solid product obtained from
sonication was crystallized in a furnace at 773 K under flowing air for 3 h.

2.4. Characterizations of Silica and Si-Fe Hybrid Catalyst

The characterization of silica nanospheres, the Si-Fe hybrid particles, and the nature
of the interactions between the Fe2O3 nanoparticles to the surface of the silica particle
support were studied using Scanning Electron Microscopy (SEM) Model LEO Gemini
1550 equipped with Energy-dispersive X-ray spectroscopy (EDS), and Transmission Elec-
tron Microscopy (TEM) Model JEOL-1400, 120 kV). TEM samples were prepared by drying
a droplet of a freshly prepared sample on a formamide-carbon film 400 × 400 copper grid.
Attenuated Total Reflectance (ATR) infrared spectra were recorded with a Nicolet (IS50)
FT-IR spectrometer. All spectra were scanned in over the 400–4000 cm−1 spectral range
with a resolution of 4 cm−1.

2.5. Study of the F–T Synthesis

Three materials were evaluated for their catalytic activity for the F–T reaction us-
ing a 300 mL batch reactor coupled to a Parr 4848 reactor controller. The reactor was
loaded with 0.70 g catalyst and 70 mL ethylflo-164 solvent and then purged with syngas
(H2/CO = 2, v/v) for 10 min. As a first step, the catalyst was activated by an in situ reduc-
tion using two pretreatment methods. (1) Method 1: In the presence of CO at 553 K and at
a pressure of 1.45 MPa for 24 h. (2) Method 2: In the presence of syngas at 553 K and at
a pressure of 1.45 MPa for 24 h. After reduction, the temperature was lowered to the F–T
operating temperature, the reducing gas was replaced with syngas, and the reactor was
pressurized to a preset value. The F–T reaction was conducted at three operating tempera-
tures (T), i.e., 493 K, 513 K, and 533 K, and at a pressure (P) of 2.8 MPa with a stirring speed
of 500 rpm. After each batch run, the reactor was allowed to cool down to room temperature
so that the distribution of components would be equilibrated. Then gas and liquid samples
were removed and analyzed by gas chromatographs (GCs). Non-hydrocarbon gases were
analyzed on a Gow-Mac model 580 gas chromatograph via three different columns set
up in parallel: H2 on a molecular sieve column (8′x1/4′′) with N2 carrier gas, CO on a
molecular sieve column (8′x1/4′′) under He, and CO2 on carboxen-1000 (5′x1/8′′), also
under He. Analysis of liquid samples for hydrocarbons was achieved using a Perkin Elmer
Elite 5MS capillary column on a Perkin-Elmer GC 680 gas chromatograph operating in the
FID mode.

For SEM-EDS imaging, liquid samples were taken out of the reactor after each F–T
run and centrifuged to obtain a solid that was dried and stored under nitrogen.

3. Results and Discussions
3.1. Chemical and Structural Characterization of the Si-Fe Catalyst

The silica spheres obtained from the Stober process possessed a narrow size distribu-
tion with an average diameter of 564 ± 45 nm. The size of silica spheres can be modulated
by controlling the rate of monomer addition into the mixed solution [19]. As noted in
earlier studies [24,25], the resulting silica surface was rich in hydroxyl groups due to the
interaction of the oxide surface groups with the water molecules present in the ambient
environment.

The initial nucleation stage of the thermally/chemically induced decomposition reac-
tion of iron pentacarbonyl is governed by several mechanisms. As a first step, iron pentacar-
bonyl (Fe(CO)5) undergoes a disproportionation reaction in the presence of dimethylfor-
mamide (DMF), giving rise to the Fe(II) species with six coordinated DMF molecules [26–28]
and anionic counterpart species containing iron carbonyl fragments [29,30].

DMF is a neutral Lewis base that donates a pair of electrons to the iron carbonyl
molecule and induces the formation of an activated complex by adding the base to the
carbonyl group [29–32]. The iron in complexes with DMF as the Lewis base formed in
these reactions are in the formal oxidation states of (+1) and (−1), respectively. The Fe(+1)
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radical complexes, in which the iron has a d7 configuration, are usually extremely unstable.
Hence, in the case of hard Lewis bases such as DMF, the coordination sphere of the carbonyl
complex is destabilized, resulting in the substitution with DMF until all coordination sites
have been populated, the elimination of CO ligands, and the oxidation of the iron atoms to
Fe2+ [29,30]. The result, in this case, is the formation of the [Fe(DMF)6]2+ moiety. Variable
amounts of CO gas evolved during the reaction, depending on the molar ratios of the
Fe(CO)5 and DMF, which also impact the nature of the anionic iron carbonyl fragment.
Given the presence of these reactive disproportionation ionic products, a possible mecha-
nism may involve the attraction of the partially-negative oxygen bridges on the surface
monolayer of the silica nanospheres Siδ+ Oδ−—Siδ+ and to the positively charged Fe(II)
fragments, constituting the nucleating centers and anchoring points for the formation of
iron oxides nanoparticles. Alternatively, nucleophilic nucleation sites may result from
the polar Oδ−—Hδ+ groups on the surface of the silica nanospheres [25,33–35], and the
reaction would then propagate similarly to a sol-gel process, and upon calcination at 773 K,
the nucleated iron moieties on the surface of silica nanospheres would be oxidized to Fe2O3.
Another mechanism of nucleation may be attributed to the stepwise decarbonylation of
Fe(CO)5, generating a cascade of iron carbonyl clusters with an increasing Fe/CO ratio,
resulting in Fe clusters that are further oxidized to Fe2O3 [36,37]. However, the mechanism
governing the sono-induced production of Fe nanoparticles is simpler. Suslick et al. [38]
reported that the sonolysis of Fe(CO)5 in decalin resulted in the formation of a mixture
of dodecacarbonyl triiron and iron metal. The reaction yielded a first-order rate constant
of k = 13.4 × 10−4 s−1 at 294 K. The mechanism to explain the formation of the observed
mixture of products involved an initial dissociation of a CO ligand, followed by secondary
reactions with Fe(CO)5 to yield Fe3(CO)12 and Fe, having Fe(CO)3 and Fe(CO)4/Fe2(CO)8
species as intermediates.

The morphologies of the SiO2 nanoparticles and the Fe2O3-decorated SiO2 nanostruc-
tures are depicted in the scanning transmission electron microscopy (SEM) images shown
in Figure 1. The bare SiO2 nanoparticles (Figure 1a), together with the corresponding
energy dispersive x-ray spectroscopic measurements (EDX) of the sample (Figure 1b), show
a pristine surface composed of Si and O atoms. The silica spheres were used to support
the sonolysis-driven decomposition and deposition of iron catalyst onto their surface. The
concentration of the precursor Fe(CO)5 was varied to investigate the impact of iron concen-
tration on the final Si-Fe structure and how the Si-Fe structure evolved by increasing the
concentration of the iron precursor. Table 1 shows the various reaction compositions and
the calculated weight and molar ratio between the SiO2 support and Fe(CO)5 precursor.

The morphology of the Si-Fe catalysts with silica/iron precursor molar ratios of 22.49,
8.99, and 4.50, accompanied by the corresponding EDX spectra, are shown in Figure 1b–g.

The SEM data show that with increasing concentration of the iron precursor, a larger
amount of iron oxide nanoclusters was formed, and most of it was deposited onto silica
spheres. The average size of iron oxide clusters depicted in Figure 1c,e,g was 54 ± 20 nm,
and the observed aggregates were as large as ~200 nm. The associated EDX spectra
show an overall correlation between the intensities of the Fe peaks at ~0.7 and ~6.5 keV
with the initial precursor concentration, as shown in Figure 1d,f,h. The peak at ~0.7 keV,
corresponding to the L-shell of the iron atoms, while of lower intensity than that of the peak
at ~6.5 keV, corresponding to the K-shell of the iron atom, seems to be a better indicator
of the iron concentration [39,40]. Figure 2 shows a semi-quantitative analysis of the EDX
peaks in which the ratios of the L-shell band of Fe at ~0.7 keV and the K-shell band of Si
at ~1.7 keV were plotted as a function of the initial atomic fraction of Fe in the reaction
mixture. Given that the Si-Fe composite product was collected after extensive washing
and centrifugation to remove unreacted and un-anchored species, this increased presence
of iron as iron oxide nanoparticles on the surface of silica nanoparticles as a function of
precursor concentration indicates that the sonolysis of Fe(CO)5 has indeed occurred on the
surface of the silica nanospheres. Hence, the latter acted as a support for nucleation and
growth processes.
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Figure 1. SEM images of the SiO2 nanospheres synthesized by the Stober process and complex SiO2-
supported Fe2O3 nanostructures. (a) SEM image of “as synthesized” bare SiO2 nanospheres; (b) Cor-
responding EDX spectrum of bare SiO2 nanospheres; (c) SEM image of complex SiO2-supported 
Fe2O3 nanostructures synthesized from an initial mixture with a Si/Fe molar ratio of 22.49; (d) Cor-
responding EDX spectrum; (e) SEM image of complex SiO2-supported Fe2O3 nanostructures synthe-
sized from an initial mixture with a Si/Fe molar ratio of 8.99; (f) Corresponding EDX spectrum; (g) 
SEM image of complex SiO2-supported Fe2O3 nanostructures synthesized from an initial mixture 
with a Si/Fe molar ratio of 4.50; (h) Corresponding EDX spectrum. 
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Figure 1. SEM images of the SiO2 nanospheres synthesized by the Stober process and complex SiO2-
supported Fe2O3 nanostructures. (a) SEM image of “as synthesized” bare SiO2 nanospheres; (b) Corre-
sponding EDX spectrum of bare SiO2 nanospheres; (c) SEM image of complex SiO2-supported Fe2O3

nanostructures synthesized from an initial mixture with a Si/Fe molar ratio of 22.49; (d) Correspond-
ing EDX spectrum; (e) SEM image of complex SiO2-supported Fe2O3 nanostructures synthesized
from an initial mixture with a Si/Fe molar ratio of 8.99; (f) Corresponding EDX spectrum; (g) SEM
image of complex SiO2-supported Fe2O3 nanostructures synthesized from an initial mixture with a
Si/Fe molar ratio of 4.50; (h) Corresponding EDX spectrum.
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Table 1. Weights and corresponding molar compositions of the reactants for three different Fe content,
calculated weight and molar ratios between the SiO2 support and the Fe(CO)5 precursor.

Weight and Molar Composition of Reactants Reactant Ratios

SiO2 wt SiO2 Moles Fe(CO)5 wt Fe(CO)5 Moles Molar R(SiO2/Fe(CO)5) wt R(SiO2/Fe(CO)5)

2.00 g 0.0333 0.29 g 0.0015 22.5 6.9

2.00 g 0.0333 0.73 g 0.0037 9.0 2.8

2.00 g 0.0333 1.45 g 0.0074 4.5 1.4
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Figure 2. Semi-quantitative analysis of EDX peaks of Si-Fe complex nanostructures.

Additional support for the role of SiO2 nanospheres in the nucleation and growth of
Fe2O3 nanoparticles can be inferred from the Fourier-transform infrared (FTIR) analysis of
one of the synthesized Si-Fe catalyst samples, as compared to the SiO2 nanospheres and
unsupported Fe2O3 nanoparticles, shown in Figure 3.

The infrared spectrum of silica nanospheres synthesized by the Stober process ex-
hibited characteristic absorption bands at 1076 cm−1 and 953 cm−1 corresponding to the
asymmetric stretching of Si–O–Si and Si–O(H)–Si groups, respectively, at 807 cm−1 corre-
sponding to the symmetric stretching of Si–O–Si, and at 437 cm−1 corresponding to the
bending mode vibrations of O–Si–O [26,27]. The infrared spectrum of the reference Fe2O3
nanoparticles exhibited characteristic absorption bands at 443 cm−1 and 583 cm−1, corre-
sponding to the cooperative vibrational stretching modes of the Fe–O and Fe=O molecular
fragments [41,42]. Finally, the infrared spectrum of the Si-Fe complex nanostructure (having
an initial 18.19% atomic Fe fraction) exhibited a characteristic and significant red shift of
the 581 cm−1 to 534 cm−1, most likely due to the restricted mobility of the Fe2O3 molecules
that are anchored on the surface of the silica nanospheres coupled with a possible Fe–O–Si
bond [38]. Due to the specificity of the band at 534 cm−1 to the Si-Fe complexes, and the
fact that the 1080 cm−1 silica band remained unchanged, it was possible to use the latter as
an internal standard and correlate the ratio of these two bands with the concentration of
the Fe moiety expressed as molar ratios of SiO2 and Fe2O3 in the final complex nanostruc-
ture, assuming that the yield of Fe(CO)5 sonochemical decomposition to Fe2O3 was about
80% [43], as summarized in Table 2 and shown in Figure 4.
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Table 2. A comparison of the Si/Fe molar ratios of the reactants and products of the sonochemical
conversion of Fe(CO)5 onto SiO2 nanospheres support, as well as the respective ratios of the bridging
oxygen stretching vibrations in SiO2 and Fe2O3 for the three different reactant compositions used.

Reactant Composition and Ratio Products Ratios

SiO2 Moles Fe(CO)5 Moles Molar R(SiO2/Fe(CO)5) I1080/I534 molar R(SiO2/Fe2O3)

0.0333 0.0015 22.5 4.573 56.2

0.0333 0.0037 9.0 1.958 22.5

0.0333 0.0074 4.5 1.902 11.2

As shown in Figure 3, the atomic fraction of iron in the Si-Fe complex nanostructures
was calculated to be 4.25%, 10.01%, and 18.19%, corresponding to the initial reactant mix-
tures with SiO2/Fe(CO)5 weight ratios of 6.90, 2.75, and 1.38, respectively. The transmission
electron microscopy (TEM) image of the Si-Fe catalyst (with an initial concentration of
18.19% Fe atomic fraction) is shown in Figure 5. The SiO2 nanosphere is observed to
possess a “corona” comprised of the small Fe2O3 nanoparticles, seen in Figure 5a, while
the adherence of the iron oxide nanoparticles onto the surface of the silica nanospheres can
be seen in Figure 5b. It is also obvious in both the SEM (Figure 1g) and TEM images that at
these higher reactant concentrations, the iron oxide clusters undergo some aggregation on
the silica nanospheres that can generate clusters as large as 200 nm.
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3.2. Comparison of F–T Synthesis Products

The Si-Fe complex nanoparticles system containing a 4.25% atomic fraction of Fe
(corresponding to 4.5 wt.% of Fe2O3 in the system) was selected for the F–T synthesis
reaction, mainly because in this “dilute” system, most of the Fe2O3 nanoparticles were
distributed evenly on the surface of the SiO2 nanospheres, with little or no aggregation, as
seen in Figure 1c. The catalytic performance of the Si-Fe system was compared to that of
several commercial catalysts (UCI and BASF), consisting of iron oxide supported on silica
microspheres and unsupported iron oxide nanoparticles, respectively. All three catalyst
precursors were pretreated and activated with either CO or syngas for 24 h and then loaded
into a batch reactor to assess the effect of temperature on the F–T process. Note that though
the amount of catalyst added in each experiment was the same, i.e., 0.70 g, the fraction of
the iron oxide moiety was different for the three different catalysts.

Following catalyst reduction with CO or syngas [44], the F–T reaction was conducted
in a 300 mL Parr batch reactor at three preset temperatures (493 K, 513 K, and 533 K) and
pressure (2850 kPa) for 24 h. A typical F–T reaction involves the hydrogenation of CO to
produce a mixture of hydrocarbons and some oxygenates as by-products [45–47]. The iron
catalyst also produces carbon dioxide (CO2) due to the Water-Gas Shift (WGS) reaction [48].

The F–T process generates two different products depending on the reaction tempera-
tures. At low temperatures, as in this work, i.e., 473–553 K, larger hydrocarbon molecules
are produced with n ≥ 5, while at higher temperatures, i.e., 573–623 K, lower olefins and
liquid hydrocarbons are more prevalent. The formation of methane, CH4 (n = 1), is undesir-
able. At low concentrations of H2, i.e., H2/CO < 2, and in the presence of iron catalysts,
the WGS reaction becomes an important source of hydrogen, however, at the expense
of the undesired formation of CO2 [45–48]. The extent of CO conversion, the associated
hydrocarbon product distribution, and CO2 selectivity for all three catalysts that were
activated by CO or by syngas prior to their utilization in the reaction are summarized in
Tables 3 and 4.

Table 3. F–T activity and selectivity data for CO-reduced catalysts (Solvent: ethylflopolyolefin-
164 = 70 mL; Catalyst loading: 1 wt.%; Initial P: 2850 MPa).

Catalyst

Conversion (%)
UCI BASF Si-Fe

493 K 513 K 533 K 493 K 513 K 533 K 493 K 513 K 553 K

Total (H2/CO) 83.7 75.3 72.2 77.6 81.7 85.3 55.8 68.4 60.0

CO 95.9 96.0 93.5 81.9 89.8 76.1 54.6 67.1 61.1

Selectivity (C mole %) UCI BASF Si-Fe

CO2 24.8 22.0 27.4 15.2 19.8 18.7 1.6 0.5 1.1

CH4 3.2 3.6 6.6 6.7 8.9 8.7 3.9 0.5 0.2

C8–C20 hydrocarbons 10.1 13.0 7.5 12.3 43.6 31.4 17.4 58.3 54.9

The CO conversion in the F–T reaction with CO-reduced catalysts, shown in Table 3,
exhibits the order of UCI > BASF > Si-Fe at all three working temperatures. The discrepancy
between the conversion of CO and the conversion of H2 in the H2/CO syngas mixture,
particularly for the system catalyzed by the UCI catalysts and to a lesser extent by the
BASF catalyst, implies that CO may have been consumed by a side reaction such as the
WGS reaction or possibly the Boudouard reaction (2CO → CO2 + C), generating CO2
instead of the desired CnH2n+2 product [45–48]. These observations are consistent with
the higher fraction of CO2 formed for these two systems compared with the synthesized
Si-Fe catalyst system, in which the fraction of CO2 formed is very small. Hence, the
selectivity of the process for the formation of the C8–C20 hydrocarbons follows the order of
Si-Fe > BASF > UCI for all three working temperatures.
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Table 4. F–T activity and selectivity data for syngas pretreated catalysts. (Solvent: ethylflopolyolefin-
164 = 70 mL; Catalyst loading: 1 wt.%; Initial P: 2850 kPa).

Catalyst

Conversion (%)
UCI BASF Si-Fe

493 K 513 K 533 K 493 K 513 K 533 K 493 K 513 K 533 K

Total (H2/CO) 62.1 75.0 75.7 54.7 54.1 63.0 28.7 25.9 35.3

CO 73.0 95.5 95.1 53.0 55.8 69.1 25.1 19.8 28.9

Selectivity (C mole%) UCI BASF Si-Fe

CO2 27.4 34.4 32.3 3.2 4.2 7.7 3.5 1.9 4.6

CH4 0.7 1.3 1.4 0.6 0.7 1.5 1.4 2.5 2.5

C8–C20 hydrocarbons 6.7 5.4 6.0 23.6 13.4 18.6 21.2 39.3 24.6

The catalytic performance of the syngas-activated catalysts in the F–T reaction, shown
in Table 4, exhibits similar patterns as those observed with the CO-activated catalysts,
albeit with several exceptions. While the CO conversion in the F–T reaction followed the
order: UCI > BASF > Si-Fe for all three working temperatures, the efficiency of the Si-Fe
catalyst system appears to be much lower (<50%) than that observed with the CO-activated
catalyst. Moreover, while the Si-Fe catalyst still maintains a higher process selectivity for
the formation of the C8–C20 hydrocarbons, the noted advantage that was observed with the
CO-activated Si-Fe system is diminished. However, the most important feature observed
for the Si-Fe system is the very low generation of CO2, both for the CO-activated and the
syngas-activated systems.

For both pretreatment conditions, however, the Si-Fe catalyst produces the highest
fraction of the higher hydrocarbons and the lowest fraction of CO2, implying a limited
extent of the WGS side reaction. This is most likely due to the nanoscale dimensions of
the SiO2 support, providing a large surface area for efficient and homogeneous dispersion
of iron oxide nanoparticles, particularly with a low fraction of Fe that was chosen for our
experiments. Conversely, the commercial catalyst UCI tends to generate large amounts
of CO2 with both catalyst pretreatment conditions, while the BASF commercial catalyst,
comprised of nanoscale iron oxide particles, exhibits CO2 selectivity and high hydrocarbon
selectivity in the intermediate range between those of UCI and those of the Si-Fe system, as
shown in Figure 6a–f. Clearly, the Si-Fe catalyst exhibits a lower degree of CO consumption
than the other commercial catalysts, but a higher degree of selectivity to produce high
hydrocarbons with the lowest generation of CO2 as compared to the other commercial
catalysts.
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3.3. Morphology and Chemical Structure of the Catalysts after the F–T Synthesis

The size of the SiO2-supported iron catalyst particles for the Si-Fe and UCI systems
remained essentially unaltered during the F–T reaction, irrespective of their mode of activa-
tion, as can be observed from the SEM images shown in Figure 7a–f. However, the size of
the BASF catalyst, which consists of unsupported iron oxide nanoparticles, increased from
an initial average of 61 nm ± 21 nm (Figure 7g) to a post-reaction size of 119 nm ± 35 nm
for the CO-activated catalyst (Figure 7h) and a post-reaction size of 188 nm ± 35 nm for the
syngas-activated catalyst (Figure 7i), in agreement with the previously reported data [3].
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Figure 7. SEM images of the catalysts at different stages before and after the F–T reaction at 533 K.
Morphologies of (a) Si-Fe catalyst after CO reduction, (b) CO-reduced Si-Fe catalyst after the
F–T reaction, (c) syngas-reduced Si-Fe catalyst after the F–T reaction, (d) UCI catalyst after CO
reduction, (e) CO-reduced UCI catalyst after the F–T reaction, (f) syngas-reduced UCI catalyst af-
ter the F–T reaction, (g) BASF catalyst after CO reduction, (h) CO-reduced BASF catalyst after the
F–T reaction, (i) syngas-reduced BASF catalyst after the F–T reaction.

The morphology changes that we observed for the three catalysts due to their pre-
activation and F–T reaction support the original hypothesis that smooth round catalyst
particles are desirable to maintain the mechanical integrity of the catalyst system during
the F–T process. The spherical silica support, present both in the UCI and the Si-Fe systems,
could promote and sustain the dispersion of the iron catalyst nanoparticles and effectively
avoid catalyst particle aggregation during the F–T process. The increase in the average
particle size of the BASF catalyst is consistent with the fact that it consists of unsupported
iron oxide nanoparticles. Hence, some degree of aggregation is observed. The catalyst
stability, in turn, would affect the catalytic performance in F–T and result in a higher value
product (non-CO2 and non-CH4 hydrocarbons) yield.

Additional insight into the chemical and structural differences among the Si-Fe, UCI,
and BASF catalysts before and after F–T synthesis was obtained by examining the vibra-
tional signatures of the molecular species in the three systems. The FTIR spectra of Si-Fe,
BASF, and UCI catalysts, before the F–T reaction are shown in Figure 8. The BASF catalyst
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sample exhibited bands at 436 and 518 cm−1 corresponding to the cooperative stretching of
the Fe–O and Fe=O molecular fragments in Fe2O3. The spectral shoulder at 578 cm−1 is
indicative of the presence of a fraction of unaggregated pure iron oxide fragments in the
sample (see Figure 3). Both the UCI and the Fe-Si catalysts consist of Fe2O3 nanoparticles
supported on silica and exhibit the spectral features of silica, in particular peaks of silica at
820 and 1071 cm−1 corresponding to the symmetric and antisymmetric stretching vibrations
of Si–O–Si, respectively. The characteristic peak of Fe2O3 in the UCI and Fe-Si samples also
overlapped with the O–Si–O bending mode at 437 cm−1 [28].
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Figure 8. FTIR spectra in the 400–1600 cm−1 spectral range of three catalysts, Si-Fe, UCI, and
BASF, prior to their use in the F–T reaction. The spectra demonstrate the presence of the two main
components, SiO2 and Fe2O3, for Si-Fe catalysts and Fe2O3 only for the BASF catalyst.

The FTIR spectra of three catalysts (reduced with either syngas or CO) after being
utilized in the F–T reaction are shown in Figure 9. The weak to medium intensity vi-
brational peaks observed in the 2800–3000 cm−1 spectral range correspond to the –CHx
stretching vibrations arising from hydrocarbon products formed during the reaction, some
of which were adsorbed on the surface of the catalysts. In addition, the weak vibrational
peaks observed in the 1900–2400 cm−1 spectral range may be attributed to C=O stretching
modes of various carbonyl-containing species, resulting from a multitude of possible F–T
side reactions [49–52]. These features are observed for all catalysts, irrespective of their
activation process (either by CO or syngas reduction). Still, the intensity of peaks in the
1900–2400 cm−1 spectral range seems to be higher in the CO-pretreated catalysts, which
indicates more active iron sites during the F–T reaction [53]. The FTIR also indicates that
the material homogeneity for the Si-Fe samples, both before and after the F–T reaction,
has been preserved, while the other two catalysts have undergone some morphological
changes, also demonstrated by the SEM images shown in Figure 7.
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reaction at 533 K. Comparison of the post-activation and post F–T catalysis for (a) Si-Fe, (b) UCI
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4. Conclusions

In this study, the synthesis of silica microspheres (450–600 nm) using a modified Stober
process, on which iron oxide clusters were deposited by sonolysis of iron pentacarbonyl
to yield a nanostructured iron material (Si-Fe) is reported. The structure of synthesized
materials was characterized using a suite of spectroscopic techniques. Further, the effect of
nanosizing in catalysis was established using the synthesized materials for F–T synthesis
with a balanced ratio of syngas (H2/CO = 2) in batch mode for quick screening. A com-
parative F–T study with two commercial iron oxide catalysts, UCI (silica-supported iron
oxide catalyst) and BASF (unsupported nano iron oxide catalyst), was also conducted. All
three catalysts were pretreated with either CO or syngas and then evaluated in a 300 mL
Parr batch reactor for 24 h at three temperatures: 493 K, 513 K, and 533 K. The collected
data show that under the conditions used in this study, Si-Fe had the lowest CO2 (1.1%
with CO-reduced catalyst and 3.3% with syngas-reduced catalyst), while the commercial
catalysts, UCI and BASF, either have a higher CO2 selectivity with catalysts produced
under both (CO and syngas) pretreatment conditions (UCI) or at one of the pretreatment
conditions (BASF with CO reduction). The Si-Fe catalyst also has the lowest WGS activity
and the highest C8–C20 selectivity (43.5% with CO-reduced and 28.3% with syngas-reduced
catalysts). The catalytic performance results agree well and are supported by the catalyst
morphology and spectroscopic studies. The spherical silica support could promote the
dispersion of iron catalysts and effectively avoid agglomeration of catalysts during the
F–T reaction, e.g., with the BASF catalyst. The spherical support appears to retard serious
carbon deposition observed on the UCI catalyst surface. The FTIR data show that the
CO-pretreated catalysts (Si-Fe and BASF) contained more active iron species. Thus, the
morphology and structure of catalysts affect the catalytic performance during the F–T reac-
tion and contribute to a higher/lower product yield. The finding of this study suggests that
the nanostructured Si-Fe allows F–T operation at a lower-than-normal temperature, thus
retarding CO2 production due to decreased WGS activity. This study is a good example of
utilizing the structure-property relationship to design systems to activate higher space-time
yield (STY) in catalysis while minimizing CO2 production, a greenhouse gas. Though the
present study mainly focused on materials characterization and the presented F–T batch
data are preliminary, we plan to design similar systems for application in other catalytic
reactions.
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