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Cobalt and iron have long history of importance in the field of catalysis that continues to
this day. Currently, both are prevalent metals in a multitude of catalytic processes: the synthesis
of ammonia [1], Fischer-Tropsch synthesis (FTS) [2–5], water gas shift [6–9], hydrotreating [10],
olefin polymerization [11], hydrotreating [12,13], isomerization [14,15], alcohol synthesis [16–18], and
photocatalysis [19–21]. One cannot underestimate the importance of hydrotreating. The U.S. Energy
Information Administration (EIA) shows that crude demand for 2019 was ~100 million barrels per
day [22]; this crude requires hydrotreating before it can be brought to market [23–25]. FTS is another
example, as it is at the core of large-scale industrial processes in coal-to-liquid (CTL) [26–28] and
gas-to-liquid (GTL) [23,24,29] processes, as well as futuristic research on biomass-to-liquid (BTL) [30,31]
processes. It is responsible for the production of more than 300,000 barrels per day of synthetic
fuels [32–35], with some examples being Sasol I and II in South Africa (160,000 BPD), Pearl GTL (140,000
BPD), Oryx GTL (34,000 BPD), Shenhua CTL (20,000 BPD), and Shell Bintulu Malaysia (12,000 BPD).
Water gas shift and steam reforming, used as a precursor to many of the aforementioned processes for
hydrogen production, is used to produce nearly 70 million metric tons of hydrogen per year (based
on 2018 data) [36]. Trajectories of hydrogen are likely to rise provided that the current demand for
“clean” energy continues, coupled with the fact that companies are still developing hydrogen-powered
cars [36]. It is not clear at this time how such an economy may develop. For example, one possibility is
onboard reforming of a chemical carrier of hydrogen (e.g., light alcohols) [37–41], while other options
include steam reforming, partial oxidation, and the gasification of various natural resources carried out
at centralized or decentralized locations. Furthermore, iron, which is central to the high temperature
water–gas shift step in fuel processors for hydrogen production, also serves to catalyze water–gas
shift concurrently with FTS when the H2/CO ratio in syngas is low, as occurs with syngas derived
from coal and biomass. In addition, the iron used in FTS helps to boost the selectivities of alcohols
and olefins [16,42,43]. In fact, both iron and cobalt can be catalytically tuned to favor products for the
oxygenate market or to provide feedstock to the olefin polymerization processes [16,17,44,45]. Plastics
produced from the latter process serve as materials for packaging, healthcare, diagnostics, optics,
electronics, and a host of other industries. Finally, the topic of CO2 utilization is becoming increasingly
important to alleviate greenhouse gas emissions and combat climate change. One key roadblock is
having on-hand a renewable source of hydrogen. If these key metals have the ability to transform CO,
there may be a path forward for developing them for CO2 utilization; research in this area is already
under way [46].

However, although many of the catalytic processes mentioned above are run at commercial scales,
they are still implemented with a certain degree of “blackbox” thinking. There are good reasons for this;
although we understand, in general terms, the catalyst formulations and process conditions involved
that will result in a variety of product distributions of interest, we do not, as of yet, have a clear
understanding of what precisely constitutes the “active site”, which electronic and geometric effects
are involved, how promoters and poisons influence the active site, and which elementary steps are

Catalysts 2020, 10, 36; doi:10.3390/catal10010036 www.mdpi.com/journal/catalysts1
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involved in the complex surface reaction mechanisms [4,47–52]. A quick search from Google Scholar on
the “Fischer Tropsch mechanism” resulted in over 6500 publications published in the past two years on
this topic alone. The routes are not fully understood, and much more work is needed to bridge the gap
between, on the one hand, density functional theory and microkinetic modeling, and, on the other hand,
actual data (i.e., product workup, catalyst characterization) generated from the testing of industrially-
and academically-relevant catalyst formulations. A multitude of unanswered questions come to the
fore. (1) What is the rate limiting step of the mechanism and how can activity be improved? [53]
(2) Which metals and promoters are most suitable for a specific process, and how do they work together
to bring about the desired selectivity? [54–56] (3) Which specific reactor configurations and process
conditions are superior for targeting specific product ranges? [57–60] (4) Which processes are involved
in catalyst deactivation, which ones dominate, and how can they be managed? (5) What are the
relationships between homogeneous and heterogeneous catalysts? [61].

Much of the importance of these metals lies in their ability to manage carbon, including the
activation of carbon monoxide, the coupling of carbon with carbon, hydrogen, or oxygen [62], and
the scission of the same, as well as their ability remove products, once formed [62]. The capacity
for iron and cobalt to manage carbon creates an avenue for useful products to be constructed from
much simpler molecules. This is a significant advantage over alternative approaches such as direct
liquefaction and the upgrading of bio-oil produced from flash pyrolysis. For example, Fischer-Tropsch
synthesis produce a plethora of paraffins, 1-olefins, and oxygenates from simply carbon monoxide and
hydrogen. These products are then readily hydro-processed to produce alternative fuels (i.e., especially
diesel and aviation fuels), as well as lubricants and waxes. The olefins and oxygenates produced can be
used as feedstocks for various applications, including the manufacturing of plastics. Thus, deepening
our understanding of how the properties of the catalyst and process conditions can be tuned will give
rise to greater control of the product distribution [62].

This special series highlights the work of scientists and engineers from all over the world who
embody the leading edge of catalyst research on cobalt and iron. This collection provides a broad
overview of a multitude of processing routes. In addition to the aforementioned topics, global
concerns also drive: environmentally-attractive catalysts through specific homogeneous asymmetric
iron complexes [63], the development of consumer products (preservatives, cosmetics, and flavors) [64]
and materials (inks, coating, and paints) [65], and effective waste water treatment [66]. Furthermore,
environmental concerns necessitate not just the capture of CO2, but also its utilization as a means
of mitigation [46,57,67]. Yet, alternative means of energy, such as hydrogen, may help limit harmful
emissions and could also pave the way for change. The importance of cobalt, as a less expensive metal
relative to the precious metals, for light-driven water oxidation [68] and electrochemical processes for
hydrogen production [69] further highlights the potential of harnessing these metals in a way that
benefits society. Regarding current methods that utilize carbon, such as the FTS process, a series of
studies included here examine the effect of reaction conditions and promoters [70], investigate the
kinetics [53,59,60], and examine the reaction route through computational modeling [71], with the aim
of tailoring new formulations in a scientifically-driven manner [55,56,72]. This offers the potential
to more effectively utilize the routes that are already available. Our aim is to tune [54] catalysts to
efficiently produce fuels and chemicals in a more environmentally-benign manner.

The guest editors wish to thank all of the authors, reviewers, and editorial staff who took the time
to contribute to and shape this special issue in a meaningful way. We dedicate this special issue to the
memory of our mentor and friend, Professor Burtron H. Davis.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Autoxidation processes to achieve curing of alkyd resins in paints, inks, and coatings are
ubiquitous in many applications. Cobalt soaps have been employed for these applications for many
decades and most of the paint and ink alkyd resin formulations have been optimized to achieve
optimal benefits of the cobalt soaps. However, cobalt soaps are under increased scrutiny because of
likely reclassification as carcinogenic under REACH (Registration, Evaluation, Authorisation, and
Restrictions of Chemicals) legislation in Europe. This is critical, since such coatings are available
for regular human contact. Alternative manganese- and iron-based siccatives have been developed
to address this need for over a decade. They often show very high curing activity depending on
the organic ligands bound to the metal centers. Recently, new classes of catalysts and modes of
application have been published or patented to create safe paints, whilst delivering performance
benefits via their unique reaction mechanisms. Besides the use of well-defined, preformed catalysts,
paint formulations have also been developed with mixtures of metal soaps and ligands that form
active species in-situ. The change from Co-soaps to Mn- and Fe-based siccatives meant that important
coating issues related to radical-based curing, such as skinning, had to be rethought. In this paper we
will review the new catalyst technologies and their performance and modes of action, as well as new
compounds developed to provide anti-skinning benefits.

Keywords: cobalt carboxylate; coating; autoxidation; alkyd; siccative; polymerization; iron; manganese

1. Introduction

The creation of coatings can be traced to prehistoric cave paintings from around 30,000 years ago,
but the advent of lacquers for protection started in China over 2000 years ago and have since developed
into a wide range of chemistries, application methods, and formulations to cope with the applications
and coating performance criteria [1]. They are ubiquitous, essential, and provide both protection and
beauty to all manner of surfaces, for example: Ships, mobile phones, satellites, housing, furniture,
light-bulbs, paper, and bridges [2]. The coatings market is significant, worth $178 billion USD in 2018,
and growing at a 4.5% compound annual growth rate [3]. A wide range of chemistries have been
developed to create thermoplastic or thermosetting chemistries with common examples including
(poly)urethane, -acrylic, -epoxy, and -phenolics. Technology continues to progress; in the last decade
new functionalities have been developed for coatings including easy-to-clean [4], anti-pollution [5],
and self-healing [6].

Recently coatings are moving towards using sustainable, environmentally-friendly raw
materials [7,8]. This shift in approaching health, safety, and sustainability concerns does not only
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originate from change in legislation, but also from agreed restrictions in using less desirable raw
materials, including restricting the use of organic solvents. As part of this trend, alkyd resins [2] have
found renewed interest as a paint based on natural ingredients [9]—they are essentially polyesters
prepared from modified vegetable oils, polyols like glycerol, natural, unsaturated fatty acids, and dibasic
acids (see Figure 1 as an example) [10]. They are often used in decorative applications, vehicle coatings,
coil coatings, and marine coatings [2].

 
n

Figure 1. Structure of a typical alkyd resin with linoleic acid as side group.

1.1. Radical Curing Chemistry

Alkyd resins cure via a physical and chemical drying process that requires catalysis [11,12]
(Figure 2). A liquid paint dries physically by releasing solvent (water or organic) after application to a
surface. The alkyd resin within the paint accounts for most of the formulation and gives the coating its
strength and durability. It forms a liquid layer containing the other components, such as pigments and
surface-active components. During the physical drying, a tandem process occurs via a chemical process
of air-oxidation. This hardens the film beyond a tacky consistency to give the final coating properties.

The chemical air-drying process is facilitated via the available unsaturation for crosslinking.
Natural drying oils like linseed oil, tung oil, dehydrated castor oil, tall oil (from wood pulp), and oitica
oil can be used as they have large amounts of conjugated double-bonds, essential for better drying
properties versus semi-drying oils like sunflower oil or soybean oil. The degree of unsaturation affects
the dry time and final resin compatibility and amphiphilicity, important for preparing resins for water-
or solvent-borne coatings. Alkyds with 55% w/w oil content are long-oil alkyds and mostly suited
to solvent-borne formulations and have the slowest dry times. Medium (45–55%) and shorter oils
(<45% w/w oil) dry faster but give less crosslinking in relation to the oil content. The final alkyd resin
can be tuned with additional chemistry, such as the number of hydroxyl groups, degree of branching,
reaction with epoxy or urethanes to make polymeric hybrids, or by simply changing the molecular
weight, to improve properties such as the time to form a hard film (dry-time) or glass transition state
for flexibility versus chemical resistance [10].

The oxidative cure can occur in the presence of oxygen, but it can take days to form a tack-free
film and might only be active at the coating surface where the most oxygen is available for curing,
leading to a soft coating and a hard surface. Long dry-times and soft coatings are not commercially
viable. This has long been solved by using a catalyst, a so-called ‘primary drier (siccative)’, based on a
metal soap carboxylate, that can reduce the dry-time to hours rather than days. The most commonly
used are organic-acid salts of cobalt. Coatings formulations often include other (so called ‘secondary’)
metal carboxylate driers (siccatives) that cannot start cross-linking, but facilitate redox processes
throughout the coating, examples metals include aluminium, zirconium, and barium. Alkyd coating
formulations also contain other additives to prevent adsorption of siccatives onto pigment particles
retarding the drying process, such as pigment dispersants or calcium-based soaps, that can block the
pigment surface.
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Figure 2. Simplified scheme of mechanisms of alkyd curing via Oxidative Catalysis and O2.

The oxidative curing process takes place via radical autoxidation reactions (Figure 2). The radical
curing reactions are initiated by metal catalysts via a peroxidation reaction involving minute amounts
of alkylhydroperoxide (ROOH) present in the resin containing an unsaturated resin yielding an alkoxy
radical (RO•) and (formally) a hydroxyl radical (HO•) (reaction (1)). However, as this reaction often
occurs via binding of ROOH to the metal ion, an oxidized metal-oxo species is formed (reaction (2)).
Both the alkoxy radical and the metal-oxo species react with unsaturated fatty acid moieties (RH),
to form the alkyl radical (reactions (3) and (4)), which in turn reacts nearly diffusion limited with
dioxygen to form peroxyl radicals (reaction (5)). The peroxyl radicals react efficiently with unsaturated
fatty acids, yielding more alkyl radicals. Reactions (1)–(4) are known as initiation reactions and
reactions (5) and (6) are propagation reactions.

In some cases, also reactions between metal ions in their lower valence state and dioxygen may
take place, leading to an oxidized metal species with a superoxide radical bound (which can then react
with an unsaturated fatty acid, such as depicted in reaction (6), where in this case ROO• should be
read as M(OO•−)).

ROOH � RO• + HO• (1)
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Mn+-OOR � RO• + O=M(n + 1)+ (2)

RO• + RH � ROH + R• (3)

O=M(n+1)+ + RH � Mn+-OH + R• (4)

R• + O2 � ROO• (5)

ROO• + RH � ROOH + R• (6)

ROO• + ROO• � RCHO + ROH + O2 (7)

Termination of the radical processes occur by different reactions. First, two peroxyl radicals react
to form aldehyde and alcohol terminal products (reaction (7)). Further, importantly for alkyd curing,
the radical intermediates (R•, RO•, and ROO•) react further with each other to form species, such as
R–R, R–O–R, R–OO–R [13].

The chemistry of alkyd resin curing is rather complicated to study in detail and often a model
substrate based on ethyllinoleate has been employed [10,13,14]. Various spectroscopic techniques can
be used to study reactions (like Infrared and Raman spectroscopy), and using this substrate can help to
understand the mechanisms of the Mn and Fe catalysts on alkyd resin curing as will be highlighted in
the subsequent paragraphs.

1.2. Regulatory Changes for Cobalt

Cobalt-based siccatives have faced reclassification as a class 1b carcinogen. The main participants
of this reclassification process are the Cobalt REACH consortium [15], a non-profit group tasked with
preparing the registration dossiers for cobalt and cobalt compounds and a special consortium of major
European producers of metal carboxylates (for siccatives) that was established in 2007 within the
CoRC [16].

Recently, five cobalt salts—cobalt sulfate, cobalt dichloride, cobalt dinitrate, cobalt carbonate,
and cobalt di(acetate)—have been proposed for restriction by ECHA as Carc. 1B (inhalation), Muta. 2,
and classified same as Repr. 1B and skin and respiratory sensitizers. In 2016, RAC (ECHA) agreed that
the cobalt salts should be considered as genotoxic carcinogens with a non-threshold mode of action and
endorsed a dose–response relationship for these substances. However, in their REACH registration
dossiers, industry (CoRC) identified the cobalt salts as non-genotoxic carcinogens with a threshold
mode of action. A DNEL value of 40 μg Co/m3 is used by the registrants in their Chemical Safety
Assessments. According to the dose-response relationship derived by RAC, work-life exposure to this
DNEL value corresponds to an excess lifetime cancer risk of 4 × 10−2. The stakeholder engagement
window ended June 19, 2019, and a meeting was held between ECHA and the RAC on June 6,
2019—the final opinion on reclassification is expected end of 2019. It is highly likely that the five
above-mentioned salts will be classified without threshold resulting in their eventual restriction and
subsequent placement on a list of substances requiring authorization before use.

The members of the Cobalt Institute and Cobalt REACH Consortium agreed to self-classify the
following substances under the UN Globally Harmonized System for Classification and Labelling
of Chemicals (UN GHS) as specific target organ toxicants following repeated exposure (STOT RE 1
(GI Tract); H372).

1. Neodecanoic acid, cobalt salts EC No. 248-373-0. CAS No. 27253-31-2; EC No. 257-798-0; CAS
No. 52270-44-7;

2. Cobalt, borate Neodecanoate complexes EC No. 270-601-2; CAS No. 68457-13-6;
3. Stearic acid, cobalt salts EC No. 237-016-4; CAS No. 13586-84-0. EC No. 213-694-7; CAS No. 1002-88-6;
4. Resin and rosin acids, cobalt salts EC No. 273-321-9; CAS No. 68956-82-1;
5. Naphthenic acids, cobalt salts EC No. 263-064-0. CAS No. 61789-51-3; EC No. 285-220-7; CAS

No. 85049-49-6;
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6. Cobalt bis(2-ethylhexanoate), CAS No. 136-52-7. This substance has been self-classified from
Repr. 2 to Repr. 1B.

The industry is therefore increasingly responding to the reality of cobalt and cobalt-compound
restrictions. The TSCA Reset in the US has led to Consent Orders (formerly known as SNURs) for
new PMNs that restrict the use of cobalt siccatives for consumer use. Cobalt neodecanoate, a classic
cobalt-based siccative for alkyds and inks, is a good example of restricted use (to tires, for non-consumer
usage only).

It is worth mentioning that the proposed EU Harmonized Classification of cobalt metal as a
carcinogen, mutagen, and reproductive toxicant will also have a significant effect on cobalt metal
powder users [17]. Further, it should be mentioned that cobalt(II) carboxylates (‘soaps’) form upon
hydrolysis cobalt(II) aqua species, which are the same or very similar to those present in for example
cobalt(II)sulfate hexahydrate.

It is likely that cobalt carboxylates will therefore be reclassified as carcinogenic due to the read
across strategies used by Competent Authorities (chemical similarity of the salts) and because cobalt
itself has been classified.

As a carcinogen, cobalt can be a risk to human health since coatings and inks cured via
cobalt-catalysts are often in frequent human contact (especially when applying paints or scratching
out old paint layers). The industry recognizes that the continued use of cobalt catalysts risks
both human health and the movement towards a sustainable future. As a result, cobalt catalysts
have been continuously phased-out of alkyd (and ink) formulations as coating firms prepare for a
regulatory-driven shift in the market.

1.3. Cobalt Alternative Technologies

Cobalt reclassification requires forward-thinking firms to develop new strategies and products;
this is reinforced by the issue of cobalt pricing affecting manufacturers—cobalt supplies have seen
major supply shortages with the advent of increased battery production for electronic cars [18].

Due to the combined pressures of regulatory change and demand leading to volatile pricing,
the coatings and ink industries have been looking for alternative technologies. This area of research
has been evolving for decades, as cobalt was the replacement for lead and alternatives currently exist
from other metal soap carboxylates that are well known in the market, based on manganese, iron,
and vanadium. The most credible carboxylate technologies have well-known disadvantages [19].
Manganese siccatives are dark and create discoloration, iron siccatives are too slow at room temperature
and vanadium siccatives are toxic [20,21].

The development of cobalt-replacement strategies is discussed below, with a short review of past
technologies (1.3.1), followed by a detailed review of new Fe- and Mn-based catalysts studied or used
as siccatives for alkyd resin formulation in Section 1.3.2. discussed below.

1.3.1. Traditional Cobalt-Catalyst Replacement Strategies: Manganese and Iron Soaps

The use of manganese salts or soaps as alternatives to cobalt has been an appealing proposition
for many years [22]. Especially, manganese(II)(2-ethylhexanoate)2 (abbreviated as MnII(2-EH)2) has
been applied in various paint and ink formulations. However, as the activity towards curing of
MnII(2-EH)2 is significantly lower than that of the cobalt soaps and, therefore, the inclusion level has
to be much higher [13,23]. As a consequence, when strongly colored Mn(III) ions are present in the
manganese soap formulation, or are formed due to oxidation processes, the color of the manganese in
the paint formulation or in the applied coating layer may be apparent and this is undesired in white or
light-colored paint formulations. By adding ligands that contain amine donor atoms (either aliphatic
amines or aromatic amines or a combination thereof), the activity of the manganese centers can be
enhanced and therefore the dose level can be lowered (vide infra).

The use of manganese soaps is limited due to the high dosage needed, which leads to an increased
cost in use and often unacceptable coloring of the paint formulation or coating layer. Addition of
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a bidentate ligand to manganese soap, such as 2,2’-bipyridine (bpy, Figure 3), leads to a significant
increase in activity, allowing a reduction of the level of manganese soap at a similar level as what is used
for cobalt soap [24]. A benefit is then that the color of manganese is less apparent than without bpy
added, but still the coloring issue can prohibit the use in many formulations. Bpy is often used in ink
formulations in combination with manganese soaps, because inclusion of a dark colored siccative will
not be noticed in these dark formulations. Detailed spectroscopic studies and X-ray analysis revealed
that tetranuclear manganese clusters may be formed and involved in the catalysis [25]. However,
it should be noted that in general intermediates that are crystallized and analyzed may not be the
species involved in the oxidative processes.

The use manganese complexes with acetylacetonate (acac, Figure 3) for paint curing has been
investigated [26–28]. When using purified ethyllinoleate that have no hydroperoxide impurities,
the initiation reaction is much shorter than when MnII(2-EH)2 is used. A further improvement has
been made by addition of one equivalent of bpy, which has led to the suggestion that coordination
of the nitrogen donor leads to a stabilization of the Mn(II) species, thereby increasing the rate of
H• abstraction of the ethyllinoleate by the Mn(III) species. A disadvantage noted was that the
Mn(acac)2-bpy leads to more β-scission cleavage of the double bonds leading to formation of volatile
aldehydes. As a consequence, the curing of alkyd resins will be less than optimal because the extent of
polymerization will be diminished. A benefit noted by using acetylacetonate is that a reduced skinning
behavior was observed [28]. As acetylacetone is volatile, it may that when bound to the metal ion it
prevents it to react with the alkyd resin (or hydroperoxides present in the alkyd resin), but when the
paint formulation is applied on a surface, acetylacetone that is not bound to the metal center may
evaporate, allowing the metal ion to react with the peroxides to initiate the curing reactions. This
assumes that there is an equilibrium, which is kinetically competent, between acetylacetonate that is
bound to the manganese ion and acetylacetone that is in the paint formulation.

Iron soap drying catalysts have also been studied, but their application has been limited due to
the low activity. Only in stoving enamels such siccatives have been implemented. Miccichè et al. have
shown by X-ray crystallography and Mössbauer analyses that a μ3-oxo carboxylate bridged complex is
formed and this may be involved in the alkyd resin oxidation process [29]. Addition of ascorbic acid
palmitate enhances the reactivity of the curing process, which has been explained by an increased rate
of reduction of one of the iron centers by ascorbic acid, which in turn reacts with the alkyd resin to
form the alkyd resin radical species (which reacts with O2 to form peroxyl radicals as explained in
Section 1.2) [10].

1.3.2. Contemporary Cobalt-Catalyst Replacement Strategies

Manganese-Based Complexes Using Polydentate Nitrogen Donor Ligands

Various other classes of Mn complexes have been patented as paint siccatives. A very active
mononuclear Mn complex with a cross-bridged tetraaza macrocyclic ligand (Bcyclam, Figure 3) has
been patented [30]. Model experiments with β-carotene used as a model substrate indicated that
radicals are formed when methyllinoleate was added. A very good curing of linseed oil was observed.

More recently, a patent by Dura Chemicals covered the use of Mn porphyrins [31]. Examples
using MnIII(5,10,15,20-tetrakisphenylporphyrin) show a good curing activity (Figure 3). As porphyrin
complexes are intensely colored, such catalyst can only be used at low concentrations to prevent
coloring of the paint layer.

Whilst initially the use of manganese salts or complexes did not seem to be very promising,
the finding that [MnIV

2(μ-O)3(Me3TACN)2](PF6)2 (Me3TACN= 1,4,7-trimethyl-1,4,7-triazacyclononane–
Figure 3) was active towards curing opened up new possibilities to formulate paint compositions
with alternative siccatives based on manganese [32,33]. Mixtures of MnII salts and a molar excess of
Me3TACN or a molar excess of MnII salts and Me3TACN ligand have been patented for drying alkyds as
an alternative to synthesized catalysts [34,35]. This compound was already known as catalyst to activate
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hydrogen peroxide for bleaching of stains in laundry and dishwash cleaning applications [36]. One of
the features of this catalyst is that the triazacyclononane ligand is tightly bound to the manganese ion,
preventing fast formation of manganese hydroxide precipitation commonly observed in the alkaline
detergent formulations when manganese salts or complexes are used [37].

When an excess of ligand is used, the level of Mn can be reduced leading to diminished color by Mn
in the paint formulation or coating applied [34]. Hardness improvement has been observed when an
excess of Mn was used [35]. Furthermore, patents were published wherein mixtures of Mn complexes
and Me3TACN were claimed, yielding improved curing activity when [MnIV

2(μ-O)3(Me3TACN)2](PF6)2

was mixed with Me3TACN ligand [38], or when non-Me3TACN Mn complexes were mixed with the
Me3TACN ligand [39].

Related to the Mn complexes with Me3TACN is the class of bridging triazacyclononane ligands
covered in recent patent filings. The use of 1,2-bis(4,7-dimethyl-1,4,7-triazacyclononan-1-yl)-ethane
(Me4DTNE, Figure 3) in alkyd resins (without Mn) has been claimed in a patent along with other
classes of ligands, including the Me3TACN ligand [40]. This alkyd resin formulation that does not
contain metal ions is not subject to skinning, whilst when Mn soap is added, curing of the alkyd
resin can start. In another patent, the use of this ligand with a Mn soap or salt has been claimed [41].
The experiments show good curing activity of such complexes, although the nature of the active species
has not been disclosed.

A different class of polydentate nitrogen-based ligands, based on 1,4-diazacycloheptane-6-amines,
in conjunction with Mn salts has also been patented (Figure 3) [42]. These ligands contain tridentate
aliphatic nitrogen donor ligands as a backbone to which other coordinating donor groups can be
attached (such as pyridine). Compared to the triazacyclononane based ligands, the stability constants
of nickel complexes are about 105 less than for an analogous complex with triazacyclononane [43],
indicating that this is also the case when comparing Mn complexes containing this class of ligands
with the triazacyclononane ligands. Despite this difference in stability, the experiments disclosed in the
patent revealed clearly improved curing activity as compared with MnII(2-EH)2.

Two classes of tetradentate ligands with Mn salts have been patented recently that are
based on tris(pyridin-2-ylmethyl)amine (TPA) and N-methyl-N(pyridin-2-ylmethyl)-bis(pyridin-2-
yl)methylamine (MeN3py) (Figure 3) [44]. Despite the distinct different structures and properties of
these ligands (3 aromatic N donors + 1 aliphatic ones) vs. the 1,4-diazacycloheptane-6-amines and
triazayclononane ligands (3 aliphatic N donors), a clear enhancement in curing has been measured.
It would be interesting to understand whether all these different Mn catalysts achieve curing of alkyd
resins all following similar pathways or whether there are different reactions catalyzed for the different
classes of catalysts (e.g., direct activation of the allylic CH2 moieties, activation of ROOH to yield
peroxyl or alkoxy radicals, or interaction with O2 to yield O2 activation).
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Figure 3. Ligands and additives exhibiting paint drying activity when mixed with Mn salts or as Mn-
ligand complexes discussed in the text: 2,2′-bipyridine (bpy), acetylacetonate (acac), 1,4,7-trimethyl-1,4,7-
triazacyclononane (Me3TACN), 1,2-bis(4,7-dimethyl-1,4,7-triazacyclononan-1-yl)-ethane (Me4DTNE),
4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (Bcyclam), 5,10,15,20- tetrakisphenylporphyrin
(R = phenyl; porphyrin ligand), N,N,N′,N”,N′′′,N′′′-hexamethyltriethylenetetraamine (HMTT),
6-amino-1,4,6-trimethyl-1,4-diazacycloheptane and 1,4,6-trimethyl-6{N-pyridin-2-ylmethyl)-N-
methylamino}-1,4-diazacycloheptane (1,4-diazacycloheptane based ligands), tris(pyridin-2-
ylmethyl)amine (TPA), and N-methyl-N(pyridin-2-ylmethyl)-bis(pyridin-2- yl)methylamine (MeN3py).

Iron-Based Complexes Using Polydentate Ligands

Iron ferrocene complexes have been studied by Erben and co-workers [45–47]. Whilst initially
a good activity of the unsubstituted ferrocene was reported, follow-up studies revealed that most
substituted ferrocenes and especially benzoylferrocene may be more suitable to be applied (Figure 4).
Interestingly, this class of catalysts appear to be operative via a different mechanism. Ferrocenes are
known for the electron transfer capabilities without changing the coordination environment (see for
example [48]). Therefore, for this class of siccatives binding of alkylhydroperoxide to the metal center
may not be operative. The activity of the benzoylferrocene catalyst is similar to that of Co soap (based
on metal level), suggesting that cost of the catalyst may become an issue if it would be applied.

The manganese-based porphyrin claimed for alkyd paint curing has also been covered for Fe,
Co and V [31]. Unfortunately, no examples on curing were given for the Fe porphyrins, so its activity
compared with the analogous Mn-porphyrin catalyst cannot be done.

1,4-diazacycloheptane-6-amines based ligands that have been described in the previous section,
are besides active with Mn salts, some of the derivatives are also active with iron naphthenate
salt (Figure 4) [42]. The examples shown in the patent indicated that for this class of ligands, one
or more pyridine rings should be present to achieve curing activity. This was also observed for

14



Catalysts 2019, 9, 825

the mixed aliphatic/aromatic N donor ligands based on tris(pyridin-2-ylmethyl)amine (TPA) and
N-methyl-N(pyridin-2-ylmethyl)-bis(pyridin-2-yl)methylamine (MeN3py) (Figure 4) that were also
shown to give good curing activity with Fe [44].

 
Figure 4. Ligands exhibiting paint drying activity when mixed with Fe salts or as Fe-ligand
complexes as Fe-ligand complexes. Bispidon = dimethyl 3-methyl-9-oxo-2,4-di(pyridin-2-yl)-7-
(pyridin-2-ylmethyl)-3,7-diazabicyclo[3.3.1]nonane-1,5-dicarboxylate, MeN4Py = N,N-bis(pyridin-
2-ylmethyl)-1,1-bis(pyridine-2-yl)-1-amino-ethane, 5,10,15,20-tetrakisphenylporphyrin (R = phenyl;
porphyrin ligand), 6-dimethylamino-1,4-bis(pyridine-2-ylmethyl)-6-methyl-1,4- diazacycloheptane,
1,4,6-trimethyl-6{N-(pyridin-2-ylmethyl)-N-methylamino}-1,4-diazacycloheptane, 6,{N,N-bis(pyridin-
2-ylmethyl)amino}-1,4,6-trimethyl-1,4-diazacycloheptane (1,4-diazacycloheptane based ligands),
tris(pyridin-2-ylmethyl)amine (TPA), and N-methyl-N(pyridin-2-ylmethyl)-bis(pyridin-2-yl)methylamine
(MeN3py), benzoylferrocene.

In this research, we will describe our process of catalyst development, and understanding their
processes, as supported by applications data. These technologies have been developed for cobalt-free
solutions, and via a constant screening and selection process, we have found several candidates that
meet the demands of performance in both water and solvent-based alkyds.
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2. Results and Discussion

2.1. Iron-Based Technology (Fe-Bispidon Catalyst, Supplied as Borchi® OxyCoat)

Recently, very active iron catalyst based on pentadentate nitrogen bispidon and MeN4py donor
ligands class has been described (Figure 4) [30]. The structure of the most active and applied catalyst is
[(bispidon)FeIICl]Cl, where bispidon is the abbreviation of dimethyl 3-methyl-9-oxo-2,4-di(pyridin-2-yl)
-7-(pyridin-2-ylmethyl)-3,7-diazabicyclo[3.3.1]nonane-1,5-dicarboxylate) (Figure 4). This family of
alkyd paint siccatives originate from studies for their use in detergent cleaning powders by Unilever.
They have been shown to a high activity on food-oil stains in liquid detergents that do not contain
bleaching agents such as sodium percarbonate [37,49]. Such stains originate often from unsaturated
oils used in the cooking processes, which generates alkylhydroperoxides. In the presence of the
Fe-bispidon or Fe-MeN4py catalyst, activation of the peroxide on the stain occurs yielding alkoxy
and peroxyl radicals, which in turn react with other unsaturated oil molecules or the colorant, like
lycopene found in tomatoes [37,49–51]. As these mechanisms are very similar to the ones described for
alkyd resin curing by cobalt soap catalysts (and later-on described also for various manganese and
iron catalysts), it is not a surprise that these compounds are amongst the most active ones for alkyd
coating curing.

Using a medium-oil solvent borne alkyd resin, the level of Fe to obtain a good curing activity
could be reduced from 0.08 wt% of Co (for a standard Co-soap formulation) to 0.0007 wt% of Fe (for the
Fe-bispidon siccative) [52]. In a water-based alkyd emulsion, the activity of the Fe-bispidon is even
more pronounced, it could be reduced to 0.0002 wt% versus Co-soaps that are used at between 0.005
and 0.02 wt%. Perhaps more importantly, when storing the alkyd resin emulsion, the curing activity of
the iron complex remained constant versus the reduced activity of the Co-soap (the latter could be
attributed to hydrolysis in the water phase leading to much less active [Co(H2O)6]2+ species). As the
bispidon catalyst consists of an iron nucleus bound by a pentadentate ligand, the stability in water is
very high. Other benefits reported are the low color intensity in the paint formulations thanks to the
high dilution of the yellow catalyst and relatively temperature insensitive behavior of curing (whilst
CoII(2-EH)2 is clearly less active at low temperatures).

Pirš et al. studied [(bispidon)FeIICl]Cl in high-solid (HS) alkyd paints and compared the
properties with CoII(2-EH)2 [53]. FTIR (Fourier-transform Infrared spectroscopy) and elasto-viscosity
measurements indicated that the cobalt soap siccative induced curing from the outer layer of
the film, whilst [(bispidon)FeIICl]Cl gave a more uniform curing activity through the whole film.
As a consequence, the films cured by the bispidon catalyst are softer than those obtained by curing using
cobalt soap. These results are in agreement with the NMR (Nuclear Magnetic Resonance) experiments
reported by Erich and co-workers using the same catalyst (as well as two Mn siccatives) [54]. The same
bispidon catalyst has also been studied with strontium soap (Sr(EH)2) and compared with cobalt soap
by Pirš et al. [55]. It was shown that Sr(EH)2 induces harder film and better curing with especially the
cobalt soap. Only at the highest dosage level of Sr(EH)2 a clear increase in hardness when using the
bispidon catalyst was observed.

We have developed different formulations of these catalysts to enable improved anti-skinning
and rheological properties, for example Borchi® OxyCoat (BOC) supplied as a dilution in propylene
glycol, and BOC1101 supplied in water. Improved dry times versus conventional cobalt soaps can be
seen in Figure 5, at a fraction of the concentration, and with the added benefit of significantly reduced
yellowing (seen visually in Figure 6) and loss of dry after ageing (one week at 40 ◦C—Figure 5).
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Figure 5. Data from a commercial resin comparing Borchi® OxyCoat (BOC) 1101 with a cobalt-siccative.
Note that the resin does not dry without a catalyst (no siccative). BOC 1101 is a 1% solution of
Fe-bispidon catalyst in water. Octa Soligen 421 is a mixture of cobalt, zinc, and zirconium carboxylates
in water-dispersible oil.

 
Figure 6. A marketing tool by Borchers showing the real-life effect of yellowing using a white alkyd
formulated with a cobalt-soap (a) versus BOC (b) as the siccative, after storage.

2.2. Developing Alternative Curing Catalysts for Solvent-Borne Alkyds

2.2.1. Generation 1: [MnIV
2(μ-O)3(Me3TACN)2](CH3COO)2

Our experience has shown that the bispidon-based iron catalyst is not as effective in solvent-based
high oil-containing alkyds as it is in water with medium and short-oil alkyds, particularly due to skinning
in specific formulations. As a response to this, we examined a series of new ligands and concepts.
In the first generation, we used an existing novel catalyst, [MnIV

2(μ-O)3(Me3TACN)2](CH3COO)2 sold
as an aqueous solution with the trade-name DB A350. Improved curing activity using these manganese
complexes was claimed in patents from DSM [56–58]. In one of these patents, it was shown that
[MnIII

2(μ-O)(μ−RCO2)2(Me3TACN)2]2+ complexes with RCO2 = benzoate and 2,6-difluorobenzoate
exhibit faster alkyd paint drying activity than [MnIV

2(μ-O)3(Me3TACN)2](PF6)2 [56]. Even more
interestingly, it was shown in another patent with the same priority date that the curing activity
of [MnIV

2(μ-O)3(Me3TACN)2](CH3COO)2 is higher than the analogous compound with PF6 as
counterion [57]. As this complex was supplied as a diluted aqueous solution, most of the
water was removed by evaporation at 50 ◦C under low pressure, it might be that some of
the original [MnIV

2(μ-O)3(Me3TACN)2]2+ species decomposed, leading to the formation of more
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reactive species than the original compound. In the last patent of this series, it was shown that
the activity of [MnIV

2(μ-O)3(Me3TACN) 2](CH3COO)2 is higher when ascorbic acid palmitate is
added [58], suggesting that lower-valent manganese (Mn(II) and/or Mn(III)) species with this
ligand are involved or closely associated with the curing chemistry of alkyd resins. Whilst the
dinuclear MnIII complex has two carboxylate bridges, the dinuclear MnII complex has either two
carboxylate bridges and a hydroxide bridge or three carboxylate bridges, i.e., having structures such
as [MnII

2(μ−OH)(μ−RCO2)2(Me3TACN)2]+ or [MnII
2(μ−RCO2)3(Me3TACN)2]+. The structures of

both the analogous MnII
2 complexes with acetate bridges have been elucidated by Wieghardt and

co-workers [59]. Both species with ethylhexanoate bridges are expected to be more lypophilic than
[MnIV

2(μ-O)3(Me3TACN)2](CH3COO)2 due to the combination of the more lypophilic carboxylates in
combination with the presence of a mono-charged complex (in contrast to most other dinuclear Mn
complexes with Me3TACN which are divalent in nature [59,60]).

In our trials, [MnIV
2(μ-O)3(Me3TACN)2](PF6)2 (Mn-Me3TACN) gave similar or faster drying

activity compared to cobalt 2-ethylhexanoate (CoEH2), based on time to fully surface dry (Figure 7);
saving 2 h can allow serious cost savings in labour during application.

 
Figure 7. Dry times of [MnIV

2(μ-O)3(Me3TACN)2](PF6)2 (abbreviated as Mn- Me3TACN) versus
CoII(2-EH)2 in two formulated, commercial alkyd paints.

[MnIV
2(μ-O)3(L)2](PF6)2 complexes with L =Me3TACN analogues, such as Me2BTACN (1-benzyl-

4,7-dimethyl-1,4,7-triazacyclononane) [61] and Et3TACN (1,4,7-triethyl-1,4,7-triazacyclononane) [62] were
tested as well for alkyd curing and were found to yield comparable alkyd resin curing activity as
[MnIV

2(μ-O)3(Me3TACN)2](PF6)2 (all in the presence of one molar equivalent of ascorbic acid) (Figure 8).
Therefore, the presence of a benzyl group (instead of methyl) or three ethyl groups (instead of three methyl
groups) gave no further advantage in curing activity and these might only influence ligand compatibility.

We can learn something about the reactivity from the literature, where the [MnIV
2(μ-

O)3(Me3TACN)2](PF6)2 catalyst in emulsions towards reactivity of ethyllinoleate with oxygen is
higher than that of MnII(2-EH)2 but less than that of CoII(2-EH)2 [32]. A key problem noted for
[MnIV

2(μ-O)3(Me3TACN)2](PF6)2 is that the solubility in various formulations is not high. It might
be that by using the complexes with other counterions [58], or by addition of reducing agent in the
presence of formulations containing lipophilic soaps [57], species are formed in situ that are much better
compatible with the alkyd formulations than the parent [MnIV

2(μ-O)3(Me3TACN)2](PF6)2 compound.
Inclusion of N,N,N’,N”,N”’,N”’-hexamethyltriethylenetetraamine (HMTT–Figure 3) in an emulsion

of ethyllinoleate and [MnIV
2(μ-O)3(Me3TACN)2](PF6)2 gave faster oxidations of ethyllinoleate. It is

known that polyamines facilitate the decomposition of alkylhydroperoxides. Support of the latter
reaction has been found by studying homogeneous solutions of the manganese catalyst, HMTT and
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ethyllinoleate: The reaction to yield volatile hexanal and heptanal due to β-scission of the substrate is
significantly higher in the presence of HMTT [63].

 

Figure 8. Drying times of alkyd resin in the presence of 0.01 wt% Mn added as [MnIV
2(μ-

O)3(Me3TACN)2](PF6)2 (abbr. as Mn-Me3TACN), [MnIV
2(μ-O)3(Me3TACN)2](PF6)2 with one molar

equivalent of ascorbic acid (abbr. as Mn-Me3TACN/AA), Mn(EH)2 with one molar equivalent of
Me3TACN (abbr. as Mn(EH)2 + Me3TACN), [MnIV

2(μ-O)3(Me2BTACN)2](PF6)2 with one molar
equivalent of ascorbic acid abbr. as (Mn-Me2BTACN/AA) and [MnIV

2(μ-O)3(Et3TACN)2](PF6)2 (abbr.
as Mn-Et3TACN/AA).

Besides the reported curing activity in water-borne emulsions of this and related catalysts [57,58],
this catalyst gives also good activity in solvent borne paints [34], which is of major interest as the
Fe-bispidon catalyst exhibits activity at very low levels of catalysts in water-borne emulsions (vide
supra). In a short oil formulation, a similar curing time as observed for CoII(2-EH)2 was observed.
In a paint formulation containing a long oil alkyd resin the curing activity appeared to be good,
with a notable better through-drying activity than Co-soap, albeit yielding a slightly softer film [33].
The observation that C=C bond vibrations at 1650 cm-1 as studied by IR are faster depleted at the
surface for CoII(2-EH)2 than for [MnIV

2(μ-O)3(Me3TACN)2](PF6)2, suggesting that whilst overall
similar mechanisms may be operative, the curing activity of CoII(2-EH)2 on the surface of the film
may inhibit O2 to penetrate in the deeper layers, whilst [MnIV

2(μ-O)3(Me3TACN)2](PF6)2 allows O2

to diffuse through the whole paint layer and therefore it can generate an in-depth cured film [33].
This aspect has been discussed much more recently for a mixture of MnII(2-EH)2 and the Me3TACN
ligand (vs. CoII(2-EH)2, a Mn porphyrin catalyst and the Fe bispidon catalyst) using NMR imaging
measurements [54].

As shown in Figure 8 and elsewhere [58], adding ascorbic acid has been shown to accelerate
drying when using [MnIV

2(μ-O)3(Me3TACN)2](PF6)2. However, at this stage we also saw a significant
improvement by moving towards an in-situ formed catalyst by blending MnII(EH)2 with Me3TACN,
almost halving the dry time required (Figure 8). This prompted us to examine alternative catalyst
concepts, as discussed in the next sections. The observations that adding a reducing agent to
[MnIV

2(μ-O)3(Me3TACN)2]2+ and that mixing ligand with MnII(EH)2 gives increased curing activity
suggests that lower-valent Mn species are involved in the catalysis, in disagreement with the
proposal put forward by Oyman and co-workers, where [MnIV

2(μ-O)3(Me3TACN)2]2+ itself is thought
to be involved in the alkylhydroperoxide activation process, via outer-sphere electron transfer
(MnIVMnIV/MnIIIMnIV couple) [63].
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Based on the observations that mixing ligand with MnII(EH)2 gives good alkyd-curing activity,
we developed and patented an innovative way of allowing formulation flexibility and boosting resin
performance by preloading the resin with ligand as an ‘accelerator’(without metal ions). The paint
formulator can then afterwards add the Mn soap into the resin/ligand mixture to form active species [40].
The benefit is that when the ligand is mixed with the resin and no metal ions are present, no reaction
with oxygen to obtain peroxide and therefore skinning can occur. Only after addition of the Mn soap,
reactivity towards alkyd resin curing can occur. In the same patent, EPR (electron paramagnetic
resonance) spectroscopy has been used to obtain more understanding on the various species formed [40].
The ligand in the resin (without MnII(2-EH)2 added) did not show any appreciable EPR signal, whilst
adding MnII(2-EH)2 without ligand furnished an EPR signal of a typical Mn(II) species, as expected.
When the ligand is mixed with MnII(2-EH)2, signals typical of dinuclear MnII

2(Me3TACN)2 species
were observed [40,60,64]. The dinuclear species may well be the same species formed when ascorbic
acid palmitate was added to the [MnIV

2(μ-O)3(Me3TACN)2]2+ complex [58]. This latter observation
suggests that for the activation of dioxygen or hydroperoxide to achieve alkyd curing the dinuclear
MnIV complex is not involved, but that more likely lower-valent Mn species react with oxygen or
alkylhydroperoxide to attain alkyd curing. The studies conducted by Oyman and co-workers, indicate
that the oxidation process of ethyllinoleate by air and [MnIV

2(μ-O)3(Me3TACN)2](PF6)2, involve alkoxy
and peroxyl radicals [32,63], reminiscent to the curing processes ascribed to CoII(2-EH)2, but no studies
have been published using the lower-valent Mn-Me3TACN complexes.

2.2.2. Generation 2: A Broad Study of Me3TACN-Catalyst Analogs

We already saw a benefit of combining Me3TACN with MnII(2-EH)2) vs. [MnIV
2(μ-

O)3(Me3TACN)2](PF6)2 (Figure 8), and that [MnIV
2(μ-O)3(Me3TACN)2](PF6)2 compared favorably

with CoII(2-EH)2) (Figure 7) regardless of dose. Although the two derivatives tested (complexes with
Me2BTACN and Et3TACN) did not yield improved curing activity compared to the parent compound,
we decided to investigate a wider range of alternative ligands versus Me3TACN for creating new
complexes that may give improved performance. First a series of tests was conducted using different
levels of MnII(2-EH)2 vs. MnII(2-EH)2 with one molar equivalent of Me3TACN (between 0.01 and
0.05% Mn) to test curing activity on a formulated alkyd paint, as shown in Figure 9. It was clear
that even at 0.05% Mn, only set dry but no surface curing took place, whilst addition of one molar
equivalent of Me3TACN ligand gave already good surface curing activity at 0.01%Mn level, which
further improved by increasing the Mn/Me3TACN level further (Figure 9).

 
Figure 9. Surface drying activity (denoted in blue) of various level of MnII(2-EH)2 and MnII(2-EH)2

premixed with molar equivalent of Me3TACN (1,4,7-trimethyl-1,4,7-triazacyclononane). This data set
was obtained from a formulated commercial alkyd.
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We therefore screened the ligands shown in Figure 10 in combination with equimolar levels of
MnII(2-EH)2 at 0.01% Mn. In most cases we either blended the ligands with the manganese soap at a
1:1 molar ratio to form the catalyst in-situ, or the manganese complexes have been prepared [61,62]
(denoted in Figure 10). For some experiments we increased the ratio of ligand to MnII(2-EH)2.

Figure 10. Schematic structures of the ligands tested as [Mn2O3L2]2+ complexes (top) or tested
as mixtures with MnII(EH)2 (middle). At the bottom of the figure, the structure of the dinuclear
[Mn2O3L2]2+ complex with L =Me3TACN is depicted. The codes given are numbers as used for the
ligands and complexes and are also used in the results shown in Figures 11–13.

Selected comparative data in an alkyd resin, that does not contain pigments and is additive free,
can be seen in Figure 11, where ligands such as Me3TACN, Me4DTNE, and Me2BTACN in combination
with MnII(2-EH)2 yielded the fasted drying activity. Moreover, various preformed dinuclear Mn
complexes containing Me3TACN, Me2BTACN, Me2HpTACN, and Me2PTACN ligand in combination
with one molar equivalent of ascorbic acid yielded efficient curing. Whilst these complexes were
tested as PF6 salt, the manganese complex with Me3TACN gave similar activities as sulfate or acetate
salts (all in the presence of ascorbic acid). It should be noted that it has been shown before that the
sulfate and acetate salts of the dinuclear Mn-Me3TACN complexes in the absence of ascorbic acid are
significantly more active than the analogous complex as PF6 salt [58]. Selected testing showed good
reproducibility for the dry times.

Interestingly, the ligands containing three longer chain aliphatic groups (Et3TACN, Pr3TACN)
or other groups that may coordinate to Mn (P3TACN, Py3TACN) did not show good curing activity
with Mn. More sterically demanding side groups may hinder efficient binding to the metal center.
Furthermore, the ligands with the three auxiliary nitrogen donors (P3TACN and Py3TACN) may bind
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via six nitrogen donors to Mn(II) ions, thereby blocking the coordination sites of the Mn center that
otherwise would be involved in activating the alkylhydroperoxide of the alkyd resin as explained in
Section 1.2.

We then retested a wide range of the ligands in a white alkyd paint supplied by a commercial
supplier. This was an important test, as the paint was ready-formulated, and the data would include
(unknown and proprietary) additional surfaces (i.e., pigments) and emulsifiers that could interfere
with the drying process. This test would also allow us to compare the effect of yellowing over time by
examining the yellowing index. It is well known that alkyds can yellow over time in the dark, caused
by a series of oxidative transformations of the unsaturated groups leading to decomposition products
such as highly conjugated ketones [65]. It is also known that siccatives can lose performance over time
if they are adsorbed onto pigments.

The dry times were very similar between Me3TACN/MnII(2-EH)2, Me2BTACN/MnII(2-EH)2,
preformed [MnIV

2(μ-O)3(L)2]2+ complexes and Me4DTNE/MnII(2-EH)2, all fully drying within 2 h at
0.01% Mn on resin (Figure 11). They also all gave similar hardness values of around 18 s pendulum
hardness after initial drying, suggesting little difference in the crosslinking density and indicating
similar curing processes. It should be noted that these coatings were particularly soft as they were not
optimized via the use of secondary siccatives to prevent additional variables in our comparisons.

 
Figure 11. Dry time data from selected catalysts or mixtures of ligands and MnII(EH)2 based
on Me3TACN analogs shown in Figure 10. In this figure, Mn-Me3TACN stands for [MnIV

2(μ-
O)3(Me3TACN)2](PF6)2, Mn-Me3TACN acetate stands for [MnIV

2(μ-O)3(Me3TACN)2](CH3COO)2,
and Mn-Me3TACN SO4 stands for [MnIV

2(μ-O)3(Me3TACN)2](SO4). When AA is written after the
abbreviation, one molar equivalent of ascorbic acid was mixed to the catalyst solution prior application.
The other numbers of ligands or complexes are given in Figure 10.

However, we saw very clear differences in both yellowing and loss of dry after four weeks storage
for these classes of materials (Figure 12). The coatings made using the [MnIV

2(μ-O)3(Me3TACN)2]2+
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and Me3TACN siccatives exhibit significant yellowing after four weeks of storage compared with
Me4DTNE, Me2BTACN and the other next-generation ligands.

 
Figure 12. Yellowing Index data from selected catalysts based on Me3TACN analogues, before and
after storage over four weeks. Catalysts tested from Figure 10, some with additional ascorbic acid.

Loss of dry occurs when some (or all) of the catalyst can no longer function, leading to increased
dry times. This is typically caused by adsorption to a pigment surface, and can be remedied by
formulation, for example by adding a calcium soap or an emulsifier such as a pigment dispersant.
We examined the catalysts in the pigmented alkyd, with the best dry times versus yellowing and
loss of dry after four weeks of storage (Figure 13). [MnIV

2(μ-O)3(Me3TACN)2](PF6)2 gave the most
yellowing, but newer generations such as BL7030/AA, Me2BTACN, BL7038/AA gave a significant
improvement without incurring loss of dry. Moreover, they reduced yellowing versus the blended
Me3TACN/MnII(2-EH)2 catalyst. BL7027/AA dried faster after storage, perhaps indicating improved
solubility over time or slow formation of more active species; we did not investigate further.

 

Figure 13. Combined Yellowing index and loss of dry data for selected Me3TACN analogs.
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2.2.3. Generation 3: Non-Me3TACN-Catalyst Analogs

As mentioned in the introduction, another class of tridentate aliphatic nitrogen donor ligands is
based on the 1,4-diazacycloheptane-6-amine backbone (Figure 14). The fact that, in contrast to the
triazacyclononane ligands, these ligands do not contain the three nitrogen donors in the macrocyclic
ring, the kinetic stability of metal complexes are less than that of analogous complexes with the
triazacyclononane ligands [43]. An advantage of this class of ligands is that different modifications can
be relatively easily achieved. Methylation of the aliphatic nitrogen atom yielded L2. Attachment of a
methylpyridine-2-yl group to L1 yielded L3. In order to prevent the possibility of imine formation
of the NH-CH2 unit, methylation of this nitrogen donor yielded L4. Alternatively, another the
methylpyridine-2-yl group attached on this nitrogen atom, yielded the pentadentate ligand, L5. L6
and L7 are ligand variants were the nitrogen donors in the cycloheptane ring are functionalized by
methylpyridine-2-yl moieties.

Figure 14. Non-Me3TACN Ligands tested with Mn and Fe salts towards alkyd resin curing.

As now a wider variety of tridentate, tetradentate, and pentadentate ligands has been prepared,
we decided to test these ligands not only with Mn salts, but also with Fe salts (or test the preformed Fe
and Mn complexes). Results are given and discussed below.

Ligands L1, L3, L4, and Me3TACN in combination with MnII(2-EH)2 at 0.01% Mn level and L5
and L6 with FeCl2 at 0.01% Fe level all showed efficient drying (Figure 15). L2 yielded a lower activity
with Mn than L1, L3, or L4. Interestingly, L5 and L6 worked best with the Fe-source, whilst with
MnII(2-EH)2 and L5 no drying activity was observed. For L7 a similar (relatively low) drying activity
was found for both Mn and Fe. The ligands L1–L4 did not show activity with FeCl2. L5 and L6 are both
pentadentate ligands, like the bispidon and N4py ligands that are known to be very active towards
alkyd resin curing when bound to Fe(II) [30]. Probably, ligands with less coordination sites may bind
to Fe(II), but will yield less stable iron complexes. On the other hand, tetradentate ligands such as TPA
(Figure 14) and N3py (Figure 4) did show activity with the iron source, albeit less efficiently than the
pentadentate bispidon ligand. Thus, the choice of the metal centers in combination with the ligand is
critical for the alkyd curing activity. In most cases, we found no benefit from using the pre-formed
metal complexes vs. mixing the metal-soap/salts with ligands.

As with the other ligands, we generally saw that increasing catalyst concentration increased
drying activity as expected. The hardness development of all generation 2 siccatives in a formulated

24



Catalysts 2019, 9, 825

commercial alkyd was in same range, highest hardness for Mn-L2 (Figure 16), although the faster
curing L4 gave the softest film, perhaps due to poor through-drying activity.

The increase of yellowness on storage (Figure 17) could be seen for all generation 2 siccatives.
In general, Fe based dries showed higher initial yellowness, but Mn siccatives showed slightly more
yellowing (increase in yellowness). Based on our research in other resins, we rank the activity thusly:
Mn-Me3TACN >Mn-TPA >Mn-L4 >Mn/Fe-L6 >Mn-L1 >Mn-L3 > Fe-L5 >Mn-L2 >Mn/Fe-L7.

 
Figure 15. Alkyd resin curing activity of the ligands L1–L6, Me3TACN, and TPA mixed with either
MnII(EH)2 (abbr. as Mn) or FeCl2 (abbr. as Fe). The numbers of the ligands refer to the structures
given in Figure 14. Results of Mn-L5 and Mn-L7 were omitted, because no or low curing activity
was observed.

 

Figure 16. Hardening data in a commercial white alkyd formulation (without optimization using, i.e.,
secondary and sacrificial siccatives).
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Figure 17. Yellowing data in a commercial white alkyd formulation (without optimization using, i.e.,
secondary and sacrificial siccatives).

From the tests discussed in Sections 2.2 and 2.3, different interesting metal–ligand complexes have
been identified to be of interest for alkyd paint curing. From the TACN family (Sections 2.2.1 and 2.2.2),
the fully methylated ligand (Me3TACN), benzyl-substituted TACN (Me2BTACN), n-heptyl-substituted
TACN (Me2HpTACN), propyl-substituted TACN (Me2PrTACN), and bridged TACN ligand (Me4DTNE)
showed all good and similar curing activity in conjunction with a Mn-soap or as a Mn complex
(with ascorbic acid added). Similarly, manganese complexes with Mn-TPA, Mn-L4, L6, and
Mn-L1, discussed in this section, show a good curing activity and all similar or better than that
of Co-soap. Whilst the structures of the active driers are very different, they all have a common feature:
The nature of the polydentate nitrogen ligand aids in stabilizing the active metal complexes from
hydrolyzing/decomposition into free metal salts, that are much less active towards curing.

However, as shown in subsequent tests, the rate and extent of yellowing of the alkyd resin and
the development of the hardness of the cured film are affected to a large extent by the choice of the Mn
or Fe drier.

Therefore, whilst it may be tempting to design an optimal alkyd resin curing catalyst based on
the curing activity alone, the paint producer will make a choice to replace Co-soaps as driers not only
based on the high curing activity. Yellowing, hardness development, but also storage stability will
be essential attributes. To a significant extent the properties of the paint formulation can be altered
by using different alkyd resins, secondary driers, different pigments, etc. However, as most of the
formulations have been previously been optimized for the compatibility with Co-soap, the paint
formulations need to be adapted to optimize the properties of the coating (i.e., good curing activity,
low yellowing, good storage stability, and appropriate hardness development). At this stage of the
development it is not feasible to make a good prediction which is the best metal–ligand combination in
conjunction with the optimal paint formulation.

2.3. Anti-Skinning Agents in Combination with Fe Catalysts

Oxygen reacts at the surface of an alkyd paint to begin the crosslinking process, this leads to a
skin on the surface of the paint that can account for a 2% loss in production. Therefore, anti-skinning
agents are typically added to the alkyd paint formulations that work by retarding oxidation. They
typically work by inhibiting free radical-induced oxidations, by reacting alkoxy or peroxyl radicals
formed, or by saturating in the head space to reduce the available oxygen to the paint surface or by
both mechanisms. Typical examples of anti-skinning agents include amines, phenols, oximes, or the
most popular and effective being ketoximes like methyl ethylketoxime (MEKO) [66]. However, ECHA
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classifies MEKO as toxic and possibly carcinogenic (EC number 202-496-6). As a result, alternatives
have been developed such as acetylacetonate [67], isoascorbate [68], ureas [69], and ketoxime-based
analogues such as 2-pentanone oxime [70].

MEKO works by suppressing the reaction of radicals on the surface of the alkyd paint layer
with oxygen (present in the headspace of the paint can), due to its volatility and capability to react
alkoxy radicals [71]. Further, it has weakly coordination capabilities to cobalt soaps [71], thereby
blocking the possibility of the cobalt siccative to react with oxygen or hydroperoxyl species to initiate
radical-induced polymerization of the paint formulation in the can. When the paint coating is applied
on a surface, MEKO can evaporate and the equilibrium shifts to non-coordinated MEKO, allowing the
cobalt soap ion to react to induce radical curing of the alkyd resin.

The iron-bispidon ligand catalyst does not work efficiently with conventional anti-skinning agents
like MEKO and other ketoximes, which is likely caused by steric hindrance of the bulky pentadentate
bispidon ligand preventing co-ordination into the central iron center. Another possibility is that the
ketoxime is a poor ligand for the Fe(II) center, and therefore it is much less effective as anti-skinning
agent than what has been found for Co soaps. Moreover, for Fe-TPA a poor anti-skinning effect of
MEKO was observed, suggesting that for this complex with the less sterically crowded ligand, poor
binding of MEKO to the metal center may be the main explanation of these observations.

One solution for the Fe-bispidon catalyst is via the use of water as co-solvent [72]. Although not
specified in this patent application, it might be that phase-separation of the hydrophilic Fe-bispidon
catalyst in water from the hydrophobic alkyd resin may be the reason why such approach has shown
to give benefits.

Typically, volatile anti-skinning agents such Borchers non-ketoxime Borchers® Ascinin 0444 work
very effectively with conventional metal carboxylates and iron-bispidon and do not suffer the regulatory
issues of MEKO, meaning the combination is a perfect formulation fit for the regulatory environment for
water-borne alkyds and inks. Borchers® Ascinin 0444 contains N,N-diethylhydroxylamine, a volatile
amine that helps hinder oxidation via saturating the headspace of the paint can and acts as an oxygen
scavenger. In this research, we introduce our initial results for developing a bespoke anti-skinning
solution for the iron-bispidon catalyst, as part of an ongoing investigation to complement MEKO-free
anti-skinning agents.

For some solvent-borne high-oil alkyds, the Fe-bispidon catalyst shows skinning behavior also in
the presence of MEKO or Borchers® Ascinin 0444. Raman and FT-IR spectroscopies have been used to
study iron-bispidon’s reactivity with ethyllinoleate [52]. Like observed for CoII(2-EH)2 and various
other Mn and Fe alkyd resin curing catalysts, autoxidation, radical based oxidation processes appear
to take place, which is likely also operative in the skinning behavior of Fe-bispidon. However, when
using the Fe-bispidon catalyst the oxygen scavenging and headspace process of Borchers® Ascinin
0444 do not have as significant effect on preventing skinning when compared with CoII(2-EH)2.

In our laboratories, through a process of formulating drier combinations, we have discovered that
a combination of a ketoxime and cerium octanoate (named LP1810) helped to improve anti-skinning
behavior to the same degree as Borchers® Ascinin 0444 (Figure 18). This effect has been observed
using different ketoxime anti-skinning agents, including 2-pentanone oxime. We observed a small
variation in skinning behavior across seven different resins, of between one–two units, even despite
different dose levels. More interestingly, we can see the dry times are significantly impacted by using
different anti-skinning agents. As expected, increasing anti-skinning agent dose levels lead to reduced
dry time as the oxidative process of crosslinking has been retarded. The best combination of dry time
and anti-skinning came from the MEKO and LP1810 agents at low dose, showing we had identified an
improved MEKO-free solution.

We are still developing an understanding of why cerium soap and ketoximes furnish a strong
retardation effect of the skinning. Even though a full understanding has not been achieved at this stage,
highlighting this observation may be useful for developers of new paint formulations which includes
the iron bispidon catalyst. We can infer some rational from the literature, for example in a recent
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paper it has been shown that the Fe-bispidon complex with 2-ethylhexanoate as sixth ligand instead of
chloride showed increased solubility in organic solvents and as a consequence shows different activity
in the autoxidation processes [73]. Improved catalyst performance has also been seen by adding
a potassium salt of a carboxylic acid to an iron-bispidon catalyst [74]—we believe this leads to an
ion-exchange of Cl for the carboxylate leading to improved resin compatibility. We believe that with
LP1810 the cerium carboxylate works in the same way, whilst the ketoxime saturates the headspace
to prevent easy access to oxygen. This combination can be prepared by formulators that wish to use
the Fe-bispidon catalyst because of its powerful curing profile and non-yellowing aspect. However,
this is not a solution for all alkyds. For that reason, we have also investigated the new ligands made
specifically as cobalt-free siccatives for solvent-borne alkyds.

With the new ligands it is expected that less sterically hindered structures might enable a
combination of activity retardation through binding to the metal center, as well as headspace
protection. This would enable alternative strategies for reducing skin, and this research is currently
under investigation.

Figure 18. Average skinning (shown as blue dots) and dry times (shown as orange bars) of seven
resins using anti-skinning agents with Borchi® Oxy Coat Fe-bispidon catalyst. Seven commercial,
high-oil alkyds were used, and an average dry time and skinning was taken for each anti-skinning
agent. Formulations were mixed using a speed mixer DAC 150.FVZ at 3500 RPM for 1.5 min and left
for 24 h before being applied to glass plates at 100 μM. Dry time conditions: 23 ◦C at 50% relative
humidity. In all cases 0.5% (w/w) of a 1% (w/w) Fe-bispidon catalyst dissolved in propylene glycol was
added, together with an anti-skinning agent, LP1810, MEKO, or AS0444 was added in the amounts
given in the figure. LP1810 is a mixture of 12% Cerium hex Cem and Borchi® Nox C3, MEKO is
methylethylketoxime and AS0444 is Borchers® Ascinin 0444 from Borchers. Skinning is a qualitative
scale where 0 = no change, 1 = very thin skin, 2 = thin skin, 3 =medium-thin, 4 = hard skin, 5 = very
hard skin.

3. Materials and Methods

3.1. Methods

Coatings were typically applied at a thickness of 75 μM, using a cube applicator, onto 30 × 2.5 cm
glass plates. The amount of catalyst added was based on the metal wt% on total resin formulation,
since the resin content was not always known.
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Yellowing index (YI) was measured according to ASTM method E313, using the equation 8, where
X, Y, and Z are the CIE tristimulus values measured using a Minolta CM-3700D spectrophotometer.

YI E313 =
(100 ∗ (CxX – CzZ))

Y
(8)

Drying times were measured using a BK-3 drying recorder, where the different stages of drying
can be observed by the pattern created by a needle dragged across the coating surface, in Figure 19,
starting from (1) wet (reflow of the scratch) to dry (no needle penetration).

Hardness was determined by using a pendulum hardness tester (by TQC Sheen) on a formulated
resin applied at a thickness of 75 μM, using a cube applicator, onto glass plates.

Skin formation was monitored by monitoring the flow of a formulated resin (6 g) within a closed
vial (20 mL), every working day for 2 weeks and after that on weekly basis till 7 weeks. Once a week,
the jar is opened to allow air (oxygen) in/out of the jar. If a skin is formed, the resin did not flow
anymore. Skinning is a qualitative scale where:

0 = no change;
1 = very thin skin, can barely be seen when vial is tipped, breaks with gentle force;
2 = thin skin, can be seen when the vial is tipped, breaks with gentle force;
3 =medium-thin, can be seen when tipped, breaks with force;
4 = hard skin, can be seen without tipping vial, breaks with force;
5 = very hard thick skin, can be seen without tipping vial, cannot be broken easily with force.

μ

Figure 19. The different stages of dry time as determined visually versus time. Stage 5 is considered dry.

Alkyd Paint and Catalyst Preparation

Table 1 gives an example of how catalysts were prepared as a 1:1 ratio, they were then added into
5 g of the alkyd resin or formulated alkyd paint, mixed, and left for 24 h before application.

Generally, samples were prepared either as 5 or 10 g of resin (or paint) in 20 mL glass vials.
As a general rule the siccative was added as 0.2 mL solution per 3 g of resin/formulation. The solvent
used to dissolve the ligand/metal salt or complex depended on the solubility in the ligand/metal
salt or complex in that solvent and solubility in the alkyd resin formulation. Used solvents were
typically propylene glycol, Dowanol PM (1-methoxy-2-propanol), acetonitrile, ethanol, or methanol.
For example, if a level of 0.05 wt% Mn (as Mn(EH)2) is included in the alkyd mixture, 25 mg of
Mn(EH)2 dissolved in 50 μL ethanol. Separately a solution of the ligand that needs to be mixed with
an equimolar amount of Mn in the paint formulation is prepared. Depending on the molecular weight
of the ligand, the right amount of ligand is weighed into 50 μL ethanol. Table 1 gives an example of
how catalysts were prepared as a 1:1 ratio. Each of the solutions were added to 5 g of the alkyd resin or
formulated alkyd paint, mixed via stirring, and then left for 24 h before application.

In case that preformed Mn complexes were tested, these were dissolved generally in ethanol or
water to yield 30 mM, which was then added to the paint or alkyd resin formulation to obtain the
desired level of Mn (typically between 0.005 and 0.02 wt% Mn). If the influence of ascorbic acid was
tested, an equimolar amount was premixed with the above-mentioned Mn complex dissolved in water
or ethanol and then added to the paint or alkyd resin formulation.
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Table 1. Mn = the preparation of example ligands with MnII(2-EH)2 (as the Mn) prior to formulation.
The ligand numbers refer to those discussed in Figure 14. The dose of these catalysts in a formulation
would then be calculated and set as a %Mn content versus formulation mass for comparison purposes.

Sample
Concentration
(wt% Mn)

Ligand Amount
(mg/50 μL EtOH)

Mn-soap Amount
(mg/50 μL EtOH)

Mn + L3 (MW = 248 g/mol) 0.05 11.3 25
Mn + L1 (MW = 157 g/mol) 0.05 7.2 25
Mn + L4 (MW = 262 g/mol) 0.05 11.9 25
Mn + L6 (MW = 311 g/mol) 0.05 14.2 25
Mn + L7 (MW = 339 g/mol) 0.05 15.5 25
Mn +Me3TACN (MW = 171 g/mol)) 0.05 8.2 25
Mn only 0.05 - 25

The solutions of Borchi® OxyCoat 1101 (BOC1101) in paint formulations were prepared by adding
anything from 0.3 to 1% of BOC1101 by mass on total formulation. As an example, used for data in
Figure 5, 0.3% of BOC1101 in 100 g of an alkyd paint would mean adding 0.3 g of BOC1101 (which
is 1% w/w) to the formulation, meaning 0.003% (w/w) of BOC actives on total formulation. Due to
differences in reactivity, less BOC is required for optimal performance (of anti-skinning and dry time)
versus cobalt siccatives, therefore comparisons are based on the optimal does levels, using 1% (w/w)
of Octa Soligen 421 cobalt siccative on total formulation. Unlike the Mn materials, the BOC was not
calculated as metal on solids due to historical calculation methods for ease of use with unknown
customer formulations. For further information, 1% actives BOC contains 8 × 10−4 wt% of iron.

3.2. Materials

Ligands and Mn complexes were supplied by Catexel (Leiden, The Netherlands), the Fe-bispidon
catalyst is supplied by Borchers as Borchi® OxyCoat (Langenfeld, Germany), MnII(2-EH)2 (containing
6 wt% Mn) from Alfa Aesar (Ward Hill, MA, USA), MnII(acetate)2 from Sigma Aldrich (Saint Louis,
MO, USA), FeIICl2 from Merck (Kenilworth, NJ, USA). Alkyd resin (70% in white spirits) was
supplied by Acros Organics (Geel, Belgium). Commercial formulated resins are confidential, and the
information cannot be shared. Dowanol PM is a commercial product from Dow (Midland, MI, USA).
All other chemicals, including Dowanol PM, were purchased from VWR International (Amsterdam,
The Netherlands).

4. Concluding Remarks

This article covers the history of our development work until present day for iron and manganese
catalysts with polydentate nitrogen donor ligands for alkyd coating formulations. The toxic nature
of cobalt has presented a difficult future for its use in alkyd resins where they will come into human
contact. Examples of new catalyst systems and innovative delivery processes that are meeting the
demand and that will continue to deliver the future catalysts for oxidatively cured coatings and
inks have been described. Testing of the new ligands with Mn and Fe salts has revealed that even
slight modifications of the structure of the ligand can have a profound effect on curing activity, dark
yellowing, and hardness development. This may point to potentially different curing mechanisms,
or at least different rates of activation of various processes. One aspect that has not been discussed in
this paper is the fact that many paint formulations have been optimized for cobalt soaps for many
years. It will be likely that the new catalysts will become more efficient when the paint formulations
are further optimized, e.g., type of alkyd resin, secondary driers, fillers, or solvents.

We learned that the presence of polydentate nitrogen ligands is important to stabilize active
metal–ligand catalyst species, but it is still elusive how each part of the curing/yellowing/hardening
mechanisms are affected by each of the catalytically active species. Undoubtedly, new insights
by studies both in academia on the fundamentals and industry on applications will enhance this
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understanding, which in turn will lead to catalysts that meet all requirements in various types of
paint formulations.
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Abstract: Asymmetric catalysis is an essential tool in modern chemistry, but increasing environmental
concerns demand the development of new catalysts based on cheap, abundant, and less toxic iron.
As a result, Knölker-type catalysts have emerged as a promising class of iron catalysts for various
chemical transformations, notably the hydrogenation of carbonyls and imines, while asymmetric
versions are still under exploration to achieve optimal enantio-selectivities. In this work, we report
a novel asymmetric design of a Knölker-type catalyst, in which the C2-rotational symmetric
cyclopentadienone ligand possesses chiral substituents on the 2- and 5-positions near the active
site. Four examples of the highly modular catalyst design were synthesized via standard organic
procedures, and their structures were confirmed with NMR, IR, MS, and polarimetry analysis.
Density functional theory (DFT) calculations were conducted to elucidate the spatial conformation
of the catalysts, and therewith to rationalize the influence of structural alterations. Transfer- and
H2-mediated hydrogenations were successfully established, leading to appreciable enantiomeric
excesses (ee) values up to 70%. Amongst all reported Knölker-type catalysts, our catalyst design
achieves one of the highest ee values for hydrogenation of acetophenone and related compounds.

Keywords: asymmetric hydrogenation; homogeneous catalysis; iron; structural design;
conformational analysis; NMR spectroscopy; DFT

1. Introduction

The importance of asymmetric catalysis is emphasized by the Nobel Prize of 2001 awarded to
Noyori and Knowles, for their contributions to asymmetric hydrogenations [1,2]. Their efforts harvested
pivotal discoveries and developments, such as the enantioselective synthesis of the anti-Parkinson
drug Levodopamine [3]. Catalysts for these transformations generally rely on precious metals such
as ruthenium or rhodium, but the ever-increasing scale of global application in combination with
environmental concerns demands the development of new catalysts based on first-row transition
metals; preferably cheap, abundant, and less toxic iron [4–6].

Fortunately, many developments of iron-based catalysts have been conducted meanwhile by
the groups of Gao [7], Morris [8], Chirik [9] and Milstein [10], to name a few, and their sophisticated
ligand structures often show highly enhanced catalytic properties compared to simple iron salts or
iron pentacarbonyl [11]. However, perhaps the most versatile class of iron catalysts is derived from
η4-(cyclopentadienone) iron tricarbonyl complexes, which are often called “Knölker-type complexes”.

Catalysts 2019, 9, 790; doi:10.3390/catal9100790 www.mdpi.com/journal/catalysts35
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Although iron compounds of such kind were synthesized for the first time in 1953 by Reppe and
Vetter [12], and revisited by several groups subsequently [13], it was the pioneering work of Knölker et al.
upon the delicate chemistry of η5-(1,3-bis(trimethylsilyl)-4,5,6,7-tetrahydro-2H-inden-2-one)iron
tricarbonyl (1a) [14–19], for which its trivial name “Knölker’s complex” became generally accepted
in literature. Ever since the discovery of Knölker’s complex possessing catalytic activity for the
hydrogenation of polarized double bonds by Casey and Guan in 2007 [20], this bifunctional iron
catalyst has received tremendous attention in modern research [13].

The modes of interaction between a Knölker-type catalyst and a substrate usually rely on an
‘outer-sphere’ coordination mechanism, as shown in Scheme 1 for hydrogenation [21–23]. When starting
from a Knölker-type complex (1), it first undergoes mono-decarbonylation by treatment with a base,
Me3NO, or UV-light [24], to afford an unsaturated 16e species with a vacant site (2). Via the heterolytic
addition of (a) hydrogen (donor), followed by heterolytic cleavage, the metal center is oxidized from
Fe(0) to Fe(II), while the η4-cyclopentadienone ligand turns into an aromatic η5-hydroxycyclopentadiene
moiety. As such, the bifunctional active species (3) is formed, featuring protic binding site on the ligand,
and a hydridic site on the iron. A polarized unsaturated substrate (e.g., a ketone) can then associate
onto these hydrogen atoms, initiating hydrogen transfer to furnish reduction product (e.g., alcohol),
while 2 is formed back.

 
Scheme 1. Activation procedures and the catalytic cycle of a Knölker-type catalyst for the hydrogenation
of ketones, featuring the “concerted outer-sphere mechanism” for hydrogen transfer. Suitable hydrogen
donors can be dihydrogen, isopropyl alcohol, formic acid, and paraformaldehyde with water.

Following associative interactions conform this mechanism; the catalyst was found
applicable in both transfer and pressure hydrogenation [20,25,26], Oppenauer oxidation [27],
reductive amination [28], water–gas-shift-reactions [29], electro-reductions [30], alkylations [31],
photocatalysis [32], and enantioselective dual catalysis typically for allylic alcohols [33–38] with
formidable results. The capabilities of Knölker-type catalysts in asymmetric catalysis for normal ketones
and imines have also been explored [39], however, their performance regarding enantioselectivity are
generally found mediocre, as well for the corresponding ruthenium-based complexes (see Figure 1).
Hence, in order to make Knölker-type catalysts industrially more competitive for the production of
asymmetric fine chemicals, we considered further development a necessity.

To our knowledge, the first asymmetric catalyst of such kind is reported by Yamamoto et al. [40],
who designed ruthenium complexes derived from spirocyclic C-arylribosides. Shortly after,
cyclopentadienone metal complexes with different substituents on the 2,5-positions, and with an
enantiopure carbon center in the cyclic backbone of the ligand were developed by the group of
Wills [25,41]. In these early examples the ligand design did not allow complete blockage of one face of
the cyclopentadienone moiety, leading to diastereomeric mixtures of the complexes, and therefore to
rather low enantio-selectivities in catalysis.
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(up to 25% ee) (up to 94% ee *)

(up to 77% ee)

(up to 31% ee)
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Figure 1. Overview of reported structures of asymmetric cyclopentadienone-ligated metal tricarbonyl
complexes, featuring ruthenium (top panel) and iron (bottom panel), and their best enantioselectivity
in asymmetric hydrogenation. * This result concerns the hydrogenation of imines.

In later years, this problem was circumvented with the use of ligands featuring a C2-rotational
symmetry axis along the catalytically functional carbonyl bond, because for such a design coordination
of the metal to either face of the ligand will lead to the same complex. As such, higher catalytic
enantioselectivities could be achieved [42,43], with the best example featuring BINOL-derived
cyclopentadienone ligand provided by Gajewski et al. [44–46].

Alternatively, racemic mixtures of asymmetric ruthenium [47] and iron catalysts [48] with different
2,5-substituents were separated using preparative chiral HPLC chromatography, yielding batches of
both pure enantiomers. These catalyst versions achieved appreciable enantioselectivities for certain
substrates, however, they was not high enough to make them industrially relevant.

Meanwhile, different concepts had also emerged which derived their chirality from a different
chemical source to induce enantio-selectivity using a symmetric Knölker-type complex. Binaphthyl
phosphoric acids were employed as co-catalysts by the Beller group, and they achieved outstanding
enantiomeric excesses (ee) values over 90%. However, their system is only applicable to
imines [49–52], quinoxalines and benzoxazines [53]. Binaphthyl phosphoramides were coordinated to
a symmetric Knölker catalyst [24], as well as asymmetric iron complexes [42]. Furthermore, enzymatic
approaches have also been explored, for example iron-catalyzed hydrogenation in combination with
dynamic kinetic resolution using Candida antarctica Lipase B [54,55], but also covalent bonding of
Knölker-type catalysts into a Streptadivin enzyme [56]. However, the latter example rendered low to
moderate enantioselectivities.

By in-depth study of all available literature on asymmetric (cyclopentadienone)metal catalysts,
we deduced that desirable structural aspects are C2-rotary symmetry of the ligand, and having the
chirality-inducing moieties closer located to the active site of the catalyst, in order to envision improved
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enantioselectivity by Knölker-type catalysts. Therefore, we hypothesize that a cyclopentadienone
ligand, bearing two identical enantiopure substituents on the 2- and 5-position with R,R or S,S
orientations only, could be a suitable design for this goal. To our knowledge, only one example of
such a design is reported for a ruthenium complex by Kim et al. [57], which possesses enantiopure
menthyl substituents. Surprisingly, the complexes in this work were not tested in any catalytic reaction,
and successive research upon ligand designs of this kind has been dormant for over a decade until now.

2. Results and Discussion

2.1. Design, Synthesis and Characterization of the Pre-Ligands and Catalysts

In our pursuit of designing a novel asymmetric Knölker-type catalyst, bearing a C2- rotational
symmetric cyclopentadienone ligand with chiral centers on the 2,5-positions (4), we considered
two conventional synthesis strategies by applying retrosynthetic analysis, as shown in Scheme 2.
Herein, Route A describes the formation of the desired iron complex from an iron carbonyl precursor
and a 3,4-aryl appended cyclopentadienone (5) [58], which could be obtained from the double
aldol condensation [59] of an R,R or S,S diastereopure β,β’-substituted acetone (6), and an aril (7).
Alternatively, via Route B the iron complex with the desired structural features (4) can also be derived
from the 2 + 2 + 1 cycloaddition of an iron carbonyl precursor with a tethered dialkyne [60], containing
identically enantiopure groups on the termini (8). Such dialkyne pre-ligands can be obtained via
coupling reactions of enantiopure terminal alkynes (9) with a dihalide (10) [61–64].

Scheme 2. Retro-syntheses of an iron cyclopentadienone complex, with optically active substituents on
the 2,5-positions of the ligand.

Although syntheses of compounds in accordance with the structure of 6 have been reported [65,66],
the acquisition of such diastereopure product in decent yields remains a significant challenge. On the
contrary, enantiopure terminal alkynes are easier to synthesize, because they possess only one chiral
center, and are readily available from commercial sources. For these reasons we selected Route B
to target the first examples of our asymmetric catalyst design. Herein, we considered enantiopure
1-substituted prop-2-yn-1-ols as the ideal synthon, because the possible combinations of 1-substituents
and applicable alcohol protection groups offer a broad variety of structures to tune the envisioned
catalyst. In addition, the dihalide synthon allows structural modularity in the backbone of the
cyclopentadienone ligand.

Considering the nature of the reaction steps in the total synthesis, a proper protection group for
the alcohol of the starting material is required to ensure chemical orthogonality against the strong base
required in the next step for alkynic proton abstraction, while a successful double C–C coupling with
the dihalide is a requisite to furnish the pre-ligand. In addition, a microwave-assisted procedure for
the complexation onto iron pentacarbonyl giving high yields was recently published [67]. These facts
led to the establishment of the total synthesis described in Scheme 3.
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Scheme 3. Total synthesis of a novel asymmetric iron cyclopentadienone complex series from
enantio-pure 1-substituted prop-2-ynols. R1 =Me, Ph; R2 = TIPS, TBDPS; R3 = (CH2)4, (CH2)3.

As the first example, R-but-3-yn-2-ol (11a) was protected with a triisopropylsylil (TIPS) group
using Corey’s conditions [68], affording the desired silyl ether product (12a) in 93% yield, and complete
preservation of the enantiopurity was confirmed by chiral GC-fid and polarimetry (Table 1).

However, the subsequent coupling reaction to produce the pre-ligand 13a proved to be far more
challenging. Although complete and selective abstraction of the alkynic proton be established in THF
using nBuLi, we experienced through numerous attempts that only iodides are sufficient leaving groups
for the alkyl dihalide reagent to achieve appreciable conversion. A strict temperature program featuring
the addition of nBuLi at −80 ◦C to react for 1 h allows complete deprotonation, followed by the addition
of 1,4-diiodobutane still at −80 ◦C, after which the resulting mixture is kept at 60 ◦C overnight to drive
the reaction. Moreover, delicate excess amounts of reagents (i.e., 12a > nBuLi >> 1,4-diiodobutane)
were essential to acquire bis-coupled product, and to minimize the remainder of mono-coupled
intermediate. Although having trace amounts of mono-coupled species in the crude product was
practically inevitable, separation over a long silica column ultimately provided chemo-pure 13a in a
commendable 89% yield. Polarimetry indicated enantiomeric excess of the R,R-diastereomer being
present in 13a, but no absolute diastereo-purity could be ensured, since the pre-ligand is too heavy for
GC-fid, and diastereomers of 13a could not be distinguished in NMR.

Table 1. Obtained yields and enantiomeric properties of the starting materials, silylated building blocks,
pre-ligands, and catalysts.

Compound R1 R2 R3 Isolated
Yield (%)

Enantiomeric
Configuration

Specific
Rotation

11a Me - - n/a R n/d
11b Ph - - n/a R n/d
11c Me - - n/a rac 0
12a Me TIPS - 92.7 R +96.1
12b Me TBDPS - 91.3 R +288.3
12c Ph TIPS - 85.5 R −14.8
12d Me TIPS - 76.3 rac 0
13a Me TIPS (CH2)4 89.1 R,R +122.6
13b Me TBDPS (CH2)4 38.7 R,R +364.1
13c Ph TIPS (CH2)4 60.8 R,R −37.0
13d Me TIPS (CH2)3 70.3 R,R +131.9
13e Me TIPS (CH2)4 66.8 rac 0
14a Me TIPS (CH2)4 51.4 R,R +16.5
14b Me TBDPS (CH2)4 33.8 R,R +62.5
14c Ph TIPS (CH2)4 18.2 R,R −107.5
14d Me TIPS (CH2)3 51.9 R,R +8.4

14e 1 Me TIPS (CH2)4 48.2 rac 0
1 14e serves as a collective abbreviation for all obtained diastereo-isomers in this reaction.

The complexation reaction of 13a with Fe(CO)5 in a closed system at 140 ◦C by microwave
irradiation was carried on nevertheless, and the expected increase of pressure by CO release was indeed
observed within few hours. From the retrieved dark suspension a bright yellow solid was isolated
through column chromatography, and identified as a Knölker-type complex by the characteristic IR
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absorptions in the region of 1980–2070 cm−1 for the iron-bound carbonyl vibration modes, plus the
vibration of 1630 cm−1 for the ligand’s ketone. In addition, detected masses of 675.31648 Da and
697.29835 Da, corresponding to the protonated species and sodium ion, respectively, exhibited the
isotopic patterns of a mono-iron species. Altogether, with an optical rotation in polarimetry observed,
and with thorough 1H- and 13C-NMR analysis (vide infra), the successful synthesis of enantiopure
complex 14a with 51% yield was confirmed (see Appendix A).

The optimal reaction conditions and purification procedures found for all three synthetic steps
towards 14a were also applicable for certain structural variations of the building blocks and reagents
(Table 1). Protection of 11a with tert-butyldiphenyl silyl (TBDPS) group, followed by dicoupling onto
1,4-diiodobutane and complexation with iron pentacarbonyl afforded the more bulky complex 14b.
1-phenylprop-2-yn-1-ol (11b) was demonstrated as well to be an eligible building block for silylation,
and subsequent nBuLi-mediated coupling, which ultimately led to sterically- and electronically altered
complex 14c. Silyl ether 12a was also coupled to 1,3-diiodopropane, to finally afford complex 14d,
which possesses a smaller five-membered ring as backbone of its ligand. Furthermore, the use of
racemic but-3-yn-2-ol 11c in the total synthesis led to the diastereomeric mixture 14e. In total, the
syntheses of complex series 14a–d (Figure 2) give rise to a structural variation in each of R1, R2,
and R3, respectively, enabling the study of the influence of each separate R-group on the structural
conformation of the ligand, as well as enantioselectivity in catalysis (vide infra).

 
Figure 2. Structures of the asymmetric Knolker-type complexes synthesized in this work. 14a serves as
the base case complex, while the fragments of 14b–e marked in red are structural alterations upon 14a.

NMR analysis was conducted as the main technique to verify the success of each step in the
total catalyst syntheses. In 1H-NMR (Figure 3, top), upon silylation of 11a–c the disappearance of
the alcohol signal, and the rise of silyl-appended hydrocarbon signals around 1 ppm were observed
for 12a–textbfd. The introduction of the alkyl tether via the coupling reaction then provided two
characteristic peaks between 1.5 and 2.5 ppm for 13a–textbfc (different signals for 13d). Finally,
in 13C-NMR the characteristic signals of Knölker-type complexes were observed for iron-bound
carbonyls between 200–210 ppm, and the cyclopentadienone carbonyl in the proximity of 170 ppm
(Figure 3, bottom).

However, the most significant effects were observed upon changing the molecular architecture of
the linear dialkyne into a bicyclic ring structure via the 2 + 2 + 1 cyclo-addition with iron pentacarbonyl.
As such, a spatial confinement of the bulky chiral substituents was created, while the C2-rotary
symmetry of the newly formed cyclopentadienone ligand is broken by coordination of iron to one
plane. This inflicted an intriguing splitting phenomenon with remarkably high differences in chemical
shift (Δδ) for most of the signals in both 1H- and 13C-NMR. For the molecular fragments being
closer to the centers of asymmetry, notably R1, the methine groups of the 2,5-substituents, and the
cyclopentadienone carbons, Δδ generally appeared to be larger (see the section ‘Materials and Methods’,
Appendix A, and the Supplementary Materials for in-depth details).
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Figure 3. 1H-NMR (top) and 13C-NMR (bottom) spectra of compounds 11a, 12a, 13a, and 14a in CDCl3.

Similar signal patterns in the NMR spectra for complexes 14b–d were observed as well, but with
different chemical shifts and Δδ splits, of which the most noteworthy ones are listed in Tables 2
and 3. Although these spectroscopic values are to an extent subjected to the electronic nature of the
molecular surroundings of their corresponding atoms, we believe that they are also affected by the
dihedral rotation of the chiral 2,5-substituents, as a result from structural variations in R1, R2, and R3.
Therefore, the comparison of complexes 14b–d with 14a could provide useful insights for each separate
structural deviation.

In general, a higher Δδ for a signal in NMR is in accordance with a slower and less facile spatial
movement of the corresponding molecular group [69]. Although a clear trend for such peak segregation
is not easily recognized by taking all represented split signals into account, some observed NMR signals
may still be linked to possible structural properties. The heavier and sterically more encumbered
2,5-substituents of 14c are expected to exhibit a more restricted dihedral rotation, which is in agreement
with the increased values for Δδ in 13C-NMR.

On the other hand, 14d possesses a fused five-membered ring as backbone of the ligand, which is
narrower than the fused six-membered ring of 14a, while R1 and R2 are identical for these complexes.
Remarkably, all Δδ values (except for the methyl group in 1H-NMR) are significantly smaller than the
values observed for 14a. This result suggests a considerably more facile rotation of the 2,5-substituents
for 14d, which may be enabled by the narrower backbone of the ligand, and highlights the unexpectedly
significant effect of the R3-group.

Regarding R1, no statement on the effect of certain silyl groups can be declared yet, whereas the
observed differences in Δδ values for 14b are not understood at this moment, and the steric difference
(e.g., cone angles) between TIPS and TBDPS are rather similar [70]. For a better understanding, a larger
scope of alcohol protection groups for R1 should be included in a future study.
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Table 2. Observed chemical shifts and values of Δδ of characteristic signal splitting in 1H-NMR
spectroscopy for the synthesized iron complexes in CDCl3.

Complex

1H-NMR
Methine Methyl

δ (ppm) Δδ (Hz) δ (ppm) Δδ (Hz)

14a 4.99 66.3 1.47 6.4
14b 4.82 85.7 1.32 6.4
14c 5.94 52.7 - -
14d 4.89 28.1 1.47 18.8

Table 3. Observed chemical shifts and values of Δδ of characteristic signal splitting in 13C-NMR
spectroscopy for the synthesized iron complexes in CDCl3.

Complex

13C-NMR
3,4-Cp 2,5-Cp Methine Methyl

δ (ppm) Δδ (Hz) δ (ppm) Δδ (Hz) δ (ppm) Δδ (Hz) δ (ppm) Δδ (Hz)

14a 100.5 113.9 87.2 61.2 64.1 194.6 25.2 261.2
14b 100.6 74.5 86.0 110.4 64.3 98.0 25.1 237.1
14c 99.8 156.4 87.7 248.0 69.2 223.6 - -
14d 105.5 60.6 88.4 28.0 64.5 52.6 27.6 5.2

The occurrence of such notable signal splitting in NMR spectra, as a result from the structural
asymmetry in these complexes, prompted us to investigate the diastereo-isomeric mixture 14e, which
was obtained from racemic building block 11c through the total iron complex synthesis (Scheme 3).
Herein, 12d and 13e were analyzed and compared with their structural contenders from enantio-pure
sources, to confirm that their spectroscopic properties and masses are identical, but no optical rotation
in polarimetry can be detected (Table 1).

However, upon complexation of 13e with Fe(CO)5 a statistical mixture all possible
diastereo-isomers is expected, comprising the asymmetric R,R-complex 14a and its enantiomer
S,S-complex 14a’, as well as two meso-isomers: R,S-complex 14f and S,R-complex 14g, which are not
enantiomers of each other (Scheme 4). Because enantiomers 14a and 14a’ exhibit identical molecular
environments and conformations, though mirrored, they cannot be distinguished from each other
by spectroscopy. In contrast, the pairs of chiral centers of symmetric compounds 14f and 14g have
opposite optical configurations pertaining to the iron core, which is expected to give different dihedral
rotations of their 2,5-substituents. Therefore, the diastereomerically racemic mixture 14e should display
three sets of signals in NMR spectroscopy, in theory.

 
Scheme 4. Total synthesis of a diastereomeric mixture of (cyclopentadienone)iron complexes derived
from racemic but-3-yn-2-ol. Each colored box indicates a (group of) diastereo-isomer(s) that can be
distinguished by spectroscopic analysis. The collective mixture of 14a + 14a’ + 14f (+ 14g) is denoted
as 14e.

The actual NMR spectra of 14e, however, only revealed two sets of signals, of which one set
belongs to both 14a and 14a’, which is in accordance with the absence of optical rotation in polarimetry.
The other set comprises non-split signals that are characteristic for a symmetric Knölker-type complex
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(see Supplementary Materials). In 13C-NMR, the new peaks at 209.35 ppm and 169.58 ppm were assigned
to the iron-bound carbonyls and the cyclopentadienone carbonyl, respectively. Clear singular peaks at
146.87 ppm, 101.39 ppm, and 87.76 ppm were also observed for the other pair of cyclopentadienone
carbons and the methine carbons, respectively (Figure 4, bottom). The 1H-NMR spectrum shows
through the doublet of quartets for the methine protons of 14a and 14a’ in the region of 5.0–5.2 ppm
another singular quartet at 5.08 ppm, in agreement with a symmetric species within 14e (Figure 4, top).
These observations evidence that only three out of four expected diastereo-isomers are formed.

 

 
Figure 4. 1H-NMR spectrum of 14a and 14e in d8-toluene (top), and a zoom of the 13C-NMR spectrum
of compounds 14a, and 14e in CDCl3 (bottom).

The quartet signal for the symmetric diastereo-isomer rendered an integral of 1.3H compared
to 2H for 14a + 14a’, which is significantly higher than the statistically expected integral of 1.0H.
Since all synthesized complexes 14a–e were found stable in air at room temperature over the course of
several months, as well as during column chromatography over silica, this unusual diastereomeric
product distribution is not likely a result from decomposition during these stages. However, partial
decomposition during the synthetic reaction cannot be excluded, as incomplete mass balances of the
iron complexes but no unreacted pre-ligand were obtained.

Alternatively, we propose the possibility that one of the symmetric diastereomers, supposedly
14g, is sterically constrained to such an extent that ring closure of the alkynes cannot be achieved.
Steric restrictions of such kind have been reported for the formation of a similar cyclopentadienone
ruthenium complex as well [71]. In the case of 14g the bulky silyl groups are oriented towards the iron
core (deduced from its DFT structure, vide infra) inhibiting ring closure. However, rearrangement of
the alkynes onto the iron by dissociation, displacement, and re-coordination of one the alkyne moieties
may lead to the formation of 14f in extra quantities (Scheme 5), as observed in NMR.
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Scheme 5. Proposed complexation mechanism of mesomeric pre-ligand 13f with Fe(CO)5, yielding
complex 14f only. Herein, formation of complex 14g is excluded by steric aspects, and rearrangement
of the coordinated alkyne moieties of intermediate species leads to 14f as well.

Another important implication is that potential racemization during any stage of the total synthesis
would result in elimination of optical rotation, and the occurrence of more than one set of signals in
NMR spectroscopy, as partial racemization of 14a into 14f cannot be excluded in this scenario. This is
fortunately not the case for 14a–d, which evidences preservation of chiral information through their
total synthesis, thus rendering these complexes enantio-pure.

2.2. Computational Structure Assessment of the Novel Catalyst Design

In order to assess the spatial conformation of complexes 14a–e a series of computational structure
optimizations were conducted in lieu of a crystal structure determination, since the acquisition of
suitable crystals of 14a–d proved very difficult. These calculations were conducted on DFT level using
they hybrid B3LYP function [72,73], and the LANL2DZ core potential [74,75] was applied on all atoms.

The optimized structure of 14a exhibits the typical “piano-stool” complex, featuring
η4-coordination of the cyclopentadienone ligand onto iron, as expected (Figure 5, left). The enantio-pure
2,5-substituents are rotated in different dihedral angles, in which the bulky TIPS-groups are directed
away from the core of the molecule, and the least sterically demanding methine hydrogens point
towards the backbone of the ligand. As such, one TIPS group is oriented endo with respect to the iron,
while the other is oriented exo, establishing the visibly asymmetric nature of the complex.

Assessment of the symmetric 14f and 14g diastereo-isomers reveals a conformational
change regarding the TIPS groups, as they are oriented exo–exo, and endo–endo, respectively.
These conformations bear different degrees of steric clashing, as the difference in Gibbs free energy
(ΔG) between 14f and 14g is 5.29 kcal.mol−1, and plausibly induces the formation of 14f only from the
mesomeric diastereo-isomer of 13e.

  
Figure 5. Optimized structures of complexes 14a (left), 14f, (middle), and 14g (right)—which are each
other’s diastereo-isomers—derived from DFT calculations. Hydrogens are omitted for clarity.
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The optimized structures for 14b–d reveal a similar conformation compared to 14a, regarding
the orientation of the 2,5-substituents (Figure 6). Since the 2,5-substituents do possess some degree
of rotational freedom, which is assumed different for each complex, we defined the corresponding
dihedral angles θ and ϕ for comparative reasons, as indicated in Figure 7.

Figure 6. Optimized structures of complexes 14b (left), 14c’, (middle), and 14d (right) derived from
DFT calculations. Hydrogens are omitted for clarity. The S,S-enantiomer of 14c was chosen to be
calculated for comparative reasons.

 
Figure 7. General structures for complexes 14, decarbonylated complexes 15, and active catalysts 16, in
which angle θ describes the dihedral angle along labeled atoms 1–4 for the left-hand chiral substituent
(as seen from top view), while ϕ describes the dihedral angle for the right-hand chiral substituent.

In addition, the structures for the (cyclopentadienone)iron dicarbonyl (15a–d) and
(hydroxycyclopentadiene)iron(II) dicarbonyl hydride (16a–d) were optimized as well, because they are
more representative for the iron species within the catalytic cycle. Their values for θ and ϕ, and the
absolute difference between θ and ϕ, are listed in Table 4. From the overview it can be seen that for
complexes 14 and 15 the endo-oriented substituent is affected the most upon structural variation, as
indicated by θ. Moreover, the rotations of θ and ϕ, and the increased angle of |θ − ϕ| for 14c’ and 15c’

deviate a lot from those of the other complexes. These observations indicate that 14c is significantly
more constrained in rotational freedom than the other complexes, which is complementary to the
deductions from NMR-analysis and enantioselectivity in catalysis (vide infra), concerning 14c.

Table 4. DFT-computed dihedral angles of the 2,5-substituents of the cyclopentadienone ligand.

Entry
LFe(CO)3 (14) LFe(CO)2[vac] (15) (LH)FeH(CO)2 (16)

θ (◦) ϕ (◦) |θ − ϕ| θ (◦) ϕ (◦) |θ − ϕ| θ (◦) ϕ (◦) |θ − ϕ|

a −133.2 −76.6 56.6 −135.6 −80.7 54.9 −168.7 −80.8 87.9
b −142.5 −78.1 64.3 −127.6 −84.6 43.0 −169.2 −86.6 82.6
c’ −159.2 −90.8 68.4 −155.0 −92.8 62.3 −169.0 −96.5 72.5
d −132.5 −77.5 54.9 −129.8 −80.0 49.8 −170.1 −82.4 87.7

f 75.4 −75.4 0.0 n/a n/a
g −135.2 134.9 0.3

Therefore, DFT may serve as a preliminary tool for asymmetric Knölker complexes of this kind,
to predict the enantioselectivity of one complex relative to another. However 16a–d all exhibit a very
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similar rotation for θ of about 170◦. This is attributed to hydrogen bonding between the hydroxy group
and the oxygen of the left-hand chiral substituent, and may qualify structures 16a–d unsuitable to base
predictions upon.

2.3. Performance of the Catalysts in Asymmetric Hydrogenation

To probe the catalytic abilities of the synthesized complexes, the reduction of the representative
substrate acetophenone was targeted. Initial experimentation conducted using the base case complex
14a in transfer hydrogenation with isopropyl alcohol (iPrOH) as hydrogen donor.

Since this reaction is subject to the Meerwein–Ponndorf–Verley (MPV) equilibrium, a substantial
amount of excess iPrOH is required to drive the reaction forward [76]. Several amounts of iPrOH
were tested at 80 ◦C (Table 5, Entries 1–4), which afforded modest conversions up to 24% for the most
concentrated reaction mixture. To our delight, enantiomeric excesses (ee) of 40% in average favoring
S-1-phenylethanol production were achieved, with slightly better enantioselectivities for more dilute
systems. To find a suitable mitigation between conversion and enantioselectivity, 10 equivalents of
iPrOH (10% substrate dilution) was selected for further experiments. Herein, addition of solvent
without hydrogen-donative properties showed even further inhibition of conversion (Entries 5 and 6),
while variation of the temperature indicated slightly better enantioselectivity at lower temperatures
(Entries 7 and 8). Moreover, the advanced conversion upon higher temperature suggests that the MPV
equilibrium was not reached within 24 h, thus the reaction proceeds rather slowly.

Table 5. Asymmetric transfer hydrogenation of acetophenone catalyzed by complex 14a.

 
Entry Solvent

equiv.
iPrOH

Temperature
(◦C)

Conversion
(%)

Ee
(%)

Enantiomeric
Configuration

1 1 none 2.5 80 24 36 S
2 1 none 10 80 15 41 S
3 1 none 17.5 80 9 42 S
4 1 none 25 80 8 42 S
5 2 toluene 10 80 7 39 S
6 2 tBuOH 10 80 3 42 S
7 none 10 100 25 40 S
8 none 10 60 11 45 S

1 With different amounts of iPrOH under solvent-free conditions, these concentrations vary accordingly. 2 Delicate
solvent volumes were added to afford the same concentration as in Entry 4.

In order to boost the reaction rates, and to eliminate the MPV equilibrium for allowing higher
conversions, pressure hydrogenation using 50 bar H2 was conducted subsequently. Although
near-complete conversion was readily achieved, the ee was decreased to 33% (Table 6, Entry 1).
Variation of the solvent did not alter the enantioselectivity significantly, which appears a common factor
for Knölker-type catalysts with the origin of asymmetry in the cyclopentadienone ligand [39], while the
enantioselectivity for other types of catalysts is sometimes more susceptible to solvent effects [77].
However, significantly lower conversions were observed in methanol and 2-methyltetrahydrofuran
(Entries 2–5).

Comparative screening of 14a–e at 80 ◦C rendered 99% conversion for all catalysts, while ee
values varied from 21% to 41% ee in the order 14c > 14a > 14b > 14d (Entries 6–8). Upon decreasing
the temperature to 60 ◦C, lower conversions are attained in the order of 14d > 14a > 14b > 14c.
The corresponding ee values still showed the same trend with respect to the catalyst structures, but
rendered significantly higher with a commendable peak of 62% for 14c. (Entries 9–12).
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Table 6. Iron-catalyzed asymmetric pressure hydrogenation of acetophenone.

 
Entry Catalyst Solvent

Temperature
(◦C)

H2 Pressure
(bar)

Conversion
(%)

Ee
(%)

Enantiomeric
Configuration

1 14a iPrOH 80 50 99 33 S
2 14a MeOH 80 50 5 30 S
3 14a EtOH 80 50 99 33 S
4 14a toluene 80 50 99 33 S
5 14a 2-MeTHF 80 50 65 30 S
6 14b iPrOH 80 50 99 21 S
7 14c iPrOH 80 50 99 41 R
8 14d iPrOH 80 50 99 21 S
9 14e iPrOH 80 50 99 0 -

10 14a iPrOH 60 50 74 40 S
11 14b iPrOH 60 50 29 36 S
12 14c iPrOH 60 50 14 62 R
13 14d iPrOH 60 50 97 34 S

14 1 14a iPrOH 60 1 45 44 S
15 1 14a iPrOH 22 1 4 60 S

1 The reaction was carried out in a Schlenk flask, equipped with a H2-filled balloon.

Moreover, the outcome of these catalyst-screening experiments suggest few structural trends:
(1) an increased bulkiness of the asymmetric 2,5-substituents seems to enhance enantioselectivity,
but at the cost of conversion, notably for 14c; (2) alteration of the ligand’s backbone (i.e., R3) again
proves to be a more dominating factor than expected, as seen for 14d versus 14a. Furthermore, balloon
experiments indicate that even milder conditions (e.g., H2 pressure, temperature) can already achieve
a decent mitigation between conversion and ee (Entries 14–15).

With the influences of the investigated reaction conditions upon the yield and enantioselectivity
for acetophenone hydrogenation using 14a–d now known, the most representative circumstance
was selected to assess the catalytic performance for hydrogenation of different substrates. Several
substituted acetophenone derivatives with varying electronic properties were screened (Table 7,
Entries 1–5), as well as differently substituted ketones (Entries 6–9), and bio-derived methyl levulinate
(Entry 10).

Decent to complete conversions were obtained using catalyst 14a, and enantio-selectivity favoring
the S-product was always observed. Compared to the acetophenone hydrogenations, lower ee values
were generally observed for the substituted analogues of this substrate, however, hydrogenation
of 2,6-dihydroxyacetophenone and propiophenone rendered 47% ee. Low enantio-selectivity was
observed towards non-aromatic substrates such as tert-butyl methyl ketone and methyl levulinate.
Some substrates were subjected to catalysts 14c and 14d additionally. These examples followed a
general trend, that 14c is a more selective but less active catalyst, and 14d is slightly less selective than
14a. Herein, the 14c-catalyzed hydrogenation of propiophenone yielded the highest enantioselectivity
obtained in this work, rendering 70% ee.
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Table 7. Substrate scope for the iron-catalyzed asymmetric pressure hydrogenation.

Entry Substrate Catalyst Conversion (%) Ee (%) Enantiomeric Configuration

1 14a 99 29 S

2 14a 66 26 S

3 14a 97 29 S

4
14a 97 38 S
14c 93 56 R
14d 72 34 S

5 14a 99 47 S

6
14a 69 26 S
14c 32 63 R
14d 95 23 S

7 14a 100 14 S
14c 41 28 R

8 14a 100 3 S
14c 2 22 R

9
14a 98 47 S
14c 53 70 R
14d 68 38 S

10 1 14a 50 1 S
14c 32 4 R

1 The reaction temperature was 80 ◦C.

3. Materials and Methods

3.1. General Statements

(R)-but-3-yn-2-ol (99% pure, >99.5% ee); (R)-1-phenylprop-2-yn-1-ol (99% pure, >99.5% ee);
(rac)-but-3-yn-2-ol (99% pure); triisopropylsilyl chloride (97% pure); tert-butyldiphenylsilyl chloride
(98% pure); imidazole (99% pure); n-butyllithium (1.6 M in hexanes); 1,4-diiodobutane (98% pure);
1,3-diiodopropane (98% pure); iron pentacarbonyl (99% pure); diiron nonacarbonyl (99% pure);
trimethylamine-N-oxide (99% pure); acetophenone (≥99% pure) were purchased from Sigma Aldrich
(St. Louis, MO, USA) verified by NMR (Bruker, Billerica, MA, USA) and chiral GC-fid (Hewlett Packard,
Palo Alto, CA, USA), and used without further purification. Ketones in the substrate scope were
obtained from miscellaneous sources. Dry DCM was purchased from Sigma Aldrich (St. Louis,
MO, USA); dry THF and dry toluene were drawn from a SPS MBraun solvent dispenser (Garching,
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Germany), and were always verified to contain <100 ppm water by titration using a Mettler Toledo
C30S Compact Karl Fischer Coulometer (Columbus, OH, USA). All other solvents were HPLC-grade
pure, and were purchased from Biosolve (Valkenswaard, The Netherlands).

All organic reactions were performed in oven-dried glassware under a N2 atmosphere using
Schlenk techniques. Complexation reactions were performed in pressure tubes equipped with a
magnetic stirring bar and a crimp-cap septum, using a Biotage Initiator +microwave.

Thin layer chromatography was conducted using aluminum TLC plates, coated with μm 60 mesh
normal phase silica and fluorescent indicator F254. Column chromatography was conducted manually
using glass columns and 80–200 μm mesh silica.

NMR spectra were recorded on a Bruker AVANCE-300 Ultra Shield spectrometer (Billerica,
MA, USA), 300 MHz for 1H-NMR and 75 MHz for 13C-NMR at 25 ◦C. FT-IR were recorded
on a Shimadzu Miracle 10 FT-IR spectrometer (Kyoto, Japan) in the range of 400–4000 cm−1.
Mass spectrometry was conducted using a Bruker solariX XR FT-ICR-MS mass-spectrometer (Billerica,
MA, USA) with an ultra-high resolution over 105. The applied MS parameters in positive mode
were as following. Capillary: 4.4 kV; end plate offset: −800 V; nebulizer: 1 bar, dry gas 4 L/min,
dry temperature 200 ◦C; mass range: 50–1000 Da. Samples were prepared by dissolving the compounds
in CH2Cl2–CH3CN–CH3COOH (49.95–49.95–0.1 vol%).

Chiral organic products from the hydrogenation reactions were analyzed using a Hewlett
Packard 5890 Series II gas chromatograph (Palo Alto, CA, USA), equipped with a flame-ionization
detector, and a CP-Chirasil-Dex CB capillary column (length = 25 m; internal diameter = 0.25 mm;
film thickness = 0.25 mm). The heating program was 5 min at 40 ◦C, a ramp of 5 ◦C/min up to 200 ◦C
and a final 8 min at 200 ◦C. The (direction of) optical rotations of synthetic products and hydrogenation
reaction mixtures were measured using a Bellingham + Stanley ADP410 polarimeter (Kent, UK),
equipped with a 5.0 cm pathway sample chamber.

Computational calculations for all chemical geometries were performed by using the Gaussian
software package (Version 09, Gaussian Inc., Wallingford, CT, USA, 2015). Optimizations were
performed at the level of DFT by means of the hybrid B3LYP [72,73] functional and the basis set
LANL2DZ [74,75] was employed for all elements. All calculations were performed without freezing
any atom. Frequency calculations were performed for all stationary points at the same level to identify
the minima (zero imaginary frequencies) and transition states (TS, only one imaginary frequency) and
to provide free energies at 298.15 K and 1 atm.

3.2. General Procedure for the Synthesis of Alkynic Silyl Ethers 12a–c

In oven-dried glassware under a nitrogen atmosphere, alkynol 11 (12.4 mmol, 1.0 eq), and imidazole
(25 mmol, 2.0 eq) were dissolved together in 30 mL of dry DCM, and silyl chloride (14.5 mmol, 1.2 eq)
was dissolved separately in 15 mL of dry DCM. The alkynol/imidazole solution was cooled to 0 ◦C,
and the silyl chloride solution was added dropwise under vigorous stirring, upon which the formation
of imidazolyl chloride salt was observed quite readily. Nevertheless, the mixture was stirred overnight
at room temperature to ensure complete conversion. For workup, 20 mL of demineralized water was
added for quenching. The biphasic mixture was separated, and the aqueous layer was back-extracted
using 3 × 15 mL ethyl acetate. The combined organic phases were subsequently extracted using
3 × 30 mL of a saturated aqueous NH4Cl solution and dried over MgSO4. Upon concentration,
chromatography over a silica column (±30 cm × 1 cm) using pure hexane as eluent, and thorough
rotary vaporization the pure product was obtained. Staining with KMnO4/alkaline solution is required
to visualize the product in TLC.

3.3. General Procedure for the Synthesis of Pre-Ligands 13a–e

NOTE: For a successful reproduction, it is essential to ensure absolutely dry conditions, and to
apply the stoichiometry of reagents and the temperature programming exactly as described below!
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In oven-dried glassware under a nitrogen atmosphere, alkynic silyl ether 13 (6.0 mmol, 4.0 eq)
was dissolved in 20 mL of dry THF, and diiodo alkane (1.5 mmol, 1.0 eq) was dissolved separately in
10 mL of dry THF. The alkynic silyl ether solution was cooled to −80 ◦C using an isopropanol/liquid
N2 bath, and a commercial solution of n-butyllithium 1.6 M in hexanes (9.1 mL, 5.7 mmol, 3.8 eq)
was added dropwise over a course of 10 min. The reaction was kept at −80 ◦C for 60 min to achieve
complete alkyne deprotonation. Then, the diiodo alkane solution was added dropwise at −80 ◦C
under inert conditions, and the resulting reaction mixture was slowly heated to 60 ◦C subsequently,
and allowed to react for 18 h. For workup, the reaction mixture was quenched with 5 mL of a saturated
aqueous NH4Cl solution and 10 mL ethyl acetate was added to promote better phase separation.
The biphasic mixture was separated, and the aqueous layer was back-extracted with 5 mL ethyl
acetate, and using 15 mL of a saturated aqueous NH4Cl solution and dried over MgSO4. The final
organic layer was dried using MgSO4 and the solution was concentrated. The crude product was
purified by chromatography over a silica column (±80 cm × 2 cm) using 0–3% (slow increment) ethyl
acetate/hexane eluent. Rotary vaporization of the carefully selected chromatography fractions yielded
the pure dialkyne product, and the excess of alkynic silyl ether 12 could also be recovered for recycling.
Staining with KMnO4/alkaline solution is required to visualize the product in TLC.

3.4. General Procedure for the Synthesis of Iron Complexes 14a–e

CAUTION: This reaction builds up a significant pressure (±7 bar) of CO gas, and a very thorough
consideration on how to handle and neutralize this pressurized lethal gas is essential to warrant safety!
We used dedicated microwave equipment from Biotage®, which firmly clamps the crimp-cap onto the
vial, monitors the pressure in real-time, and has a steel-cage chamber equipped with a sponge to absorb
any potential leakage or explosion. We neutralized the CO-pressurized vials via: (1) ensuring that the
reaction mixture was cooled to room temperature; (2) applying a 10 mL syringe equipped with a Luer
lock and a thin needle to release the CO pressure manually, while keeping all materials deep inside
a well-ventilated fume hood. (Hold the syringe firmly with your thumb on the plunger, pierce the
septum carefully with the needle and collect the CO gas in the syringe in a controlled manner. Then,
withdraw the needle and release the CO gas from the syringe deep and high inside the fume hood
(the septum from Biotage® will close and withstand the remaining pressure). Repeat the manual CO
extractions with the syringe, until all pressure is released.); (3) Purging the headspace of the microwave
vial via needles using a balloon of nitrogen inside a well-ventilated fume hood. Then finally, the
crimp-cap can be safely removed from the vial.

A 30-mL glass pressure vial from with a stirring magnet was mounted inside a large Schlenk flask,
and the system was purged under a nitrogen atmosphere. Under outflow of a nitrogen stream, dialkyne
6 (1.2 mmol, 1.0 eq) and 15 mL of dry toluene, and finally Fe(CO)5 (5 mmol, 4–5 eq) were added into the
pressure vial, and the vial was sealed using a dedicated crimp-cap septum. The mixture was reacted
by microwave irradiation to a constant temperature of 140 ◦C for 18 h, during which the formation of
CO pressure was observed to build up to 10 bar over the course of 4–8 h. After cooling down to room
temperature, the vial was still pressurized with 7 bar CO gas, which was very carefully released as
described above in the red ‘caution’ section. The neutralized reaction mixture was passed through
a Celite column (±30 cm × 1 cm) using 100 mL ethyl acetate to remove solid iron carbonyl particles,
and resulting solution was pushed through a millipore filter subsequently to remove paramagnetic
iron nanoparticles. After removal of the ethyl acetate by rotary vaporization, the concentrated crude
product was purified by chromatography over a silica column (±50 cm × 2 cm) using 0–5% ethyl
acetate/hexane eluent. Rotary vaporization of the product fractions yielded the pure Knölker-type iron
complex. Visualization of the product in TLC is possible under UV-light, but also by staining with
KMnO4/alkaline solution.
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3.5. General Procedure for Transfer–Hydrogenation

In oven-dried Schlenk flasks under a nitrogen atmosphere, separate stock solutions of pre-catalyst
14a (0.052 M), Me3NO (0.156 M), in degassed isopropanol were prepared. Generally, 20.0 μL of these
stock solutions, 117 μL of acetophenone, aliquots of isopropanol, and optionally amounts of extra
solvent were added into oven-dried 5-mL Schlenk flasks under a nitrogen atmosphere to obtain the
ratios as described in Table 5. The reaction mixtures were heated in pre-heated oil baths at the desired
temperature for 24 h. Samples for GC-analysis were prepared by dissolving delicate aliquots of reaction
mixture in 1.00 mL of a 0.1 vol% solution of hexadecane in DCM.

3.6. General Procedure for Pressure–Hydrogenation

Hydrogenation reactions were performed in 3-mL glass vials equipped with a magnetic stirring
bar. First, solid reagents (i.e., catalyst (0.010 mmol), Me3NO (0.03 mmol), and certain substrates
(1.00 mmol)) were loaded. Each vial was then inserted in a Schenk flask and purged under N2

by applying three vacuum/N2 cycles, and isopropanol (1.00 mL) and liquid substrates (1.00 mmol).
A disposable snap-cap was fitted on each vial under outflow of N2. Four of such reaction vials at a time
were mounted inside a 5500 HP compact 100 mL autoclave from Parr Instrument Company, and the
snap-caps were pierced once with a thick needle to allow gas exchange. The reactor was sealed, purged
with 5 × 2.5 bar N2 and 3 × 10 bar H2, and finally charged with 50 bar H2 pressure. Subsequently,
the system was heated to the desired temperature using ‘mode 1′ (i.e., using 40% electric power) to
avoid a temperature overshoot, and the reaction mixtures were magnetically stirred at 300 rpm using a
stirring plate placed underneath the autoclave. After 24 h, the reactions were stopped by allowing the
reactor to cool down below 40 ◦C within 15 min, after which the reactor was purged with 3 × 2.5 bar
N2 before opening.

Samples for GC-analysis were prepared by dissolving 50.0 μL reaction mixture in 1.00 mL of a
0.1 vol% solution of hexadecane in DCM.

4. Conclusions

We have successfully synthesized a new series of asymmetric Knölker-type iron catalysts,
which exhibit the centers of chirality at the front side of the catalyst near the catalytically active site.
Amongst the four asymmetric complexes a structural alteration in each variable fragment of the
cyclopentadienone ligand (i.e., R1, R2, and R3) compared to base–case complex 14a was made. NMR
analysis was particularly useful to study the asymmetric nature of the complexes, and it could even be
used as a tool to confirm preservation of enantio-purity throughout the total synthesis of the complexes.
In addition, DFT calculations provided useful insights on the structural conformation of the chiral
substituents on the ligand, and the role of the ligand’s backbone herein.

All synthesized iron complexes exhibited catalytic activity in the pressure hydrogenation of
ketones, while transfer hydrogenation was also established using 14a. Complexes 14a–d rendered
ee values in the range of 21–62% for the hydrogenation of acetophenone, and 70% as highest ee
in the substrate screening catalyzed by 14c, which ranks our structural design in the top three of
enantioselective Knölker-type catalysts.

Future research will focus on extending the structural examples within the series of our catalyst
design, aiming for a superior catalytic performance to make environmentally considerate iron more
attractive in applied and industrial chemistry.
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Appendix A

(R)-(but-3-yn-2-yloxy)triisopropylsilane (12a)

Appearance: colorless liquid. Yield (isolated): 92.7%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 4.60 (qd, J1 = 6.5 Hz, J2 = 2.0 Hz, 1H, CHO), 2.37 (d, J = 2.0, 1H, C≡CH), 1.46 (d, J = 6.5 Hz, 3H,
Me), 1.34–0.83 (m, 6H, Si(CHMe2)3), 1.09 (d, J = 3.5 Hz, 36H, Si(CHMe2)3) ppm. 13C-NMR (75 MHz),
25 ◦C, CDCl3 (77.16 ppm): δ = 86.80, 71.18, 58.94, 25.72, 18.11, 18.09, 12.30 ppm. FT-IR: 629, 654, 679,
752, 835, 881, 918, 974, 991, 1014, 1059, 1101, 1121, 1250, 1313, 1337, 1370, 1384, 1464, 2866, 2891, 2943,
3312 cm−1. [α]25

D = +96.1 (c = 2.44 in DCM).

(R)-(but-3-yn-2-yloxy)(tert-butyl)diphenylsilane (12b)

Appearance: colorless liquid. Yield (isolated): 91.3%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 7.91–7.65 (m, 4H, C6H5), 7.53–7.37 (m, 6H, C6H5), 4.52 (qd, J1 = 6.5 Hz, J2 = 2.0 Hz, 1H, CHO), 2.37
(d, J = 2.1 Hz, 1H, C≡CH), 1.45 (d, J = 6.5 Hz, 3H, Me), 1.15 (s, 9H, tBu) ppm. 13C-NMR (75 MHz),
25 ◦C, CDCl3 (77.16 ppm): δ = 136.09, 135.90, 133.84, 133.55, 129.90, 129.86, 127.77, 127.66, 86.20, 71.72,
59.93, 27.00, 25.30, 19.33 ppm. FT-IR: 544, 611, 657, 700, 739, 762, 822, 841, 938, 974, 1057, 1098, 1427,
1471, 2859, 2889, 2932, 2959, 3070, 3306 cm−1. [α]24

D = +288.3 (c = 2.23 in DCM).

(R)- triisopropyl((1-phenylprop-2-yn-1-yl)oxy)silane (12c)

Appearance = viscous yellow liquid. Yield (isolated): 85.5%. 1H-NMR (300 MHz), 25 ◦C, CDCl3
(7.26 ppm): δ = 7.56 (d, J = 7.3, 2H, C6H5), 7.48–7.29 (m, 3H, C6H5), 5.62 (d, J = 2.0 Hz, 1H, CHO), 2.58
(d, J = 2.2 Hz, 3H, Me), 1.36–1.21 (m, 2H), 1.22–1.10 (m, 18H, Si(CHMe2)3) ppm. 13C-NMR (75 MHz),
25 ◦C, CDCl3 (77.16 ppm): δ = 142.04, 128.49, 127.88, 125.98, 85.32, 77.58, 77.16, 76.74, 73.53, 64.83, 18.13,
12.39 ppm. FT-IR: 575, 656, 681, 695, 733, 824, 834, 881, 918, 961, 997, 1015, 1028, 1063, 1092, 1192, 1265,
1317, 1341, 1366, 1385, 1462, 1493, 2866, 2891, 2943, 3308 cm−1. [α]26

D = −14.8 (c = 2.16 in DCM).

(5R,14R)-3,3,16,16-tetraisopropyl-2,5,14,17-tetramethyl-4,15-dioxa-3,16-disilaoctadeca-6,12-diyne (13a)

Appearance: pale yellow liquid. Yield (isolated): 89.1%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 4.57 (q, J = 6.4 Hz, 2H, CHO), 2.19 (m, 4H, C≡C–CH2), 1.58 (m, 4H, CH2), 1.41 (d, J = 6.4 Hz, 6H,
Me), 1.22–0.93 (m, 6H, Si(CHCH3)3), 1.08 (d, J = 3.6 Hz, 36H, Si(CHCH3)3) ppm. 13C-NMR (75 MHz),
25 ◦C, CDCl3 (77.16 ppm): δ = 83.48, 83.08, 77.58, 77.36, 77.16, 76.74, 59.25, 27.81, 26.11, 18.35, 18.15,
18.13, 12.35 ppm. FT-IR: 666, 677, 756, 881, 920, 949, 976, 1013, 1030, 1069, 1099, 1159, 1248, 1316, 1335,
1368, 1383, 1462, 2236, 2864, 2892, 2941 cm−1. ESI-MS (in CH2Cl2/CH3CN 1:1 v/v with CH3COOH for
M = C30H58Si2O2): m/z = 529.38515 {[M + Na]+, calcd 693.356006. [α]22

D = +122.6 (c = 2.01 in DCM).

(5R,14R)-2,2,5,14,17,17-hexamethyl-3,3,16,16-tetraphenyl-4,15-dioxa-3,16-disilaoctadeca-6,12-diyne (13b)

Appearance: viscous colorless liquid. Yield (isolated): 38.7%. 1H-NMR (300 MHz), 25 ◦C, CDCl3
(7.26 ppm): δ = 7.73 (dd, J1 = 20.6 Hz, J2 = 6.1 Hz, 8H, C6H5), 7.37 (d, J = 7.4 Hz, 12H, C6H5), 4.47
(q, J = 6.3 Hz, 2H, CHO), 2.06 (m, 4H, C≡C–CH2), 1.40 (m, 4H, CH2), 1.38 (d, J = 6.4 Hz, 6H, Me),
1.07 (s, 18H, tBu) ppm. 13C-NMR (75 MHz), 25 ◦C, CDCl3 (77.16 ppm): δ = 136.10, 135.91, 134.14,
134.10, 129.74, 129.63, 127.66, 127.50, 83.88, 83.00, 60.31, 27.61, 27.02, 25.69, 19.33, 18.29 ppm. FT-IR:
611, 698, 738, 822, 951, 974, 998, 1028, 1080, 1098, 1161, 1341, 1368, 1390, 1427, 1472, 1589, 2857, 2891,
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2930, 3070 cm−1. ESI-MS (in CH2Cl2/CH3CN 1:1 v/v with CH3COOH for M = C44H54Si2O2): m/z =
693.35186 {[M + Na]+, calcd 529.387306}. [α]26

D = +364.1 (c = 2.17 in DCM).

(5R,14R)-3,3,16,16-tetraisopropyl-2,17-dimethyl-5,14-diphenyl-4,15-dioxa-3,16-disilaoctadeca-6,12-diyne
(13c)

Appearance: viscous orange liquid. Yield (isolated): 60.8%. 1H-NMR (300 MHz), 25 ◦C, CDCl3
(7.26 ppm): δ = 7.52–7.17 (m, 4H, C6H5), 7.14 (m, J = 6.8, 6H, C6H5), 5.46 (s, 2H, CHO), 2.10 (b, 4H,
C≡C–CH2), 1.48 (b, 4H, CH2), 1.08 (m, 6H), 1.00 (dd, J1 = 12.3, J2 = 6.0, 36H) ppm. 13C-NMR (75
MHz), 25 ◦C, CDCl3 (77.16 ppm): δ = 143.00, 128.26, 127.44, 125.94, 85.47, 82.10, 65.07, 27.67, 18.44,
18.17, 12.44 ppm. FT-IR: 581, 629, 659, 681, 694, 721, 820, 881, 918, 996, 1013, 1026, 1057, 1083, 1134,
1194, 1273, 1329, 1367, 1383, 1462, 1492, 2864, 2891, 2941 cm−1. ESI-MS (in CH2Cl2/CH3CN 1:1 v/v with
CH3COOH for M = C44H54Si2O2): m/z = 653.41845 {[M +Na]+, calcd 653.418606}; 669.41330 {[M + K]+,
calcd 669.392544}. [α]26

D = −37.0 (c = 2.00 in DCM).

(5R,13R)-3,3,15,15-tetraisopropyl-2,5,13,16-tetramethyl-4,14-dioxa-3,15-disilaheptadeca-6,11-diyne (13d)

Appearance: pale yellow liquid. Yield (isolated): 70.3%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 4.57 (q, J = 6.4 Hz, 2H, CHO), 2.28 (td, J1 = 7.0 Hz, J2 = 1.6 Hz, 4H, C≡C–CH2), 1.66 (p, J = 7.1 Hz, 2H,
CH2), 1.41 (d, J = 6.4 Hz, 6H, Me), 1.22–0.93 (m, 6H, Si(CHMe2)3), 1.08 (d, J = 3.7 Hz, 36H, Si(CHMe2)3))
ppm. 13C-NMR (75 MHz), 25 ◦C, CDCl3 (77.16 ppm): δ = 83.76, 82.55, 77.58, 77.16, 76.74, 59.23, 27.91,
26.08, 18.15, 18.12, 12.35 ppm. FT-IR: 657, 679, 756, 881, 920, 952, 973, 996, 1014, 1028, 1069, 1099, 1157,
1248, 1316, 1337, 1368, 1383, 1464, 2866, 2891, 2941 cm−1. [α]26

D = +131.9 (c = 2.28 in DCM).

η4-[1,3-bis((R)-1-((triisopropylsilyl)oxy)ethyl)-4,5,6,7-tetrahydro-2H-inden-2-one]iron tricarbonyl (14a)

Appearance: yellow solid. Yield (isolated): 51.4%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 4.99 (dq, J1 = 66.3 Hz, J2 = 6.4 Hz, 2H, CHO), 3.01–2.42 (m, 4H, (CH2)2), 1.80 (b, 4H, Cp–CH2),
1.47 (d, J = 6.4 Hz, 6H, Me), 1.19–0.93 (m, 42H, TIPS) ppm. 1H-NMR (300 MHz), 25 ◦C, toluene-d8
(2.08 ppm): δ 5.14 (dq, J1 = 75.3, J1 = 6.5, 2H, CHO), 2.84–2.30 (m, 4H, Cp–CH2), 1.63–1.34 (m, 4H),
1.49 (dd, J1 = 11.7, J2 = 6.5, 6H, Me), 1.25–0.8 (m, 42H, TIPS). 13C-NMR (75 MHz), 25 ◦C, CDCl3
(77.16 ppm): δ = 209.20, 169.47, 101.26, 99.75, 87.60, 86.79, 65.40, 62.82, 26.92, 23.46, 23.08, 22.90, 22.37,
22.24, 18.42, 18.29, 18.27, 17.84, 13.16, 12.56, 12.43 ppm. FT-IR: 575, 594, 628, 653, 678, 737, 756, 770, 820,
881, 928, 993, 1012, 1065, 1130, 1256, 1387, 1464, 1630, 1987, 2000, 2060, 2864, 2943 cm−1. ESI-MS (in
CH2Cl2/CH3CN 1:1 v/v with CH3COOH for M = C34H58Si2O6Fe): m/z = 675.31648 {[M +H]+, calcd
675.319960}; 697.29835 {[M + Na]+, calcd 697.301905}. [α]22

D = +16.5 (c = 2.06 in DCM).

η4-[1,3-bis((R)-1-((tert-butyldiphenylsilyl)oxy)ethyl)-4,5,6,7-tetrahydro-2H-inden-2-one]iron
tricarbonyl (14b)

Appearance: yellow solid. Yield (isolated): 33.8%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 7.88–7.62 (m, 8H, C6H5), 7.52–7.28 (m, 12H, C6H5), 4.81 (dq, J1 = 85.7 Hz, J2 = 6.4 Hz, 2H, CHO),
2.90–2.35 (m, 4H, (CH2)2), 1.74 (m, 4H, Cp–CH2), 1.32 (dd, J1 = 6.4 Hz, J2 = 3.1 Hz, 6H, Me), 1.08
(d, J = 5.0 Hz, 18H, tBu) ppm. 13C-NMR (75 MHz), 25 ◦C, CDCl3 (77.16 ppm): δ = 209.22, 169.74,
136.12, 136.09, 135.92, 135.78, 134.92, 134.39, 134.34, 133.72, 133.34, 129.85, 129.81, 129.80, 129.65, 127.76,
127.73, 127.61, 101.11, 100.12, 87.20, 85.74, 77.58, 77.16, 76.74, 65.98, 64.68, 27.22, 27.20, 26.68, 26.34,
23.54, 23.17, 22.50, 22.15, 22.02, 19.45, 19.36 ppm. FT-IR: 574, 594, 604, 628, 700, 739, 822, 927, 991, 1078,
1105, 1186, 1260, 1371, 1427, 1472, 1645, 1983, 2060, 2361, 2857, 2930, 2956, 3046, 3071 cm−1. ESI-MS (in
CH2Cl2/CH3CN 1:1 v/v with CH3COOH for M = C48H54Si2O6Fe): m/z = 839.28749 {[M +H]+, calcd
839.288660}; 861.270605 {[M + Na]+, calcd 861.26817}. Elemental analysis for C48H54Si2O6Fe: calcd: C
68.72%, H 6.49%; found, C 68.32%, H 6.352%. [α]22

D = +62.5 (c = 2.59 in DCM).
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η4-[1,3-bis((R)-phenyl((triisopropylsilyl)oxy)methyl)-4,5,6,7-tetrahydro-2H-inden-2-one]iron
tricarbonyl (14c)

Appearance: orange solid. Yield (isolated): 18.2%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 7.48 (dd, J1 = 45.1 Hz, J2 = 7.3 Hz, 4H, C6H5), 7.16 (m, 6H, C6H5), 5.94 (d, J = 52.7 Hz, 2H, CHO),
2.84 (dd, J1 = 53.3 Hz, J2 = 17.0 Hz, 2H, Cp–CH2), 2.51–2.20 (m, 2H, Cp–CH2), 1.76–1.42 (m, 4H, (CH2)2),
1.05–0.66 (m, 42H, TIPS) ppm. 13C-NMR (75 MHz), 25 ◦C, CDCl3 (77.16 ppm): δ = 208.11, 168.62,
145.90, 143.69, 127.95, 127.87, 127.48, 127.16, 126.50, 126.40, 100.88, 98.81, 89.38, 86.10, 77.58, 77.16, 76.74,
70.69, 67.72, 23.43, 22.05, 22.01, 21.95, 18.37, 18.28, 18.15, 17.96, 12.82, 12.20 ppm. FT-IR: 571, 598, 613,
647, 704, 731, 752, 806, 833, 881, 918, 972, 1015, 1055, 1084, 1104, 1173, 1260, 1288, 1366, 1423, 1452, 1492,
1, 1630, 1993, 2062, 2359, 2866, 2891, 2943, 3030, 3062 cm−1. ESI-MS (in CH2Cl2/CH3CN 1:1 v/v with
CH3COOH for M = C44H62Si2O6Fe): m/z = 799.35063 {[M +H]+, calcd 799.351260}; 821.33173 {[M +
Na]+, calcd 821.333205}. [α]26

D = +107.5 (c = 2.14 in DCM).

η4-[1,3-bis((R)-1-((triisopropylsilyl)oxy)ethyl)-5,6-dihydropentalen-2(4H)-one]iron tricarbonyl (14d)

Appearance: yellow solid. Yield (isolated): 51.9%. 1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm):
δ = 4.89 (dq, J1 = 28.1 Hz, J2 = 6.2 Hz, 2H, CHO), 2.88–2.70 (m, 2H, Cp–CH2), 2.69–2.45 (m, 2H, Cp–CH2),
2.43–2.21 (m, 1H, CH2), 1.98–1.77 (m, 1H, CH2), 1.47 (dd, J1 = 18.8 Hz, J2 = 6.2 Hz, 6H, Me), 1.08 (m, 42H,
TIPS) ppm. 13C-NMR (75 MHz), 25 ◦C, CDCl3 (77.16 ppm): δ = 209.15, 171.58, 105.90, 105.09, 88.58,
88.21, 64.83, 64.13, 27.61, 27.54, 26.52, 26.48, 24.26, 18.41, 18.30, 18.24, 13.17, 12.90 ppm. FT-IR: 576, 590,
605, 618, 635, 675, 737, 799, 841, 880, 918, 953, 1000, 1013, 1030, 1065, 1094, 1125, 1169, 1206, 1258, 1364,
1384, 1438, 1464, 1622, 1996, 2062, 2864, 2891, 2941, 2967 cm−1. ESI-MS (in CH2Cl2/CH3CN 1:1 v/v with
CH3COOH for M = C33H56Si2O6Fe): m/z = 661.30282 {[M +H]+, calcd 661.304310}; 683.28437 {[M +
Na]+, calcd 683.286255}; 699.25943 {[M + K]+, calcd 699.260193}. Elemental analysis for C33H56Si2O6Fe:
calcd: C 59.98%, H 8.54%; found: C 59.55%, H 8.59%. [α]26

D = +8.4 (c = 2.15 in DCM).

14f (R,S-complex extrapolated from racemic mixture 14e; signals of 14a also present in spectrum)

1H-NMR (300 MHz), 25 ◦C, CDCl3 (7.26 ppm): δ = 5,08 (q, J = 6.4 Hz, 2H, CHO), 3.01–2.42 (m, 4H,
(CH2)2), 1.80 (b, 4H, Cp–CH2), 1.47 (d, J = 6.4 Hz, 6H, Me), 1.19–0.93 (m, 42H, TIPS) ppm. 1H-NMR
(300 MHz), 25 ◦C, toluene-d8 (2.08 ppm): δ = 5,21 (q, J = 6.3 Hz, 2H, CHO), 3.01–2.42 (m, 4H, (CH2)2),
1.80 (b, 4H, Cp–CH2), 1.47 (d, J = 6.4 Hz, 6H, Me), 1.19–0.93 (m, 42H, TIPS) ppm. 13C-NMR (75 MHz),
25 ◦C, CDCl3 (77.16 ppm): δ = 209.35, 169.58, 146.87, 101.39, 87.76, 63.69, 34.66, 27.65, 23.47, 22.33,
12.75 ppm. [α]25

D = 0.00 (c = 2.02 in DCM).
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Abstract: The catalytic properties of unsupported iron oxides, specifically magnetite (Fe3O4),
were investigated for the reverse water-gas shift (RWGS) reaction at temperatures between 723 K
and 773 K and atmospheric pressure. This catalyst exhibited a fast catalytic CO formation rate
(35.1 mmol h−1 gcat.

−1), high turnover frequency (0.180 s−1), high CO selectivity (>99%), and high
stability (753 K, 45000 cm3h−1gcat.

−1) under a 1:1 H2 to CO2 ratio. Reaction rates over the Fe3O4

catalyst displayed a strong dependence on H2 partial pressure (reaction order of ~0.8) and a weaker
dependence on CO2 partial pressure (reaction order of 0.33) under an equimolar flow of both reactants.
X-ray powder diffraction patterns and XPS spectra reveal that the bulk composition and structure of
the post-reaction catalyst was formed mostly of metallic Fe and Fe3C, while the surface contained
Fe2+, Fe3+, metallic Fe and Fe3C. Catalyst tests on pure Fe3C (iron carbide) suggest that Fe3C is not an
effective catalyst for this reaction at the conditions investigated. Gas-switching experiments (CO2 or
H2) indicated that a redox mechanism is the predominant reaction pathway.

Keywords: RWGS; iron oxides; CO2 conversion; gas-switching

1. Introduction

Today’s anthropogenic emissions of carbon dioxide to the atmosphere amount to about 35,000 Tg
per year, and the greenhouse effect of these accumulated emissions has been recognized as an alarming
hazard to the well-being of modern societies. Although multiple approaches have been considered to
mitigate these emissions, recently more emphasis has been placed on the potential synergy of carbon
capture and the utilization of these large outflows of carbon dioxide. Among several possibilities,
a recent National Academies of Science and Engineering report [1] on CO2 waste gas utilization
highlights the conversion of CO2 by hydrogenation into CO and water—the reverse water-gas shift
(RWGS) reaction, Equation (1)— as critical, and points to the need for improved catalysts with high
stability and durability.

The RWGS reaction can be part of a two-step hydrogenation process for the conversion of CO2 to
valuable products. First, CO2 is reduced to CO via the RWGS reaction, and second, CO can be converted
to either hydrocarbons via the Fischer-Tropsch (FT) process or methanol via CAMERE (CArbon dioxide
hydrogenation to form MEthanol via a Reverse WGS reaction) process [2]. The RWGS reaction is
an endothermic reaction (ΔH◦298 K = 41.2 kJ mol−1), and thus is thermodynamically favorable at
higher temperatures.

CO2 + H2 ↔ CO + H2O (1)

Noble metals such as Pt [3–5] and Pd [6,7], and other various metals such as Cu [8–11], Ni [12,13]
and Fe [14] supported on oxides were reported to be active for the production of CO. Among them,
Cu-based materials have been widely studied, and thus have also been investigated in many instances
for the RWGS reaction. For example, Cu-Ni/Al2O3 [15], Cu/ZnO [16], Cu-Zn/Al2O3 [16] and Cu/SiO2
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promoted with potassium [17] have all shown good RWGS activity. However, Cu materials tend to
deactivate by sintering (frittage) at high temperatures (T > 773 K), which are required for high RWGS
activity. For high temperature applications, iron can be added as a thermal stabilizer: Chen et al. [10]
showed that adding small amounts of iron to 10% Cu/SiO2 resulted in stable RWGS activity for 120 h
at 873 K and atmospheric pressure, while non-promoted 10% Cu/SiO2 deactivated rapidly.

Iron oxides (FexOy) are often used industrially for FT synthesis (473 K–623 K, 1 MPa) [18,19]
and the high-temperature (623 K–723 K) WGS reaction [20–22]. In FT synthesis, alkalized, iron-based
catalysts are combined with Cu for reduction promotion. Schulz et al. [18,23] showed that the working
FT catalysts contain several iron carbide phases and elemental carbon formed after the hydrogen
reduction period. Iron oxides and the metallic iron are still present in the catalyst composition, but
iron carbide phases are identified as active sites [23]. The RWGS and WGS reactions are often carried
out in conjunction with FT synthesis at a higher temperature regime on iron catalysts, and iron oxide
or oxidic amorphous iron phases are known as the active phases for WGS and RWGS [24–26].

Extensive research on iron-based catalysts has been reported mainly on the WGS reaction over
decades [20]. Chromium is a structural promoter that helps prevent the iron from sintering at high
temperature. A more recent survey on Cr-free, Fe-based WGS catalysts shows the current strong
interest in this topic [27]. However, the studies on RWGS reactions over iron-based catalysts are much
less frequent. Fishman et al. [28] synthesized hematite nano-sheets to obtain a 28% CO2 conversion
at 783 K, and hematite nanowires to obtain a 50% CO2 conversion at a very high temperature of
1023 K. Hematite was reduced to magnetite during the reaction. The catalytic behavior over time
on stream and the stability of the CO production were, however, not investigated. Fe nanoparticles
have also shown good stability and activity (35% CO2 conversion, >85% CO selectivity) in RWGS by
Kim et al. [29], yet no kinetic parameters were determined, and the mechanism was not discussed.

Two principal mechanisms of the WGS (or RWGS) reaction have been investigated extensively:
The “redox mechanism” and the “associative” mechanism [30,31]. Different catalysts may lead to a
different reaction pathway. The redox mechanism was suggested to be active for the WGS reaction
over iron catalysts promoted with chromium [32]. A distinguishing feature of the redox mechanism
is that products can be generated in the absence of both reactants. The catalyst is first reduced by
the adsorbed H2, and is subsequently oxidized by CO2 (in RWGS) or H2O (in WGS). The associative
mechanism was proposed to be dominant in the WGS reaction over iron oxide catalysts [33]. In this
mechanism, both reactants are adsorbed on the catalyst surface at the same time to create products.
Several carbon-containing intermediates, including formate, carbonate, carbonyl and carboxyl species,
have been proposed. In a previous report in alumina-supported iron catalysts [14], we showed that
the redox mechanism is the only pathway for RWGS over Fe/γ-Al2O3, and the predominant pathway
over Fe-K/γ-Al2O3. The addition of the potassium promoter activates a secondary pathway for CO
formation, which is probably the associative pathway.

In the present report, unsupported Fe3O4-derived catalyst is identified as a highly active, selective
and stable catalyst for the reverse water-gas shift reaction at temperatures between 723 K and 753 K.
The characterization of surface composition, bulk properties, and the evaluation of the CO production
specific rate showed that the working catalyst is constructed during the H2-activation and the period
of reaction conditions. Quantitative gas-switching experiments in combination with isotopic switching
experiments allowed the redox and associative reaction pathway to be differentiated. The catalysts
appear to be highly stable under the reaction conditions investigated.

2. Results and Discussion

The catalytic CO formation rates on the Fe3O4 catalyst with various H2 to CO2 ratios (Figure 1)
show that after an induction period of ~120 min, the catalyst produced CO at a steady rate of
35.1 mmol h−1 gcat.

−1 at 753 K with 12.5% CO2 conversion. The selectivity to CO was greater than
99% under equimolar CO2 and H2. After 950 min, the partial pressure of CO2 was raised to 60 kPa,
while the partial pressure of H2 was kept constant. The rate increased to 54.6 mmol h−1 gcat.

−1 with
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4.4% CO2 conversion. Deactivation also occurred during this period: Starting at a deactivation rate
of 3.71 mmol h−1 gcat.

−1 per h, this rate gradually decreased to 0.23 mmol h−1 gcat.
−1 per h. When the

partial pressure of H2 was 60 kPa, and the CO2 was switched back to 15 kPa, the CO formation rate
increased first to 91.3 mmol h−1 gcat.

−1 and gradually stabilized to a value of 95.3 mmol h−1 gcat.
−1 with

33.7% CO2 conversion. The final rate of the catalyst reactivation was about 0.50 mmol h−1 gcat.
−1 per h.

It should be noted that the differential condition (see Equation (8)) was used to determine reaction
rates, and preferred for the investigation of the kinetic properties of our materials. Under higher
concentration of H2 (15 kPa CO2 + 60 kPa H2), high CO2 conversion (>12%) could lead to small errors
in the estimation of the reaction rate and the reaction order. The trend observed in Figure 1, however,
should not be affected by this approximation.

 
Figure 1. CO formation rates and their turnover frequencies (T.O.F.) on Fe3O4 at partial pressures of
CO2 and H2 indicated in the legend. Other reaction conditions: Ptot = 1 bar, T = 753 K, Ftot. = 75 sccm,
GHSV = 4.5 × 104 cm3 h−1 gcat.

−1.

With 60 kPa of H2 and 15 kPa of CO2 in the feed, a small amount of CH4—the only
side-product—was produced at the rate of 1.35 mmol h−1 gcat.

−1, reducing the CO selectivity from near
100% to 98.6%. Methane production implies that C–H bond formation is facilitated at higher partial
pressure of H2. There was no further C–C chain growth under this reaction condition, indicating that
the FT synthesis was not active over the working catalyst. The effect of H2 partial pressure on the
CO formation rate was much higher than the effect of CO2, implying a higher reaction order on H2

than CO2. The catalyst showed overall high stability in 1300 min, and the final reactivation rate in
excess H2 was higher than the deactivation rate under the excess CO2 condition. This indicates that
this Fe3O4-derived catalyst is easy to regenerate in a very short period (<100 min), making the catalyst
attractive in industrial use for long-term application.

The activation of the catalyst was carried out by a pretreatment under reducing conditions (H2 gas).
The bulk structure of the catalyst after the pretreatment can be identified. Based on the body-centered
cubic (BCC) structure of α-Fe (JCPDS PDF 00-006-0696) after the pretreatment (Figure S1), the surface
density of Fe atoms on the Fe(110) surface can be calculated as 1.297 × 1019 Fe atoms m−2. Assuming
all Fe atoms on Fe(110) were active sites, the observed CO formation rates can be converted to turnover

61



Catalysts 2019, 9, 773

frequency (TOF). This is reported in Figure 1 based on the measured CO formation rates, atomic
surface density, and BET surface area (2.52 m2/g for Fe3O4) of the pristine catalyst. The turnover
frequency of this catalyst under the equimolar condition was as high as 0.18 s−1 (Ptot = 1 bar, T = 753 K,
Ftot. = 75 sccm, GHSV = 4.5 × 104 cm3 h−1 gcat.

−1).
The stable reaction rates observed after the initial break-in period at 753 K allow for the

determination of kinetic parameters without having to model deactivation profiles. The kinetic
parameters, including reaction orders with respect to CO2 and H2, and measured activation energies
(Emeas) over Fe3O4 under near equimolar CO2 and H2 (~1:1), and in H2 excess (2:1, 4:1, and 9:1)—see
Table 1— indicate that CO formation rates have a higher dependence on H2 partial pressure (order of
~0.8) than CO2 partial pressure (order of ~0.33) under equimolar composition. In general, rate orders
depend on reaction conditions: Increasing the H2 partial pressure increases the order on CO2 to 0.39
and decreases the rate order on H2 to 0.72. At a ratio of H2:CO2 near 4:1, the reaction orders still show
the same trend: An increasing dependence on CO2 (order of 0.43) and decreasing dependence on H2

(order of 0.31). In a high excess of H2 (H2:CO2 = ~9:1), the reaction rate over Fe3O4 was of the order
1.30 with respect to CO2, and was independent of H2 pressure. The activation energies (Emeas) also
depend on the H2:CO2 partial pressure ratios; that is, different reaction pathways may occur under
these conditions. This behavior is not unique to iron catalysts. Similar reaction orders were also
observed by Ginés et al. [34] in the same regime of PH2/PCO2 < 3 (CO2 order ≈ 0.3, H2 order ≈ 0.8) on
the CuO/ZnO/Al2O3 catalyst, and by Kim et al. [3] on Pt/Al2O3 catalysts (CO2 order = 0.32, H2 order =
0.70). It was also suggested by Ginés et al. [34] that different reaction pathways should be existed for
PH2/PCO2 < 3 and PH2/PCO2 > 3 regions.

Table 1. Measured reaction orders with respect to CO2 and H2, and measured activation energies
(Emeas) over Fe3O4. Reaction conditions: 100 mg Fe3O4, Ftot = 75 sccm, T = 723 K.

PH2 (kPa) PCO2 (kPa) PH2: PCO2
Reaction

Order in CO2

Reaction
Order in H2

Emeas (kJ/mol)

15 10–20
~1:1

0.33 -
28.9 ± 0.910–20 15 - 0.79

30 10–20
~2:1

0.39 -
27.1 ± 0.525–35 15 - 0.72

40 5–12.5
~4:1

0.43 -
34.2 ± 1.935–45 10 - 0.31

85 5–12.5
~9:1

1.30 -
39.0 ± 3.470–90 10 - 0

Figure 2 presents the temperature-programmed reduction (TPR) profiles of (a) the fresh Fe3O4

sample and (b) the post-reaction Fe3O4 sample. In Figure 2a, the fresh Fe3O4 was heated to 753 K in a
hydrogen atmosphere, kept for 2 h at these conditions, and then heated to 1,073 K at the rate of 5 K/min.
The small peak observed in the TPR trace at about 563 K is assigned to an impurity of hematite present
in the initial sample of magnetite (Fe3O4), but not detected in the XRD pattern, as shown in the report
by Jozwiak et al. [35]. The following broader and asymmetric peak suggests a two-step reduction

process that has been previously postulated in literature [36], as the following: (1) Fe3O4
H2→ FeO and

(2) FeO
H2→ Fe0. These two steps can be deconvoluted into two peaks located at ~ 688 K and 773 K in the

TPR traces. After the 2 h reduction period at 773 K, there was no further H2 consumption at higher
temperatures. That is, the sample, after the reduction pretreatment used in our activation protocol,
has been converted into metallic iron. This result is also consistent with the XRD pattern in Figure S1,
which shows that α-Fe was the crystal formed after the reduction pretreatment of the Fe3O4 sample in
the microreactor.

62



Catalysts 2019, 9, 773

Figure 2. (a) H2 consumption (%) of the reduction period during the pretreatment following the
temperature-programmed reduction (TPR) of 100 mg Fe3O4. (b) TPR curve of the post-reaction
Fe3O4 sample.

As soon as CO2 was fed into the reactor, the surface of the catalyst was partially oxidized. This is
known from the results of Figure 2b that illustrates the presence of two significant peaks in the
TPR profile for the post-reaction catalysts (at 630 K and 780 K, respectively). The location of these
two predominant peaks shows good agreement with the results of Figure 2a and results reported
elsewhere [35,37]. There is at least a two-step reduction at ~630 K and 780 K, implying the coexistence
of different oxidation states of iron on the post-reaction sample due to the partial oxidation from CO2.
For this post-reaction sample, the H2 concentration in the effluent stream decreased by only a small
amount (less than 1%), suggesting that the consumption of the H2 feed would not affect the reduction
rate during the TPR reaction.

Figure 3 displays the diffraction pattern of fresh Fe3O4 and the catalyst after the RWGS
reaction (post-reaction Fe3O4). The 2θ degree peak positions in fresh Fe3O4 were 30.15◦, 35.45◦,
37.15◦,43.15◦, 53.50◦, 56.95◦ and 62.55◦, which are all consistent with magnetite (JCPDS PDF 01-071-6336).
The post-reaction Fe3O4 shows a very different XRD pattern: This pattern was composed of metallic
iron (α-Fe, 44.67◦, shown in the inset of Figure 3), iron carbide (Fe3C), and a small peak of FeOX

(35.47◦).
Iron oxides can be converted directly into carbides in a reducing and carburizing atmosphere [38],

and the carbon source of the Fe3C production can be either from impurities in the fresh Fe3O4 sample
or due to reaction with the product CO, after the RWGS reaction as indicated by Equation (2) [39]:

3Fe + 2CO↔ Fe3C + CO2 (2)

The bulk composition of the catalyst after the reaction is also consistent with the TPR results in
Figure 2a,b. During TPR, the amount of H2 consumption of magnetite relative to the amount of H2

consumption after the reaction was 12:1, therefore the iron species in the catalyst has been changed into
a more reduced chemical state after the pretreatment and RWGS reaction. The reduction was mainly
caused by the pretreatment, while the following CO2/H2 reaction shifted the metallic iron back to a
slightly more oxidized state; a combination of iron carbide, metallic iron and some iron oxides.

Besides bulk property information obtained from XRD, XPS analyses were conducted to
characterize the surface composition of the initial fresh Fe3O4 and the change of the catalyst after the
RWGS reaction. Figure 4 shows the XPS spectra, peak deconvolutions and the fitting envelopes for the
Fe 2p3/2 spectra of Fe3O4 and post-reaction Fe3O4.

63



Catalysts 2019, 9, 773

 

°°

θ

θ

Figure 3. XRD patterns of fresh Fe3O4 (down) and post-reaction Fe3O4 (up); inset is the magnification
of post-reaction Fe3O4 from 44◦ to 45.5◦.

Figure 4. XPS Fe 2p3/2 spectra of Fe3O4 and post-reaction Fe3O4. The curves under the fitted envelope
and above the background are contributions of estimated components from peak fitting.

Atomic percent contributions are calculated from the fitted peaks of Fe 2p3/2 due to its larger
intensity (Area of Fe 2p3/2:Fe 2p1/2 = 2:1). The Fe 2p3/2 spectra were fitted over the range of 705–722 eV.
The spectra between 716–722 eV were not shown in the figure for clarity. In this range, there were only
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small Fe3+ satellite peaks located at 719.2 eV and 719.4 eV for both the fresh and post-reaction Fe3O4

samples, respectively, although the area of the satellite peaks was still included in the corresponding
components when calculating the relative atomic percentage. The fits, including the binding energy,
full width at half maximum (FWHM), and the relative iron composition, are summarized in Table 2.
The fitted XPS spectrum of fresh Fe3O4 was composed of doublets for Fe2+ at 709.8 eV and Fe3+ at
711.3 eV. Fe3O4 has an inverse spinel structure which can be written as Fe3+

TET[Fe2+Fe3+]OCTO4, with
one Fe3+ on a tetrahedral site, and Fe2+ and the other Fe3+ distributed on octahedral sites. Therefore,
the theoretical relative composition of Fe2+/Fe3+ is 0.5, which is close to the area fitted and the calculated
relative composition in our fresh Fe3O4 (Fe2+:Fe3+ = 34.8/65.2 = 0.53). The Fe3+ peak has a larger
FWHM than Fe2+. This is as expected because the electronic configuration of Fe2+ is 3d6, while that of
Fe3+ is 3d5, that is, Fe2+ will have a longer life time compared to Fe3+; and therefore the FWHM of the
Fe2+ peak should be smaller than the Fe3+ peak [40]. Additionally, the Fe3+ peaks can be attributed to
two different structures, octahedral Fe3+ and tetrahedral Fe3+, a factor that will also lead to broader
Fe3+ peaks.

Table 2. XPS peak fittings for Fe 2p3/2 spectra for Fe3O4 and post-reaction Fe3O4.

Sample
Peak

Deconvolution
Binding Energy

(eV)
FWHM (eV) Atomic %

Fe3O4
Fe3+ 711.3 3.08 65.2
Fe2+ 709.8 1.95 34.8

post-reaction Fe3O4

Fe3+ 711.2 2.58 43.9
Fe2+ 709.8 1.51 27.5
Fe3C 707.9 1.78 16.4

Metallic Fe 706.7 0.94 12.2

After the RWGS reaction, the spectrum was fitted using four different components corresponding
to metallic Fe (706.7 eV), Fe3C (707.9 eV), Fe2+ (709.8 eV) and Fe3+ (711.2 eV). The peak locations of Fe2+

and Fe3+ were the same or very close to the fresh sample, indicating that there was only a small surface
charging effect with the flood gun on. The binding energies of the components are in agreement with
literature results [38,40–42]. In terms of the atomic percentages, the overall peak area was re-allocated
to a more reduced regime after the RWGS reaction. The Fe2+ decreased from 34.8% to 27.5%, the
Fe3+ decreased from 65.2% to 43.9%, while there were two components formed: Fe (12.2%) and Fe3C
(16.4%). The shift of the spectra was due to the H2 reduction pretreatment before operating the RWGS
reaction, and the flow of H2/CO2 reactants through the system would balance each other to make the
catalyst partially oxidized or reduced. Though the sample surface could be oxidized by the air during
the transportation from the reactor to the XPS analysis chamber, the result from XPS still can confirm
the reduction of the surface during the reaction, since new crystal structures such as Fe and Fe3C are
detected by XRD.

The XPS analyses indicate that the active catalyst consisted of a mixture of metallic Fe, Fe3C, Fe2+

and Fe3+; however, it cannot establish the relative contributions of these components to the observed
rate of the RWGS reaction. To determine if the iron carbide formed in our reaction can catalyze the
RWGS reaction, reaction rates over pure Fe3C were measured (Figure 5). In Figure 5a, Fe3C showed
an initial CO formation rate of 26.0 mmol h−1 g−1, but dropped 48% to near 13.5 mmol h−1 g−1 in
10 min, and then further down to 5.7 mmol h−1 g−1 in 160 min at 753 K. This is clearly different from
the properties of the Fe3O4-derived catalyst in Figure 1, since the Fe3O4-derived catalyst displayed
high stability for at least 1300 min. To evaluate the fast deactivation shown in Figure 5a and remove
the initial reduction effect during the ramping by hydrogen, another measurement was carried out
with respect to temperature, (see Figure 5b). This experiment was conducted flowing a CO2/H2/He
gas mixture in the same relative concentration used in the standard activity test during the ramping
procedure from room temperature to 773 K. At 573 K, the material did not catalyze the formation
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of CO; however, when the temperature was increased to 623 K, the catalyst immediately showed
catalytic rates in the range of 2.60 mmol h−1 g−1 to 2.99 mmol h−1 g−1. After 1 h of the reaction, the rate
remained at quasi-steady state at this low temperature (623 K).

Figure 5. (a) CO formation rate on 100 mg Fe3C. Reaction conditions: Ftot = 75 sccm; the reactor was
ramped to 753 K with PH2 = 15 kPa and He as remainder. No further reduction was applied after the
ramping. During the reaction, T = 753 K, Ptot = 1 bar, PH2 = PCO2 = 15 kPa. (b) CO formation rate on
100 mg Fe3C. The temperature was directly ramped from room temperature to 773 K as shown in the
figure with Ptot = 1 bar, PH2 = PCO2 = 15 kPa, and the remainder is He.

The CO formation rates were 6.60 mmol h−1 g−1, 9.80 mmol h−1 g−1, and 9.16 mmol h−1 g−1, as
the temperature was increased to 673 K, 723 K and 773 K, respectively. The formation rate at 773 K
was not higher than that at the lower temperature because of rapid deactivation at this temperature.
Faster deactivation rates were observed at higher temperatures: The average deactivation rates were
1.36 mmol h−1 g−1 per h, 2.57 mmol h−1 g−1 per h and 3.50 mmol h−1 g−1 per h.

After reacting at 773 K, the temperature was reduced to 723 K to monitor the reaction rate and
compare to the previous value. Much lower rates (2.55 mmol h−1 g−1) were observed than in the
previous measurement at the same temperature (723 K), indicating that there was an irreversible
change in the catalyst structure or composition. At higher temperatures, the reverse reaction of
Equation (2), where Fe3C reacts with CO2 and forms Fe and CO, is more favorable than the Fe3C
formation [39]. Therefore, the initial CO formation rate was probably due to the formation of CO from
decomposition, but quickly dropped since it is harder to convert the metallic iron back to Fe3C at higher
temperatures. The iron carbide catalyst only showed steady CO production at 623 K. This explains why
the deactivation at 723 K over Fe3C is very different from the steady-state magnetite catalyst reported
in Figure 1, which showed a very stable CO formation rate at 753 K. This observation suggests that
the operating temperature of RWGS in this study was not an environment conducive for a stable iron
carbide for CO production. In addition, the iron carbide (Fe5C2 or Fe3C) is normally considered to
be the active phase of iron for hydrocarbon production [43,44], and iron oxide is the active phase for
WGS and RWGS [25]. Several reports have suggested that the stability of the iron catalyst in either FT
synthesis [45] or RWGS [29] can be related to an iron carbide layer. Davis [45] suggested that catalyst
composition and reaction condition will define the existence of the pseudo-equilibrium layer of iron
carbide to ensure a very slow deactivation condition. Kim et al. [29] concluded that the stability of the
catalyst could have originated from migration of C and O into the catalyst bulk, forming iron oxide
and iron carbide, which likely prevented the nanoparticles on the surface from agglomerating. Based
on the XPS results and Fe3C catalytic tests, the iron carbide of the working catalyst is less likely to be
the main active site for CO production, but is an important species to provide stability in the overall
catalytic performance.
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Gas-switching experiments, in which H2 and CO2 are flown on and off, were used to distinguish
and quantify contributions from redox and associative reaction pathways [3,14,46]. In the simplest
form of the redox mechanism, gas-phase CO2 adsorbs on a reduced site to form CO and an oxidized
site (Equation (3)), which can then be reduced by gas phase H2 to reform the reduced site (Equation (4)).
The simplest redox cycle can be described as follows:

CO2(g) + sred. → CO(g) + O·s (3)

H2 + O·s→ H2O(g) + sred. (4)

A simplified associative pathway can be described generally by Equation (5). CO2 and H2

adsorb on the catalyst surface to form a carbon-containing intermediate (i.e. formate, carbonate,
or bicarbonate), which then decomposes in the presence of H2 to form CO and H2O.

CO2(g) + H2(g)→ COOH·s + H·s → CO·s + H2O·s (5)

CO and H2O were the main products formed during gas-switching experiment (Figure 6). In the
first three cycles, CO was formed when switching from H2 to CO2, and a very small amount of CO was
formed when switching from CO2 to H2 at 30 min, 70 min and 110 min, respectively. When the catalyst
was purged 20 min with helium before switching from CO2 to H2, CO was not formed, and H2O was
produced at 195 min. Water was formed when switching from H2 to CO2 and when switching from
CO2 to H2. After flowing H2 and purging the reactor with He for 20 min, only a negligible amount of
H2O was formed upon the admission of CO2 (at 150 min).

Figure 6. Ion current at m/z = 18 (H2O) and 28 (CO) during H2/CO2 switching experiments on Fe3O4.
Arrows with a label indicate a change in gas composition to the indicated gas. The catalyst first was
reduced in flowing H2 for 2 h, following the reaction in H2 and CO2 for 2 h, and H2/He in 20 min before
the first admission of CO2. Reaction conditions: T = 773 K, FHe = 36 sccm, FH2 or FCO2 = 4 sccm.
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In Figure 6, the fact that CO was formed when the reduced form of the Fe3O4 catalyst was
contacted with CO2, (even after the purge with He to decrease the concentration of any surface H2),
is evidence of a redox pathway. During the first 125 min of gas-switching experiments, H2O was
produced during flows of only CO2 or only H2. This differs from what is expected in the traditional
redox cycle, in which H2O is only produced during the H2 feeding period (see Equation (4)). However,
after flowing H2 and purging the reactor with He for 20 min, the admission of CO2 only produced
negligible amounts of water. Table 3 summarizes the estimated initial rates of CO production on the
Fe3O4 catalyst during each segment of the gas-switching experiments. The CO production rates were
calculated from the initial slopes of the concentration vs. time data in Figure 6, essentially modeling
the system as a batch reactor (Equation (6)).

dCA
dt

= rA (6)

Table 3. Estimated initial rates of CO production after gas switches from H2 to CO2 and from CO2 to
H2 during gas-switching experiment on Fe3O4 in Figure 6.

Period
Rate after H2 to CO2

Gas Switch
(μmol L−1 s−1 gcat.

−1)

Rate after CO2 to H2

Gas Switch
(μmol L−1 s−1 gcat.

−1)

(H2 to CO2 Rate)/(CO2

to H2 Rate) Ratio

1st CO2 2.78 1.64 1.70
2nd CO2 2.98 1.00 2.98
3rd CO2 2.74 0.91 3.01

4th CO2 (after He purge) 1.94 0 -

It is observed (Table 3) that the rate after switch from H2 to CO2 fluctuated between
2.74 μmol L−1 s−1 gcat.

−1 and 2.98 μmol L−1 s−1 gcat.
−1 in the first three periods of CO2 admission, and

it decreased after the He purge. The rate after switching from CO2 to H2 decreased in the first three
periods, and it was zero (with no CO produced) during the last admission of CO2 after the He purge.
The decrease of the CO initial rate after switching from CO2 to H2, especially when equal to zero after
the purge, raises doubts about the existence of residual CO2 during the first three admissions of H2

in the switching experiment. As a control, when the gas was switched from CO2 to H2, the CO2 gas
did not exit from the surface very quickly (see Figure S2). Therefore, a small amount of CO can be
produced by the residual CO2 with the available reduced sites; evidence of this interpretation in the
detection of very small peaks after the H2 admissions (Figure 6). The negligible CO production (relative
time = 34 min, 74 min, and 114 min, respectively) after the H2 admissions should not be considered
evidence of the associative mechanism. In summary, the CO formation upon switching from H2 to
CO2 is evidence consistent with the redox mechanism, while the small contribution of CO production
upon switching from CO2 to H2 was suppressed by the confirmation of the helium purge. Thus, from
the gas-switching experiment, only the redox pathway is active on our Fe3O4-derived catalyst.

Isotopic experiments were conducted to gain insight into the mechanism of the reaction.
The isotopic C18O2 to the CO2 switching experiment is shown in Figure 7. Here it can be seen
that C18O (m/z = 30) formed and CO (m/z = 28) decreased when the gas (CO2/H2) was switched to
C18O2/H2. CO can be only formed from CO2, and not from the lattice oxygen.
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Figure 7. Ion current at m/z= 28 (CO) and 30 (C18O) during CO2/C18O2 switching experiments on Fe3O4

(100 mg). Labels in each region indicate a change in gas composition. A standard pretreatment (reduced
in flowing H2 for 2 h) and RWGS reaction (>2 h) had been done before the switching experiment.
Switching experiment conditions: T = 753 K, Ftot = 40 sccm, FH2 = 4 sccm, FCO2 or FC18O2 = 4 sccm.

The gas-switching experiments with CO2 and H2 led us to conclude that a redox pathway is active
on the Fe3O4-derived catalyst. A model that can present a redox reaction pathway for this catalyst
is given in Scheme 1. It includes the adsorption of both of the reactants, CO2 and H2. In the surface
redox mechanism, the dissociation of CO2 at the catalyst surface (step 2 in Scheme 1) is known to
be the RDS [8,30,34]. Evidence for H2 dissociation (step 5 in Scheme 1) was observed when H2/D2

mixtures were fed to the catalyst in the presence of CO2 (see Figure S3).

 
Scheme 1. Redox reaction pathway for CO formation.

HD formation was observed to occur quickly, since the amount of CO2 to CO conversion decreased
on the same time scale when switching the concentration from H2/D2 (7.5 kPa/7.5 kPa) to H2 (7.5 kPa),
indicating that H2 dissociation is reversible and not rate limiting.

An additional gas switching experiment was conducted to monitor the H2O production (Figure S4).
The amount of H2O produced during H2 flow periods was consistent between each cycle (Figure S4a),
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that is, the adsorbed O·s species formed upon CO2 reduction are stable at these reaction conditions.
However, the amount of H2O produced during the period of CO2 flow decreased as the purge time in
helium increased. After only a five min purge, the amount of H2O produced during the period of CO2

flow was much greater than that produced following a 20 min purge in helium, and the rate fitted from
the initial slope of this region dropped dramatically (see Table S1). This suggests that H* atoms from
the catalyst surface appeared to desorb (as H2) during the He purge. This was a slow process, because
even following a 20 min purge, there were enough H* atoms on the sample to form small amounts of
H2O when CO2 was administered. Both gas-switching experiments (Figure 6 and Figure S4) suggest
that the redox mechanism should be the dominant reaction pathway for this Fe3O4-derived catalyst
during the CO2 hydrogenation at our reaction conditions (753 K, 1 atm).

3. Materials and Methods

3.1. Materials

Magnetite (Fe3O4, 99.99%, 50–100 nm particle size, Sigma-Aldrich, St. Louis, MO, USA) powder
was pressed by hydraulic press and sieved (mesh 40 to mesh 60) to obtain particle sizes within the
range of 250–425 μm before the reaction. Iron carbide (Fe3C, 99.5%, American Element, Los Angeles,
CA, USA) granules were crushed to a powder using a ball-mill, pressed using a hydraulic press, and
sieved within the range of 250–425 μm. The gases used were CO2 (Grade 5.0, Keen, Wilmington, DE,
USA), H2 (UHP, Matheson, Basking Ridge, NJ, USA), Helium (Grade 5.0, Keen, Wilmington, DE, USA),
C18O2 (95 atom% 18O, Sigma-Aldrich, St. Louis, MO, USA), and D2 ( 99.6% gas purity, 99.8% isotope
purity, Cambridge Isotopes, Tewksbury, MA, USA).

3.2. Reactor Setup for Kinetics and Gas-Switching Experiments

The reaction rates and other kinetic parameters were measured using a packed-bed microreactor
operated in a down-flow mode at atmospheric pressure. The catalyst particles were supported on a
plug of quartz wool within a 7 mm I.D. quartz tube reactor. The quartz tube was positioned inside an
Omega CRFC-26/120-A ceramic radiant full cylinder heater. The temperature was controlled by an
Omega CN/74000 temperature controller using the input from a K-type, 1/16 in. diameter thermocouple
(Omega Engineering, Inc., Norwalk, CT, USA) placed around the outside of the quartz tube at the
center of the catalyst bed. Gas flows were controlled by mass flow controllers (Brooks Instruments)
through the reactor or the other instruments.

Gas transfer lines were heated to a temperature above 373 K at all times to avoid water condensation.
The composition of the effluent stream was analyzed online by a gas chromatograph (GC, 7890A,
Agilent, Santa Clara, CA, USA) during continuous flow experiments or by a mass spectrometer (MS,
GSD320, Pfeiffer Vacuum Technology AG, Aßlar, Germany) during gas-switching experiments or
isotopic experiments. The GC was equipped with both a thermal conductivity detector (TCD) and a
flame-ionization detector (FID). The TCD was used to quantify CO2, CO and H2 concentrations, while
the FID was used to quantify hydrocarbon concentrations. An Agilent 2 mm ID × 12 ft Hayesep Q
column was used in the GC to separate products quantified with the TCD, and an Agilent 0.32 mm ID
× 30 m HP-Plot Q column was used to separate products quantified with the FID.

3.3. Catalyst Characterization

Temperature-programmed reduction (TPR) was performed by using a MS including the reduction
period (773 K, Ptot = 1 bar, PH2 = 15 kPa in He for 2 h), and then the temperature was ramped up
to 1073 K. The ramping rate of each step was 5 K min−1. Another TPR experiment was performed
after the reverse water-gas shift (RWGS) reaction (553K, Ptot = 1 bar, GHSV = 4.5 × 104 cm3 h−1 gcat.

−1,
PCO2 = PH2 = 15 kPa with He as an inert balance gas). The post-reaction sample was cooled down
to room temperature in He flow inside the microreactor. The TPR was then continued in 15 kPa H2

and 86.3 kPa He from room temperature to 1073 K at the rate of 5 K min−1. The H2 consumption was
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converted from the ion current (m/z = 2) after the calibration of the H2 signal each time before the
experiment using a mass spectrometer.

X-Ray Diffraction (XRD) patterns of catalyst powders were collected at room temperature on a
Bruker diffractometer using Cu Kα radiation (λ = 1.5418 Å). Measurements were taken over the range
of 5◦ < 2θ < 70◦, with a step size of 0.02◦ before and after the RWGS reaction. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a K-alpha Thermo Fisher Scientific spectrometer
using a monochromated Al Kα X-ray source. The measurements of iron oxide samples (pre- and
post-reaction) were done with a spot size of 50 μm at ambient temperature and a chamber pressure of
~10−7 mbar. A flood gun was used for charge compensation. All the spectra measured were calibrated
by setting the reference binding energy of carbon 1s at 284.8 eV. The spectra were analyzed by Thermo
Fisher Scientific (Waltham, MA, USA) Avantage® commercial software (v5.986). For the fitting, each
component consists of a linear combination of Gaussian and Lorentzian product functions, and the full
width at half maximum (FWHM) and differences in binding energy of the same species between the
Fe2p3/2 and Fe2p1/2 scan were kept constant. SMART background in Avantage® was used over the
region to define the peaks.

3.4. Measurement of Product Formation Rates and Reaction Rates with Gas-switching or Isotopic Experiments

Most of the procedures in the measurement of the reaction rates, gas-switching, or isotopic
experiments are identical to the ones described in our previous report [14]. Fe3O4 samples were
pretreated before all experiments by increasing the reactor temperature at a rate of 5 K min−1 to 773 K
under a gas flow of 15 kPa H2. After the pretreatment at 773 K for 2 h, the temperature was lowered to
the initial reaction temperature of 753 K. During the measurement of the reaction rates, the partial
pressures of the reactants were PCO2 = PH2 = 15 kPa. A constant total flow rate of 75 cm3 min−1 (sccm)
was maintained with He as an inert balance gas.

Gas hourly space velocity (GHSV) in cm3 h−1 gcat.
−1 was calculated under STP condition (273 K

and 1 atm) according to the equation below:

GHSV =
Ftot

mcat.
(7)

where mcat. is the mass of the catalyst and Ftot is the total flow rate.
CO2 and H2 reaction orders were measured by independently varying the inlet CO2 and H2

partial pressures. The total pressure remained at 1 bar. The activation energy was estimated by using
the Arrhenius plot with the temperature varied between 723 K and 773 K while monitoring the CO
formation rate.

Rates of CO formation were calculated assuming differential reactor operation according to
Equation (8):

rCO =

.
VΔCCO

mcat.
(8)

where
.

V is the total volumetric flow rate, ΔCCO is the change in CO concentration. Measured reaction
rates are the net rate of the forward and reverse reactions; therefore, the observed rate must be
transformed into the reaction rate for the forward reaction by using Equations (9)–(11). The equilibrium
constant (KC) is low (<1) for the RWGS at the temperatures investigated, although the reverse reaction
had a negligible contribution to the observed rates because of the low conversion (<12%) under
conditions at which the reactor was operated. Note that Co (Equation (11)) represents the standard
state (1 mol L−1) and equals 1, since the reaction is equimolar.

robs. = r+ − r− = r+(1− η) (9)

η =
[CO][H2O]

KC[CO2][H2]
(10)
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KC =

⎛⎜⎜⎜⎜⎜⎝
∏

i

Cγieq.

⎞⎟⎟⎟⎟⎟⎠ 1
Co

(11)

where robs. is the observed rate, r+ and r− are the rate of forward and reverse reactions, η is the ratio of
the rate of the reverse and forward reactions and KC is the equilibrium constant.

Experiments were also conducted to (i) determine reaction rates in excess (i.e. non-equimolar)
CO2 or H2, and (ii) to determine apparent kinetic parameters. In the first case, CO2 and H2 were fed
with the catalyst—Fe3O4 (100 mg)—held at a temperature of 753 K. The initial partial pressure of both
CO2 and H2 was 15 kPa. After a period of 16 h, the partial pressure of CO2 was increased to 60 kPa,
while the partial pressure of H2 was held at 15 kPa. After another period of 2 h, the partial pressure of
CO2 was decreased to 15 kPa and the partial pressure of H2 was increased to 60 kPa. Finally, both
partial pressures were returned to 15 kPa. CO2 conversion was quantified under the same conditions.

For the second case, apparent kinetic parameters (activation energy and reaction orders) were
determined with near equimolar concentrations of CO2 and H2 on Fe3O4, and under large H2 excess
on Fe3O4 as well. With near equimolar concentrations of CO2 and H2, the reaction was first performed
for 15–16 h at a temperature of 753 K with reactant partial pressures of 15 kPa. The temperature was
then lowered in 10 K increments to 723 K, with 5–6 GC injections (a period of about 60 min) taken
at each temperature. After the period at 723 K, the CO2 partial pressure was reduced to 10 kPa and
increased in 2.5 kPa increments to a final partial pressure of 20 kPa. Finally, the CO2 partial pressure
was returned to 15 kPa and the H2 partial pressure was lowered to 10 kPa and increased in 2.5 kPa
increments. The basic outline of experiments conducted with excess H2 was the same as that used for
near equimolar reactant concentrations (see also our previous report) [14]. Reactant partial pressures
during the initial period were 90 kPa H2 and 10 kPa CO2. During the variable CO2 partial pressure
period, the H2 partial pressure was 85 kPa, and the CO2 partial pressure was varied between 5 and
12.5 kPa in 2.5 kPa increments. To investigate the effect of H2 partial pressure, the CO2 partial pressure
was kept at 10 kPa and the H2 partial pressure was varied between 70–90 kPa in 5 kPa increments.

The measurement of the CO formation rate over Fe3C has been performed in two different
manners. First, the temperature was ramped under a flow of H2 (15 kPa) and He at the rate of 5 K
min−1 up to 753 K. 15 kPa CO2 was then added into the flow while monitoring the CO formation rate.
The second part of the Fe3C activity test was done by ramping the temperature to 573 K, 623 K, 673 K,
723 K and then cooling back to 673 K again at the rate of 5 K min−1 under the flow of H2 (15 kPa), CO2

(15 kPa), and He (remainder). Each temperature was held for 80 min respectively for GC injection.
Gas-switching experiments were done by measuring CO formation rates while alternating between

CO2 and H2 gas flows. Catalysts were pretreated as described above, and after pretreatment, CO2 was
added into the reactor to allow the RWGS reaction to proceed for 2 h.

After the reaction, the gas flow rates were changed to 36 sccm helium and 4 sccm H2. After 20 min,
H2 flow was stopped and was replaced by 4 sccm of CO2. After 20 min, CO2 in the gas stream was
replaced by H2. This CO2→H2 sequence was repeated three times. The reactor was then purged with
helium for 20 min before CO2 was readmitted into the gas stream. After 20 min, the reactor was again
purged with helium before H2 was readmitted to the gas stream. All sequences with a given gas
composition lasted for 20 min, and the temperature of the reactor was 773 K throughout the duration
of the gas switching portion of the experiment.

Additional gas-switching experiments involving purge times of varying length with an inert gas
were carried out at 753 K. Following the same pretreatment and the reaction in 15 kPa H2 and 15 kPa
for 2 h at 773 K, 15 kPa H2 was admitted to the reactor. After 15 min, H2 was replaced by 15 kPa CO2

for 15 min, and CO2 was then replaced by H2 for another 15 min. Then the reactor was purged with
helium for 5 min. This sequence (CO2 → H2 → He) was repeated several times, but each time the
length of the inert purge was increased by 5 min.

An isotopic experiment for the CO formation rate was monitored by MS on Fe3O4 (100 mg)
while alternating between CO2 (4 sccm) and C18O2 (4 sccm) after the RWGS reaction for 2 h. The
temperature was kept constant at 753 K. The total flow rate was 40 sccm with H2 maintained at 4 sccm.
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The kinetic isotope effect (KIE) of H2/D2 was investigated on Fe3O4 (100 mg) for various H2:CO2 ratios.
After pretreatment, the reaction began at a temperature of 753 K with CO2 and H2 partial pressures of
15 kPa. After 16 h, the temperature was lowered to 723 K, and after 1.5 h, H2 in the feed was replaced
by D2.

4. Conclusions

An unsupported Fe3O4-derived catalyst showed very promising activity toward CO formation
via CO2 hydrogenation. The high selectivity (~100% under H2:CO2 = 1:1) and great stability make the
catalyst feasible to consider in extensive use. The catalyst exhibited only slight deactivation under
conditions of excess CO2, but it can be quickly regenerated under excess H2. Reaction rates depended
more strongly on H2 (0.8 in reaction order) compared to CO2 (0.33 in reaction order) under a near
equimolar gas-phase composition. The post-reaction analyses of the catalyst indicated that the catalyst
was reduced to metallic iron first in the pretreatment of H2, but the working catalyst remained partially
oxidized with the composition of Fe2+, Fe3+, Fe0 and Fe3C. The main active sites are believed to be the
combination of the above species, except that Fe3C is unlikely to directly contribute to the very steady
CO formation at our reaction conditions (1 atm, 723–773 K). Gas-switching experiments revealed that
CO was formed only when switching from H2 to CO2, and H2O was formed when switching from
CO2 to H2, but not when switching from H2 to CO2 if purging of helium was in between with the gas
admission. The redox mechanism is identified as the dominant reaction pathway for the unsupported
iron catalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/773/s1,
Figure S1. XRD pattern of Fe3O4 after the reduction in H2, Figure S2. Ion current at m/z = 18 (H2O), 28 (CO), and 44
(CO2) during H2/CO2 switching experiments on Fe3O4. Arrows with a label indicate a change in gas composition to
the indicated gas. Reaction conditions: T = 773 K, FHe = 36 sccm, FH2 or FCO2 = 4 sccm. The figure is a modification
of Figure 6, Figure S3. Ion current at m/z = 2 (H2), 3 (HD), 4 (D2), and 28 (CO) during flow of 7.5 kPa H2 + 7.5 kPa
D2 +15 kPa CO2 and 7.5 kPa H2 +15 kPa CO2 on Fe3O4. Reaction conditions: T = 753 K, Ftot = 75 sccm, Figure S4.
(a) Ion current at m/z = 28 (CO) and m/z = 18 (H2O) during H2/CO2 switching experiments on Fe3O4. Arrows with
a label indicate a change in gas composition to the indicated gas. The catalysts were in flowing H2 for 2 h followed
by the reaction in CO2+H2 for 2 h before the first admission of H2 (relative time: 31 min) and CO2 (relative time:
46 min). Reaction conditions: T = 753 K, Ftot = 75 sccm, PH2 or PCO2 = 15 kPa. (b) is the modification of (a),
Figure S5. XPS O1s spectra of Fe3O4 and post-reaction Fe3O4. The curves under the fitted envelope and above
the background are contributions of estimated components from peak fitting. The peak deconvolution and their
atomic % are listed on the right of the spectra for each sample, Table S1 Fitted initial slopes and area of H2O in
H2/CO2 switching experiment with different He purging time in Figure S4
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Abstract: Liquid-phase catalytic oxidation of limonene was carried out under mild conditions,
and carvone was produced in the presence of ZIF-67(Co), cobalt based zeolitic imidazolate framework,
as catalyst, using t-butyl hydroperoxide (t-BHP) as oxidant and benzene as solvent. As a heterogeneous
catalyst, the zeolitic imidazolate framework ZIF-67(Co) exhibited reasonable substrate–product
selectivity (55.4%) and conversion (29.8%). Finally, the X-ray diffraction patterns of the catalyst before
and after proved that ZIF-67(Co) acted as a heterogeneous catalyst, and can be reused without losing
its activity to a great extent.

Keywords: liquid-phase catalytic oxidation; limonene; carvone; zeolitic imidazolate frameworks

1. Introduction

As we know, the reaction about the allylic oxidation plays a critical role in developing fine
chemicals with high additional value from biomass, and has great value in the synthesis of unsaturated
aldehydes and ketones [1,2]. Carvone is a main ingredient, derived from plant essential oils, used
for cosmetics and food flavors, and is also used in the preservation of meat, fruits, and vegetables
because it has good antioxidant activity, analgesic effects, and antibacterial effects [3,4]. In addition,
carvone is an important intermediate in industrial chemistry, where it can further be used to synthesize
carvone thioether and cyanoacetone [5]. The applicability of traditional methods of transforming
limonene to carvone through catalytic oxidation, such as epoxidation and nitrosochlorination, is limited;
largely because environmentally unfriendly reagents are often used and poisonous secondary products
are produced [6]. Compared with these methods, the use of heterogeneous catalysts has broader
applicability prospects in the allylic oxidation of cycloolefins, due to their remarkable advantages in
catalyst recovery and stability.

However, current research results show that the selectivity of the catalytic oxidation of limonene
to carvone by heterogeneous reaction has not been satisfactory. For instance, 36% substrate
conversion and 25% selectivity for carvone were obtained by using chromium-containing mesoporous
molecular sieves MCM-41 [7]. Lower than 5% selectivity for carvone was obtained by using the
[FeIII (BPMP)Cl(μ-O)FeIIICl3] complex as catalyst [8]. A 21% conversion and 20% selectivity for carvone
were obtained in a reaction using Fe/EuroPh catalysts [9]. In another study, high conversion up to 93%
of limonene was attained, while the selectivity for carvone was less than 7% [10]. In our previous
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study, cobalt-doped mesoporous silica templated by reed leaves exhibited high substrate conversion
(100%) and relatively good product (carvone) selectivity (40.2%) for the allylic oxidation of limonene to
carvone [11].

Metal–organic frameworks (MOFs) have attracted considerable attention in catalysis and
adsorption in recent years, owing to their advantages, such as high surface areas, well-defined
structures, special metal centers, their ease of processing, and their structural diversity [12–16]. Thus,
the performance of MOF materials in this reaction has also been reported [17,18], but their application
is limited by their thermal and chemical stability [19]. However we are sure that it is valuable to use
some MOFs materials in this reaction, and this research has aroused our great interest.

Zeolitic imidazolate frameworks (ZIFs), which are constructed from tetrahedrally coordinated
divalent cations (Zn2+ or Co2+) linked by the uninegative imidazolate ligands, are a new class of porous
metal–organic framework (MOF) [20]. They are widely used in organic synthesis [21–25], CO2 capture
of [26], and olefin/paraffin separation [27] because of their excellent thermal and chemical stability.
They benefit from strong interactions between imidazolium salts and metal ions, which make the
frameworks of zeolitic imidazolates maintain their structural integrity even in water, and this is difficult
for other MOFs [28]. Additionally, ZIF-67 has a high-porosity zeolite structure, which is conducive
to catalytic reactions. According to our surveys, ZIFs have been widely used to catalyze different
types of organic synthesis reactions in recent years, such as cyclohexene hydrogenation [29], glycerol
esterification [30], and transesterification reactions [31].To this end, the zeolitic imidazole framework
ZIF-67(Co) was selected because ZIF-67 is easy to prepare at large scale in water under ambient
conditions without using toxic solvents, and the preparation of ZIF-67(Co) has good reproducibility.

In this continuation of our work, we successfully synthesized ZIF-67(Co) by hydrothermal
synthesis, and it displayed good catalytic properties in the catalytic oxidation of limonene. Furthermore,
the application of tert-butyl hydroperoxide (t-BHP) to the allylic oxidation of cycloolefins offers an
alternative to traditional unfriendly oxidants. In this work, the effects of solvents, oxidants, and reaction
temperature on the productivity and reaction time were investigated. Under the optimal conditions,
although the conversion of limonene was only 29.8%, we increased the selectivity for carvone to 55.4%,
which is more than that in all the literature we have been able to refer to. For comparison, the catalytic
activities of more MOFs were also investigated. This is the first report about the oxidation of limonene
to carvone over ZIF-67(Co).

2. Results and Discussion

2.1. Characterization of ZIF-67(Co)

Powder XRD patterns of the ZIF-67(Co) are shown in Figure 1. The diffraction peaks of the 2θ
values at 7.48◦, 10.42◦, 12.74◦, and 18.06◦, were assigned to the (011), (002), (112), and (222) planes of
ZIF-67, which has been reported by other researchers [20,21,29]. Figure 1 also reflects the fact that
synthetic ZIF-67(Co) is a phase-pure product. Besides, in order to compare the different catalysts’
ability about catalyzed the limonene to carvone, some other MOFs have been synthesized successfully
and their XRD patterns have been revealed in supplementary material (Figures S1–S5)

The N2 sorption experiments for the ZIF-67(Co) yielded the typical type I isotherms in Figure 2.
The Brunauer–Emmett–Teller (SBET) and Langmuir surface areas of ZIF-67 were 1378 and 1805 m2/g,
and the pore volume was 0.62 cm3/g, which are near to the previously reported values [32,33]. At lower
relative pressures, the micropore in the material makes the adsorption capacity increase rapidly,
while at higher relative pressures, due to the existence of spin/large porosity nanoparticles structure,
the enhancement of adsorption capacity is lower. The pore size distribution curve was calculated by
the Horvath–Kawazoe (HK) method, which clearly showed that there were two kinds of micropores in
ZIF-67(Co). This result is similar to an earlier work [22].
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Figure 1. XRD patterns of the zeolitic imidazolate framework ZIF-67(Co).

Figure 2. N2 adsorption/desorption isotherms of ZIF-67(Co) samples at 77 K and Horvath–Kawazoe
(HK) pore size distribution curve.

The morphology and particle size of the samples revealed by scanning electron microscopy
(SEM) are shown in Figure 3. The SEM picture reveals that the particles were submicroscopic
crystals with polyhedral shapes, each surface was a homogeneous quadrilateral, and the particle sizes
ranged from 200 to 500 nm. This also proves that the as-synthesized ZIF-67(Co) was composed of
submicroscopic crystals.

FT-IR and TGA were employed to obtain further structural information about the ZIF-67(Co).
Figure 4 presents FT-IR spectra of ZIF-67(Co) between 400 and 4000 cm−1. The peak at 3420 cm−1 is
a contribution of the asymmetric characteristic absorption peaks of O–H bonds in hydroxyl groups
adsorbed on the surface of materials. There were also some peaks between 500 and 1500 cm−1 caused
by plane-bending vibrations and stretching vibrations of the imidazole ring. Meanwhile, the two
small peaks at 758 and 534 cm−1 were attributed to the stretching vibration peak of the Co–N bond.
In addition, there were two bands at 3134 and 2931 cm−1 caused by the asymmetric absorption
vibrations of the C–H bond in the methyl groups.
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Figure 3. SEM pictures of ZIF-67(Co).

Figure 4. FT-IR spectra of ZIF-67(Co).

The synthesized ZIF-67(Co) submicroscopic crystals had high thermostability, which was proved
by TGA and differential scanning calorimetry (DSC) as shown in Figure 5. The test increased
temperature to 873 K from room temperature at 5 K/min. When calcined below 373 K, the total weight
loss of the sample was very small (about 8%), relating to the removal of guest molecules such as water.
Between 373 and 510 K, the curve remained smooth overall, indicating that the skeleton of ZIF-67(Co)
has good thermal stability below 510 K. When the temperature was greater than 520 K, the mass loss
began at the stage of skeletal decomposition. This was attributed to the collapse of the ligands, which
was caused by the decomposition of 2-methylimidazole. The weight-loss process was complete at
620 K, and the residue was Co3O4.
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Figure 5. TGA and differential scanning calorimetry (DSC) curves of ZIF-67(Co) submicroscopic crystals.

2.2. Catalytic Experiments

2.2.1. The Effect of Various Catalysts on the Reaction

The comparison of the catalytic activities of different catalysts for the oxidation of limonene is
summarized in Table 1. Using t-BHP as oxidant yielded carvone as the main product, and the reaction
time was 8 h. Besides, the synthetic method and XRD patterns about these MOFs have been revealed
in supplementary material (Figures S1–S5)

Table 1. Comparison of the catalytic activities of various metal–organic frameworks (MOFs) for the
oxidation of limonene.

Catalysts Conversion (%) Selectivity (%)

MIL-101(Fe) 50.8 20.3
ZIF-8(Zn) 16.5 9.2

ZIF-67(Co) 35.7 32.6
MIL-101(Cr) 44.1 26.6

HKUST-1(Cu) 20.4 7.9
MIL-125(Ti) 18.2 10.1
No catalyst 26.7 0.05

Conditions: limonene: 2 mL, catalyst: 100 mg, solvent: 15 mL acetic acid, oxidant: 15 mL t-BHP (tert-butyl
hydroperoxide), temperature: 85 ◦C, reaction time: 8 h.

First, the reactivity of several common catalysts was compared without any condition optimization.
The activity of MIL-101(Fe)(Materials of Institute Lavoisier Frameworks) was the most outstanding
for the oxidation of limonene—the conversion rate was 50.8% after 8 h; followed by MIL-101(Cr),
whose conversion rate was 44.1%. ZIF-8 showed the worst activity, with a conversion rate of only
16.5%. However, after the reaction, the filtrates from HKUST-1(Cu)([Cu3(BTC)2(H2O)3]n), MIL-101(Fe),
and MIL-101(Cr) were light blue, dark red, and yellow-green, respectively. This indicates that metal
ions, as metal centers, leaked during the reactions with HKUST-1(Cu), MIL-101(Fe), and MIL-101(Cr).
On the other hand, ZIF-67 showed the highest selectivity, and the selectivity for carvone reached 36.6%
after 8 h of reaction. The high selectivity of ZIF-67(Co) may be attributed to its unique ion centers.
Heterogeneous catalysis with MOF materials is one of their extensively investigated applications [21].
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2.2.2. The Effect of the Catalyst Dosage on the Reaction

The catalyst dosage had a significant effect on the oxidation of limonene. Five different dosages of
ZIF-67(Co)—35, 60, 85, 110, and 135 mg—were used while keeping all the other reaction parameters
fixed, and the experimental results are shown in Figure 6. Conversions of 4.75%, 13.2%, 28.1%, 30.3%,
and 33.5%, corresponding to the 35, 60, 85, 110, and 135 mg catalyst loadings, respectively, were
obtained in the experiment. With increasing ZIF-67(Co) dosage, the conversion of limonene increased.
When the amount of catalyst was 135 mg, the conversion of limonene was 33.5%. Interestingly,
the selectivity for carvone increased at low catalyst contents and then decreased, relative to increasing
content of the catalyst. When the dosage of the catalyst was 85 mg, the selectivity for carvone reached
the maximum value (36.7%). After that, the yield of carvone decreased slightly as the amount of
catalyst continued to increase, but the rate of change was small.

Figure 6. The effect of the catalyst dosage on the reaction. Conditions: limonene: 2 mL, catalyst:
ZIF-67(Co), solvent: 15 mL acetic acid, oxidant: 15 mL t-BHP, temperature: 85 ◦C, reaction time: 8 h.

2.2.3. The Effects of Various Oxidizing Agents on the Reaction

Choosing a suitable oxidant is very important for improving the conversion and selectivity of
catalytic oxidation, because oxidants are one of the key factors in catalytic oxidation. We tried to get
air in the reaction to use oxygen as a reagent. In addition, hydrogen peroxide and t-BHP were used
as oxidants. The results of these experiments are recorded in Table 2. When t-BHP (70%) was added
to the system, the conversion of limonene increased to 28.1%, and the selectivity for carvone was
36.7%. However, if hydrogen peroxide (30%) was used as oxidant, the conversion of limonene and the
selectivity decreased significantly.

Table 2. The effect of various oxidizing agents on the reaction.

Oxidant Conversion (%) Selectivity (%)

Air 11.3 30.9
30% H2O2 6.8 9.9
70% t-BHP 28.1 36.7

Conditions: limonene: 2 mL, catalyst: 85 mg of ZIF-67(Co), solvent: 15 mL acetic acid, oxidant: 5 mL H2O2 (30%) or
5 mL t-BHP, temperature: 85 ◦C, reaction time: 8 h.
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2.2.4. The Effect of the Dosage of the Oxidant on the Reaction

Experimental results on the effect of oxidant dosage on the reaction were shown in Figure 7.
We noticed that the conversion of limonene increased with increasing amounts of t-BHP. When the
amount of t-BHP was 7 mL, the conversion of limonene was 33.1%. Meanwhile, the selectivity for
carvone increased and then decreased with the increase in t-BHP. We also found that the selectivity for
carvone reached its maximum (43.5%) when the dosage of oxidant was 3 mL. After that, increasing the
amount of oxidant increased the degree of oxidation, resulting in a decrease of selectivity and yield.

Figure 7. The effect of the oxidant dosage on the reaction. Conditions: limonene: 2 mL, catalyst:
ZIF-67(Co), solvent: 15 mL acetic acid, oxidant: t-BHP, temperature: 85 ◦C, reaction time: 8 h.

2.2.5. The Effects of Different Solvents on the Reaction

The solvent is an important factor affecting heterogeneous catalytic reaction systems. The polarity,
acidity, viscosity, and volatility of solvents have a great influence on the performance and reactivity
of the catalyst. Some experiments were carried out to study the effects of different solvents on the
catalytic oxidation of limonene by ZIF-67(Co), and the results are shown in Table 3. We found that
limonene conversion and carvone selectivity were higher when benzene was used as solvent than with
acetic acid, acetic anhydride, or ethyl acetate.

Table 3. The effect of different solvents on the reaction.

Solvent Conversion (%) Selectivity (%)

Acetic acid 25.9 33.3
Acetic

anhydride 38.1 15.9

Ethyl acetate 42.6 23.1
Benzene 20.3 49.4

Conditions: limonene: 2 mL, catalyst: 85 mg of ZIF-67(Co), solvent: 15 mL, oxidant: 3 mL t-BHP, temperature:
85 ◦C, reaction time: 8 h.

2.2.6. The Effect of the Temperature on the Reaction

The oxidation of limonene was examined over the temperature range of 55–95 ◦C, and the results
are shown in Figure 8. The conversion of limonene increased quickly from 6.5% to 30.5% for a reaction
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time of 8 h, when the temperature was increased from 55 to 65 ◦C. Thereafter, the trend of conversion
had a slow decline. Interestingly enough, the selectivity for carvone reached its maximum (48.7%) at
85 ◦C. This might be because the activity of the catalyst definitely increased at the beginning of the
temperature rise, so the conversion of limonene increased rapidly. However, after the temperature
reached a certain value, the catalytic activity of the material did not increase and the byproduct
formation did increase, so the selectivity for carvone decreased.

Figure 8. The effect of temperature on the reaction. Conditions: limonene: 2 mL, catalyst: 85 mg
ZIF-67(Co), solvent: 12 mL benzene, oxidant: 3 mL t-BHP, reaction time: 8 h.

2.2.7. The Effect of the Reaction Time on the Reaction

The catalytic oxidation of limonene, using the above conditions for different reaction times, was
studied. As can be seen in Figure 9, the conversion of limonene increased with increasing reaction
time, and the conversion was 37.8% at 12 h. Meanwhile, the selectivity for carvone increased first,
reached a maximum at 6 h (57.7%), and then decreased. Owing to the fact that t-BHP is not completely
decomposed over short times, the oxidation efficiency was undesirable, and with increasing reaction
time, there were corresponding increases in the oxidants’ oxidation capacity as well as the conversion
rate. However, selectivity of carvone decreased with reaction time increased because of the depth
oxidation of carvone and by-product increased.

Figure 9. The effect of the reaction time on the reaction. Conditions: limonene: 2 mL, catalyst: 85 mg
ZIF-67(Co), solvent: 12 mL benzene, oxidant: 3 mL t-BHP, temperature: 75 ◦C.
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2.2.8. Study of the Catalyst Stability

Stability is an important parameter of catalyst performance. In order to investigate the stability of
ZIF-67(Co), XRD spectra of ZIF-67(Co) before and after the first reaction round were obtained and
are presented here. As shown in Figure 10, the characteristic peak was still present, but its strength
decreased slightly. So, we can be sure that the structure of ZIF-67 still existed.

Figure 10. XRD spectra of ZIF-67(Co) as synthesized and after the first recycle.

Concurrently, the specific data about repetitive experiments are revealed in Table 4.

Table 4. The data from reuse experiments.

Times Conversion (%) Selectivity (%) TON

First round 29.8 55.4 18.1
Second round 33.5 41.6 13
Third round 32.5 28.0 8.7

Conditions: limonene: 2 mL, catalyst: 85 mg of ZIF-67(Co), solvent: 12 mL benzene, oxidant: 3 mL t-BHP,
temperature: 75 ◦C, reaction time: 8 h. Turnover number (TON) = carvone (yield) mmol/total Co site mmol.

The data in Table 4 reveal the repeatability of ZIF-67(Co) in the catalytic oxidation of limonene.
As can be seen from the data in Table 4, we found that the selectivity for carvone declined slightly in
the second round. At the same time, the conversion of limonene declined as well. We conclude that
this may be related to a partial collapse of the basic structure of ZIF-67(Co).

3. Materials and Methods

3.1. Materials and Solvents

Cobaltous nitrate hexahydrate was supplied by Xilong Chemical Co., Ltd. (Shantou, China)
and 2-methylimidazole was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All other reactants used in the synthesis of the ZIF-67(Co) catalyst samples were supplied
by Xilong Chemical Co., Ltd. Methanol and acetic acid were purchased from Xilong Chemical Co.,
Ltd. The tert-butyl hydroperoxide and limonene were obtained from Adamas Reagent Co., Ltd.
(Shanghai, China).
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3.2. Catalyst Preparation

In a typical preparation process [33], 0.45 g cobaltous nitrate hexahydrate was dissolved in 3 mL
of distilled water, and then 5.5 g of 2-methylimidazole was dissolved in 100 mL of distilled water.
Then the two solutions were mixed evenly and stirred at room temperature for 6 h. The products
obtained were washed with distilled water and methanol, and then dried in at 80 ◦C for 24 h.

3.3. Catalyst Characterization

ZIF-67(Co) was characterized through a series of techniques. The diffraction patterns of the
materials and the residual catalyst were obtained by powder X-ray diffraction (XRD, Rigaku Co., Tokyo,
Japan) experiments using Cu Kα band radiation on a D/max-3B spectrometer. Scans were made over
the 2θ range of 10–90◦ with a scan rate of 10◦/min (wide-angle diffraction). Pore size distributions,
pore volumes, and specific surface area were measured by nitrogen adsorption/desorption using a
Micromeritics ASAP 2460(Micromeritics, Norcross, GA, USA) at 77 K. The specific surface areas were
calculated by the Brunauer–Emmett–Teller (SBET) and Langmuir methods, and the pore volumes
and pore sizes were calculated by the BJH (Barrett–Joyner–Halenda) method. Thermogravimetric
analysis (TGA) curves and differential scanning calorimetry (DSC) determinations were carried out
on a NETZSCH STA 449 F3 synchronous TG-DSC thermal analyzer (Nuremberg, Germany) with
a scanning rate of 5 K/min in a dry nitrogen atmosphere and heating from room temperature to
1073 K. The FT-IR(Fourier transform infrared spectroscopy) measurements were performed on a
Thermo Nicolet 8700 instrument(Wilmington, MA, USA). Potassium bromide pellets were used in
FT-IR experiments at a spectral resolution of 4 cm−1. Scanning electron microscopy (SEM) images were
taken on a Quanta 200FEG microscope (FEI, Hillsboro, OR, USA) at an accelerating voltage of 15 kV
with the pressure in the sample chamber set to 2.7 × 10−5 Pa. Double-sided adhesive tape was bonded
on the carrier disc, then a small amount of powder sample was placed near the center of the carrier
disc on the adhesive tape. Then, a rubber ball was used to blow the sample outward along the radial
direction of the load plate, so that the powder was evenly distributed on the tape. The tape was then
coated with conductive silver paste to connect the sample to the carrier plate. After the silver paste
was dried, the final gold steaming process could be carried out.

3.4. Catalytic Performance

In a typical reaction, 2 mL limonene with varying amounts of catalyst and solvents were used
as received, without further purification, in a 25 mL three-neck flask. Each set of experiments
was performed at a corresponding temperature, under atmospheric pressure and magnetic stirring,
using an appropriate amount of solvent, e.g., acetic acid, acetic anhydride, ethyl acetate, benzene,
etc. Afterwards, the catalyst was separated by filtration, and the sample solution was dried with
anhydrous magnesium sulfate. A final filtration was carried out, and the samples were qualitatively
and quantitatively analyzed by gas chromatography (GC-9560, HUAAI Chromatography, Shanghai,
China), with a capillary column AE.OV-624, 30 m in length, 0.25 mm i.d., 0.5 μm film thickness, and an
FID (Flame ionization detector).

In order to assess the stability of the ZIF-67(Co), some sets of a repeatability experiment were
performed. After the first reaction, the catalyst was centrifuged and separated from the reaction
system, and after repeated washing with distilled water and anhydrous ethanol, the catalyst was
reactivated at 90 ◦C in the vacuum drying chamber for 12 h. Thereafter, the reactor was supplied with
the recovered dry catalyst, new reagents, and solvent for the second reaction. We repeated the above
process three times.

4. Conclusions

In conclusion, we proved that the zeolitic imidazolate framework ZIF-67(Co) was an efficient
catalyst for the liquid-phase catalytic oxidation of limonene, under relatively mild reaction conditions,
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to carvone. Based on current research, the catalytic oxidation of limonene comprises two parallel
reactions, namely a synergistic reaction and a free-radical reaction. Carvone is the product
of the free-radical reaction of limonene at the allyl group. The synergistic reaction produced
limonene-1,2-oxides and limonene-1,2-diols. Meanwhile, under acidic conditions, the 1,2-oxide
of limonene could be hydrolyzed to produce the 1,2-diol of limonene, and the 1,2-diol of limonene
could be further rearranged and converted to carvone.

This is the first report on catalyzing the oxidation of limonene using ZIF-67(Co) as catalyst. It was
revealed that ZIF-67(Co) was an efficient catalyst, with selectivity of 55.4% for carvone in the catalytic
oxidation of limonene, and could be reused with similar activity.
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Figure S1: XRD pattern of MIL-101(Cr), Figure S2: XRD pattern of MIL-125(Ti), Figure S3: XRD pattern of
HKUST-1(Cu), Figure S4: XRD pattern of ZIF-8(Zn), Figure S5: XRD pattern of MIL-101(Fe).
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Abstract: Iron powder, Kaolin powder and CuSO4·5H2O were employed as the main materials
for the pilot-scale production of Fe/Cu catalytic- ceramic-filler (CCF) by way of wet type
replacement-thermo-solidification. The physical properties, half-life, microstructure, removal
rate of nitrobenzene compounds and the biodegradability-improvement of military chemical
factory comprehensive wastewater were tested in comparison with commercial Fe/C ceramic-filler
(CF). Catalytic micro-electrolysis bed reactors (CBRs) designed as pretreatment process and BAFs
(Biological Aerated Filters) were utilized in a 90 days field pilot-scale test at last. The results showed
the characteristics of optimum CCF were: 1150 kg/m3 of bulk density, 1700 kg/m3 of grain density,
lower than 3.5% of shrinking ratio, 3.5% of 24 h water absorption, 6.0 Mpa of numerical tube
pressure, 0.99 acid-resistance softening co-efficiency and 893.55 days of half-life. 25% addition of
Fe with 1% of copper plating rate was efficient for the removal of nitrobenzene compounds and
significant in promoting the biodegradability of military chemical factory comprehensive wastewater.
The two-stage design of CBRs and BAFs showed high dependability and stability for the practical
engineering application.

Keywords: Fe/Cu catalytic-ceramic-filler; nitrobenzene compounds wastewater; pilot-scale test;
biodegradability-improvement

1. Introduction

As the chemical industry developed rapidly in China, the consumption of nitrobenzene
compounds which was widely utilized as the raw materials especially in pharmaceutical, perfume,
military and dye industries dramatically increased. As a result, the discharge amount of refractory
wastewater which abounds of nitrobenzene compounds grows sharply as well [1–3]. Nitrobenzene
compounds wastewater can make great damage to the environment [4] which is stable and hard to be
decomposed under national conditions. The toxicity of the nitrobenzene compounds in wastewater
lower down the biodegradability, and harmful to the survival of creatures or microorganism.
For example, as shown by [5–7], fishes will die when the concentration of trinitrotoluene is higher
than 1 mg/L, and aerobic microbes in active sludge will be inhibited when the concentration of
tri-nitrobenzene compounds over 5–10 mg/L.

Biological methods are widely used in wastewater treatment which cost less than the other
treatments [8]. But biological treatment is not suitable for nitrobenzene compounds wastewater
degradation (BOD5/CODcr = 0.09–0.2). In order to improve the biodegradability (BOD/CODcr ratio),

Catalysts 2019, 9, 11; doi:10.3390/catal9010011 www.mdpi.com/journal/catalysts91



Catalysts 2019, 9, 11

a large amount of glucose and methanol must be added into the wastewater [9–11]. Other ways to
improve the biodegradability are mostly chemical oxidation method, such as Fenton, [12,13] ozone
oxidation [14–16] and supercritical water oxidation [17]. All the mentioned methods have common
disadvantages which with high operating cost and secondary pollutions [18] and diseconomy for the
practical engineering application.

Micro-electrolysis methods are proved to be efficient for certain nitrobenzene compounds
wastewater treatment [19–22]. Traditional Fe/C micro-electrolysis [23,24] are usually subject to
the short-circuiting and clogging [25,26] during the actual operation, resulting in passivation and
inefficiency. It is well known that Fe/Cu bimetal-system may accelerate the corrosion of iron, hence
improve the micro-electrolysis ability (could be called as catalytic micro-electrolysis) and improve
performance of the traditional Fe/C micro-electrolysis. Lab-scale Fe/Cu catalytic micro-electrolysis
material which was applied in the TNT (Trinitrotoluene) wastewater treatment in our previous
studies [27,28] were proved more effective than that of traditional Fe/C micro-electrolysis filler. But
the Fe/Cu catalytic micro-electrolysis filler was prepared regardless the cost and was lack of basic
properties test

As a follow-up, there were three the goals in this study: first, pilot-scale of Fe/Cu catalytic ceramic
filler of cost-effective and high-efficiency was produced; second, the basic properties for practical
engineering application of Fe/Cu catalytic ceramic filler compared with commercial Fe/C ceramic
filler was test; third, pilot-scale application in military chemical factory comprehensive wastewater
were performed and parameters for practical project design were verified.

2. Result and Discussion

2.1. Basic Properties of CCF

The basic properties such as bulk density, grain density, 24 h water absorption, shrinking ratio,
numerical tube pressure and acid-resistance softening co-efficiency were tested during the pilot-scale
production of CCF. And effect of additions of iron and copper plating rate of iron were shown in
Figures 1 and 2, respectively.

From Figures 1 and 2, as the addition of iron raised, the bulk density and grain density raised
as well (density of iron powder is much higher than Kaolin powder). The shrinking ratio increased
slowly (lower than 2%) before the addition of iron lower than 25%, but obviously increased when the
addition of iron become more than 25% (the copper plating rate affect the shrinking ratio seriously
as well). During the preparation of the raw material mixture, 1% of NaHCO3 was added as swelling
agent. NaHCO3 decomposes and releases CO2 and H2O at 600 ◦C, and the generated gases would be
captured by the melting Kaolin powder which prevented the shrink of raw pellets before the addition
of iron lower than 25%. As the addition of iron increased over than 30% (meanwhile the percentage of
Kaolin powder lower than 70%), the generated gases cannot be captured by the melting Kaolin powder
and released out of the pellets bodies, which leaded the seriously increase of shrinking ratio [29,30].
24 h water absorption decreased when the iron content increased. To sum up, high percentage of iron
affects the density, water absorption and shrinking ratio a lot.

As for the numerical tube pressure and the acid-resistance softening co-efficiency, all the
materials showed good performances than CF. The acid-resistance softening co-efficiency grown
rapidly when the percentage of iron increased (before 25%), after that, the pressure drops off.
This phenomenon occurred because of the high percentage of iron which can react with acid and release
hydrogen, [31] then the surface of the catalyst would be destroyed. According to the acid-resistance
softening co-efficiency, 25% of iron content was the best option for the preparation of CCF applied in
acidic environment.

Compared with CF (shown in Table 1) and CCF prepared at 25% of iron content, CF has lower bulk
density (1085 kg/m3 to 1150 kg/m3) and grain density (1548 kg/m3 to 1700 kg/m3) but higher 24 h
water absorption (3.8% to 3.5%), which contributed to the addition of carbon during the manufacture
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of CF. CCF has higher numerical tube pressure (6.0 Mpa) and the acid-resistance softening co-efficiency
(about 99%) than that of CF (4.2 Mpa, 92.5%), which indicated CCF showed better compression
performance and more suitable applied as filler in fixed bed reactor operated in acidic environment.

Figure 1. Bulk density, grain density, 24 h water absorption and shrinking ratio test of CCF (Copper
Carbon Fe Catalyst).

Figure 2. Numerical tube pressure and Acid-resistance softening co-efficiency test of CCF.

To verify the optimum copper plating rate, 5 species of CCF with 25% of iron content but different
copper plating rate were manufactured and 6 groups of sequence nitrobenzene compounds wastewater
treatment test was performed (No.1 group to No.5 group for CCFs and No.0 group for CF as control).

2.2. Result of the Sequence Wastewater Treatment Test

2.2.1. Effect of Iron Content and Copper Plating Rate for the Removal of TNCs

Normally and traditionally, ratios of BOD5 to CODcr (BOD5/CODcr or B/C) were employed as
the parameters for the evaluation of biodegradability in the practical engineering design, and the B/C
ratio of 0.3 was the basic requirement for the survival of biofilm attached to LCF (which applied as
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filler in BAFs). But in the practical project operation, B/C was restricted as the daily monitoring index
mainly related to the relatively long test time (5 days for the BOD5 at least).

The nitrobenzene compounds wastewater is not suitable for biological treatment because of
the bio-toxicity of nitrobenzene compounds which lower down the biodegradability. And as in this
study, the main substances reduced the biodegradability of wastewater were the mono-nitrobenzene,
di-nitrobenzene and tri-nitrobenzene compounds. As a result, the concentration of TNCs could
be considered as substitute parameter instead of B/C for the evaluation of biodegradability in
comprehensive nitrobenzene compounds wastewater treatment during the field pilot-scale test or
further applications.

Result of 6 groups of sequence wastewater treatment test performed at aerobic/anaerobic conditions
were shown in Figure 3A,B respectively.

Figure 3. Effect of CCF and CF (Carbon Fe Catalyst) performed at aerobic/anaerobic conditions.
(CCF was prepared with 25% of iron, and copper plating rate for iron range from 0.25% to 1.25%).

As shown in Figure 3, all of the degradation procedure can be divided into three phases. Phase 1
fast degradation period (0–90 min), phase 2 slow degradation periods (90–180 min), phase 3 stable
degradation periods (180–240 min), and the TNCs could be degraded by CCF and CF, obviously. When
CCF and CF were settled under anaerobic condition and acid environment, Zero-valent iron would
release electron (e−aq) by electrical catalysis of copper/carbon, and the followed free radical reaction
would occur [32]:

Fe Cu / C→ Fe2+ + 2e−aq (1)

e−aq + H+ → H·or e−aq + H2O → H·+ OH− (2)
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H·+ H2O → H2 + OH (3)

The reducibility/oxidizability of H radical/OH would destroy the nitro and benzene ring of
nitrobenzene compounds [28].

When the 6 groups of sequence wastewater treatment test performed at aerobic conditions,
concentrations of TNCs in effluent dropped faster than at anaerobic conditions, which attributed
to the dissolved oxygen produced more oxidative radicals (such as ·O−

2 ; OH·; HO−
2 ; H2O2) and

enhanced the degradation of nitrobenzene compounds [22,24]. The pathway of related oxidative
radicals generated was shown as followed:

e−aq + O2 → ·O−
2 ; (4)

e−aq + ·O−
2 + H2O → HO−

2 + OH− (5)

H+ + HO−
2 → H2O2 (6)

H2O2
Fe2+→ OH·orH2O2 + e−aq → OH·+ OH− (7)

The core of the reaction (2)~(7) was the reaction rate of (1) and the amount of generated free
electrons. As it was shown in Figure 3, when the copper plating rate over 0.75%, the removal rate of
TNCs for CCF were higher than that for CF, which indicated a higher efficiency of copper promoted the
corrosion of iron than that of carbon, obviously. When the copper plating rate was 1.25% (No.5 group
CCF), the removal rate of TNCs was lower than that of 1.00% (No.4 group CCF). This phenomenon
occurred mainly attributed to the over coverage of copper which isolated the oxygen to iron [24].
However, this is the first study to examine the degradation of TNCs by Fe/Cu ceramic filler; it was not
possible to predict the behavior of those compounds in any detail. Addition studies will have to be
conducted to follow the destruction of individual nitrobenzene compounds and is was beyond the
scope of the present study.

As a result, 25% of the iron with 1.00% copper plating rate was optimum content for the preparation
of CCF, and aeration were benefit for the removal of TNCs.

2.2.2. Effect of CFF and CF for the Biodegradability of Wastewater

The concentrations test of CODcr, BOD5 and the TNCs in effluent for No.5 group (CCF with 25%
of iron content and 1.00% of copper plating rate) and No.0 group (CF) which both operated at aerobic
conditions (Figure 3A) were shown in Figure 4, and the corresponding biodegradability of the effluent
was calculated by BOD5/CODcr and shown as well.

In Figure 4, CODcr, and TNCs dropped, and BOD5 increased before 120 min then fall off.
The BOD5/CODcr ratio for CCF over 0.3 began from 90 min and the peak value was 0.38 (appeared at
120–150 min). The BOD5/CODcr ratio kept lower than 0.3 until 210 min. When the BOD5/CODcr ratio
approached to 0.3, the TNCs in effluent was 91 mg/L (CCF, Figure 4A) and 128 mg/L (CF, Figure 4B),
respectively, but the concentration ratio of CODcr to TNCs (COD/TNC) of CCF and CF was 18.92
and 11.71, respectively. We inferred the different reaction process and pathways between CCF and CF
caused the same BOD5/CODcr but different COD/TNC. The minimum efficient hydraulic retention
time (HRT) for CCF and CF was 90 min and 210 min, respectively. The optimum HRT for CCF was
150 min but more than 240 min for CF. The concentration of nitrobenzene compounds (91 mg/L for
CCF and 128 mg/L for CF) in effluent was suitable for the biological treatment process and feasible
as critical value for the pilot-scale test and/or practical engineering application. In addition, 30 min
of extra reaction time was added in the followed test and enhanced the removal rate of TNCs which
guaranteed the BOD5/CODcr ratio over 0.3.

Both the degradation of CODcr and nitrobenzene compounds of CCF and CF were fitted the first
order reaction kinetics. The reaction kinetic equation fitting for the removal of CODcr and nitrobenzene
compounds were respectively shown in Table 1: and the corresponding reaction rate was calculated as
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well. CCF had a higher efficiency both in the removal of CODcr (KCOD = 6.45/min) and the degradation
of TNCs (KNC = 4.15/min) than that of CF (KCOD = 5.52/min and KNC = 2.18/min, respectively).

 

Figure 4. Effect of CCF and CF applied in comprehensive nitrobenzene compounds wastewater treatment.

Table 1. Reaction kinetic fitting for the degradation of CODcr and TNCs.

Degradation
of CODcr

Equation: Y(COD cr)=A1−COD×exp
−x

t1COD +Y0(CODcr)

A1−COD t1COD Y0(CODcr) R 2 KCOD
1

CCF 1964.4 mg/L 192.44 min 519.4 mg/L 0.9973 6.45/min
CF 1344.97 mg/L 154.01 min 1147.93 mg/L 0.9777 5.52/min

Degradation
of TNCs

Equation: Y(NC)=A1−NC×exp
−x

t1NC +Y0(NC)

A1−NC t1NC Y0(NC) R 2 KNC
2

CCF 383.27 mg/L 58.32 min 45.13 mg/L 0.9798 4.15/min
CF 341.78 mg/L 99.13 min 89.11 mg/L 0.9913 2.18/min

Note: 1, 2: the reaction rate.

Generally, as compared with CCF and CF applied in the sequence test, CCF performed more
efficient in the degradation of CODcr and TNCs, which benefit for the improvement of biodegradability
(the B/C increased from 0.11 to 0.32–0.38).
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2.3. Results of Backwash Frequency and the Volume Half-Life Test

2.3.1. Result of Backwash Frequency Test for CCF and CF

Two evaluation reactors (filled with CCF and CF, respectively) were operated at aerobic conditions
(aeration intensity was set up to 50 L/min) in sequence operating model. HRT for CCF and CF was
180 min and 270 min, and the he backwash process was not operated until the concentration of
nitrobenzene compounds in the effluent over 91 mg/L and 128 mg/L, respectively. Result of backwash
frequency test was shown in Figure 5. The surface appearance of CCF and CF after/before applied
was shown in Figure 6.

Figure 5. The backwash frequency of the optimum iron-based catalyst.

As it was shown in Figure 5, concentration of TNCs in effluent from the reactor filled with CCF or
CF appeared a rising trend before or after backwash procedure operated. The backwash procedure not
operated until the repeated times of 24 and 48 for CCF (the effective repeated times was 23) but 14 and
28 for CF (the effective repeated times was 12). The effective time of a single cycle (time of reaction and
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backwash procedure) for CCF and CF was 4160 min (69.3 h) and 3260 min (54.3 h), respectively. CCF
had a longer single cycle running time than that of CF. After the operation of backwash procedure, the
activity of CCF and CF were resumed to the initial competence. Therefore, the backwash procedure
designed as regeneration process was essential and efficient for the application of CCF or CF in practice.

  

  

Figure 6. The surface appearance of CCF and CF ((A)-CCF, (B)-CF; (a)-after applied, (b)-before applied).

From Figures 5 and 6: Before the application of CFF (Figure 6A-b) and CF (Figure 6B-b), Fe/Cu
and Fe/C compounds could be detected from the image, obviously. After the application in a single
cycle, both the Fe/Cu and Fe/C compounds were totally covered by the by-products (FeOOH2 or
Fe(OH)3) [23] generated from the complicated electrochemical reaction of iron, H2O and oxygen.
The increase of TNCs in effluent might be caused as follow steps: firstly, the by-products generated and
partially covered the surface of iron which isolated the oxygen attached to iron, gradually; secondly, the
corrosion of iron was prevented by the covering, and fewer free electrons and radicals were generated,
then the destruction rate of TNCs dropped; CCF and CF were further covered by the by-products
and deactivation appeared on the surface, and concentration of TNCs over the critical value at last.
(Repeated times was 24 for CCF (Figure 5A) and 13 for CF (Figure 5B), respectively).

2.3.2. Result of Volume Half-Life Test for CCF and CF

The operation time of backwash procedure and remaining height of CCF/CF were shown in
Figure 7.

The initial packing volume and height of CCF and CF filled in each evaluation reactor was 50 L
and 500 mm, respectively. As it was shown in Figure 7, when the loss of height for CCF/CF was 20%,
40% and 50%, the backwash operating time was 48.3 h/53.2 h, 85 h/108.3 and 103.6/127.8, respectively.
The backwash operating time and remaining height of CCF/CF approximately fitted linear relation.

As mentioned, the time operated for backwash procedure was 20 min. When the initial volume
reduced to half, repeated times of backwash procedure for CCF and CF were 310.8 and 383.4,
respectively. The effective time of a single cycle (time of reaction and backwash procedure) for
CCF and CF was 4160 min (69.3 h) and 3260 min (54.3 h), respectively. Therefore, the half-life of CCF
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and CF could be calculated by the reduced times and effective time of a single cycle: about 21,538.4 h
(897.4 days) of volume half-life for CCF and 20,818.6 h (867.4 days) for CF, respectively.

Figure 7. The half-volume test of CCF and CF.

In general, when the BOD5/CODcr ratio higher than 0.3 and the concentration of TNCs in effluent
was not exceed the critical value as well, the operating conditions for CCF or CF were gathered and
shown as follows: the effective time of a single cycle (time of reaction and backwash procedure) was
69.3 h or 54.3 h, the backwash procedure operated every 69 h or 54 h, and the volume half-life was
897.4 days or 867.4 days, respectively. CCF showed more excellent efficiency in the degradation of
CODcr and TNCs, and in the improvement of biodegradability than that of CF.

2.4. Results of Field Pilot-Scale Test

2.4.1. The Design and Operating Method of the Two-Stage Wastewater Treatment System

The maximum wastewater treatment capacity of the pilot-scale test was 2 m3/d. Because of the
low pH of wastewater, PP (polypropylene) which has excellent corrosion resistance property was
employed as the main material for the manufacture of CBRs and BAFs. The effective HRT for each
CBR and BAF was 180 min (3 h) and 8 h, respectively. The Process Flow Diagram of the two-stage
wastewater treatment system was shown in Figure 8, scene images of the running CBRs and BAFs
were shown in Figure 9, and initial wastewater, the effluent of CBRs and BAFs of 90th day were shown
in Figure 10.

The PFD of wastewater treatment could be divided into three portions:

Part 1: Preliminary treatment portion: the initial wastewater was stored at regulation pool (effective
volume was 2 m3). And at the bottom of the pool, ball valves and vent pipe were designed for
the discharge of sediment and sludge. HCl which stored in the dosing tank was added into the
regulation pool by automatic dosing unit (adjust the pH of initial wastewater lower than 3.00).

Part 2: The catalytic-biological treatment portion: the catalytic treatment process (stage1) and
biological treatment process (stage2), which was considered as the core of the system, both
shown in Figure 9. Wastewater was pump by lifting pump of regulation pool into the bottom
of CBR-1, and the effluent of CBR-1 flow automatically through the outlet pipe and stored in
Reaction sedimentation tank 1, then the lifting pump of CBR-2 pumped the wastewater into
the bottom of CBR-2 and the effluent was stored at Reaction sedimentation tank 2. The same
pathway was implemented in the BAF-1 and BAF-2 treatment process.
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Part 3: Backwash portion: both the CBRs and BAFs are performed the same backwash method which
has been mentioned above. Each CBRs was separately backwash every 3 days. The backwash
procedure for BAFs was not start until the system operated for 50 days, and from 52–90 day
each BAFs was separately backwash every 7 days. In addition, the lifting pump was applied
as backwash pump at backwash process.

(A) 

(B) 

Figure 8. The Process Flow Diagram (PFD) of the two-stage wastewater treatment system.
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Figure 9. The scene images of the catalytic-biological treatment portion (CBRs and BAFs).

 

Figure 10. Effluent of catalytic-biological treatment portion (at 90th day). (Left to right: pure
water/initial water/CBR-1/CBR-2/BAF-1/BAF-2).

Site commissioning and operation of the test divided into three portions:

1. 1st day to 30th day, quantity of influent was 2 m3 per day (Q = 2 m3/d) and no other preliminary
process operated except for regulation of pH.

2. 31th day to 60th day, PAM was extra added into the regulation pool for the removal of the
suspended solid (SS). And the quantity of influent was improved to 2.5 m3/d in order to verify
the resistance of the system.

3. 61th day to 90th day, the quantity of influent was 2 m3 per day (Q = 2 m3/d) in order to verify
the resumption performance of the system. The scene images of effluent at 90th day were shown
in Figure 10.

2.4.2. The TNCs and CODcr Removal by System

The results for the removal of TNCs and CODcr by the system were shown in Figures 11
and 12, respectively.
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Figure 11. The concentration of nitrobenzene compounds in effluent of stage 1.

 

Figure 12. The concentration of CODcr in effluent in each stage. (stage 1: CBR-1 and CBR-2; stage 2:
BAF-1 and BAF-2).
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As shown in Figure 11: the concentration of nitrobenzene compounds existed in the initial wastewater
ranged from 156.25 mg/L to 437.5 mg/L (mean concentration was 312 mg/L). Concentrations of
nitrobenzene compounds in effluent of CBR-1 had a slight upward tendency before 42nd day (from
15.6 mg/L to 140 mg/L), then kept small fluctuation stability ranged from 42nd day to 90th 42–90.
For CBR-2, the concentration of nitrobenzene compounds in effluent stayed lower than 31.25 mg/L.
The average removal rate of nitrobenzene compounds in CBRs was higher than 90% which showed
obviously dependability in dispose the nitro-group compounds.

As shown in Figure 12, combined with the site commissioning and operation situation:
1© The removal of CODcr kept excellent stability in CBR-1 when the quantity of influent and SS

changed (which was removed by PAM from 31st day to 90th day); And the removal of CODcr was
slightly affected by the quantity of influent in CBR-2.

2© For the BAFs, the removal of CODcr was obviously affected by the quantity of influent. And
the removal rate of CODcr of BAFs was 20–30% from 31st day to 60th day (the average volume load of
biological process was 1.875 kg m−3 d−1), but 65–75% at 1st day to 30th day 30 and 61st day to 90th
day (the average volume load of biological process was 1.5 kg m−3 d−1). Compared with our previous
studies [24] (CF and lab-scale produced CCF were utilized as pretreatment for the TNT wastewater
treatment): when the effective HRT of two BAFs were 16 h and the BOD/CODcr was over 0.3 after the
catalytic process, the CODcr and total nitrobenzene compound in comprehensive wastewater were
more difficult to be removed than TNT wastewater (only the tri-nitrobenzene compounds existed).
This probably attributed to the lower growth velocity of biomass and content of biomass for BAFs
which operated in extreme conditions. And it can be further inferred that the membrane biological
reactor (MBR), which had longer sludge retention time and higher content of biomass, would be more
suitable as the biological process stage for the nitrobenzene compounds wastewater treatment during
the application of practical project.

To sum up, the backwash process enabled the EBRs had anti-clogging ability and Fe/Cu ceramic-catalyst
showed excellent influent impact resistance and nitro-group compounds impact resistance. BAFs
showed high removal rate of CODcr with the average volume load was 1.5 kg m−3 d−1.

3. Materials and Methods

3.1. Pilot-Scale Production and Basic Property Test of Fe/Cu Catalytic-Ceramic-Filler

3.1.1. Raw Materials

Iron powder and Kaolin powder (Al2O3·2SiO2·2H2O) were purchased from Zibo city (Shandong
province, China) and crushed in a ball mill and dried at 110 ◦C, respectively. PAM (polyacrylamide),
NaHCO3 and CuSO4·5H2O were obtained from Alfa-Aesar. Commercial Fe/C ceramic-filler (CF,
employed as comparison materials) and commercial lightweight-ceramic-filler (LCF, applied as filler
for BAFs in pilot-scale test) which had been frequently utilized in our previous studies [24–26] were
shown in Table 2.

Table 2. Commercial Fe-C ceramic filler (CF) and commercial lightweight ceramic filler (LCF).

Materials BD 4/kg m−3 GD 5/kg m−3 24 WA 6/% NTP 7/Mpa ARSC 8/% Diameter/mmIron/% Carbon %

CF 1085 1548 3.8 4.2 92.5% 4–6 26.5% 5.2%
LCF 981 1238 3.2 8.6 100% 3–6 ~ ~

Note: 4~6-BD, GD and 24 WA were the bulk density, grain density and 24 water absorption. 7 numerical tube
pressure, 8-acid-resistance softening co-efficiency.

3.1.2. Pilot-Scale Production Process Flow of Fe/Cu Catalytic-Ceramic-Filler

Fe/Cu catalytic-ceramic-filler (CCF) was prepared by six steps. (1) Prepare the raw material
mixture: Iron powder and Kaolin powder were mixed in different mass ratios, then about 1% of
NaHCO3 was added; (2) Prepare the binder: 2% CuSO4·5H2O was dissolved in PAM solution
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(1000 mg/L); (3) Mix the ceramic powder and the binder by 10:1 (w/w); (4) Pour the mixture into a
pelletizer to produce pellets, then we got raw pellets (the diameters were 4.0 mm to 5.0 mm); (5) The
raw pellets were dried in dry oven under N2 circumstance for 24 h; (6) the raw pellets were heated in a
muffle with N2 at 600 ◦C for 1.0 h, then the sintered pellets were sealed in a steel drum cool down to
room temperature.

3.1.3. Basic Property Test of CCF/CF

ρbd =
Mc

Vbd
kg · m−3 (8)

ρgd =
Mc

Vcd
kg · m−3 (9)

α24h =
Mc+w −Mc

Mc
× 100% (10)

ηes =
Vrcd−Vcd

Vrcd
× 100% (11)

The physical properties of CCF or CF were calculated by the formulas above. Pbd stands for the
bulk density; ρgd stands for the grain density; α24 h is the water absorption in 24 h; ηes is the shrinking
rate; Mc stands for the mass of dry ceramic bodies; Mc+w is the 24 h saturated mass of ceramic bodies;
Vbd stands for the accumulation volume; Vcd is the real volume; Vrcd stands for the real volume of
raw pellets.

Numerical tube pressure and acid-resistance softening co-efficiency test were proceeded according
to GB/T17431-1998 [21]. Firstly, 20 L of CCF was random sampled and divided into group A and B.
After dried at 110 ◦C, CCF in group A was filled into a stainless steel tank and flatted (the effective
volume/height were 1 L/100 mm, respectively). Secondly, completely covered the stainless steel tank,
and pressure was exerted (with accelerated pressure was 0.01 Mpa.s−2) from the top of the stainless
steel tank until the pressed depth was 20 mm. The final pressure was the numerical tube pressure of
CCF. CCF in group B was settled in 0.1 mol/L of hydrochloric acid for 24 h then dried at 110 ◦C and
tested the numerical tube pressure. Ratios of numerical tube pressure of CCF in group B to that of
group A was acid-resistance softening co-efficiency for CCF. According to CCF, the numerical tube
pressure and acid-resistance softening co-efficiency of CF were tested as well.

3.2. Performance Test of CCF/CF

3.2.1. Half-Life and Effectiveness Evaluation Reactor and Wastewater

Half-life and Effectiveness evaluation reactor, which reference for fixed bed reactor widely
utilized in practical engineering, was designed and self-prepared (Figure 13). The total volume
and height of reactor was 100 Land 1000 mm, respectively. And the equipment was made of PP
(polypropylene) material and automatic controlled by PLC (Programmable Logic Controller, Siemens
300, Beijing, China.

Nitrobenzene compounds wastewater for the performance test was obtained from a comprehensive
military special-chemicals factory (Liaoning Provence, China) which the main products were civil and
military explosive (2,4,6-trinitrotoluene-TNT), dye and pharmaceutical nitrobenzene-intermediates.
The components of total nitrobenzene compounds (TNCs)in comprehensive wastewater were
mono-nitrobenzene/di-nitrobenzene groups and tri-nitrobenzene groups. The main features of
wastewater are shown in Table 3.

Concentrations of mono-nitrobenzene and di-nitrobenzene compounds were tested by
reduction-azo spectrophotometric method, and tri-nitrobenzene compounds in wastewater were tested
by n-cetyl pridinium chloride- sodium sulfite spectrophotometric method, respectively [19]. The TNCs
were calculated by the concentrations of mono-nitrobenzene, di-nitrobenzene and tri-nitrobenzene.
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Figure 13. Catalyst life and Effectiveness evaluation reactor. (Left: front view; Right: top view).
1—frequency conversion fan, 2—plunger metering pump, 3—long handle filter nob, 4—Stainless steel
tube (bottom mesh 40, DN350), 5—tank body, 6—filter board.

Table 3. Characteristics of nitrobenzene compounds wastewater.

Materials
CODcr/
mg·L−1

BOD5/
mg·L−1

Biodegradability BOD5/
CODcr

mono-NCs/
di-NCs 1/mg·L−1

tri-NCs 2/
mg·L−1

TNCs 3/
mg·L−1 pH

Wastewater 2460 270 0.11 297 123 420 2.2

Note: 1-mono-nitrobenzene/di-nitrobenzene compounds, 2-tri-nitrobenzene compounds, 3-total nitrobenzene
compounds.

3.2.2. The Sequence Wastewater Treatment Test of CCF and CF

50 L of CCF/CF was soaked in the nitrobenzene compounds wastewater for 24 h to avoid the
adsorption factor, respectively. Then the CCF/CF were separately added into the evaluation reactor
shown in Figure 13. After that, the nitrobenzene compounds wastewater was poured into the unit,
the test was operated in aerobic condition (50 L/min) and anaerobic condition, respectively [18].
The optimum operating conditions of CCF and CF were gathered from the test of TNCs, CODcr and
BOD5, respectively.

3.2.3. The Backwash Frequency and the Volume Half-Life Test of CCF and CF

The backwash frequency test: the evaluation reactor was operated with CCF (CF) and nitrobenzene
compounds wastewater. The backwash procedure was not operated until the BOD5/CODcr ≤ 0.3. The
initial surface appearance of CCF and CF were examined by scanning electron microscopy (Sirion200,
Au coated, Fei, Beijing, China), respectively. And both the images of CCF and CF before the backwash
procedure were examined as well.

Air-water combination backwash method which reference to the practical engineering was utilized
for the backwash procedure of CCF or CF: firstly, air backwash was set for 5 min (Air backwash intensity
was 15 L m−2 s−1); then air and water combination backwash 5 min (Air and water backwash intensity
was 15 L m−2 s−1 and 5 m−2 s−1, respectively); finally, water backwash last for 5 min (water backwash
intensity was 10 m−2 s−1). The air, air-water and water backwash combined as a complete backwash
cycle, and the time of a cycle was 20 min (4 cycles per hour). The backwash process was controlled by
PLC (Siemens 300).

The volume half-life test: Evaluation reactors (CCF and CF were filled, respectively) were operated
at in air, air-water and water backwash procedure model. The volume and height of both CCF and CF
were 50 L and 500 mm, respectively. Each volume half-life test for CCF and CF test was conducted in
five replicates.
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3.3. The Field Pilot-Scale Test

For the feasibility of CCF utilized in practical project, a 90 days of field pilot-scale test which
formed by two-stage catalytic-biological system was designed and performed in the military chemical
factory comprehensive wastewater treatment. The catalytic portion of the system was designed
according to the result of performance test, and biological portion reference to our previous studies [24].
CBR-1 and CBR-2, both filled with CCF, was connected in series as the catalytic portion; BAF-1
(biological aerated filter) and BAF-2, both filled with LCC, was connected in series as the biological
portion. In addition, the backwash procedure for CBRs and BAFs were all controlled by PLC
(Siemens 300).

4. Conclusions

The addition of iron was 25% with the copper plating rate was 1% were benefit for the pilot-scale
production of CCF. The characteristics of optimum CCF were: 1150 kg/m3 of bulk density, 1700 kg/m3

of grain density, lower than 3.5% of shrinking ratio, 3.5% of 24 h water absorption, 6.0 Mpa of numerical
tube pressure and 0.99 acid-resistance softening co-efficiency.

When the BOD5/CODcr ratio higher than 0.3 and the concentration of TNCs in effluent was
not exceed the critical value as well, the operating conditions for CCF or CF were: the effective time
of a single cycle was 69.3 h or 54.3 h, the backwash procedure operated every 69 h or 54 h, and the
volume half-life was 897.4 days or 867.4 days, respectively. Both the removal of CODcr and TNCs
fitted the first order reaction kinetics for CCF and CF. Compared with CCF and CF, CCF showed better
performances and more efficiency applied in the improvement of the biodegradability.

From the pilot-scale test: the CBRs had excellent influent impact resistance and total nitro-group
compounds impact resistance. BAFs showed high stability at the average volume load was
1.5 kg m−3 d−1. As a prediction, MBR might be better than BAFs in practical engineering application.
Our study offers a new solution to the highly toxic organic wastewater treatment. The catalysts are
easy to be manufactured. The application condition in industrial area has been mature. It is hopeful
that we could get more achievements in the industrial wastewater treatment.
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Abstract: Since the persistently increasing trend of energy consumption, technologies for renewable
energy production and conversion have drawn great attention worldwide. The performance and
the cost of electrocatalysts play two crucial roles in the globalization of advanced energy conversion
devices. Among the developed technics involving metal catalysts, transition-metal catalysts (TMC) are
recognized as the most promising materials due to the excellent properties and stability. Particularly,
the iron–cobalt bimetal catalysts exhibit exciting electrochemical properties because of the interior
cooperative effects. Herein, we summarize recent advances in iron–cobalt bimetal catalysts for
electrochemical applications, especially hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), and oxygen reduction reaction (ORR). Moreover, the components and synergetic
effects of the composites and catalytic mechanism during reaction processes are highlighted. On the
basis of extant catalysts and mechanism, the current issues and prospective outlook of the field are
also discussed.

Keywords: energy conversion; iron–cobalt bimetal catalysts; electrochemical application; hydrogen
evolution; oxygen evolution; oxygen reduction

1. Introduction

Growing depletion of fossil fuels and rapid increase of pollution pose new challenges to the
environment and ecosystem. It is urgent to explore renewable and sustainable energy as a substitute to
traditional energy sources to balance the economic and ecological development. Among the related
technologies, energy storage and conversion devices are needed and widely concentrated. In the past
decades, a series of potential electrochemical energy storage and conversion facilities such as fuel
cells, water splitting technologies, and metal–air batteries have been deeply investigated, which can
significantly decrease the reliance on traditional fossil fuels and promote energy conversion efficiency [1].
Electrocatalytic reactions, like hydrogen evolution reaction (HER), oxygen evolution reaction (OER),
and oxygen reduction reaction (ORR), play vital roles in these electrochemical techniques. For example,
water splitting demands high HER and OER activities, in which the cathodic reaction is HER (4H+ +
4e− → 2H2 in acid, 4H2O +4e− → 2H2 + 4OH− in alkali) while the anodic reaction is OER (2H2O→ O2

+ 4H+ + 4e− in acid, 4OH− → O2 + 2H2O + 4e− in alkali). Meanwhile, rechargeable metal–air batteries
require OER in the charging process and ORR (O2 + 4H+ + 4e− → 2H2O, 4e− pathway, O2 + 2H+ + 2e−
→ H2O2) in the discharging process. Developing electrocatalysts of high efficiency and low cost is
the main obstruction to break through the limit of the sluggish dynamics of such reactions [2]. Up to
now, the noble metals, like platinum (Pt), iridium (Ir), and ruthenium (Ru) and their derivatives have
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presented favorable catalytic activities, where Pt-based materials show excellent activity for both HER
and ORR, and Ir-based and Ru-based catalysts are more active for OER. However, the scarcity and
high cost of the noble metals severely limit their large-scale applications and commercial promotions.
In this regard, it is necessary to develop nonprecious metals and their derivatives with high efficiency
and long-term stability as promising candidates for electrocatalysis.

Currently, the 3d transition nonnoble metals, especially Fe, Co, and Ni and their derivatives, have
been regarded as the most promising substitute to the noble metals like Pt because of their high catalytic
activities to the energy conversion reactions [3]. However, bare 3d transition metal materials are not
active or even stable enough to catalyze the electrochemical reactions for long-term operation under
acid or alkaline condition. On the contrary, the bimetallic catalysts can make use of the synergistic
effects between the metal contents themselves and the supports, thus exhibiting favorable reaction
kinetics with high activity and efficiency. Theoretically, the related calculation results, such as density
functional theory calculation (DFT), have also proved that the bimetallic electrocatalysts perform
better than the monometallic ones. The calculated ΔG of the single 3d transition metallic materials to
develop intermediates during the reactions is much further from the optimal value than the precious
metals. Therefore, designing bimetallic catalysts can modify the ΔG of the single metallic catalysts
and improve the catalytic efficiency. Recently, the bimetallic materials combining Fe and Co or their
derivatives and their electrochemical applications have been investigated by researchers. Numerous
studies have been devoted to the bimetallic electrocatalysts, such as alloys [4], oxides [5], hydroxides [6],
sulfides [7], phosphides [8], and hierarchical structures. The strategies to construct the materials
and the electronic modulations inside have been also deeply researched. By both calculative and
experimental approaches, the kinetics and mechanisms during the catalytic processes are also explored.

In this review, we summarized recent development of the Fe–Co bimetal electrocatalysts
and their electrochemical applications, with the focus on both the constructive strategies and the
catalytic mechanisms. The synthesized materials are categorized by the structural characteristics
and the preparation process, followed by an inductive section of the characterization methods.
The electrochemical applications are then discussed, which mainly concentrated on electrochemical
HER, OER, and ORR. The relation between the structures and the catalytic properties is highlighted
and elaborated emphatically. By this work, we aim to give a summarization of the bimetallic
electrocatalysts containing Fe and Co, so as to update the conception of the electrocatalytic kinetics for
the aforementioned electrochemical reactions.

2. Synthesis Methods for Fe/Co Bimetallic Catalysts

The catalyst supports in the hybrid materials affect the electronic and surface structure, shape,
size, and decide the accessible active sites and the mass transfer rate during the reaction process and
the accessible part of the active sites; hence, they largely control the electrocatalytic activity. Such a
strategy is found to be prospective for the three essential requirements for an electrocatalysts’ activity,
as it can simultaneously ensure abundant active site densities, controllable performance characteristics,
and reactant accessibility by narrowing down the overpotential and enhancing the current density.
We present the synthesis process of the Fe–Co bimetal hybrids into three categories based on the
catalyst supports, as bimetallic alloy-based hybrid, carbon materials supported bimetallic hybrid, and
metal–organic frameworks (MOF)-based bimetallic hybrid catalysts.

2.1. Bimetallic Alloy-Based Hybrid Catalysts

Fe–Co bimetallic alloys [9] exhibit multifarious structural, mechanical, optical, electronic, and
electrocatalytic properties. Spherical, uniform, and highly monodisperse Fe–Co nanoparticles
with different metal content ratios were synthesized through the microemulsion method [4].
The microemulsions of metal salt precursors, reducing agent, and surfactants were annealed in
H2 atmosphere at 700 ◦C for 6 h and formed monophasic bimetallic nanoparticles. The average sizes of
the obtained nanoparticles vary with the initial loaded stoichiometries of Fe and Co metal precursors.

110



Catalysts 2019, 9, 762

Meanwhile, the oxidation currents obtained by cyclic voltammetry are a function of both the surface
area and the composition of the bimetallic nanoparticles, illustrating that the Fe33Co67 nanoparticles
are of superior hydrogen and oxygen evolution activity.

The positively charged layered hydroxide sheets formed by tilted edge-sharing MO6 octahedra
and negatively charged counterions in the interlayers are namely layered double hydroxides (LDHs),
with intrinsic OER activity according to the abundance tetrahedral Co2+, octahedral Co3+, and oxygen
vacancies on the high surface sheet of two-dimensional materials [10,11]. A platelet-like-shaped Fe
substituted α-Co(OH)2 was synthesized under a N2 atmosphere at room temperature [12]. To reach an
equivalent number of anions, Fe (III) ions replaced some Co (II) ions in α-Co(OH)2 by the interaction
within the edge sharing MO6 (M = Co or Fe) octahedral layers, resulting in the formation of CoFe LDH
structure. Similar CoFe- and CoAl-based LDH catalysts with various Fe and Al contents were also
fabricated by an efficient coprecipitation method [13,14]. The Fe impurity makes OH− intercalation
easier in facilitating Co(OH)2 + OH− → CoOOH + H2O + e−. Herein, the incorporation of Fe into
the layered (oxy)hydroxide structure may accelerate interlayer spacing of the sheets, as well as the
defect or edge sites on the Co oxyhydroxide structure. The appearance of the low-angle reflection for
the Co–Fe phase in the X-ray diffraction (XRD) pattern is the evidence for such incorporation [14].
Considering the strong electronic coactions between Co and Fe, the alternation of Co/Fe ratio during
the CoFe-based LDHs synthesis process may change the situation of Fe3+ cations substituted into
the lattice of α-Co(OH)2, modifying the electronic structure of the catalyst and the formation of LDH
structure [15,16]. The facile synthesized process takes advantage of the chemically stable and areal
layered structure, good conductivity of α-Co(OH)2, as well as the rich redox properties and earth
abundance of Fe, substantially facilitating low-cost clean energy production.

Metal borides are known as the newly developed OER catalysts, as the boron can drop off the M−M
bonds and cut down the thermodynamic and kinetic barrier in the rate-limiting step during OER [17].
A bimetallic Cox−Fe−B catalyst, with the average particle size of about 30 nm, was synthesized
by the reduction of sodium borohydride and sodium hydroxide solution under whisking at room
temperature [18]. Through this chemical reduction method, Fe has been successfully incorporated
into the Co−B, resulting in the stabilization of Co at a higher oxidation level and the generation of
OOH-like species.

The influence of non-metal elements doping in the transition metal-based materials are
also investigated through bifunctional electrocatalytic application of phosphorus-doped Co–Fe–B
material [19]. Co and Fe chlorides with different molar ratios are solved in polyvinyl pyrrolidone (PVP)
and NaBH4, which serve as surfactant and reducing agent. One-dimensional phosphorous-doped
Co–Fe–B (Co–Fe–B–P) nanochains were synthesized via a low-temperature phosphorization procedure
of annealing in Ar atmosphere to 300 ◦C for 2 h (Figure 1). The XRD pattern of the obtained
Co–Fe–B–P materials illustrates the amorphous nature, which exhibit higher electrochemical activities
compared with the corresponding crystalline material [20]. The structure comparation of bimetal
borides and mono-metal counterparts verifies that Co plays a major role in morphology control.
The synergistic effect of different metals and nonmetal components incorporation are characterized by
XPS and electrochemical application, which is beneficial for lowering the kinetic energy barriers of
electrocatalysis and improving the activity. The one-dimensional chain-like nanostructures possessing
high aspect ratio and easy surface atoms contribute to the high OER electrocatalytic activity [21].
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Figure 1. Schematic synthesis process of the Co1–Fe1–B–P nanochains, reproduced with permission
from [19]. Copyright Royal Society of Chemistry, 2019.

2.2. Carbon Materials Supported Bimetallic Hybrid Catalysts

Dispersing metal particles on appropriate supports is an efficient strategy to improve the catalytic
performance and further reduce the production cost. Large-area conductive substrates, carbon-based
materials, such as graphene, are favorable for ameliorating the materials’ electronic conductivity and
dispersion in order to promote the electrocatalytic activity. Such carbon-based materials take on unique
expediency for assigned catalysis owing to their accessibility, tunable structures, and good resilience in
acidic and basic environments.

2.2.1. Graphene-Based Bimetallic Hybrid Catalysts

The two-dimensional material functionalized as the catalyst support can not only increase the
quantity of accessible active sites by minimizing the particle sizes, but also manipulate the electronic
properties of the obtained metal particles, thus leading to the amelioration in instinct catalytic activity
of the hybrid materials. On the other hand, the mesoporous structure and large specific surface area in
the graphene-based materials are in favor of the high exposure of active sites, fasten the mass transport
of the reactants, as well as fabricate conducting networks for fast electron transfer during the whole
reaction process.

Hydrothermal and solvothermal treatment of the metal precursor and graphene oxide are
the general approaches to synthesize metal nanoparticles embedded graphene framework [22,23].
Wu et al. [7] decorated cobalt sulfide (Co9S8) nanoparticles grown in situ on the reduced graphene
oxide surface with Fe3O4 nanoparticles in two solvothermal steps. In the first step, Co9S8 nanoparticles
are formed onto reduced graphene oxide nanosheets. Then, iron ions are selectively adsorbed on the
surface of Co9S8 by forming the strong bonding of sulfur species, and subsequently reduced to Fe3O4

at 600 ◦C. The interface–orientation relationship determined by HRTEM illustrates the loading of
Fe3O4 on the surface of Co9S8 and may induce a relatively high stability of the composite. It has been
demonstrated that the breaking of the Co–O bond in the stable configure ration (Co–O–O superoxo
group) to free the O2 molecules may represent a rate-limiting step [24]. Electron transfer behavior from
Fe species to Co9S8, causing the down-shift in the electron binding energy of Co 2p3/2, may induce a
relatively lower oxidation state for cobalt ions, which would promote the Co–O bond break and the O2

release, and improve the catalytic activity.
Considering the possible structural damage during the high-temperature treatment, a conversion

tailoring strategy was designed to assemble nanometer-sized Fe-modulated CoOOH nanoparticles
(Fe–CoOOH) on 2D graphene in a mild synthesis process [25]. The CoFeAl-layered double hydroxide
(CoFeAl-LDH) sheets in situ grow on the GO surface by the electrostatic interactions with metal ions.
The Fe components of ultrasensitive triggered behavior would restrict the process for the structural
rearrangement toward Co(OH)2 and oxidize to CoOOH and yield the Fe–CoOOH nanoparticles.
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Such a process indicates the chemical selective accelerative conversion led by Fe. According to DFT
calculation, the adsorption energies of OH, OOH, and O species are remarkably enhanced at the Fe
sites and decreased at the Co sites of Fe–CoOOH, facilitating the whole redox reactions and enhancing
the catalytic activity of the hybrids.

The introduction of chemical functionalities through chemical functionalization and heteroatom
(non-metal elements such as N, S, B, F, and P) may improve not only the immobilization of different
species, but also the electrocatalytic activity by tuning the band gap and electronic structure (for
instance, charge and/or spin density redistribution) of carbon to increase the active sites density towards
favorable water splitting reactions. The synergistic effect between the transition metal/metal oxide
and heteroatom-doped carbon along with the enhanced electronic conductivity may largely improve
the ORR and OER kinetics [26]. Wang et al. [27] reported the method of combining ball milling and
pyrolysis to fabricate FeCo nanoparticles/N-doped carbon with core–shell structure spheres supported
on N-doped graphene sheets (Figure 2). The ball-milling process was carried out with carbon nitride
(C3N4) and metal acetylacetonates, followed by the pyrolysis step at 700 ◦C. The acetylacetonates
were decomposed to acetone and carbon dioxide and adsorbed on C3N4, then transferred to graphene
as the supporter. The change of pyrolysis temperature led to the structure alteration of layered
graphitic carbon encapsulated in the FeCo nanoparticles and the growth of carbon nanotubes on
graphene surface [28]. Pyridinic-N and graphitic-N in carbon produced during pyrolysis can decline
the adsorption energy of O2 owing to the N doping-induced charge redistribution and have been
pointed out to be the efficient active sites for ORR. The synergy of N-doped carbon shell-covered FeCo
bimetallic nanoparticles, the suitable pore structure, along with the graphene supporter facilitate the
reactant transport and promote charge transfer during the reaction.

Figure 2. Schematic illustration synthesis process of FeCo/NC catalysts from Fe(acac)2, Co(acac)2, and
bulk C3N4, reproduced with permission from [27]. Copyright Springer nature, 2017.

Quantum confinement effect along with edge effect are other efficient methods in controlling
the band gap of graphene, which may make graphene materials compatible for direct exploitation
in nanoelectronics [29]. The introduction of nanoholes on graphene sheet may increase the defects
and dangling bonds of edge sites as the appropriate active sites for the heteroatom doping [30],
as well as promote the reactant ions diffusion to the active sites to enhance the catalytic activity
in the reaction. Herein, nano-porous graphene has been applied as the support for metal carbides
to fabricate Fe/CoN-doped porous graphene by annealing at 900 ◦C (Figure 3) [31]. A chemically
assisted oxidative treatment of graphene is used to break small pieces through epoxide formation
and prepare porous graphene with more edged sites [32]. The TEM and XRD analyze that the
pyrolysis of the M-phenanthroline (M–Fe and Co) complexes with graphene at 900 ◦C leads to the
generation of the M–N–C active sites along with the metallic or carbide phases. The obtained hybrids
have homogeneously distributed Fe/Co–N-doped active centers, which confirms that the uniform
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distribution of nanoholes plays a vital role in enriching the coordinated active sites on the graphene
surface, enhancing mass transfer and modulating reaction kinetics. Such high activity of the obtained
catalyst highlights the important role of the active M–N–C coordinations conceived in the hybrids as
the potential ORR active centers. By comparing the ORR activity with its single metallic counterpart,
the Fe/CoN-doped porous graphene show higher catalytic activity by taking advantage of the existence
of the bimetallic coordinated sites in the company of the existence of the nanopores on graphene surface.
The electrocatalytic test results likewise illustrate that the pyrolysis of the mixture containing the
metal macrocyclic complexes and suitable carbon nanomaterials could be the appropriate method for
preparing effective M–N–C electrocatalysts for ORR rather than developing harmonious cooperation
of the metal ions and doped nitrogen in the carbon matrix.

Figure 3. The scheme of the preparation of active Fe/Co-NpGr representing facile ion transport attainable
within the hybrids through the holes in the porous graphene, which may enhance the accessibility
of the active sites and lead to improved oxygen reduction reaction (ORR) activity, reproduced with
permission from [31]. Copyright Wiley, 2016.

Aforementioned graphene-based electrocatalysts are of a high surface area to volume ratio. Indeed,
only a small fraction of metal nanoparticles is exposed to reactants in such materials. Herein, promoting
the metal atom utilization of a catalyst is an incredibly effective way to further improve the catalytic
activity. 100% atom utilization efficiency by featured atomically dispersed metal atoms as robust
active centers is of long-standing interest in fabricating catalysts. The latest development of fabricating
single-atom catalysts (SACs) [33–35] with atomic-scale metal catalytic center, making individual metal
atoms accessible and active, is a possible method for maximizing the atom efficiency. Ball milling
is one of the low-cost and high-efficiency exfoliation and functionalization methods for establishing
graphene-based SACs. Wu et al. [36] synthesized highly dispersed Fe/Co/N on graphene through a
one-step ball milling protocol in 12 h. Many defective sites may appear during the ball milling process
and facilitate the heteroatom doping. The existence of metal-bonded N/O, which are taken for the
efficient active sites for OER [37], are confirmed by XPS characterization. The electrocatalytic activity
results also show that the electrochemical surface area (ESCA) and valid active sites of the obtained
hybrids are substantially augmented after ball milling and heteroatom doping, resulting in greatly
ameliorating the OER performance.
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2.2.2. Other Carbon Materials Supported Bimetallic Hybrid Catalysts

Raj et al. [38] used a single-step thermal annealing approach of potassium cobalt hexacyanoferrate
(KCoHCF) to synthesize FeCo bimetal nanoparticle decorating on the nitrogen-doped reduced graphene
oxide (N–rGO–CoFe) and graphitic carbon (N–C–CoFe), and discuss the effect of catalyst support
on the overall water splitting performance. Compared with that thermal annealing with graphene
oxide, the N–C–CoFe hybrids have the structure of a carbon shell strongly coupled with bimetal
nanoparticles and high graphitization degree, which ensure the durability of the obtained catalyst.
The electrocatalytic activities of the catalysts on different supports confirm that the chemical nature of
nitrogen and degree of graphitization of the catalyst largely support control of the overall performance
of the catalyst. The higher graphitization of the carbon (sp2 C−C) support containing a larger amount
of graphitic nitrogen, the better performance the catalyst has for OER and ORR.

One-dimensional mesoporous Fe/Co–N–C nanofibers with depositing FeCo nanoparticles (denoted
as FeCo@MNC) were synthesized through an electrospinning process [39] of Fe and Co 2, 2-bipyridine
chelates, PAN and PVP polymers, following stabilization at 280 ◦C in air and carbonization at 900 ◦C
under N2 [40]. Porous structures of FeCo@MNC with bunch-like nanoparticles embedded on the
nanofibers are determined by TEM. Fe and Co appeared both inside and on the surface of the whole
nanofibers, implying the simultaneous existing structures of FeCo and Fe/Co–N–C in the carbon
skeleton. The formation process may be described firstly as formed Fe (Co)–N chelates electro-spin
with polymers and compose Fe (Co)–N and N–C structures after carbonization with a high proportion
of pyridinic-N structures. Polymers serving as a carbon precursor supplied the perfect template for
the fabrication of one-dimensional hollow carbon fibers. The carbon fibers supporting Fe, Co, and N
show a larger aspect ratio and excellent electrical conductivity, likewise benefitting from active sites
exposure and rapid transportation [41].

Another N-doped graphitic carbon nanotube decorated with bimetal FeCo nanoparticles (denoted
as N-GCNT/FeCo) were prepared through temperature-programmed carbonization strategy by
pyrolyzing the mixture of metal salt precursors, glutamic acid, and melamine [42] (Figure 4). After
the pyrolysis temperature increase, glutamic acid carbonization derives many defects in the graphitic
carbon framework, as well as reinforcing N atoms into the carbon skeleton [41]. The nanotubes with
cavities generated through the temperature-controlled carbonization are illustrated by TEM. On account
of the strong metal–support interaction, the bimetal alloy nanoparticles catalyze the N-doped graphitic
carbon species render into N-GCNT and grow on the inner wall of N-GCNT. The obtained multiphase
materials also possess a large specific surface area, with potentially favorable property in the mass
transfer during the electrocatalytic reactions.

2.3. MOF-Based Bimetallic Hybrid Catalysts

Carbon-based materials encapsulated with transition metals and their alloys have been emerging
as promising candidates for water splitting catalysts. Some of the synthesis methods consume complex
and expensive multi-step synthesis strategies, delaying the large-scale commercialization. On the other
hand, heteroatom doping as mentioned above is an efficient method to accelerate the electrocatalytic
activity of the carbon-based materials. Therefore, metal–organic frameworks (MOFs), composed of
designable metal ion centers and organic ligands, are the promising precursors for the facile synthesis
of metal/metallic alloy@carbon composites via pyrolysis. The easy control of composition, morphology,
and construction also endow MOFs with multiple functions and broad applications. Chen et al. [43]
carefully designed MOF precursors of desirable metal ion centers and organic ligands with different
dopants, to fabricate carbon materials doped by nitrogen cooperating with non-precious metals through
one-step annealing (Figure 5). Fe and Co atoms decomposed from the Prussian blue analogues (PBAs,
Fe3[Co(CN)6]2) precursor form FeCo alloy nanoparticles during the annealing process under N2.
Meanwhile, the CN− groups, as double effect carbon and nitrogen sources, form nitrogen-doped
graphene layers that cover the FeCo alloy particles. The obtained materials have the FeCo alloys
encapsulated in a nitrogen-doped graphene layers structure. The nitrogen content in the material can
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be altered by different annealing temperatures, which may also affect the catalytic activity. The catalyst
obtained by annealing at 600 ◦C with the highest nitrogen content (8.2 atom%) exhibits the best HER
catalytic activity. Such results can be explained by the DFT calculation, as the increase of nitrogen
content may accelerate the adsorption sites for H* and cut down the ΔGH* for H adsorption at the same
time. Peng et al. [44] also chose PBAs as the structural template and fabricated Co–Fe phosphides by
etching with urea and phosphorization. The obtained hybrid materials are used as the bifunctional
electrocatalyst materials for overall water splitting.

 
Figure 4. Illustration for the fabrication of N-doped graphitic carbon nanotube (N-GCNT)/FeCo
bifunctional hybrids through the temperature-programed carbonization process, reproduced with
permission from [42]. Copyright Wiley, 2017.

 
Figure 5. The illustration of synthetic process and model of the FeCo alloys decorated on nitrogen
doped graphene layers by annealing corresponding metal–organic frameworks (MOFs), reproduced
with permission from [43]. Copyright Royal Society of Chemistry, 2015.
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Metallic/non-metallic heteroatom doping of the hybrids is one of the most efficient approaches to
tune the catalyst activity. PBAs precursors were converted to a (Fe–Co)Se2 composite by self-assembled
strategy and, subsequently, a post-selenization method [45]. K3[Co(CN)6] and Fe(NO3)3 are dissolved
in the polyvineypirrolydone (PVP)-HCl solution at 80 ◦C to assemble the Fe–Co PBAs nanocubes,
and are then converted to MOFs-derived bimetallic selenides composites by annealing with selenium
powder. TEM images confirm the conversion of the uniform small cubes on the stack nanostructure to
stack nanospheres during the post-selenization process. MOFs-derived bimetallic selenides composites
with the synthetic bimetal-selenide [46] are more favorable for electrochemical application with the
advantages of rapid electron and proton transfer along with dioxygen molecules delivery. Not only
does a loose and porous structure offer larger specific surface area and more active sites, but it also
expedites the transfer of the electrolyte and the emission of gas bubbles, leading to superior catalytic
performance. Co–Fe–P nanotubes were synthesized through a calcination process in air with the Co
incorporating with a MIL-88B MOFs (MIL, Materials of Institute Lavoisier) template [47] (Figure 6).
The TEM characterizations confirm the hollow structure of Co–Fe–P nanostructure, as well as the fact
that the morphology of MOFs-derived materials is strongly connected to the molar ratio of the metal
salt precursors following the heterogeneous coordination process in this synthetic case. The positive
effect of Co dopant could increase the density of states (DOS) and electrical conductivity and fasten
the charge transfer kinetics [48]. The one-dimensional structure of the hollow nanotubes also helps to
enhance the structural stability of Co–Fe–P, showing excellent durability and long-term stability.

 
Figure 6. (a) Schematic illustration of the synthesis of Co–Fe–P nanotubes; (b, c) SEM and (d) TEM
images of Co–Fe–P nanotubes, reproduced with permission from [47]. Copyright Elsevier, 2019.

Besides using single composition precursors, controllable conversion of two or more MOFs
to synthesize desirable functional materials favors the construction of complex MOF-derived
nanomaterials from the point of view of both architecture and chemical composition. Lou et al. [49]
reported the synthesis process with zeolitic imidazolate framework-67 (ZIF-67, a Co-based MOF) and
Co–Fe Prussian blue analogue (PBA) (Figure 7a). ZIF-67 nanocube precursors and [Fe(CN)6]3− ions
proceed a facile anion-exchange reaction with an obvious reaction solution color change from purple
to brick red at room temperature and transform into ZIF-67/Co–Fe PBA yolk–shell nanocubes (YSNCs).
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Through a subsequent annealing treatment in air, the YSNCs then further convert to Co3O4/Co–Fe
oxide double-shelled nanoboxes (DSNBs), of slightly concave Co–Fe PBA shell and the inner sharp
corner ZIF-67 in each particle (Figure 7b). Constructing nanostructures with specific morphology
including solid or hollow nanoparticles, nanowires, nanosheets, and nanotubes, is another approach to
change the catalytic properties of the hybrids. The extra active sites embedded on the inner Co3O4

shells enhance the ECSA of Co3O4/Co–Fe oxide DSNBs. The structure of PBA nanoshells can be
changed by increasing the water fraction and altering the ion exchange reaction rate, which may also
enhance the conductivity of the hybrids by the attendance of Fe element in cobalt oxide [50]. Co–Fe
PBA hollow structures are also fabricated by employing Co-glycerate nanospheres as the template and
precursor synthesis to validate the generality of anion-exchange reaction.

 

Figure 7. (a) The formation process of Co3O4/Co–Fe oxide double-shelled nanoboxes (DSNBs): (I)
Ion-exchange reaction between ZIF-67 NCs and [Fe(CN)6]3− ions to fabricate ZIF-67/Co–Fe PBA
yolk–shell nanocubes (YSNCs) and (II) subsequent conversed to the Co3O4/Co–Fe oxide DSNBs
through thermal annealing; (b) TEM and mapping images of the Co3O4/Co–Fe -Fe oxide DSNBs,
reproduced with permission from [49]. Copyright Wiley, 2018.

The latest development of single-atom electrocatalysts possess optimal activity, stability, and
selectivity through the tune strategy of well-defined active centers [51]. MOFs are also used as the
substrate to confine Fe–Co dual atom scale sites. The MOF-derived SACs catalysts were synthesized
through the pyrolysis of encapsulating Fe3+ in a type of ZIF-8 structure Zn/Co bimetallic MOF [52]
(Figure 8). The existence of Fe species may help to modulate the geometric constructions of carbon
support, generate N-doped graphene fragments and defects during the pyrolysis, as well as accelerate
disintegration of metal–imidazolate–metal linkages. The interior cavities and size enlargement
construction through decomposition and graphitization coincide with the Kirkendall effect [28]. All
these factors positively impact the mass transport and electronic transfer in ORR.

Figure 8. Preparation route of (Fe,Co)/N–C, reproduced with permission from [52]. Copyright American
Chemical Society, 2017.
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3. Applications of Fe/Co Bimetallic Electrocatalysts in Electrochemical Reactions

Due to the synergistic effects between Fe and Co in electrochemical reactions, effective
electrocatalysts based on that have been developed for solving energy and environmental crisis.
Among the reactions, hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and
oxygen reduction reaction (ORR) are most widely concentrated on by researchers, owing to their
efficient applications in the energy transfer and conversion process. In the following part, we will
summarize the detailed applications and mechanisms of the Fe/Co bimetallic catalysts.

3.1. HER

Hydrogen is a promising substitute for traditional fossil fuels because of its low pollution and
high energy density, while generating hydrogen by electrochemical methods has been thought of
as an effective and low-cost way. During this process, developing high-efficiency catalysts for HER
is the pivot to decrease the whole cost and enhance the economic value. Electrocatalysts with
excellent HER performance can sharply reduce the electronic energy, thus limiting the cost of hydrogen
production. The HER process occurs via either Volmer–Heyrovsky mechanism or Volmer–Tafel
mechanism depending on different pH values (Equations (1)–(5)). As H* is the only intermediate
involved in the catalytic process in both acid and alkaline electrolytes, the hydrogen adsorption free
energy (ΔGH) is the key indicator for HER catalysts. In the typical volcano plot [53] (Figure 9a), Pt
locates near the top, behaving with the best HER activity. However, the non-precious metals Fe and Co
and their derivatives also perform well, even exceeding Pt in activity and reduction of cost.

H+ + e− → H* (Volmer reaction in acid solution) (1)

H2O + e− → H* + OH− (Volmer reaction in alkaline solution) (2)

H* + H*→ H2 (Tafel reaction) (3)

H+ + H* + e− → H2 (Heyrovsky reaction in acid solution) (4)

H2O + H* + e− → H2 + OH−(Heyrovsky reaction in alkaline solution) (5)

3.1.1. Bimetallic Alloy-Based Electrocatalysts

Among the composites involving Fe and Co, alloys can reflect the synergistic effects of the two
elements most directly. However, the early binary Fe–Co alloy nanoparticles exhibit poor HER activity.
Ahmed et al. [4] microemulsion-based synthesized spherical, uniform, and highly monodisperse
nanoparticles, including Fe75Co25, Fe67Co33, Fe50Co50, and Fe33Co67 with average sizes of 20, 25,
10, and 40 nm, respectively. Electrocatalytic tests indicate that Fe33Co67 nanoparticles show better
performance compared with Fe67Co33 and Fe75Co25 nanoparticles, whereas the HER performance
is still unsatisfactory. To improve the HER activities of Fe–Co alloy-based materials in wide pH
ranges, an N-doped carbon shell is introduced to the catalysts as a substrate. An N-doped carbon
shell can not only provide abundant adsorption sites for H*, but also prevents the aggregation and
combination of the alloy nanoparticles and exposes a larger active area. For HER in acid solution,
Yang et al. [43] reported a facile process to fabricate Fe–Co alloy nanoparticles that are encapsulated
in high-level nitrogen content-doped (8.2 atom%) graphene layers by annealing MOF precursors at
600 ◦C in N2 directly. The HER performance of the material is highly improved compared with the
former Fe33Co67, showing a low onset potential (88 mV) and achieving 10 mA cm−2 at 262 mV in 0.5 M
H2SO4 (Figure 9b). This design employs Prussian blue analogues (PBAs) and transition metals as
precursors, obtaining an ideal electrocatalyst with outstanding stability for HER owing to protection of
the N-doped graphene shell. According to the density functional theory calculation (DFT) (Figure 9c),
the active sites for HER are still mainly the nitrogen atoms doped in carbon matrix as the metallic alloy
is almost encapsulated in graphene layers entirely. Nitrogen doping can improve the activity not only
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by providing adsorption sites for H*, but also by decreasing ΔGH for HER in acid. The alloy core
and the nitrogen-doped graphitic shell can generate the synergism of metal components and carbon
support, which could facilitate HER. ΔGH of pure metal models (Co4 and Co2Fe2) are also calculated
in this work. Both models show relatively negative ΔGH, which is unfavorable for the desorption step.
However, ΔGH of the Co2Fe2 is closer to zero than pure Co, indicating the alloy performs better than
the pure metal, showing the synergistic effect between the metals. Similar alloy materials are also
reported and applied in alkaline solution for HER. Li et al. [37] showed a novel 3D hierarchically porous
flower-like structure of tiny FeCo@NC ultrathin with N-doped carbon nanosheets core-shell groups
dispersed on the surfaces. The reported favorable Fe0.5Co0.5@NC/NCNS-800 sample shows a high
activity for catalyzing HER in 1.0 M potassium hydroxide (KOH), with an onset potential of −63 mV
and a low overpotential of 150 mV to achieve 10 mA cm−2. In order to test where the activity for HER
originates from, pure Fe0.5Co0.5 (reduced by NH3) and acid-Fe0.5Co0.5@NC/NCNS-800 are synthesized
as comparisons. Catalytic activities of both the comparisons obviously decay, demonstrating that only
perfect FeCo@NC core–shell structure could effectively catalyze the HER process in alkaline electrolyte.

 

Figure 9. (a) The typical volcano curve for the hydrogen evolution reaction (HER) performance of
the metal materials in acid solution, reproduced with permission from [53]. Copyright American
Chemical Society, 2010. (b) The polarization curves of FeCo alloy samples of different temperatures;
(c) calculated ΔGH* diagram of some models; the words in the brackets differ from the H* adsorbed
on the graphene side or Co4 side, reproduced with permission from [43]. Copyright Royal Society of
Chemistry, 2015. (d) TEM, HRTEM, and STEM mapping images of Pt81Fe28Co10 nanostructures in a
TriStar shape; (e) Polarization curves for Pt-based alloy TriStar nanostructures in different chemical
compositions compared with Pt/C at the same total metal loading weights in 0.5 M H2SO4 (aq)
electrolyte; (f) calculated projected density of states (PDOS) diagrams for the d orbitals of Pt atoms in
three types of PtFeCo lattices in neutral condition, reproduced with permission from [54]. Copyright
Wiley, 2016.
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Apart from coating the alloy with carbon shells, there are other methods to decorate the alloy,
thereby exhibiting favorable activities in different pH. By combining non-noble metals like Fe and Co
with noble metal like Pt, trimetallic tristar nanostructures were reported by Du et al. [54], and they tuned
electronic and surface structures for enhanced electrocatalytic hydrogen evolution in acid. Different
from the former ones, the activity for HER of the PtFeCo comes mainly from metal Pt. However,
each type of transition metal would have a specific function in influencing the Pt-based alloy material
behaviors for HER. Fe can induce more intense charge polarization on Pt compared with Co, which
coincides with the experimental results of PtFe NP exhibiting higher HER activity. However, when an
Fe atom in the Pt81Fe27 lattice is replaced by Co, the charge accumulation on the Pt atoms close to the
Co would increase, generating highly active sites. As a result, it is necessary to incorporate abundant
Co atoms into the PtFe lattice to form trimetallic alloy. In addition, by calculating the projected density
of states (PDOS) of Pt d orbitals, the PDOS distribution gradually shifts along with the increase of
Co content. By controlling the Co:Fe ratio, the d-band center is adjusted to an optimal distance to
the Fermi level, obtaining the best HER activity (Figure 9d–f). Electrochemical methods are also
widely applied to alloy materials for catalyzing HER in alkaline condition. Müller et al. [55] prepared
Fe60Co20Si10B10 alloy for HER in a rapid solidification process using a melt spinning device. The alloy
with a composition of Fe0.75Co0.25 is suggested to be the active surface species. Liu et al. [56] carried
out a one-step electro-reductive deposition method to form a Fe–Co composite film above carbon fiber
paper in solution. The obtained Fe–Co composite films exhibit efficient electrocatalytic performance
and durability for HER, reaching 10 mA cm−2 at a low overpotential of 163 mV in 1.0 M KOH.

3.1.2. Bimetal Phosphide Electrocatalysts

Since the simple alloys lack sufficient active sites for HER and show poor performance, several
classes of transition metal derivatives have been developed as candidates to replace the rare Pt.
For HER, transition metal-based phosphides (TMPs) have exhibited activities superior to other
types of compounds. By both experimental and theoretical methods for HER in acid environment,
Kibsgaard et al. [8] designed an enhanced transition metal phosphide electrocatalyst. By using DFT
calculation, the ΔGH is consistent with a volcano trend and is located within a narrow range at the top
of the volcano plot (Figure 10a,b). The results show that CoP and FeP exhibit hydrogen adsorption free
energies in each side of the optimum ΔGH value. A Fe0.5Co0.5P with a ΔGH value that is closer to the
optimum value than either the value of CoP or FeP is designed. The high efficiency of such a structure
is also confirmed by experimental methods. Regarding applications of TMPs in wider pH ranges,
Zhang et al. [57] found that the different doping level of Fe in CoP has various effects on catalytic
properties in different conditions. By adjusting the ratio of precursors, hybrids denoted as CoP/CNT
or Co1–xFexP/CNT (with x = 0.1, 0.2, 0.3, 0.4, and 0.5) are synthesized by a simple two-step device.
The catalytic activity of Co1-xFexP/CNT for HER improves following the increase of Fe mixing ratio
from x = 0 to the optimal x = 0.4. The Co0.6Fe0.4P/CNT electrocatalyst can afford a current density of
10 mA cm−2 at an ultra-low overpotential of 67 mV. In alkaline electrolyte, the Co1–xFexP/CNT hybrid
also shows excellent HER activities; however, the trend of performance catalyzing HER along with
the Fe mixing ratio is different from that in acidic solution. With higher content of Fe, the hybrids
exhibit worse catalytic performance. In acid electrolyte, the best activity is denoted by Fe-free CoP/CNT
electrode with only 76 mV to afford 10 mA cm−2. Alloyed Fe–Co mono-phosphide exhibits a medial
ΔGH between that of CoP and FeP, leading to an optimized hydrogen binding. Therefore, the better
HER performance of the obtained Co1–xFexP/CNT catalysts with increased Fe content can be mainly
ascribed to the better hydrogen adsorption thermodynamic on the surface of Co1–xFexP catalyst, which
is induced by Fe-doping. However, in an alkaline condition, the negatively charged P sites play the
role of the proton acceptor centers to facilitate the generation of metal hydrides on the proximate
metal centers. Since the electron negativity of Fe atom is lower than that of Co, more positive charges
on metal sites are expected with increased Fe incorporation. The larger positive charges will induce
stronger adsorption of hydroxyl on metal centers, resulting in less accessibility for proton adsorption
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to form metal hydrides. These factors can explain the opposite trend in alkaline electrolyte induced
by Fe-doping.

Figure 10. (a) The polarization curves per geometric area for transition metal phosphide electrodes.
The inset figure is a zoom-in on a potential region. The polarization curve of Pt nanoparticles (NPs)
is displayed for comparison; (b) activity volcano plot for HER performance, showing the geometric
current density from (a) at η = 100 mV as a function of hydrogen adsorption free energy (ΔGH),
reproduced with permission from [8]. Copyright Royal Society of Chemistry, 2015. (c) SEM image of
Fe-doped CoxP nanocones; (d) XRD patterns of CoxP and Fe-doped CoxP nanocones; XPS spectra of
(e) Co 2p and (f) P 2p for CoxP and Fe-doped CoxP nanocones, reproduced with permission from [58].
Copyright American Chemical Society, 2018.

Compared with FeP, the CoP crystals are easier to form when post-processing the bimetal
precursors like MOF, Prussian blue analogues, and metal hydroxides. The obtained catalysts show
outstanding HER activities in various electrolytes. For example, Guo et al. [58] reported PBAs
nanocones and their transition into Fe-doped CoxP nanocones by intercalation synthesis. The Fe–Co
PBAs nanocones are prepared by an intercalation strategy, employing layer structured α-Co(OH)2 NCs
as self-sacrificed templates. Electrochemical analysis indicates that incorporating Fe can effectively
improve the HER activities in acid solution because of the increase of electrochemical surface area
(ECSA) and more suitable free energy of hydrogen adsorption on Co-centered sites (Figure 10c–f).
For the alkaline electrolyte, Li et al. [59] used cobalt- and iron-containing metal–organic frameworks
(MOF, ZIF-67@MIL-88B) as precursors followed by a phosphorization process, thus obtaining Fe-doped
porous cobalt phosphide polyhedron (Co0.68Fe0.32P). The morphology of the polyhedron structure
remains after the phosphorization process but exhibits high porosity. As-prepared porous Co0.68Fe0.32P
shows a small onset overpotential of 84 mV in 1.0 M KOH and an η10 (the overpotential to achieve the
current density of 10 mA cm−2) of 116 mV. When doping Fe into the CoP, the HER performance will
increase significantly. With its weaker electronegativity, Fe doping results in much weaker binding
between Co and P, leading to the formation of low oxidation state Co and elemental Co. The unsaturated
Co will further change the charge-density distribution on the surface of the electrocatalyst, giving rise
to different H adsorption energies. Prussian blue analogues are also a serious of precursors for Fe–CoP
hybrids. Similarly, Cao et al. [60] studied an easy and practical approach to obtain a bimetal catalyst
by directly synthesizing a Co–Fe Prussian blue analogue on a 3D porous conductive support (nickel
foam), which is then phosphorized into Fe-doped CoP. The Fe-CoP/NF electrocatalyst exhibits efficient
electrocatalytic HER activities with a very low overpotential of 78 mV to achieve the current density of
10 mA cm−2 in 1.0 M KOH.
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On the contrary, Co incorporating FeP nanotubes by a metal–organic frameworks templating
strategy was also proposed by Chen et al. [47] for efficient hydrogen evolution. The Co–Fe–P nanotubes
achieve excellent HER catalytic performance within a wide pH range, reaching 10 mA cm−2 at low
overpotentials of 86, 138, and 66 mV in 1 M KOH, 1 M phosphate buffer solution (PBS), and 0.5 M
H2SO4, respectively. Based on DFT calculations, Co incorporation significantly increases the density
of states (DOS) for d-orbital near Fermi level, resulting in higher electrocatalytic activity. Different
from the discussed situations, Kim et al. [61] fabricated a 3D porous Co–Fe–P framework utilizing an
electrodeposition method. The optimal electrodeposited layers have an amorphous structure while
owning excellent HER performance (73 mV at 10 mA cm−2) in alkaline solution. Except for the synthesis
of metal phosphides, P was also applied for modification. Kuo et al. [62] improved HER activity of
cobalt-doped FeS2 electrocatalysts by surface phosphorization. The P/Co–FeS2 nanocomposites grown
on the carbon fiber paper substrate achieve geometric current densities of 10 mA cm−2 at much lower
voltage of –63 mV compared to that of Co–FeS2 on the substrate (–102 mV).

3.2. OER

Oxygen evolution reaction (OER) is a crucial part in water splitting and recharging metal–air
batteries, whereas it is limited by sluggish kinetics. The mechanisms and pathways for OER are more
complicated than those for HER. Up to this point, Ir/Ru-based metal materials have been regarded as
state-of-the-art electrocatalysts to burst through the kinetic barriers, but their high expense and rare
resources hinder their wider applications. To overcome the difficulties, transition metals and their
derivatives have been developed as candidates to replace the noble metals. It is generally acknowledged
that the OER includes the following steps, where the symbol ‘*’ represents the active sites.

* + OH− → HO* + e− (6)

HO* + OH− → H2O + O* + e− (7)

O* + OH− → HOO* + e− (8)

HOO* + OH− → O2* + H2O + e− (9)

O2*→ O2 + * (10)

3.2.1. Bimetallic Alloy-Based Electrocatalysts

Fe–Co bimetal electrocatalysts exhibit outstanding properties for OER even exceeding Ir/Ru-based
materials due to their synergistic effects. To investigate the intrinsic mechanisms, the Fe–Co alloy
materials are firstly summarized and analyzed. As we know, the nitrogen doped with metal center
is generally regarded as active for OER. For instance, Wu et al. [27] reported a facile preparation of
FeCo@NC core–shell nanospheres with graphene substrate displaying outstanding OER performance
(Figure 11a,b). The process for fabricating the FeCo/NC electrocatalysts is a facile one-step pyrolysis of
graphitic carbon nitride and acetylacetonates. Calculated by the first-principles calculation, the nitrogen
doping can activate the adjacent carbon for the electro reactions by modifying the spin status, charge
density, and energy bandgap. The encapsulated bimetal alloy nanoparticles in the material will
more deeply modulate the electronic environment of the M–N–C sites and enhance the free-energy
of adsorption of the oxygen-containing reactants onto the surface of the catalyst. When pyrolyzing
carbon source and Co containing materials, carbon nanotubes are easy to generate due to the catalytic
effect of Co. As a result, the hierarchical structures consisting of alloy nanoparticles, carbon nanotubes,
and carbon sheets are widely synthesized. Liu et al. [63] also reported a two-step fabrication of
CoFe alloy nanoparticles supported by nitrogen-doped carbon nanosheets/carbon nanotubes for OER.
The CoFe–N–CN/CNTs hybrid material achieves 10 mA cm−2 at a small overpotential of 285 mV and
shows a low Tafel slope of 51.09 mV dec−1. It is hypothesized that the synergistic effect from the
bimetal alloy and nitrogen dopant may be due to the formation of M–Nx active sites. To further prove
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the mechanism, the OER linear sweep voltammetry (LSV) curves are obtained in alkaline solution
with and without SCN−. As a probe, SCN− can poison M–Nx sites through combining strongly with
the M–Nx active sites, thus it can be utilized to investigate the function of the metal-centered sites.
The OER performance of the CoFe–N–CN/CNTs exhibits a negative shift after the introduction of
SCN− ions. The decreased activity can be ascribed to the fact that the CoFe–N–CN/CNTs containing
M–Nx sites play a critical role in the improvement of the OER activity.

Figure 11. (a) OER and ORR activities of FeCo/NC-700, FeCo/NC-800, and FeCo/NC-900 in 0.1 M KOH
solution from 0.4 to 1.9 V; (b) LSV curves of Fe/NC-800, Co/NC-800, FeCo/NC-800, Pt/C, and RuO2

samples from 0.4 to 2.0 V, reproduced with permission from [27]. Copyright Springer Nature, 2017.
(c) The optimized morphology of bare N-GCNT. (d) The isosurface (0.1e Å−3) of charge density variation
in N-GCNT/Fe. Green area represents decrease in charge density (Δρ < 0) and purple area represents
increase in charge density (Δρ > 0). (e) The isosurface of charge density variation in N-GCNT/FeCo.
(f) The simulated density of states for the p orbitals of the active C atoms in N-GCNT, N-GCNT/Fe,
and N-GCNT/FeCo. (g) The free-energy plot of the *OOH, *O, *OH intermediates in the typical 4e−
reaction-pathway for ORR catalyzed by N-GCNT, N-GCNT/Fe, and N-GCNT/FeCo, reproduced with
permission from [42]. Copyright Wiley, 2017.

Similar testimony exists in another work by Liu et al. [64], who developed a bamboo-like
hierarchical structure consisting of CoFe alloy nanoparticles embedded in N-doped carbon nanotubes
supported by reduced graphene oxide, presenting favorable ORR/OER activity and promising
application in Zn–air batteries. In this work, in situ X-ray adsorption spectroscopy is applied
to reveal the detailed origin of the CoFe alloy. In particular, the K-edge X-ray absorption near edge
structure (XANES) spectrum of Fe and Co shows minor variation with larger potential, suggesting the
valence states of Fe and Co do not change, evidently. The corresponding FT-EXAFS data demonstrate
that the length of Fe–Fe bonds experience a variation of extension and then shorten with the increase
of potential, suggesting that the ORR process at lower potentials primarily happens on the Fe species.
On the contrary, the Co–Co bond length sees a process of first decreasing and then increasing with
the increase of potential, indicating the OER at higher potentials mainly occurs on the Co surface.
Moreover, the obvious variation of Fe–Fe and Co–Co bond lengths is found in the generation process
of OOH* and O* species, respectively, which further implies that the active positions of the ORR
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and OER are mainly provided by the Fe and Co species. The investigations prove that the existence
of FeCo could give more active sites for OER and ORR. A similar structure of alloy nanoparticles
wrapped by nanotubes was proposed using an atomic modulation strategy for FeCo–nitrogen–carbon
electrodes by Su et al. [42]. By investigating by both experimental and simulation devices, an efficient
synergetic couple between FeCo alloy and N-doped carbon nanotubes is reported as an appreciable
coordination structure and electronic environment. Due to the effects provided, the catalyst exhibits a
small operating potential of 1.73V to reach 10 mA cm−2 for OER in 0.1 M KOH. As we know, single
metal-based Fe–N–C materials often lack efficient OER catalytic activity. According to this work,
the poor OER activities of Fe–N–C-based materials are mainly because of the semi-conductive FeOOH
species formed in OER process. The weak FeOOH bonding strength also poisons the Fe sites and
consequently falls inactive. As a result, heteroatom doping is a facile strategy to improve the activities,
where the highly OER active Co is thought of as a suitable candidate. This work prepares the efficient
N-GCNT/FeCo with bamboo-like structures by a one-pot temperature-programmed calcination process.
Investigated by XPS, it is found that the bimetal alloy with appropriate Co incorporation content in
N-GCNT/FeCo can dominantly promote the generation of pyridinic N. As widely acknowledged
electro-active sites, the electron-accepting pyridinic N species can give a quite large positive charge
density to the adjacent sp2-bonded C atoms, accelerate adsorption of oxygen-containing reactant such
as OH− and O2, and facilitate the electron transfer between the surface of the electrocatalyst and
intermediates, thus efficiently improving OER activities with fast reaction kinetics. These mechanisms
are also proved by DFT calculations shown in Figure 11c–g. For OER, the rate-determining step is
the second electron transfer step for the prepared three electrocatalysts, with the values of UL(OER),
1.16 V for N-GCNT, 1.45 V for N-GCNT/Fe, and 0.58 V for N-GCNT/FeCo. Obviously, N-GCNT/FeCo
exhibits the most efficient catalytic activity for OER. Therefore, DFT calculations are highly consistent
with the experimental data, shedding light on the synergetic effects between FeCo alloy nanoparticles
and N-GCNT in forming considerable surface electronic modulation and thereby promoting the
OER performance.

MOFs are also acknowledged as efficient precursors for alloy-based catalysts. Feng et al. [65]
prepared a series of CoM (M = Fe, Cu, Ni)-embedded nitrogen porous carbon frameworks by a facile
thermal conversion method with metal-doped zeolitic imidazolate frameworks (ZIF). The optimized
Co0.75Fe0.25 nitrogen-doped carbon catalyst shows a low overpotential of only 303 mV to reach the
current density of 10 mA cm−2. For these samples, the incorporation of the second metal into Co–NC
not only provides more metal-centered active sites, but also changes the electronic environment of the
centers in Co–NC, improving the catalytic activity. The metal alloy and nitrogen could also trigger the
OER activity of the inactive carbon atoms. The enhanced outer graphitic layers would act as active
sites for OER. By now, it has been clarified that the metal sites of CoFe alloy could catalyze the OER.

Although the N-doped carbon-based FeCo bimetal alloy materials display excellent activities
towards OER, hybrid catalysts combining alloy nanoparticles with other metals or derivatives have also
been developed by researchers. By electrospinning Fe/Co–N compounds with polyvinylpyrrolidone
(PVP) and polyacrylonitrile (PAN), hybrid mesoporous Fe/Co–N–C nanofibers with embedded FeCo
alloy nanoparticles were fabricated by Li et al. [40] The FeCo alloy nanoparticles distribute on the
surface of nanofibers uniformly. With increased Fe and Co precursors, the resulting OER activities are
improved, indicating FeCo nanoparticles are active towards OER. Zhu et al. [66] used an in-situ coupling
approach to prepare FeCo alloys and Co4N hybrid for catalyzing OER. The active hybrid is obtained
through a facile pyrolysis of bimetallic porous phthalocyanine-based network. The simultaneous
formation of multiple diverse FeCo alloys and Co4N nanoparticles plays a crucial role for the excellent
OER performance. The new catalyst shows an outstanding OER performance at low overpotential of
280 mV to achieve 10 mA cm−2 and high durability in an alkaline solution. Co3O4-hydroxides (LDHs)
were used as precursors to fabricate Co3O4-doped Co/CoFe nanoparticles by thermal decomposition
by Li et al. [67] The prepared core–shell structure performs excellent OER activities.
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3.2.2. Bimetal Oxides and Hydroxides Electrocatalysts

The development of OER electrocatalysts has been impeded by identifying the catalytic active
sites accurately. However, it is acknowledged that the oxides and (oxy)hydroxides for transition metals,
especially Fe, Co, and Ni, are active for OER.

As for Fe–Co bimetal oxides, there have been conflicting reports about whether the incorporation
of Fe into CoOx could benefit the OER activity, due to the difficulty of quantifying the number
of active sites. A binary transition-metal oxide complex was synthesized by Peng et al. [5] with
morphology of hollow nanoparticles. Utilizing the Kirkendall effect, the hollow polycrystalline and
highly disordered nanoparticles are formed with OER activity in alkali media. Hollow Fe–Co oxide
NPs with different ratios of Fe/Co were prepared and their electrocatalytic performance were tested.
The optimal FexCo100-x oxides NPs results in an excellent performance, and a current density of
10 mA cm−2 is achieved at an overpotential of ~0.30 V. This work shows that the Co-rich surfaces are
active while the presence of surface iron is also critical. However, the origin of the outstanding OER
performance is still blurry. To further clarify the intrinsic electrocatalytic activities of Fe-doped cobalt
oxides for OER, theoretical studies were performed by Kim et al. [68] using first-principle calculations.
The OER mechanisms are analyzed for each site containing the terminal and bridge oxygen sites
neighboring the dopant or Co cations in the molecules. The oxide cluster model shown in Figure 12a,b
illustrates the dopant terminal site, bridge site, and cobalt terminal site. The mechanisms and the
free-energy diagrams for OER of each site of the model were investigated by DFT and given in this
work. As a result, the main efficiency of the enhanced OER activity of Fe-containing cobalt oxides
are supplied by new active bridge sites, rather than the improvement of the terminal sites. This work
helps to deeply demonstrate the OER activity of the Fe-doped Co-oxide-based materials.

Figure 12. (a) Original or Fe-doped Co oxide cluster model with the composition Co6FeO24H27.
(b) The part of the cluster containing the oxygen sites regarded as the OER mechanism simulation.
The cobalt terminal site represents the terminal oxygen connected to the Co ion, located at the second
coordination range of the dopant. The dopant terminal site represents the terminal oxygen connected
to the doped Fe. The bridge site represents the μ2-O bonding the doped Fe and Co ion, reproduced
with permission from [68]. Copyright CCC Republication, 2018. (c) Synthetic process for the fabrication
of the electrocatalysts CIO-1 and CIO-2; (d) powder XRD patterns of CIO-1 and CIO-2. The peaks of
CIO-1 correspond to CoFe2O4 spinel whereas no apparent peaks are observed for CIO-2; (e) cyclic
voltammograms (CV) of CIO-1 and CIO-2 in 0.1 M KOH with a scan rate of 6 mV s−1. Reproduced
with permission from [69]. Copyright American Chemical Society, 2014.

Except for the discussions for the original mechanisms, there are also various reports about the
materials themselves. For instance, Indra et al. [69] made a comparison between the amorphous
and crystalline cobalt iron oxides. By differing solvents and reaction time (Figure 12c) in a simple
solvothermal process, a highly crystalline (CIO-1: CoFe2O4) and an amorphous cobalt iron oxide (CIO-2:
CoFe2On, n = ~3.66) were prepared. As demonstrated in Figure 12e, CIO-2 exhibits higher OER activity
than CIO-1 in alkaline condition, indicating better OER performance. Compared with CIO-1, CIO-2
includes a larger content of low spin Co3+ species, evidencing that the Co3+ in the octahedral structure
improves OER, while the Co2+ in the tetrahedral sites is inactive. In addition, from the XPS spectra for
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Co 2p edges of the samples before and after electrochemical measurement, it can be observed that the
peak broadens and shifts to higher energy for both CIO-1 and CIO-2, proving the generation of Co3+

during the OER. Similarly, the same results are found in Fe XPS 2p peaks. As a result, electrocatalytic
active Co3+ and Fe3+ are generated through the OER process, leading to higher OER activities.

Cobalt iron hydroxide is also regarded as a precious OER electrocatalyst as it can easily combine
with oxygen-containing groups and then change into OER reaction intermediates. Babar et al. [6]
reported a convenient and scalable approach to obtain a 3D self-supported NF electrode substrate
integrated with Co–Fe hydroxide. The obtained CoFe/NF electrode performs excellent OER activity
with a small potential of 1.45 V to reach 10 mA cm−2. Synergistic effects between the metallic characters
of Fe and Co are the main reason for the excellent electrocatalytic activity. The introduction of Fe could
significantly promote the OER performance of Co(OH)2 catalyst because easier OH− intercalation can
be achieved by increasing disorder/porosity as well as more defect or edge sites on Co(OH)2 surface.
The CoFe/NF facilitates the proton-coupled electron transfer steps by forming oxo species at lower
potentials, due to the synergistic couple of Co and Fe. Jin et al. [12] also presented an economic and
highly efficient catalyst for OER, which was denoted as α-Co1–mFem(OH)2. The obtained layered
α-Co4Fe(OH)x nanosheets can catalyze OER at a low potential of 1.525 V to achieve 10 mA cm−2 and a
low Tafel slope of 52 mV dec−1. During the OER test, the first CV cycle of α-Co4Fe(OH)x shows a much
higher anodic peak than the second CV cycle without reduction peak (Figure 13a,b), which coincides
with the previously published result that Co(OH)2 could be irreversibly changed into CoOOH. It is
noticeable that with the increased Fe, the anodic wave of Co2+/3+ shifts positively. This indicates that an
evident electronic function between Co and Fe could modify the electronic environment of α-Co(OH)2

and make Co2+ oxidation more difficult. Besides, the Fe enlarges the spacing between the Co(OH)2

sheets and increases the electrochemical surface area. The DFT calculations also demonstrate that the
introduction of Fe influences the adsorption energy of O and OH, leading to a higher ΔG0

O∗–ΔG0
HO∗

and lower overpotential for OER (Figure 13c–g).
Burke et al. [14] systematically investigated the function of Fe in Co-based materials and the

intrinsic OER activity of Co1–xFex(OOH). The intrinsic OER p of Co1–xFex(OOH) is demonstrated by
turnover frequency (TOF) calculation, which is defined as the number of O2 molecules produced per
second per active site. As Figure 13h,i shows, the intrinsic activity of Co1–xFex(OOH) is ~100-fold
higher for x ≈ 0.6–0.7 than for x = 0 on a per-metal TOF basis. The role of Fe in Co1–xFex(OOH) for OER
could be divided into three aspects. For the structure and electrolyte accessibility, Fe incorporation
would allow for easier OH− intercalation and facilitate the transformation from Co(OH)2 into CoOOH
evidently, due to the increased disordered structure. For the effective electrical conductivity, the FeOOH
films exhibit apparently poorer conductivity than those with Co. However, the addition of Fe into
CoOOH does not enhance the conductivity of Co1–xFex(OOH) compared with CoOOH; there is
only a shift towards more anodic potentials for the beginning of the Co2+/3+ oxidation peak after Fe
incorporation. For the active sites, the results indicate that the intrinsic activity of the iron-based sites is
~130-fold higher than that of the cobalt-based sites. The element Fe provides the primary OER activity
while CoOOH provides an inherently large surface-area and superior conductivity.
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Figure 13. (a) Voltammetry of α-Co4Fe(OH)x in purified KOH showing the difference between the first
and second CV cycles; (b) the first voltammetry of different Co/Fe ratio catalysts showing a systematic
anodic shift of the (nominally) Co2+/3+ wave with the increasing Fe content, O binding on (c) Co(OH)2

and (d) α-Co1–mFem(OH)2, OH binding on (e) Co(OH)2 and (f) α-Co1–mFem(OH)2 (red: Oxygen; pink:
Cobalt; brown: Ferrum; white: Hydrogen); (g) the positions of the pristine and Fe-doped α-Co(OH)2 on
the volcano curve, reproduced with permission from [12]. Copyright Royal Society of Chemistry, 2017.
(h) Turnover frequency (TOF) data depicted based on the total film mass and composition assuming all
metal sites are available for catalysis; (i) voltammetry of Co1−xFex(OOH) showing systematic anodic
shift of the (nominally) Co2+/3+ wave with increasing Fe content, reproduced with permission from [14].
Copyright American Chemical Society, 2015.

Although bimetal oxide and hydroxide have been regarded as outstanding catalysts for OER,
researchers still make efforts to combine them with other components to improve the electrocatalytic
activity. Chen et al. [70] synthesized electrochemically tuned cobalt–nickel–iron oxides by an in
situ electrochemical oxidation approach from their corresponding sulfides. An electrochemical
deposition-sulfurization-tuning strategy was applied for nano-porous transition metal oxides with
significantly enhanced OER activity. The prepared Co–Ni–Fe oxides in situ fabricated on the
3D carbon-fiber electrode exhibits a low potential of 1.462 V at 10 mA cm−2 and a small Tafel
slope of 37.6 mV dec−1. By this approach, the OER activity is enormously enhanced owing to an
enlargement of specific surface area and active catalytic sites caused by the in situ electrochemical
tuning. Zhang et al. [71] developed cobalt–iron phytate (Co–Fe–phy) nanoparticles as OER catalyst,
which has a big degree of amorphization, nano-porous geometry, and large electrochemically active
surface area. The hybrid exhibits a low overpotential of 278 mV at 10 mA cm−2 and a small Tafel slope
of 34 mV dec−1 in 1.0 M KOH. As previously reported, the bulky phosphate could induce the crystal
lattice of the metal to become disordered. Hence, enormous phytate groups may play a similar function
in generation of the Co–Fe–phy, resulting in larger surface area and sufficient active sites. According
to the role of Fe, it is observed that the oxidation peak of Co–Fe–phy shifts positively and becomes
larger compared to Co–phy. The phenomenon could be explained as the doping iron tuning the
electronic states of cobalt-based materials. Similar discussion was given by Liu et al. [72] who reported
a facile approach to a porous iron–cobalt phosphide (Fe–Co–P) alloy structure with good conductivity
employing an Fe–Co bimetal MOF as a precursor. The obtained complex possesses outstanding OER
performance with the typical 10 mA cm−2 being reached at 1.482 V. Density of states (DOS) values
of the Fe–Co–P and the compared FeP and CoP are calculated to inspect the electronic structures.
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The DOS value of Fe–Co–P has a bigger ratio of states located near the Feimi level than that of FeP
and CoP, indicating higher electronic conductivity. The local surface changes of the material during
OER are analyzed by XPS. After electrochemical test, an additional evident peak is observed in the Fe
2p3/2 spectrum corresponded to the generated FeOOH during the electrochemical process. The Co
2p3/2 peaks after OER show a similar valence status with those of fresh Fe–Co–P sample, suggesting
the Co element is stable during the reaction. As a result, the Fe is regarded as being beneficial for
stabilizing the Co-centered species in a low state, resulting in the simultaneous improvement of
activity and durability for OER. Former experimental data and DFT results have demonstrated that
the generation of high-oxidation state M–OOH intermediates is the rate-determining step for OER.
Introducing heteroatoms is thought of as an efficient way to induce easier transformation toward
M–OOH. The boron could debilitate the M–M bonds, thus decreasing the thermodynamic and kinetic
barriers for M–OOH generation. Chen et al. [18] reported an amorphous Cox–Fe–B compound with
a low overpotential of 0.298 V at 10 mA cm−2 for OER. From the experimental results, the function
mechanism of the synergistic effect is demonstrated in Figure 14a; the incorporation of Fe enhances the
third step in the OER process, increasing the quantity of OOH species, while enhancing the conductivity.
The existence of B content decreases the energy barrier for the generation of the OOH.

 
Figure 14. (a) Illustration of the OER mechanism of the synergistic couple of Co2–Fe–B, reproduced
with permission from [18]. Copyright American Chemical Society, 2017. Key partial structures of
(b) Fe3–Fe, (c) Fe3, (d) Fe3–Co2, and (e) Co3–Co2; (f) synthesis demonstration of Fe3–Co2, reproduced
with permission from [73]. Copyright American Chemical Society, 2018.

3.2.3. Dual-Metal M–N–C Site-Based Electrocatalysts

As a facile method to design dual-metal sites, the construction of metal–organic frameworks
has emerged as a series of potential electrocatalysts, as the unsaturated metal centers tend to
be active catalytic sites. An unusual host/guest geometry and modular synthetic strategy was
provided by Shen et al. [73] through a two-step, single-crystal to single-crystal, post-synthetic
modifications, a thermal-, water-, and alkaline-stable MOF [{Fe3(μ3-O)(bdc)3}4-{Co2(na)4(LT)2}3]
(H2bdc = 1,4-benzenedicaboxylic acid, Hna = nicotinic acid, LT = terminal ligand)-containing dicobalt
cluster. The hybrid MOF processes high electrocatalytic oxygen evolution activity with a low
overpotential of 225 mV at 10 mA cm−2 in aqueous solution at pH = 13. By constructing the dual-metal
structure, the paddle-wheel type dinuclear metal carboxylate cluster M2(RCOO)4(LT)2 could be
stabilized in water since the specific coordination geometries give them high adsorption affinities and
low chemical stabilities. The chemical durability of the Fe3–Co2, Fe3, Fe3–Fe, and Co3–Co2 (Figure 14b–f)
are obtained in aqueous solution at different pH values. The Fe3–Co2, Fe3, and Fe3–Fe can remain
undamaged at pH = 13, whereas Co3–Co2 collapses even at pH = 7. In the OER electrocatalytic
investigations, the Fe3–Co2 sample gives much higher activity than the single metal samples, including
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lower overpotential and smaller Tafel slope, indicating the synergistic couple between Fe and Co.
The intrinsic synergistic effect has been proved by dual-metal single-atom catalysts. Due to the
structural homogeneity, single-atom catalysts can facilitate precise identification and characterization of
catalytic active sites. The high atom economy of the single-atom catalysts also coincides with the request
of sustainable development [74]. Using two types of templates concurrently, Li et al. [75] reported
a hierarchical meso/microporous FeCo–Nx–C nanosheets with high OER activity. The synergistic
application of two kinds of templates, an active metal salt and silica nanoparticles, achieves a reversible
catalyst of efficient OER–ORR performance. Compared with single-metal Fe–Nx–CN electrocatalyst,
the obtained bimetal FeCo–Nx–NC possesses lower onset potential and smaller Tafel slope, suggesting
the coupling of Fe and Co with doped nitrogen can tune the electronic environment and surface
polarities and improve the OER performance.

3.3. ORR

As the reverse reaction of OER, ORR occurs in the cathode for recharging process of the metal–air
batteries and fuel cells. Platinum-based materials are thought of as the most efficient catalysts for
proton exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs). However, due
to the high cost and scarcity of Pt, it is essential to develop low-cost materials with high ORR efficiency.
The charge transfer between different metal sites modulates the electronic structures, enhancing the
ORR activity by adjusting the adsorption energy for the intermediates. Among the non-noble metal
catalysts, 3d transition metal-based materials are most promising for their unique catalytic properties.

3.3.1. Bimetallic Alloy-Based Electrocatalysts

For ORR, Fe–Co alloy-based doped carbon hybrid materials are highly desirable due to the
various active sites. Sultan et al. [76] reported a precisely tuned atomic ratio of Fe and Co embedded
in nitrogen-doped graphitic tube (NCT). The optimal Co1.08Fe3.34 complex with M–N bonds exhibits
remarkable ORR activities of an onset potential of 1.03 V and half-wave potential of 0.94 V, surpassing
Pt/C in 0.1 M KOH. The excellent ORR performance is ascribed to the coexistence of Co–N, Fe–N,
and sufficient metallic FeCo alloys, which are inherently better at interacting with reactants and favor
faster electron movement due to the presence of lone-pair electrons. The Fourier transform extended
X-ray absorption fine structure (FT-EXAFS) analysis of cobalt and iron reveals the coexistence of peak
corresponding to Co(Fe)–N and Co(Fe)–Co(Fe). Alloying Fe and Co induces favorable changes in
intrinsic properties by altering the DOS at the Fermi level of the metallic sites, which enhance their
catalytic activity to a large extent. Therefore, not only the acknowledged M–Nx, but also FeCo alloy
provides numerous active sites for ORR, resulting in high electrocatalytic activity for ORR. Moreover,
the high activity and stability also originate from nitriding and encapsulation in the graphitic shell,
which improves the exposed surface of active sites, electronic, and mass transfer. For ORR, a specific
class of metal/N-doped carbon matrix materials, which include N-coordinated sites with iron or cobalt
embedded, have been regarded as promising electrocatalysts. Similar to the mechanisms of nitrogen
doping, some nitrogenous functional groups like 2-pyrridone could also facilitate the complexation
of metal irons, generating applicable precursors of ORR electrocatalysts. For example, Lim et al. [77]
gave a highly efficient non-noble metal catalyst based on poly(vinylpyrrolidone)-wrapped carbon
nanotubes combined with Fe–Co metal ions. First, the nanotubes and PVP are mixed in water with
ultrasonic treatment to obtain a durable dispersion of MWCNT-PVP. A metal loading is then added
to the dispersion and stirred. After pyrolysis in NH3, the hybrid material with Fe and FeCo alloy
nanoparticles wrapped in N-doped carbon nanotubes is prepared. The total metal loading of the
non-noble metal in the FeCo–CNT electrocatalysts is about 1 wt%. During the process, the metal ions
are chemisorbed onto the 2-pyttidone groups, because of the high polarity of the near-planar lactam
ring. It is notable that according to XPS and XRD results, the nature of metallic nanoparticles has
an effect on the formation of nitrogen. Fe nanoparticles induce the generation of graphitic-carbon,
while Co nanoparticles promote the formation of pyridinic-nitrogen and protonated pyridyl moiety.

130



Catalysts 2019, 9, 762

Therefore, the alloy particles have an effect on the ORR performance by both taking part in the
reaction and determining the type of the N species. The MWCNT-FeCo catalyst exhibits an enormous
improvement in the ORR performance with an onset potential and half-wave potential of 0.82 V and
0.73 V compared with the MWCNT-Fe and MWCNT-Co. The improved activities originate from the
active sites provided by FeCo alloy and metal-N4 cores. The Co–N4 and Fe–N4 cores are thought to
generate a face-to-face bimetal structure with a specified stereo distance, which could induce easy
reduction of oxygen to water and facilitate ORR process.

As a typical type of porous materials, MOF materials have been considered as suitable precursors
to derive catalysts with the M–Nx active sites for ORR. Guan et al. [78] developed the “MOF-in-MOF
hybrid” confined pyrolysis method to prepare porous Fe–Co alloy/N-doped carbon cages. The obtained
the obtained Fe0.3Co0.7/BC with porous structures shows superior ORR activity with a half-wave
potential of 0.88 V, which is higher than the commercial Pt/C electrocatalysts (0.855 V). The specific
strategy from MOF provides sufficient N-coordinated bimetallic active sites together with graphitic
N-doped carbon matrix, rendering high activity and selectivity, while the porous structure also
improves the mass and charge transport.

The roles of the alloy nanoparticles and M–Nx sites for ORR were further provided by Tan et al. [79].
A nanofiber network of bimetal/nitrogen co-doped carbon electrocatalyst for ORR shows excellent
activity with the peak potential (Epeak) at 0.85 V. From the TEM and XRD patterns, both cubic CoFe2O4

and cubic FeCo alloy are encapsulated in the N-doped carbon shells. XPS spectrum also shows Fe
and Co are co-doped into carbon. The introduction of metals into a N-doped carbon system can form
different intrinsic active sites such as M–Nx, which gives an indispensable effect on the substantial
improvement of the ORR activity. After the acid-leached dispose for the catalyst, a significant inferior
ORR activity is observed with a potential shift by 51 mV. It can be concluded that upgradation originates
from the activity provided by a bimetallic center (CoFe2O4/FeCo). Regarding the role of the metallic
Co and Fe, the Nyquist plots also indicate that the Fc–F (ferrocenoyl–phenylalanine)/Co@N-C800
shows the lowest charge-transfer resistance, which is possibly due to the Fe and Co inducing the
graphitization of carbon during the pyrolysis process. Higher graphitization degree can improve the
conductivity and stability of the electrocatalyst, resulting in higher activity. In summary, the excellent
performance of the catalyst can be attributed to the coexistence of FeCo alloy, CoFe2O4, and Fe(Co)–Nx

sites, which together provide various active catalytic sites for ORR. The activity from the Fe–Co alloy
has been discussed in this paragraph, while the roles of Co–Fe bimetal derivatives and metal–Nx sites
will be mentioned in the following parts.

3.3.2. Bimetal Derivatives Electrocatalysts

By different precursors and strategies, researchers have developed various bimetal derivatives.
The bimetal oxides exhibit excellent activities for ORR. Typically, a template- and surfactant-free
strategy was provided by Wang et al. [80] to synthesize a hollow Co2FeO4/MWCNT hybrid. The hollow
structure is transformed from the alloy Co2Fe nanoparticles via the Kirkendall effect, which is based
on the different diffusion speeds of different atoms under certain conditions. The specific hollow
morphology with a rough surface can enlarge the active area and improve the mass transfer of
the electrolyte, thus enhancing the electrocatalytic activity. In O2-saturated 0.1 M KOH solution,
the oxygen reduction begins at 0.91 V and the half-wave potential is 0.73 V. The ORR performance
of Co2FeO4/MWCNT is obviously higher than that of Co3O4/MWCNT and Fe2O3/MWCNT samples,
suggesting the synergistic effect from the Co and Fe. A similar trend due to the synergistic effect can
also be observed in hybrids of metallic nanoparticles with metal oxides. Kim et al. [81] rationally
designed a cost-effective and efficient ORR catalyst. Well-distributed nanopolyhedron Co3O4 grows
on nitrogenated graphitic porous two-dimensional layers (C2N), which encapsulates Fe nanoparticles.
The obtained NP Co3O4/Fe@C2N presents outstanding ORR activity with the onset and half-wave
potentials comparable to those of Pt/C. The excellent ORR performance comes from various reasons,
as follows. Firstly, the Fe@C2N catalyst performs superior oxygen transfer and electron tunneling
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with the polar C2N matrices. The iron cores wrapped by the nitrogenated carbon periphery provide
ORR activity and outstanding stability. Then, the increased chemically effective surface area by
introducing Co3O4 is owing to both the improved conductive properties and the induced junction
sites due to the strong function between Co3O4 and carbon matrix. Thirdly, the relative area ratio of
Co3+ to Co2+ in the prepared NP Co3O4/Fe@C2N is higher than that of the hybrid Co3O4+Fe@C2N.
This change gives larger number of donor-acceptor reduction sites, which can also improve ORR
activity. Finally, the introduction of Co3+ induces an increase in oxygen vacancies and results in a lower
ratio of Olattice/Oad, which coincides with the XPS analysis. The lower ratio of Olattice/Oad indicates
the strong interaction between the NP Co3O4/Fe@C2N and surface oxygen-adsorbed species, thus
enhancing the electrocatalytic activity. Furthermore, the decreased Olattice binding energy is proposed
to increase the electron donor capacity related to the improved ORR activity, resulting from the
synergistic effect between Co3O4 and C2N network. Wang et al. [82] presented cobalt–iron (II, III) oxide
(Co–Fe3O4) hybrid nanoparticles supported by carbon as an efficient catalyst of ORR in alkaline media.
The Co–Fe3O4 hybrid nanoparticles embedded on carbon substrate (Co–Fe3O4/C) are synthesized by a
two-step strategy. Co nanoparticles are prepared first and Fe3O4 nanoparticles are then fabricated onto
them. The Fe3O4 possesses a cubic inverse spinel structure as well as a close-packed, face-centered
cubic configuration of O2− ions, where each Fe2+ ion occupies half of the octahedral structures while
the Fe3+ ions are distributed uniformly between the left octahedral structures and the tetrahedral
structures. Based on the square wave voltammetry (SMV) results (Figure 15), it can be concluded
that the Fe2+/Fe3+ transition of Co–Fe3O4/C apparently has higher potential than Fe3O4/C. The anodic
shift of Co–Fe3O4/C will lead to higher ORR activity. From the EXAFS spectrum of Co K-edge and Fe
K-edge, the specific peak is at 3.21 Å, which corresponds to the substitution of Co2+ ion by Fe2+ ion to
form Co–O–Fe in the hybrid. This replacement may cause the change of the cationic distribution of the
catalytic surface, improving the ORR performance. XAS results indicate that the distance of Fe–O and
the Fe–Fe in Fe3O4 differ throughout the structure, forming lattice strain in Co–Fe3O4/C. The desorption
and adsorption of the oxygen-containing O and OH intermediates are the two determining steps of
ORR, in which the lattice strain would have an effect on the oxygen binding energy and change the
ORR efficiency.

Figure 15. XANES spectra for (a) Co K-edge and (b) Fe K-edge; extended X-ray absorption fine
structure (EXAFS) spectra for (c) Co K-edge and (d) Fe K-edge, (e) square wave voltammetry (SWV)
curves of Co–Fe3O4/C, Fe3O4/C, and Co/C tested in 0.1 M KOH, reproduced with permission from [82].
Copyright Elsevier, 2015.

Apart from metal oxides, there are other classes of derivatives synthesized by scientists.
For instance, Jin et al. [83] reported a carbon iron 3D porous carbon-supported carbonate hydroxide
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hydrate as efficient and stable ORR electrocatalysts. This experiment innovatively applies super
absorbent polymer (SAP) to provide carbon source, which is the important constituent of baby diapers
with efficient adsorption of water and ions. The obtained cobalt iron carbonate hydroxide hydrate
in situ loaded on 3D porous carbon (CICHH@C) is prepared by a two-step strategy (Figure 16a–d).
Firstly, the mixture is freeze-dried. Then, the resulting mixture is calcined and cooled down to
environment temperature. During the preparation, the addition of potassium hydroxide is the key
step because it could both accelerate the hydrolysis reactions to form colloid intermediate and induce
the graphitization by consuming the amorphous carbon. This CICHH@C exhibits fast ORR kinetics
and excellent catalytic activity with a small half-wave potential (0.780 V) and a low Tafel slope
(73 mV dec−1). As a Co–Fe binary material, CICHH is a novel low-cost material for ORR catalysis, of
intrinsic superior activity. In addition to SAP, biomass has also been used as precursors for bimetal
ORR electrocatalysts. As reported by Sun et al. [84], a three-dimensional hierarchically porous carbon
framework embedded with cobalt–iron–phosphide nanodots nanocomposite was synthesized through
a lyophilization–pyrolysis–phosphorization process, in which egg white is chosen as the precursor of the
N-doped carbon matrix due to its high nitrogen content. The egg white dispersion containing metal ions
is freeze-dried and then pyrolyzed in Ar atmosphere to form a 3D honeycomb-like morphology. After
a phosphorization process, CoFeP nanoparticles anchored on the conductive substitute are obtained.
The XRD patterns clearly shows that once Co and Fe are doped simultaneously, a synergetic effect
would happen between Fe and Co, leading to the different structures of the phosphides. XPS results
also prove the existence of interactions between Fe and Co, achieving superior catalyst performance.
The ORR performance of the materials in 0.1 M KOH is measured by the rotating disk electrode method.
The onset potential and half-wave potential of the CoFeP/EWC sample is 0.94 V and 0.83 V respectively,
much higher than those of Co2P/EWC and Fe2P/EWC.

Figure 16. (a) The synthetic scheme of CICHH@C, (b) SEM image of CICHH@C, (c) TEM image of
CICHH@C. (d) the C, O, Fe, and Co element mapping of CICHH@C, reproduced with permission
from [83]. Copyright Elsevier, 2018. (e) A hypothetical chemical structure of Fe- and Co-coordinating
melamine-formaldehyde resin (FeCo-MFR), (f) steady-state polarization curves of ORR for the
FeCo-MFR (1), FeCoPANI (2), and Pt/C (3) electrodes in the phosphate buffer solution (PBS) solution,
reproduced with permission from [85]. Copyright Royal Society of Chemistry, 2013.
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3.3.3. Dual Metal M–N–C Sites-Based Electrocatalysts

To investigate the active M–Nx sites of ORR, a series of macrocyclic organic compounds containing
both Co and Fe are fabricated as precursors of the electrocatalysts. Zhao et al. [85] synthesized a stable
Fe/Co/C/N nano-porous structure using melamine network polymers as carbon and nitrogen source.
The predicted chemical structure of the Fe- and Co-coordinating melamine formaldehyde is shown in
Figure 16e. The procedure of the synthesis includes hydroxylation of melamine with formaldehyde,
polymerization with carbon supports, coordination of transition metals, and pyrolysis. By this method,
the Fe/Co/C/N catalyst behaves with an onset potential of 0.88 V and a half-wave potential of 0.78 V in
neutral media (Figure 16f). Corresponding to the XPS analysis, pyridinic-N is suggested to constitute
the main transition metal-binding site in the M–CN material. Protons can be trapped by free pyridinic-N
and subsequently transferred to active sites for ORR. To arrange the Co and Fe species with more
precise control, Lin et al. [86] altered monomeric iron and cobalt metalloporphyrins to fabricate
heterometal-embedded organic conjugate frameworks (N–FeCo–C). The ordered distribution of iron
and cobalt represents that the innovative method realizes the uniform of active components. The pore
volume can also be tuned by utilizing diverse types of monomers with different geometries. In both
acid and alkaline electrolyte, the heterometallic product shows excellent ORR activity compared to the
pure-Co(Fe) containing samples. In 0.1 M KOH, the PCN-FeCo/C gives the onset potential of 0.90 V
and the peak potential of 0.88 V, while in 0.1 M HClO4, the onset and half-wave potentials value 0.90 V
and 0.76 V, respectively. From XPS measurements, the peaks at 710.8 eV and 780.6 eV are assigned to
Fe and Co respectively, which prove the existence of Fe–Nx and Co–Nx sites for providing high ORR
performance. The durability may derive from the high graphitization of carbon structures, which is
partly induced by Co. Similar active sites were also mentioned by Zhang et al. [87] by reporting a facile
approach to Fe–Co and nitrogen co-doped 3D porous graphitic carbon networks. A facile and rational
two-step route is provided to prepare the efficient bimetal ORR catalyst, which exhibits a smaller onset
potential (1.05 V) than the single-metal comparisons and a low Tafel slope (65 mV dec−1) in 0.1 M KOH.
The observed excellent ORR performance is owing to its hierarchical porosity and the synergistic effect
of Fe and Co co-doping, which improve the reactant and electrolyte and provide accessible active
sites including pyridinic N and metal-bonded N. The development of single-atom catalysts provides a
more detailed and intrinsic origin for the M–Nx sites. Wang et al. [52] designed a stable and efficient
non-platinum catalyst for ORR based on N-coordinated dual-metal sites. A host–guest strategy is
developed to construct the material within the confined space of MOFs. A type of Co/Zn bimetallic
MOF served as a host to absorb FeCl3 molecules with cavities. During the preparation, a double
solvents method is applied to remit the diffusion resistance due to the narrow aperture. The X-ray
adsorption fine structure spectroscopy and Mössbauer spectroscopic both prove the single-atom
structure of the Fe and Co. From theoretical simulation and EXAFS results, the coordination structure
is confirmed and shown in Figure 17a–f. The catalyst displays remarkable ORR activity, with the
onset potential of 1.06 V and half-wave potential of 0.863 V in acid electrolyte. The ORR mechanism
is simulated by employing DFT calculation and utilizing a simulated model with Fe–Co dual sites
deposited on N-doped graphene, which is depicted in Figure 17g. The calculation indicates the break
of the O–O bond easily occurs on Fe–Co dual site, the reason for which is owing to strong bond of
O2 molecule on the dual site. The Fe–Co dual site provides two anchored position for the free O
atoms, resulting in a stable output and exothermic reaction heat. Based on the calculation results,
the rate-determining step of ORR is the hydrogenation step of changing adsorbed OH to H2O with
an energy barrier of 0.26 eV, which is much lower than that of the rate-determining O–O bond break
on Fe/N–C (0.65 V) and Pt-based materials (~0.80 eV). In summary, the (Fe, Co)/N–C dual site favors
breaking of the O–O bond, leading to a higher ORR selectivity and efficiency to the four-electron path.
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Figure 17. (a) XANES spectra of Fe L-edge of the prepared (Fe,Co)/N–C and FePc. (b) Fe Mössbauer
transmission spectra measured at 298 K for (Fe,Co)/N–C, and fittings with spectral components. (c) N
K-edge XAS spectra of Fe SAs/N–C, Co SAs/N–C, and (Fe,Co)/N–C. (d) Comparison between K-edge
XANES experimental spectrum of (Fe,Co)/N–C (black dashed line) and simulated spectrum obtained
with depicted structure (solid red line). (e) Corresponding Fe K-edge EXAFS fittings of (Fe,Co)/N–C.
(f) Hypothetical structures of Fe–Co dual sites. (g) Energies of intermediates and transition states in
mechanism of ORR at (Fe,Co)/N–C from density functional theory calculation (DFT), reproduced with
permission [52]. Copyright American Chemical Society, 2017.

4. Conclusions

In spite of the enormous progress already achieved in fabricating bimetallic electrocatalysts
with various methodologies, challenging opportunities for optimized and novel synthesis process,
which deeply influence the catalytic activity, still remain to be grasped for electrocatalytic applications.
In this review, we firstly categorize catalyst supports in the synthesis progresses, including carbon
and MOF-based supports, which affect the surface and electronic structure, and further determine
the mass transfer and electronic transport in the reactions. Methods such as hydrothermal and
solvothermal treatment, electrospinning method, ball milling, and pyrolysis, etc., have been utilized
in the construction of highly efficient Fe/Co bimetallic nanoparticles or even atoms decorated with
electrocatalysts. The introduction of the catalysts supports great improvements in the electrical
conductivity and the texture structure of the catalytic materials, confines the nanoparticle size uniform
distribution, and benefits the exposure of the active sites in the reaction process. Furthermore,
we reviewed the outcomes of Fe, Co, and their derivatives, combined with hybrid materials for
energy-related electrochemical reaction, including HER, ORR, and OER, emphasizing the synergistic
effects between the bimetal content and their supports, and the correlation of the material structure
with the electronic structure for enhanced electrocatalytic performances. The specific active structures
and the mechanisms for the energy-related reactions are characterized and simulated. The synergistic
coupling effect of substrates and the active metal phase further facilitates better charge transfer, and
thus enhances the activity more forward. Incorporation of heteroatoms (N, P, B) into the lattice of
carbon material and MOFs, altering the electronegativity of the support, is speculated to greatly
ameliorate the electrocatalytic water splitting performance via modulating the electronic structure.

Therefore, the concepts in catalyst design, advanced approaches in determining active sites and
intermediates, are imperative for the electrocatalysts. The molecule design, as well as the combination
of computational and experimental methods, have significantly influenced understanding of the
reaction mechanisms and led to the development of advanced electrocatalysts.

It may help to investigate the hybrid synthesis progress and material structure effect on the particle
size and dispersion situation, metal–support interactions, charge transfer, and adsorbing energy of
certain intermediates. However, the chemical modification of the catalyst with multi-atom doping and
multilevel structure make the materials more complicated and difficult to identify actual active sites.
Specifically, the single-atom catalysts combining both metals, especially those containing dual-metal
sites as catalytic active positions, are still urgently needed. The theoretical significance of accurately
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identifying the catalytic active sites of the single-atom catalysts is promising and notable. However, to
design and construct catalysts that could ideally link theoretical calculation and intrinsic properties
of the material is still a tough challenge. Herein, it is critical to fill the gap between the theoretical
models and experimental methods. Furthermore, considering the intrinsic properties of the transition
bimetallic catalysts, more energy-related applications remain to be explored in width and depth.
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Abstract: Photochemical water oxidation, as a half-reaction of water splitting, represents a great
challenge towards the construction of artificial photosynthetic systems. Complexes of first-row
transition metals have attracted great attention in the last decade due to their pronounced catalytic
efficiency in water oxidation, comparable to that exhibited by classical platinum-group metal
complexes. Cobalt, being an abundant and relatively cheap metal, has rich coordination chemistry
allowing construction of a wide range of polynuclear architectures for the catalytic purposes. This
review covers recent advances in application of cobalt complexes as (pre)catalysts for water oxidation
in the model catalytic system comprising [Ru(bpy)3]2+ as a photosensitizer and S2O8

2− as a sacrificial
electron acceptor. The catalytic parameters are summarized and discussed in view of the structures
of the catalysts. Special attention is paid to the degradation of molecular catalysts under catalytic
conditions and the experimental methods and techniques used to control their degradation as well as
the leaching of cobalt ions.

Keywords: polynuclear cobalt complexes; water oxidation; artificial photosynthesis

1. Introduction

Currently, worldwide energy demand is satisfied mostly with fossil fuels, such as gas, oil, and
coal [1,2]. Although these energy resources are rather easy to use, they contain a few principal
drawbacks: limited stock, high consumption of O2 as well as high CO2 emission and, finally, high risk
of environmental pollution. It is for these reasons that the search for highly efficient energy sources
has been of high interest during the last decades. The use of sunlight, as an inexhaustible energy
source with the ground level flux of ca. 1360 W m−2 [3], is an attractive alternative to fossil fuels. The
chemical approach to sunlight energy utilization is to develop photo-driven processes able to replace
the existing environmentally non-friendly ones. The photosynthesis of carbohydrates from CO2 and
water, occurring in natural biosystems, represents a perfect model to be studied [4]. The energy for
this process is provided by photosystem (PSI and PSII) protein complexes, and through the formation
of ATP and NADPH under visible light exposure. In brief, (for recent reviews see [5–10]), upon
irradiation, the photosensitizer (chlorophyll) in the PSII abstracts electrons from a water-oxidizing
complex (WOC). The latter oxidizes water and releases O2 to close the catalytic cycle within the PSII
system. The four-electron process of water oxidation, which also produces four protons, consumes
significant energy and, at the same time, is potentially attractive for practical applications when protons
are reduced to H2 [10–12].

While the existence of biological photosynthesis has been known for a long time [13], the principal
details about the structure of the PSII and WOC were obtained only in 21st century [14,15]. The first
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single crystal X-ray structure analysis of the catalytically active PSII from cyanobacterium at 3.8 Å
resolution was accomplished in 2001, but the structure of the WOC was not resolved in detail [16].
Just few years later (in 2004 and 2005) a better set of data, collected at 3.5 and 3.0 Å resolutions,
allowed researchers to propose a cubane-like Mn3CaO4 structure of the WOC [17,18]. In 2011 the
experimental results were improved by collecting the data at 1.9 Å [19], revealing that the structure of
the WOC contains four manganese atoms, where cubane fragment Mn3CaO4 is accompanied with
the fourth Mn atom bridged to cubane with two oxygen atoms (Figure 1). The oxygen-evolving
mechanism presumes stepwise oxidation of manganese atoms to MnIV and/or MnV with formation of
high-valent metal-oxo species, which oxygen atoms “join” to release O2 molecules [5,20–22]. The role
of redox-inactive calcium is still not fully clear [5,23]. Most probably, the calcium center acts as a Lewis
acid and coordinates water molecules, thus assisting the mechanism [23,24]. Calcium could influence
the redox potentials of the manganese cluster, as evidenced by the model studies [25–27]. Also, it
was demonstrated that Ca2+ is required for the assembly of the oxygen-evolving center (OEC) [23,28].
The mechanism of action of the PSII has been the subject of numerous experimental and theoretical
investigations (which are far from the final conclusion) and we would like to refer readers to the recent
reviews on this topic [5,6,8,9,15].

Figure 1. Overall structure (left) and Mn4CaO4 site (right) in PSII (PDB code 3WU2). Colour scheme:
Mn, violet; Ca, grey; O, red; N, blue; C, grey (small balls). M–O–M bonds are highlighted by yellow.

From the point of view of coordination chemistry, the complex bearing Mn3CaO4 or Mn4CaO4

core looks relatively simple. Cubane, M4(μ3-O)4, is the most widespread molecular structure type for
tetranuclear coordination compounds [29] with more than 1000 examples in the Cambridge Structural
Database (CSD) [30]. Discovery of the WOC structure of the PSII, inspired chemists to synthesize
model coordination compounds having related polynuclear assemblies (biomimetic approach) and
redox potentials [25–27]. The principal idea of this approach was to design well-defined molecular
systems that allow for the studying of the mechanisms of action. An artificial water oxidation system
comprises the same principal components as the natural one: photosensitizer, catalyst, and electron
acceptor [10,31]. One of the most simple, efficient, and studied photosensitizers is [Ru(bpy)3]2+ (bpy =
2,2’-bipyridine) [10,32]. Absorption of a visible light photon with λ = 450 nm transfers this complex to
an exited state which easily loses electron to produce [Ru(bpy)3]3+, a strong oxidant. Sacrificial electron
acceptor is required for this scheme of action. The most common known is persulfate, S2O8

2− [10,33].
Finally, a buffer is required for keeping the pH value at the proper level. The overall catalytic system
for the screening of the WOC activity is depicted in Scheme 1. A large series of metal complexes
have been tested as WOCs using this scheme, mainly compounds of ruthenium and iridium [10,31,34].
However, the first-row transition metals, as the more abundant and less expensive ones, also represent
a great interest form a practical point of view [35–38]. In this review we focus on the cobalt polynuclear
complexes as the catalysts for light-driven water oxidation, with special attention to their stability
under the studied catalytic conditions.
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Scheme 1. General functioning mechanism of the light driven water oxidation system [Ru(bpy)3]2+/
Catalyst/S2O8

2−.

Despite the impressive number of H2-evolving water splitting (reduction) cobalt catalysts [39], the
field of cobalt-catalysed water oxidation has risen only during the last decade. The activity of simple
cobalt compounds (salts and oxides) in the catalytic chemical water oxidation with [Ru(bpy)]3+ or other
strong oxidants has been known for some time [10], but did not attract much attention until 2008, where
Kanan and Nocera presented the Co-P electrocatalytic film for water oxidation formed in situ from
aqueous Co2+ in phosphate buffer at neutral pH [40]. In 2009, Jiao and Frei reported the light driven
system with the Co3O4 nanoparticles as a WOC, operating at mild conditions (room temperature
and pH 5.8) [41]. The system [Ru(bpy)3]Cl2/Co3O4/Na2S2O8 shows the TOF (turnover frequency,
moles of product produced per mol of catalyst per a certain period of time) of more than 1000 s−1

per Co3O4 nanoparticle. For comparison, the TOF of the natural PSII is estimated at 100 to 400 s−1

level in live cells and 1000 s−1 in vitro [42]. Just one year after, in 2010, a study was published that
highlighted a stable carbon-free WOC based on tetranuclear cobalt moiety [Co4(H2O)2(PW9O34)2]10−

for chemical water oxidation with [Ru(bpy)]3+, allowing the TOF of 5 s−1 and TON (turnover number,
moles of product per mol of catalyst) of 78, and then (in 2011) for light-driven oxidation to reach the
TON of > 220 [43,44]. Remarkably, in the same year, 2011, Stracke and Finke reported that under the
conditions of electrocatalytic water oxidation, this compound releases Co2+ ions to form CoOx as an
active catalyst [45]. These reports caused considerable interest in the field but also demonstrated the
complexity of the problem of clear identification of the true WOC.

2. Mono- and Binuclear Cobalt Complexes

The complex [Co(L1)] (1) (Figure 2) with Schiff base ligand H2L1 (N,N′-bis(salicylidene)
ethylenediamine, known also as “salen”), shows high TON and TOF values, as well as the quantum
yield of O2, using [Ru(bpy)3](ClO4)2 as a photosensitizer (Table 1) [46]. When the ClO4

− anion was
replaced with Cl− or SO4

2− one the TON drops to ca. 780 and 190, respectively. Complex 1 retains its
activity when [Ru(bpy)3](ClO4)3 was used as a terminal chemical oxidant, although showing lower
catalytic parameters (Table 1). Further investigations disclosed that 1 was a pre-catalyst and its catalytic
activity was associated to cobalt nanoparticles formed during the photocatalysis. According to ESI-MS
(electrospray mass spectrometry) and DLS (dynamic light scattering) measurements, complex 1 was
shown to be stable in the presence of the main components of the catalytic system, in the absence of
light. However, after illumination the presence of nanoparticles of various sizes (1–1000 nm) were
detected by the DLS method. Moreover, no signals from salen ligand were observed by 1H NMR,
suggesting its complete decomposition. The precipitate formed after the illumination was recovered
and used again as a catalyst, showing somewhat lower water oxidation activity than 1 (40.9 and
54.6% of the yield of O2 based on S2O4

2−, respectively). The cobalt nitrate was tested as WOC (31a,
Table 1) under the same conditions as above, showing nearly the same TON as 1 as well as similar O2

accumulation kinetics [46]. Cobalt salts form CoOx nanoparticles in the [Ru(bpy)3]2+/S2O8
2− water

oxidation systems (31–33, Table 1), providing a non-direct proof for the instability of 1, which appears
to be just a pre-catalyst.
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Figure 2. Structures of complexes 1–5. Color scheme: Co, pink; O, red; N, blue; S, yellow; C, grey.

Complexes of porphyrin ligands are known to catalyze a wide range of reactions due to the
pronounced stability of porphyrins, their redox activity, and ability to stabilize high-valent metal-oxo
species of iron, manganese, ruthenium, and other metals [70–72]. A series of the water-soluble
porphyrin complexes of cobalt have been tested as WOCs. The best results were obtained using the
catalyst [Co(TPPS)] (2) with porphyrin ligand TPPS (meso-tetrakis(4-sulfophenyl)porphyrin) (Figure 2),
reaching the TOF value of 0.17 s−1 at pH 11 [47]. At lower or higher pH, TOF did not exceed 0.05 s−1.
From the second order dependence of the initial rate of O2 formation on the [2]0, as well as from the
DFT calculations, it was proposed that two molecules of 2 are required for completion of the water
oxidation catalytic cycle. The proposed catalytic cycle presumes coupling of the Co–O• radicals as
the principal mechanistic step, corresponding to the so-called I2M type of mechanisms (Scheme 2) [7].
One may notice, however, that for the electrocatalytic water oxidation catalyzed by cobalt porphyrins,
the water nucleophilic attack (WNA) mechanism was proposed [73]. No nanoparticles formation
was observed by DLS measurements. Appearance of the Soret band of porphyrin after mixing of
[Ru(bpy)3]3+ with 2 also suggests that 2 is responsible for the catalytic activity. An unusual feature of
this catalytic system is the use of nitrate salt of the [Ru(bpy)3]2+ photosensitizer (Table 1) instead of
common chloride or perchlorate ones.

Two complexes, 3 and 4, with polypyridine ligands (Figure 2) were tested as WOCs and revealed
similar activities (Table 1) [48]. Chemical oxidation with [Ru(bpy)]3+ was performed resulting on TON
values of 160 and 70 for 3 and 4, respectively. No formation of cobalt oxide nanoparticles or leaching of
the cobalt ions was observed under catalytic conditions (both in light-driven and chemical oxidations),
as evidenced by ESI-MS and DLS tests. The authors proposed the existence of two active intermediates,
which ratio is defined by relative stability of the molecular intermediate [48]. One may notice that very
low concentrations of the catalysts in the case of 3 and 4 (0.2 μM) may prevent correct determination
of the nanoparticles or other decomposition products by conventional methods.
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Scheme 2. Proposed pathways for the O2 formation in the water oxidation catalyzed by 2.

A series of mononuclear cobalt complexes with polydentate N-donor ligands was prepared
and studied as catalysts in the light-driven water oxidation. The most active complex [Co(L3)] (5)
having tris(N,N’-(dimethylamino)ethyl)amine ligand (Figure 2) showed the TON values up to 54 and
quantum yield of O2 up to 32% (5a, Table 1) [49]. Very similar results were obtained for Co(NO3)2

as pre-catalyst (31b, Table 1), suggesting decomposition of complex 5 under catalytic conditions.
Formation of nanoparticles with sizes ranging from 10 to 50 nm was confirmed by DLS and TEM
(transmission electron microscopy) for the case of 5. The size of particles and their aggregation behavior
were different for 5 and Co(NO3)2. Moreover, the dependence of the yield of O2 on the pre-catalyst
concentration showed no changes at [Co(NO3)2]0 > 1 mM, while for [5]0 > 0.1 mM the catalytic activity
showed rapid decay until no evolution of O2 at [5]0 = 2.5 mM. Formation of CO2 in the catalytic system
[Ru(bpy)3]2+/5/S2O8

2−, with elevated concertation of persulfate (50 mM), unambiguously pointed
out the oxidation of organic ligand of 5. The authors concluded that although complex 5 (and other
complexes of the series) acts as a pre-catalyst, the nature of the ligand influences the structure and
composition of the oxide nanoparticles formed and therefore the catalytic activity as well [49]. As a
final remark, one may notice a strong influence of the nature of anion of [Ru(bpy)3]2+ photosensitizer,
where perchlorate system (5a) is six times more active than the chloride one (5b).

The cobalt complex [Co2(μ-OH)2(TPA)2](ClO4)4 (6) with tris(2-pyridylmethyl)amine (TPA) was
synthesized by dimerization of the mononuclear complexes [CoIII(TPA)Cl2](ClO4) in the presence of
AgClO4 as a halogen acceptor [50]. The crystal structure of 6, features a binuclear core where metal
atoms are mediated by the bridging oxido ligands (Figure 3). The highest TON of 742 was obtained
for low concentration of the catalyst (6a, Table 1). Increase of [6]0 led to lower evolution of O2 (6b).
Chemical water oxidation with [Ru(bpy)]3+ showed the TON of 4.3. According to DFT calculations,
the active species are formed from the two-electron oxidation of 6 (Scheme 3). As evidenced by the 1H
NMR and DLS experiments performed for [6]0 = 0.4 mM, complex 6 is stable during the photocatalytic
reaction. Also, no CO2 evolution, attributable to TPA ligand oxidation, was detected. These results are
in accord with the ones observed for the TPA family of ligands in various oxidative processes. For
instance, iron complexes with TPA are known to stabilize FeIV and FeV species capable of abstracting
H atoms from sp3 C–H bonds [74,75].
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Figure 3. Structures of complexes 6–8. Color scheme: Co, pink; O, red; N, blue; S, yellow; C, grey.
Co–O–Co bonds are highlighted by yellow.

Scheme 3. Proposed pathways for the O2 formation in the water oxidation catalyzed by 6.

In contrast to 6, obtained from the CoIII starting material, dimerization of [CoII(TPA)Cl]Cl
complexes in the presence of LiClO4 in open air, led to in situ oxidation of cobalt to Co3+ and formation
of the Co–O–O–Co bridge in the complex [(TPA)Co(μ-OH)(μ-O2)Co(TPA)](ClO4)3 (7) (Figure 3) [51].
The compound was found to be stable at ambient conditions and showed moderate activity as a WOC
at pH 8 with TON = 58. The authors performed DLS measurements and concluded that no CoOx

nanoparticles are formed during the photocatalytic reaction, while the control DLS experiment using
Co(ClO4)2 as a catalyst revealed nanoparticles with ca. 100 nm size after irradiation. However, just
two years later these results were reinvestigated by a different group of authors [52]. The use of an
extended set of methods disclosed that the catalytic system based on complex 7 is in fact heterogeneous
and contains CoOx nanoparticles. Specifically, the water oxidation activity using the pre-catalyst 7 was
completely suppressed when adding chelating ligands such as EDTA (ethylenediaminetetraacetic acid)
or bpy (Figure 4a). The presence of just 0.1 mM of EDTA led to zero yields of O2 for 0.5 mM of 7. The
test with bipyridine requires its larger amounts, but one equivalent of bpy (5 μM of bpy per 5 μM of 7)
is enough for quenching the catalytic activity of 7 [52]. Such behavior is consistent with that observed
for Co(ClO4)2 salt as a catalyst, which activity at 0.7 μM concentration (32a, Table 1; Figure 4b) is
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completely quenched with eight equivalents of bpy (32b, Table 1). A question appears, namely, why
earlier DSL measurements did not detect nanoparticles presumably formed upon degradation of
complex 7? A general explanation could be the different experimental conditions in these cases. It was
mentioned that the DLS method might not detect small particles (at low amounts) formed in the course
of reaction. Also, as can be seen from the systems 31 and 32 (Table 1), cobalt cations act as very efficient
pre-catalysts at micromolar concentrations. Thus, even a small leaching of cobalt cations (captured
by EDTA and bpy) from the initial coordination compound may be responsible for the pronounced
catalytic activity, initially associated to the complex. In any case, these studies clearly demonstrate that
the conclusion about the catalyst stability should not be made based on a single experimental method,
such as DLS.

(a) (b)

Figure 4. Accumulations of the oxygen in the course of water oxidation catalyzed by complex 7 (a) or
Co(ClO4)2 (b), in the presence of various amounts of bipyridine (bpy) chelating agent. Adapted with
permission from [52], American Chemical Society, 2016.

By reacting of the Schiff base ligand, N,N-bis(pyridin-2-ylmethylene)ethane-1,2-diimine (L4), and
Co(ClO4)2 in excess of pyridine the binuclear complex [(L4)CoIII(μ-OH)(μ-O2)CoIII(L4)](ClO4)3 (8) has
been prepared [53]. The structure of its core is similar to that observed for 7 (Figure 3). The light-driven
water oxidation activity was studied by the independent group of authors, revealing TON values and
oxygen concentrations much higher than those for 7 (Table 1). However, the tests performed in the
presence of bpy ligand showed complete suppression of the catalytic activity with five equivalents of
bpy (7b, Table 1), indicating that the observed activity could be associated to the free cobalt cations,
rather than complex 7.

3. Tetranuclear Cubanes Co4O4 or Co4−xMxO4

In 2011 McCool at al. reported the water oxidation catalytic activity of the tetranuclear complex
[CoIII

4O4(Ac)4(py)4] (9) [54]. This coordination compound was known earlier, and was also studied as
a catalyst for the alcohols oxidation [76]. Its structure (Figure 5) represents a cubane core Co4(μ3-O)4,
resembling that found in the PSII protein (CaMn3O4). The TOF of 0.02 s−1 exhibited by 9 for the
light-driven oxidation was among, as of 2011, the highest known, resulting in high interest in the
tetranuclear cobalt complexes as WOCs. The stability of the catalyst under the conditions of experiment
was confirmed by the 1H NMR (constant signals from acetate and pyridine ligands). Furthermore, the
authors studied dependence of the lag time on the catalyst concentration. Lag period is expected when
a catalyst undergoes transformations to active species (such as CoOx nanoparticles) after irradiation
begins, thus a lag time smaller than that for cobalt salt suggests the stability of the catalyst. The
catalytic system based on complex 9 showed small lag time (less than 20 s for [9]0 ~ 4 mM), and this
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was associated by the authors to low oxidant/catalyst ratio, while the cobalt salt showed a lag time of
almost 200 s under the same conditions [54].

Figure 5. Structures of complexes 9, 11, 12, 14, and 16–19 with the schemes of respective N-donor
ligands. Color scheme: Co, pink; Ln, green; O, red; N, blue; C, grey. M–O–M bonds are highlighted
by yellow.

The water oxidation activity of a series of related complexes [CoIII
4O4(OAc)4(p-py-X)4] having

para-substituted pyridine (X = H, Me, t-Bu, OCH3, Br, COOCH3, CN) ligands has been reported in
2012 [55]. The nature of the substituent had strong influence on the catalytic activity, with the quantum
yields (yield of oxygen based on the photon flux) ranging from 10% (for t-Bu) to 80% (for OCH3; 10,
Table 1), suggesting the molecular nature of catalytically active species. In contrast to most of the other
studies, 1:1 mixture of water:acetonitrile was used as a solvent.

Replacement of pyridine with 2-(hydroxymethyl)pyridine ligand (HL5), which provides oxygen
donor atoms, has led to the formation of cubane complex [CoII

4(L5)4(OAc)4(H2O)2] (11) where cobalt
has +2 oxidation state (Figure 5), as reported one year after, in 2013 [56]. Another difference from
complexes 9 and 10 is the presence of water molecules coordinated to cobalt centers. Water ligands
take an important place in the structure of the active centers of PSII (Figure 1), thus the authors indicate
that the structure of complex 11 is close to that of the PSII Mn4CaO4 cubane. Studies of methanol
and water solutions of 11 by ESI-MS and pH-dependent UV-Vis titration disclosed that water ligands
remain intact at neutral pH, becoming labile in the alkali media. The presence of labile water represents
the main feature of 11 comparing to 9 and 10, where, in the absence of coordinated water molecules,
the protonation–deprotonation may occur at the Co4O4 core. Dependences of the TON and TOF in
the course of catalytic water oxidation on pH were studied, disclosing that the highest TON of 35 is
achieved at pH 8 (11b, Table 1) and the highest TOF of 7.0 s−1 at pH 9 (11c, Table 1). Stability of the
core of 11, under catalytic conditions, was investigated by the cyclic voltammetry (CV) experiments,
suggesting that the structure of the compound does not undergo degradation. No nanoparticles in the
catalytic solutions after 60 min of visible light irradiation were detected by the DLS method. In the
comparative test with Co(OAc)2, formation of the two fractions of nanoparticles (of ca. 5 and 120 nm
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diameter) under the same conditions was observed. Furthermore, significant difference in the lag times
between 11 and Co(OAc)2 catalysts has been observed: While cobalt acetate shows a lag period of 25 s,
complex 11 exhibits a much shorter time (ca. 5 s), which does not depend on the catalyst concentration.

A series of bi-, tri-, and tetranuclear complexes with pyridine and bipyridine ligands have been
tested as the WOCs by Smith et al. in 2014 [57]. While the complexes containing two or three
metal centers were found to be catalytically inactive, the tetranuclear compound bearing cubane core
[CoIII

4O4(OAc)2(bpy)4](ClO4)2 (12) (Figure 5) showed the activity with maximum TOF of 0.05 s−1,
achieved at [11]0 = 0.02 μM. At higher concentrations of the catalyst, the TOF drops until 0.02 s−1

(Table 1). The catalyst 9 was also tested under the same conditions, showing a bit higher activity, with
a maximum TOF of 0.09 s−1 [57]. The catalytic mixture containing 11 was analyzed by means of the
ESI-MS spectroscopy, revealing the presence of the unaltered complex 11 at 521 m/z. The authors
interpreted this observation, with the support of 1H NMR data, as evidence that 11 is a truly molecular
WOC. No DLS experiments data were reported.

In 2014, the group of Nocera reinvestigated the water oxidation properties of complexes 9 and
10 [58]. It was demonstrated that the catalytic activity previously associated to the cubane complexes is,
in fact, exhibited by the small amounts of Co2+ impurities present in the samples. The 1H NMR spectra
of the crude samples of 9 and 10 showed many small peaks. Furthermore, thin layer chromatography
disclosed the presence of a few bands in addition to that of the complexes. Purification of the samples
using the column chromatography afforded the products with clear 1H NMR spectra. The light-driven
water oxidation tests showed that purified samples of 9 possesses ca. five times lower activity than the
crude ones (entries 13a and 13b, Table 1). The exact nature of the Co2+ impurities was not identified.
It was mentioned that they do not elute on silica and act as a precursor for a heterogeneous oxygen
evolving catalyst. Notably, even after purification, complex 9 reveals detectable water oxidation
activity (entry 13b, Table 1).

A series of cubane cobalt Co4O4 (14) and mixed-metal Co4−xNixO4 (15) complexes having
bipyridine-like ligand was reported in 2017 [59]. The base complex [CoII

4(L6)4(OAc)2(H2O)2](ClO4)2

(14) was prepared starting from the pro-ligand di(2-pyridyl)ketone, which is hydrolyzed to produce
the ligand L6 (Figure 5). Complex 14 revealed moderate activity in the water oxidation with maximum
TON of 96 (Table 1) at pH 8.5. In general, the catalytic parameters exhibited by 14 are close to other
cobalt cubane complexes (9–13). No nanoparticles formation was observed according to the DLS
experiments. The possibility of significant cobalt leaching was rejected by applying the Chelex® resin
able to capture free metal ions: only a negligible drop of catalytic activity was observed in the case
of 14, while a simple cobalt salt showed 66% suppression caused by the resin trap. The presence of
cobalt in the +2 oxidation state allowed isomorphic substitution of cobalt ions with nickel ones to
obtain a series of Co4−xNixO4 cubane complexes with maximum x = 2.85 (not including pure nickel
compound with x = 4), bearing the same structures. The catalytic activity in the water oxidation
gradually dropped with the increase of nickel portion, showing the TON and TOF ca. three times
lower than for pure cobalt complex. The complex Ni4O4 did not show any notable catalytic activity
under the same conditions [59].

Substitution of one of the metal positions with lanthanide led to a series of Co3LnO4 cubane
complexes [CoII

3Ln(L5)4(OAc)5(H2O)] (16–19) with 2-(hydroxymethyl)pyridine) ligand (HL5) [60].
Compounds of this series were firstly synthesized by mixing cobalt and lanthanide acetates in
stoichiometric ratio of 3:1 and characterized by X-ray diffraction [77]. The modified synthetic protocol
using Co:Ln ratio of 2.3:1 afforded Co3Ln compounds, where Ln = Ho, Er, Tm, and Yb [60]. All
complexes show the best performance at pH = 8, being slightly less active at pH = 9 and considerably
less active at pH = 7. Erbium complex is the most active with TON > 200, while the compound
containing thulium shows the weakest results (Table 1). The authors followed a special workflow
designed for clear identification of the complexes 16–19 as the water oxidation catalysts. The most
important evidence was obtained from the DLS tests (no nanoparticles formation was detected) and
trapping of “free” Co2+ ions with EDTA or Chelex® resin (no influence on the catalytic parameters
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observed). Stability of the tetranuclear cores in solution was confirmed by EXAFS, XANES and ESI-MS
tests. The coordinated water molecule undergoes rapid exchange with solvent water, as evidenced
by the tests in CD3CN and CD3CN/D2O mixture, monitored by FT-IR. The authors account that
lanthanide Ln3+ serves as a catalytic promoter, possibly working in analogy to Ca2+ in the natural
CaMn3O4 OEC [60].

Typically, the components of the model catalytic system [Ru(bpy)]2+/catalyst/S2O8
2− are

dissolved separately and do not form aggregates in a solution. In such system the electron transfer
between the components is strongly influenced by their concentrations. This obstacle could be
overcome by joining the photosensitizer, catalyst, and electron acceptor into one module, as it is
found in a natural PSII complex. Such an approach is exemplified by the supramolecular assemblies
{Co4O4(OAc)3(Py)4}{(L7)Ru(bpy)2} and {Co4O4(OAc)2(Py)4}2{(L8)Ru(bpy)2}2 (20 and 21, respectively,
Table 1) (L7 = bpy-4-CH3,4′-COOH; L8 = bpy-4-COOH, 4′-COOH) [61], which include two well-studied
components: Ruthenium photosensitizer and Co4O4 cubane WOC (similar to 9). In these compounds,
chemical linkage is realized through the modification of bipyridine ligand, attaching to them one or
two carboxylic groups (Scheme 4). The integrity of the structures of 20 and 21 is supported by ESI-MS
and 1H-1H COSY NMR spectroscopes. Assemblies 20 and 21 have been tested in the light-driven water
oxidation (Figure 6) using a rather low concentration of the catalyst of 15 μM (calculated per Co4O4

cubane), showing the TON value of 25 in case of compound 21 (Table 1). The results exhibited by 20

were more modest, with TON of 5. The authors verified that the catalytic activity of the non-assembled
components at the same concentrations is at a negligible level with TON of ca. 2 (20b, Table 1).
Furthermore, the dependence of oxygen evolution rate on the catalyst concentration was studied for
20 and 20b (the assembly and equimolar mixture, respectively). While the multicomponent mixture
20b exhibits saturation at [20b]0 > 60 μM (with the oxygen evolution rate of 1 μM s−1 and TOF of 0.02
s−1 at [20b]0 = 60 μM), the assembly 20 shows linear increase of the reaction rate in the 10 < [20]0 <
100 μM concentrations rate, exhibiting a constant TOF of 7 × 10−3 s−1. Monitoring of the reaction
mixtures by UV-Vis spectroscopy disclosed a gradual decay of the absorption at 465 nm, attributed
to the metal to ligand charge transfer (MLCT) band [10,32] of [Ru(bpy)3]2+, dropping ca. twice after
60 min. However, the authors note that degradation of the photosensitizer is not a limiting factor
because the oxygen evolution stops much earlier, within 30 min [61]. Since the decoordination of
the carboxylic group was suggested to be a part of the water oxidation mechanism, the inactivation
pathway may involve irreversible decoordination of the ligands L7 and L8 with following degradation
of the supramolecular assembly.

Scheme 4. Schematic representation of assembly 21.
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Figure 6. Accumulations of the oxygen in the course of water oxidation catalyzed by assemblies
{Co4O4(OAc)3(Py)4}{(L7)Ru(bpy)2} (20a, blue line) and {Co4O4(OAc)2(Py)4}2{(L8)Ru(bpy)2}2 (21, red
line), as well as the equimolar mixture of [Co4O4(OAc)3(Py)4] and [Ru(bpy)3]Cl2 (20b, black line).
Complex [Co4O4(OAc)3(Py)4] is equivalent to 9. Adapted with permission from [61],Wiley, 2014.

4. Other Tetranuclear Complexes and Complexes of Higher Nuclearity

The polynuclear all-inorganic complex Na10[Co4(H2O)2(VW9O34)2] (22) bearing polyoxometalate
ligand (Figure 7) was tested as a catalyst for the water oxidation under chemical oxidation with
[Ru(bpy)3]3+ as well as the light-driven conditions [62]. Chemical oxidation revealed exceptionally
high TOF values ranging from 1600 to 2200 s−1 (adjusted for four cobalt centers in 22), supported by
TONs up to 75 (22a, Table 1). With such a high TOF the reaction completes within 1 s. In contrast,
photocatalytic oxidation with in situ generated [Ru(bpy)3]3+ revealed the lower TOFs of ca. 4 s−1 (22b),
but higher TON of 742 (or even up to 4210 for the lowest [22]0, Table 1). The quantum efficiency of
the catalytic system is at rather high level, up to 68% (for [22]0 = 6 μM). The integrity of the catalyst
during the catalysis was monitored by means of UV-Vis and 51V NMR spectroscopes, which suggested
no changes in the structure of 22. The DLS experiments showed no presence of nanoparticles after
both chemical and light-driven oxidations catalyzed by 22. The comparative test using Co(NO3)2 as
catalyst revealed formation of CoOx nanoparticles with the radius of 220 nm [62].

Figure 7. Structure of the anion of the compound 22. Color scheme: Co, pink; V, green; W, black; O,
red; M–O–M bonds are highlighted by yellow.

Two coordination compounds [Co4(H2O)4(HL9)2(L9)2] and K12[Co(L9)]6 (23 and
24, respectively) bearing tetra- and hexanuclear structures were prepared starting from
N-(phosphonomethyl)iminodiacetic acid (H4L9) as pro-ligand (Figure 8) and cobalt chloride
or acetate as a metal source, respectively [63,64]. Complex 23 disclosed TONs up to 662 (Table 1) in the
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light-driven water oxidation. The standard set of experiments (UV-Vis and comparative DLS tests of
23 and cobalt nitrate pre-catalyst) were applied to confirm that no nanoparticles were formed after
light-driven water oxidation using catalyst 23 [63]. Moreover, a set of extractions with following
ICP–MS (inductively coupled plasma mass spectrometry) and CAdSV (catalytic adsorptive stripping
voltammetry) experiments were performed, indicating that less than 0.35% of catalyst 23 released free
Co2+ ions in the buffer solution. One may notice that cobalt nitrate, as pre-catalyst under the same
conditions, showed TON of 150 (for [Co2+]0 = 2 μM). This value is even higher than that exhibited by
catalyst 23 if adjusted for six cobalt atoms in its molecule (TON = 110).

Figure 8. Structure of complexes 23 and 24. Color scheme: Co, pink; K, pale green; O, red; N,
blue; P, pale pink. Structure 24 is presented in two views, without (left) and with (right) nearest
potassium atoms.

The hexanuclear complex 24 features amongst the highest values of the TOF reported to date
(162.6 s−1 per cobalt atom) for the light-driven water oxidation (Table 1) [64]. The use of perchlorate
salt of the ruthenium photosensitizer is crucial since the chloride salt shows a ca. 4.7 times lower
reaction rate (24a, Table 1). The maximum quantum efficiency was found to be 62.6%. Considering
such a high parameters, it was important to establish the origin of the catalytically active species.
The comparative test with Co(OAc)2 revealed that the latter shows large lag period of 30 s at 5 μM,
while catalyst 24 shows no or negligible lag time. Furthermore, the chelation experiment using three
equivalents of EDTA revealed no influence on the activity of 24, while the oxygen evolution catalyzed
by cobalt acetate was ca. 50% suppressed (both catalysts were at 7 μM initial concentration). The
precipitate recovered after the reaction was studied by X-ray photoelectron spectroscopy (XPS) and
was recognized as the authentic complex 24. The evidence reported by the authors looks convincing,
although absence of the DLS experiment is an essential drawback of the investigation. The proposed
mechanism of water oxidation involves participation of a single cobalt center only, what is in agreement
with the first-order dependence of the reaction rate on the concentration of 24 (for [24]0 < 5 μM) [64].
Kinetic isotope effect (KIE) kH/kD between parallel reactions in normal and deuterated water was
found to be 2.53, suggesting that catalyst 24 acts via the WNA mechanism, where a dioxygen molecule
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is constructed by the oxygen atoms from metal-oxo species and water molecule [7]. This value of KIE is
very close to that reported (2.45) for ruthenium complex [Ru(bda)bpb]3

+ having cyclic structure (H2bda
= 2,2′-bipyridine-6,6′-dicarboxylic acid; bpb = 1,4-Bis(pyrid-3-yl)benzene) believed to operate via the
WNA pathway [78]. Unfortunately, in the case of 24, no 18O-labeling experiments were performed to
confirm the attribution of the mechanism type.

The authors presented the structure of 24 as the open Co6 ring (Figure 8, bottom-left) [62]. Such
architecture could be rather labile in solution, especially under conditions of oxidative catalysis. Thus,
the following questions appear: (1) Why is this compound is stable? (2) Why does it show such a
high catalytic parameters? For instance, complex 23 is built using the same ligand (Figure 8) and
does not possess water oxidation properties drastically different from those already reported (Table 1).
The answer to both these questions could be found in the supramolecular structure of 24 (Figure 8,
botom-right). The six-membered Co6 ring is strengthened by potassium atoms, coordinating free
oxygen atoms of the ligand, as well as numerous water molecules. Here, one may see two opportunities
for the enhancement of the water oxidation reactions. At first, potassium may influence the redox
potential of the cobalt centers, as it happens in the Ca3Mn4O4 center of PSII and in the respective model
complexes. Furthermore, recent experiments demonstrate that hydrogen bonding around the OEC in
PSII is crucial for the water oxidation activity. The complex network of hydrogen bonds, formed by
the water molecules coordinated by potassium atoms in the structure of 24, may exist in a solution and
be of great importance for successful water splitting process.

Another example of an all-inorganic compound of cobalt is the heptanuclear complex
Na12[{CoII

7As6O9(OH)6}(SiW9O34)2] (25) [65]. The structure of 25 (Figure 9) resembles that of 22.
In general, the catalytic activity of 25 in the water photocatalytic oxidation is in the range typically
exhibited by the other cobalt complexes of lower nuclearity (Table 1). DLS measurements showed no
nanoparticles after the light-driven reaction, while in comparative test with Co(NO3)2 as catalyst, the
presence of nanoparticles of ca. 190 nm in diameter were reported.

Figure 9. Structures of complexes 25–27, and 29 (for 25, 27, and 29 cationic counterions are omitted).
Color scheme: Co, pink; W, black; As, dark red; Si, orange; Cl, green; O, red; N, blue.
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The structure of the heptanuclear mixed-valence complex [CoII
5CoIII

2(mdea)4(N3)2(CH3CN)6

(OH)2(H2O)2](ClO4)4 (26) (H2mdea = N-methyldiethanolamine) is based on the so-called Anderson
structure type (Figure 9) [66]. Oxygen evolution was studied for chloride and perchlorate salts
of ruthenium photosensitizer, showing that the latter produces higher TON values (26b and 26c,
respectively; Table 1). Using the chelating agents (bpy and EDTA), the decay of the oxygen evolution
was observed when taken in equimolar ratio with the pre-catalyst 26. The ESI-MS spectra indicated that
26 undergoes fragmentation in water solution since no peak attributable to Co7 cluster was detected.

The octanuclear cobalt complex K8Na8[Co8(OH)6(H2O)2(CO3)3SiW9O34)2] (27) containing bulky
polyoxometalate ligand (the same as in 25) has been described [79] and studied [67] as catalyst for water
oxidation. An interesting feature of the structure of 27 is the presence of carbonate ligands (Figure 9).
Complex 27 acts as a catalyst for water oxidation, showing the highest efficiency at pH 9 with the
highest TON of 1435 and highest TOF of 10 s−1 (27b, Table 1). According to the DLS experiments,
no nanoparticles are formed from 27 during the catalytic reaction. The comparative test with 2 μM
of Co(NO3)2 revealed nanoparticles with diameter of 78 nm. FT-IR and UV-Vis spectroscopes also
evidenced that the complex keeps its integrity after the catalysis. ESI-MS data are also provided, but
the spectra appear to be too noisy (low overall intensity) to use them to make definite conclusions.

A series of high-nuclear cobalt complexes with polyoxometalate capping ligands K16[Co9(H2O)6

(OH)3(PW9O34)3] (28) [80], Na5[Co6(H2O)30{Co9Cl2(OH)3(H2O)9(SiW8O31)3}] (29) [81] and
Na22Rb6[{Co4(OH)3PO4}4(PW9O34)4] (30) [82] have been recently tested as catalysts for light-driven
water oxidation [68]. Compounds 28–30 obey rather complicated architectures (complex 29 is depicted
at Figure 9 as an example). The electron transfer between complexes 28–30 and photogenerated
[Ru(bpy)3]3+ has been studied in detail. No lag period has been detected in all cases. EXAFS and
XANES experiments suggested the existence of water exchange processes with small alterations of the
complexes cores, without their degradation. The catalytic parameters exhibited by 28–30 are modest
with TONs not exceeding 105 (for [29]0 = 1.27 μM). In general, Complex 29 shows better performance
among this series. The authors note that the structure of 29, containing 39 coordinated terminal water
molecules, may facilitate its WOC activity [68].

5. Concluding Remarks

The field of the cobalt catalyzed water oxidation under visible light irradiation has received much
attention in recent years. Pronounced activity of many molecular catalysts demonstrates great potential
towards the construction of modular artificial water splitting systems. The TOF values exhibited by
some of the catalytic systems approach those exhibited by the PSII system. However, one should
always keep in mind that PSII and artificial systems operate at quite different conditions, thus any
direct comparison of their parameters should be done with care. Furthermore, depending on the
rate-limiting step of the catalytic reaction, the TOF may characterize, for instance, charge transfer
between photosensitizer and catalyst, but not the rate of the dioxygen formation by the catalyst.

Discrimination of the true molecular (homogeneous) and heterogeneous systems should be
always conducted to ensure that the molecular catalyst keeps its integrity and/or does not undergo
heterogenization during the catalysis. The simplest methods involve comparative tests using cobalt
salts with the same concentrations as that of the catalyst studied. Chelation experiments employing
EDTA or bipyridine additives can provide fast evidence for the metal ions leaching. Purification of the
sample from the metal impurities can also play an important role, as demonstrated by the examples of
Co4O4 cubane complexes (9–13, Table 1). The typical instrumental method for nanoparticles detection
is the dynamic light scattering (DLS), which is routinely applied in most of the literature reports
discussed in the present review. However, one should remember that DLS has its own limitations and
should not be used as a single method (see samples 7a and 7b as a representative example). Even the
design of the experimental setup could have strong influence on the DLS results; for example, the use of
magnetic stirring bars may complicate detection of nanoparticles possessing ferromagnetic properties.
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Catalytic activity depends on many parameters, often implicit ones. For instance, the catalytic
parameters exhibited by the systems containing [Ru(bpy)3](ClO4)2 as photosensitizer are systematically
higher than those obtained for using [Ru(bpy)3]Cl2. Thus, careful documentation of the experimental
conditions is of exceptional significance for further analysis.

In spite of great efforts towards the study of the catalytic activity and verification of the catalyst
stability, the reported reaction mechanisms are typically limited to general descriptions of charge
transfers between photosensitizer and sacrificial electron acceptor, while attempts to study the
mechanism of action of the WOC itself are scarce.

As a final remark, the use of cheap and abundant metals, such as cobalt, allows for the
construction of highly efficient water oxidation catalysts. A special interest is in regards the bioinspired
heterometallic complexes involving polynuclear cobalt core with attached redox-inactive metals.
The exact mechanisms of many known artificial water oxidation systems are still unexplored and,
beyond any doubt, further synthetic and catalytic efforts are required to establish structure-properties
correlations towards practically feasible artificial photosynthesis.
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Abstract: This short review makes it clear that after 90 years, the Fischer–Tropsch synthesis (FTS)
process is still not well understood. While it is agreed that it is primarily a polymerization process,
giving rise to a distribution of mainly olefins and paraffins; the mechanism by which this occurs on
catalysts is still a subject of much debate. Many of the FT features, such as deactivation, product
distributions, kinetics and mechanism, and equilibrium aspects of the FT processes are still subjects of
controversy, regardless of the progress that has been made so far. The effect of molecules co-feeding
in FTS on these features is the main focus of this study. This review looks at some of these areas and
tries to throw some light on aspects of FTS since the inception of the idea to date with emphasis and
recommendation made based on nitrogen, water, ammonia, and olefins co-feeding case studies.

Keywords: Fischer–Tropsch product distribution; reaction mechanism; catalysis; process synthesis
and design; catalyst deactivation

1. Introduction

The addition of molecules other than syngas in the reactor during Fischer–Tropsch synthesis
(FTS) is considered co-feeding of that molecule to the FTS. These molecules, usually with lower
molecular weights, could be water, organic or inorganic additives. For instance, there have been
controversies about the co-feeding of water to the FT reactor. Several researchers have investigated
the addition of water to elucidate the water effect on both activity and selectivity [1–4] on the catalyst
deactivation [5–7], the kinetics and mechanism [8–10], and product distribution [3]. Due to the different
views on the effect of water co-feeding in syngas during FTS, some authors have focused their studies
on shedding light on the subject of positive effects of water co-feeding on the FT rate, which was
observed for some, but not all, Co-based catalysts [9]. Reports on the negative effects of water on
FT processes are also available [11]. It is worth noting that the FTS mechanism is not entirely clear,
and the distribution of products does not typically follow a typical Anderson–Schulz–Flory (ASF)
distribution. As such, various molecules have been used in the FT reactions in an attempt to better
the understanding of the reaction mechanism and explain the deviations observed from the ASF
distribution [12–14]. In particular, the additives that have been co-fed to syngas to investigate their
effects on the mechanism and influence on product distribution in FTS include light olefins [14–17],
alcohols [18,19], water [1,20–26], CO2 [27–31], and many more, as illustrated in Figure 1.
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Figure 1. Illustration of co-feeding components considered in this review.

Several researchers [32–34] have reported the effect of ammonia in syngas on the FT reaction.
The authors studied the effect to explore possible phase changes of the Fe catalyst with change in
time on the stream. What they also assessed was the deactivation mechanism of the Fe catalyst by
poisoning during the FT reaction [32]. The effect of co-feeding ammonia on the conversion of syngas
using traditional cobalt catalyst was investigated to probe the catalyst deactivation and ability to affect
the selectivity of methane and C5+ hydrocarbon formation [33]. Sango et al. [34] also reported the
co-feeding of ammonia in different concentrations to a slurry phase, iron-based FT synthesis to study
catalyst deactivation, methane selectivity, the chain growth probability, the olefin selectivity, and the FT
reactions mechanisms. In a separate experimental study, controlled and verified quantities of hydrogen
sulfide and ammonia were added into the feed gas. Hydrogen sulfide was employed to probe the
impact of irreversible catalyst poisoning relative to the intrinsic deactivation profile, whereas ammonia
co-feeding was done to quantify the impact of regenerable catalyst poisoning. The combined effects
provided insight regarding catalyst deactivation and possibly prediction of time dependant catalyst
performance during FTS [35].

In recent studies, the synthesis gas mainly obtained from the reforming of coal, biomass, and
natural gas contains significant amounts of carbon dioxide (CO2) [36]. CO2 removal from the synthesis
gas is quite complex and expensive, hence, consequently, takes part in the FT catalytic activity [36].
A series of FTS experiments, which entail the co-feeding of CO2 were conducted in a fixed bed reactor
over a cobalt-based catalyst to investigate the catalyst deactivation, catalytic activity, and product
selectivity and formation rates [28]. The influence of CO2 content in the feed stream was shown
to improve the product distribution toward valuable hydrocarbons and conversion rates [36]. CO2

was added to the FT feed to investigate the CO conversion, chain growth probability, the products
distribution, and FT reaction mechanisms [37,38]. Further investigations of the CO2 influence in the
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feed gas relate to the economy and sustainability developments of FT technology [29,39,40]. Still, on
the cost-effectiveness of the FT system, it has been reported that the use of nitrogen-rich syngas could
be a better approach than the classical processes where syngas is free of nitrogen [39,40]. Inert gases,
such as nitrogen, have also been co-fed to the FT reactor. The effects of co-feeding nitrogen (N2) in the
FTS in a fixed bed reactor over a Co/TiO2 catalyst was investigated by Muleja et al. (2016) to elucidate
the effect on the catalytic activity, selectivity, and the implication on the FTS kinetics [41]. Nitrogen-rich
syngas was used to gain an understanding of its behavior in thermochemical catalytic conversion to
gasoline range hydrocarbon [42]. As such, researchers [43] have recently proposed that when operating
a cobalt-based FTS process, the olefin and paraffin formation rates should be considered separately.
The reason being that the rates before, during, and after deactivation during FTS are comparatively
inconclusive, for instance, in the studies by [41,43] the olefin formation rate was fairly constant over
time, and in some cases even increased, while the paraffin formation rate dropped, indicating that
the deactivation mainly affects the paraffin formation rate. This review is undertaken to summarize
and consolidate the co-feeding work done so far and to try explaining findings in terms of controlling
the catalytic activity, the selectivity of desired products, products distributions, understanding the
mechanism, kinetics, and/or thermodynamics of the Fischer–Tropsch (FT) processes.

2. Co-Feeding in Fischer–Tropsch Synthesis

Syngas is a mixture of carbon monoxide (CO) and hydrogen(H2) often used as the feed to the FT
process. As the feed in FTS is central to the process, a plethora of studies has been conducted on the
feed composition and co-feeding of different molecules with the syngas for the FT reactions [39,44,45].
In terms of co-feeding, extensive investigations have been conducted, and some of the molecules
that have been co-fed include water [1,11,45–48] additives, such as CO2 [28,30,31,36,49,50], and
hydrocarbons, such as olefins [51–56]. Although researchers [32–34,57] have published findings on
nitrogen-containing compounds including ammonia, inorganic compounds, such as nitrogen gas, have
not been reported on intensively. But to show the importance of co-feeding in FT reaction, already in
the 1950s, scientists had investigated FT processes with both inorganic and organic compounds, to be
exact CO2, CH4, and N2, and they have shown that the addition of these diluents poses a negative
effect on FT reaction rate [58]. Some major co-feeding effect studies are summarized in Table 1.

The co-feeding of molecules to the syngas during FTS is important. However, each of these
molecules has advantages and inconveniences. As such, the choice of one molecule over another
additive is dictated by the aim of the study. For example, water is an inherently oxygen-containing
by-product in the FTS. Oxygen atoms furnished by the CO in the feed are mainly removed as water in FT
reactions. The water may negatively affect syngas conversion as it contributes to catalyst deactivation
by oxidation. In addition, the products selectivity product distribution, and secondary reactions and
catalyst longevity is also affected. [46]. It is, therefore, necessary to identify the aspect of the FT process
that requires improvement to devise an appropriate experiment for the co-feeding of water into the
syngas for FT reactions.

In FTS, high methane selectivities are generally not preferred as it is comparatively a low-value
product than higher olefins and paraffins. Recycling the formed methane back to syngas would be
complex and uneconomical, therefore, suppressing its formation would be key [46]. Most studies should,
therefore, focus on reducing the production of methane while increasing heavy hydrocarbons formation.

The literature findings indicate that the effect of the co-feeds, whether organic or inorganic, are
almost the same regardless of the operating condition or the catalyst used (See Table 1).

Inorganic co-feeds are often incorporated in FTS to enhance selectivity to higher hydrocarbons.
In the case of N2, however, peer-reviewed publications indicate negative effects of the addition, as in
the case of H2O and CO2. The inorganic feed H2O source affected catalyst durability; however, overall
co-feed type differences in effects were significantly different with the likelihood of affecting the FTS
performance upon feeding.
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3. Water Co-Feeding in FTS

Water is of particular interest because the FTS produces a significant volume of water [61].
Conventional and green processes rely on accurate accounts of products and by-products [62].
An account of all large quantities of produced material should be thoroughly conducted to ensure the
integration of various scenarios happening at different levels [63]. This is crucial not only for the FT
reaction but also for downstream processes [64–66]. Okoye-Chine et al. [67] recently proposed that
phase of H2O impacts FT reaction in their report about the effect of water co-feeding on a cobalt-based
FT catalyst. They have also proposed that the relationship between water affinity and/or resistance
behavior of the supported catalyst affect the activity and selectivity, which could assist the explanation
of the kinetic influence of H2O in FT reactions. Fratalocchi et al. [3] found that added water reduced
the selectivity to CH4 and alcohol and increased C25+ hydrocarbon, olefin, and CO2 selectivities, which
they ascribed to the suppression of hydrogenation reactions by water. The decrease of the selectivity to
methane was also observed with in situ experiments designed for laboratory X-ray diffractometers in
the laboratory [68]. The ability to influence FT selectivity could be useful in the design of intensified
processes, such as FT reactive distillation (RD) systems [69], which would enable streams to be directed
to particular trays in an RD to achieve the desired product specification on that tray.

Iglesia et al. [70] have reported that water influences chain growth, selectivity, and depending
on the catalyst, the co-feeding of water also affects the rate of the initial CO hydrogenation reaction.
When the pressures of the reactants or the reactants conversions are low, the addition of water improves
the FTS reaction productivity (rates and selectivity) of olefins and C5+ hydrocarbons. Furthermore,
at low CO conversion, the effects of water co-feeding in FTS are influenced by the type of supports
and lead to support effects. The pressure is one of the most critical operating conditions of the FT
process. The feed partial pressure is equally important. The effect of water co-feeding stands to
affect the performance of catalysts. Scientists [1] have studied the effect of water while changing the
conversion and thereby, raising the partial pressure of water. They have also investigated the influence
with the co-feeding of water to the feed gas. Upon increasing the water partial pressures, a shift
from the ASF distribution was observed with the FTS total product distribution, the olefin reinsertion
caused typical deviations, to a much narrower distribution. The sole C1-wise chain growth process
cannot be explained by such mechanisms. As such, another product formation route which takes into
consideration the combination of adjacent alkyl chains leading to paraffin (“reverse hydrogenolysis”),
has, therefore, been suggested [2]. Certain features (physico–chemical properties) of the catalysts affect
the catalytic activity behavior in an FT reactor. The reduction in the reaction rates was found when the
water was co-fed with an inlet partial pressure ratio (PH2O/PH2 = 0.4) for the narrow-pore catalysts.
Whereas, the reaction rates increased for the larger pores catalysts with the same water pressure.
Overall, when the quantity of water added was equal to PH2O/PH2 = 0.7 at the reactor inlet, the reaction
rates were suppressed, resulting in permanent deactivation. Furthermore, the addition of water
improved the selectivity to C5+ and decreased the selectivity to CH4 selectivity for all type of catalysts.
Hence, the pore characteristics appear to define the impact of water on the rates [23]. Bertole et al. [47]
added water at partial pressures amounting to 8 bar to an FT functioning unsupported cobalt catalyst
and managed to increase the reactivity of CO which was adsorbed on the surface without affecting
the reactivity of the active surface of carbon intermediate. An increase in surface concentration was
obtained for the monomeric carbon precursors leading to hydrocarbon formation [47]. The interaction
of water with the catalysts differs in many ways. The effect of water with Co particle sizes, adsorbed
species on the catalyst surface, in terms of secondary reactions, and diffusion in liquid-filled is reported
in the literature [1]. The complexity of the effect of water on the product distribution has also been
reported [3]. It has been revealed that water has both irreversible and reversible effects. The former
becomes evident upon raising the concentration of co-fed water, and the latter is clearly visible, starting
from small concentrations of co-fed water. These two effects result in the decline of the selectivity to
the undesired CH4 and alcohol while the selectivity to C25+ hydrocarbon, olefin, and those for CO2

increase. The authors concluded that these findings can be described by an assumption that water

167



Catalysts 2019, 9, 746

suppresses hydrogenation reactions [3]. Another negative effect of co-feeding water to syngas is the
deactivation of the catalysts. At high partial pressures, the presence of water deactivates unsupported
cobalt catalysts. The deactivation of the catalyst is noticeable through the reduction of site activity of
the catalyst and/or lower CO surface inventory. The treatment of the catalyst with hydrogen generally
recovers site activity, and it does not affect surface inventory. The latter observation indicates that
cobalt surface loss is due to sintering. This sintering process is prominently facilitated by high water
partial pressure, such as >4 bar [47]. Claeys and van Steen [8] reported a noticeable increase in the
formation rates of the product and significant changes in the selectivity to the FT product, in particular,
lower methane selectivity and enhanced chain growth ensuing from the effect of water. The flow
rate of the main reactants (CO and H2) is another FT operating process parameter that affects the
performance of the FT processes. Li et al. [71,72] investigated the effects of adding water to the feed
gas by changing the values of the space velocity. They found that the addition of water did not affect
the CO conversion significantly at higher syngas space velocity values. At lower space velocity, the
water co-feeding decreased the CO conversion; yet, the negative effect was reversible with the catalyst
quickly recovering the activity obtained before the feeding of water. When the space velocity is low, the
CO conversion is high, and researchers have found that the addition of water permanently deactivates
the catalyst [71,72]. The quantity of water added to the syngas feed also plays a role in the catalytic
activity. For example, it was found that co-feeding of small amounts of water slightly affects the
CO conversion, but interestingly the effect was reversible. However, a large amount of added water
which could equal the partial pressures PH2O/PCO ∼ 1 in the feed permanently deactivated the catalyst.
When the selectivity to CO2 is higher, it indicated that cobalt oxide or another catalytic form of cobalt,
such as cobalt aluminate, was formed in the presence of higher water partial pressure [11]. Dalai
and Davis [46] reviewed the influence of water on the performances of numerous cobalt catalysts
for FTS and confirmed that the effect of co-feeding water into an FT reactor is quite complicated.
They found that the influence of water addition depends on various aspects, including the catalyst
support and its nature, the Co metal loading, the promoters used with noble metals, and also the
preparation procedure.

It is, therefore, generally accepted by researchers [1,9,11,45–48] that the effects of water on FTS are
quite complex. Dalai and Davis [46] summarised the effects of water in FTS with three scenarios:

(i) An oxidation process for the cobalt supported catalyst with the extent of oxidation being a
function of features of the cobalt namely the crystallite size but also the ratio values of the reactor
partial pressures of hydrogen and water (PH2O/PH2).

(ii) The average support pore diameter influences the water-co-feeding.
(iii) The effects could be kinetic in particular the CO dissociation by direct interaction with co-adsorbed

CO can be lowered with water co-feeding while the secondary hydrogenation of olefin products
can be inhibited as a result of competitive adsorption of water [46].

On the other hand, Yan et al. used Fe-Pd/ZSM-5 catalyst (a bi-functional catalyst) which yielded
relatively high activity and selectivity in producing liquid hydrocarbons when the FT reaction was
carried out with nitrogen-rich syngas [73]. Conversely, Visconti and Mascellaro [74] co-fed nitrogen to
the reactor, increasing the nitrogen content (23.5% to 45.1%) and kept the total pressure unchanged and
found that the CO conversion dropped. It is most likely that the CO conversion decreased because the
reactant partial pressures values declined when adjustment was made to maintain the total pressure
while increasing the nitrogen content. Nevertheless, researchers who investigated the effect FTS with
nitrogen-rich syngas have reported that such FT process is feasible because it could potentially be
cost-effective [39,75–78]. The addition to the FTS of molecules, namely olefins, alcohols, carbon dioxide,
water, and isotope markers, has contributed to a better understanding of the reaction mechanism.
These same molecules were also used by researchers who were studying the deviations observed from
the ASF distribution [12].
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4. Organic Co-Feeds

Small hydrocarbons are an important organic additive in FTS. The most commonly used co-feeds
include acetylene (C2H2), ethylene (C2H4), ethane (C2H6), propyne (C3H4), propene (C3H6), and
propane (C3H8). These hydrocarbons are needed for elucidating reaction mechanisms. These molecules
exist in the gas-phase during the reaction and through a series of temperatures used in FTS.

For instance, the influence of low molecular weight olefins on FTS has been examined with the
aim of either understanding the mechanism of chain growth or influencing the distribution of products
formed [14]. Experiments conducted with co-feeding of ethene, 1-alkenes, and diazomethane as a source
of surface methylene have been undertaken to strongly support the hypothesis of two independent
mechanisms during FTS with the methylene insertion mechanism as one of them [13]. Furthermore,
FT experiments with 1-alkene and ethane co-feeding in a reactor loaded with cobalt catalysts and iron
catalysts were carried out to study the product distributions, chain growth probabilities, and different
chain growth mechanisms [16,79,80]. In brief, olefins, alcohols or CO2 additives have all been co-fed to
investigate the chain growth and mechanism during FTS [12,14,18,81], the ASF distribution [13], and
the role of secondary reactions of olefins [15,17]. Specifically, olefins have been used as co-feeds in
FT which resulted in enhancing the selectivity to hydrocarbons (C8–C16), while at the same time, the
formation of light hydrocarbons, such as CH4 and CO2 was suppressed [60].

On the other hand, when additives, such as small 1-alkenes, alcohols, or CO2, were co-fed into
the FT reactor, they acted as chain initiators for the FTS. The probe-initiated and conventional FTS
progress concurrently, with their separate products overlapping. It has been shown, overwhelmingly,
that co-feeding additives do not contribute to chain growth, although when olefins and alcohols
were added, their incorporation into FTS products was evident usually through chain initiation [12].
However, up to now, the effects and influences of the additives reported [12] on the overall FT product
distributions and on the FT catalysts activity are yet to convince the majority of researchers universally.
However, Sage and Burke [12] reported in their review that olefins adsorb on the catalyst surface
influenced the overall FTS product distribution. As such, it could be assumed that co-feeding olefins
might be useful for FTS to modify the catalyst surface. For example, the catalyst surface modification
could be achieved by selectively binding to and/or inhibiting certain active sites favorable to chain
growth of higher hydrocarbons, or reactions, such as secondary hydrogenation, to improve the overall
FT efficiency and selectivity of the process [12].

Alkane, such as n-hexane, has also been co-fed into the FT reaction. The addition of this molecule
to the FTS feed under realistic conditions will not result in supercritical FT conditions. However, such
an addition will change the composition of the liquid phase in the FT reactor leading in a higher
liquid flow rate and a greater diffusivity of reactants (H2 and CO). Therefore, the effectiveness of the
process was increased if the FTS is conducted under internal mass transport limiting conditions [82].
Patzlaff et al. [79] conducted experiments with 1-alkene and ethane co-feeding using cobalt and iron
catalysts and revealed superimposed distributions with different chain growth probabilities resulted
from different chain growth mechanisms. When alcohols were co-fed, the results showed reliance
on the ratio of the two distributions on the reactant pressures while the promoter effect on iron
catalysts also supported the hypothesis of the two mechanisms. They also suggested the CO insertion
mechanism as the second approach that is exhibited by the higher growth probability of the resulting
ASF distribution [13].

It is known that the FT synthesis is highly exothermic, which makes the heat removal and control
of the reaction temperature critical steps since the damage of the catalyst at high temperatures decreases
the conversion rate. Product selectivity also shifts with increasing temperature towards the production
of more unwanted short-chain hydrocarbons, including methane [75]. FT processes are also categorized
based on the temperature at which the operation is being carried out, and the products obtained
differ. For example, the syncrude produced during high temperature (300–350 ◦C) Fischer–Tropsch
(HTFT) synthesis has more light hydrocarbons, hence, is gaseous at reaction conditions; more than
one product phase is formed on cooling. Low temperature (200–260 ◦C) Fischer–Tropsch (LTFT)
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syncrude is acknowledged to be a two-phase mixture at reaction conditions, but at ambient conditions,
the syncrude from LTFT synthesis consists of four different product phases: gaseous, organic liquid,
organic solid (wax), and aqueous [83]. Medium temperature Fischer–Tropsch (MTFT) ranges from
270 to 300 ◦C, the product phases are similar to those of LTFT. Although FTS products are useful, it is
usually more profitable to obtain fewer light hydrocarbons, such as methane and oxygenate products,
which are often unwanted. It has been reported that the commercialization of the FT technology suffers
from two of major limitations. These are limited selectivity for the main products since it produces
a broad spectrum of products and catalyst deactivation, which leads to frequent replacement of the
catalyst [39]. Cobalt-based catalysts are only used in LTFT processes as at the higher temperatures
excess CH4 is produced [84].

5. Effect of Nitrogen as a Co-Feed

In addition to the contribution of cost reduction during syngas preparation, the presence of
nitrogen in the syngas is significant for safety purpose, mass balance determination, and controlling
the heat in the FT system. Jess and co-workers [77] suggested a process with nitrogen co-feeding to the
syngas. They reported that the proposed process with syngas co-fed does not utilize a recycle loop,
hence, skipping any build-up of nitrogen in the system. This configuration is probably cost-effective
because a recycle compressor is not required. The presence of the syngas with nitrogen plays a
significant role which removes substantial amounts of heat generated during the FT reaction [85].
Furthermore, researchers have reported that α-olefins formation was enhanced by the two processes
between FTS and N2 purging. The improved result was achieved, when the liquid filled in pores
of the catalyst purged with nitrogen, prompting the release of olefins from liquid to gas phase and
minimizing its secondary reaction [86]. On the other hand, Jess et al. [75,77] and Xu et al. [78] separately
conducted studies on the effect of nitrogen co-feeding in FT reactor and found that nitrogen only
dilutes syngas. The presence of nitrogen in the reactor has little influence on the kinetics if the reactants
(carbon monoxide and hydrogen) partial pressures are kept constant. However, Lu et al. [42] used feed
composed of nitrogen-rich syngas in FTS and obtained more C10 hydrocarbons and smaller amounts of
C8 hydrocarbons which were more when compared to FTS carried out with pure syngas. These results
are different from the findings of Jess et al. [75] and Xu et al. [78]. Lu et al. [42] findings are partially in
agreement with conclusions from Muleja et al. [41] studies. Muleja et al. [41] investigated the effect of
nitrogen co-feeding to an FT reactor while maintaining the partial pressures of reactants and concluded
that the selectivity to all light hydrocarbons decreased while the selectivity to C5+ in mainly C5–C19

fraction is enhanced. They [41], therefore, suggested such findings could not be explained by kinetics
alone but compared the vapour–liquid equilibrium (VLE) and boiling effect and drew attention to the
boiling phenomenon during FTS which is depicted in Figure 2.
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Figure 2. A schematic diagram for the comparison between the pressure in vapour–liquid equilibrium
and boiling [41]. PTotal is the total pressure of the system, PInerts are the total partial pressures of all the
virtually insoluble gases, and PSolubles is the total partial pressure of the soluble gases.

However, it is relatively agreed that FTS is a polymerization process leading to a distribution of
mainly olefins and paraffins, although the mechanism by which this occurs on catalysts is still a subject
of much debate. Todic et al. [87] reported well detailed schematic reactional representation of the FTS
process as depicted in Figure 3.

Figure 3. Schematic representation of Fischer–Tropsch synthesis (FTS) (chain propagation, hydrogenation
to n-paraffins, and desorption to 1-olefins) and 1-olefin secondary reaction (hydrogenation, isomerization,
and readsorption) [87].

On the other hand, van Steen and Schulz [88] have simplified the scheme representing (Figure 4)
the formation of chain initiators and insertion into the developing chains. This is what is used to show
the growth of rate equations using the polymerization principle.
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Figure 4. Simplified kinetic scheme of the successive hydrogenation of surface carbon yielding chain
starters and incorporation into growing chains [88].

Furthermore, Muleja et al. [89] attempted to explain the effect of nitrogen co-feeding into the
FT reactor with a reactive distillation mapping leading to the suggestion that further to kinetics,
thermodynamic equilibrium and VLE should potentially be considered for FT processes modeling.

6. Concluding Remarks and Recommendations

Maximizing the yield of high-value product is a critical factor for the commercialization and
successful implementation of the FT process. Coal or biomass gasification and natural gas reforming
generally produce syngas that contains some short-chain hydrocarbons and impurities [90]. Some
feed streams have contaminants that affect the FT reactor in various ways. The ability to integrate
some contaminants, such as CO2, into the process design might be crucial to the success of a new
design. Taking advantage of N2 that is inherent in air could save capital installation costs in eliminating
the need for cryogenic air separation units. The by-product water could be used to absorb the heat
of reaction upon vaporization in an intensified unit, such as an FT reactive distillation system [91].
Since olefin readsorption has been demonstrated in an FT reactor [17,92–94], the light gas stream
could be recycled to various trays in a reactive distillation column to influence product selectivity [95].
Insights gained from FT co-feeding studies are not only applicable to FTS but could also be extended
to methanol-to-hydrocarbons synthesis and other hydrocarbons processing systems [96]. There are
some ongoing ethylene co-feeding studies to try to understand the impact on olefin selectivity over
Co-based catalysts [97]. Thus, insight from co-feeding studies leads to process synthesis and integration
opportunities that were not envisaged by the researchers probing various phenomena.
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Abstract: The bulk of the products that were synthesized from Fischer–Tropsch synthesis (FTS)
is a wide range (C1–C70+) of hydrocarbons, primarily straight-chained paraffins. Additional
hydrocarbon products, which can also be a majority, are linear olefins, specifically: 1-olefin,
trans-2-olefin, and cis-2-olefin. Minor hydrocarbon products can include isomerized hydrocarbons,
predominantly methyl-branched paraffin, cyclic hydrocarbons mainly derived from high-temperature
FTS and internal olefins. Combined, these products provide 80–95% of the total products (excluding
CO2) generated from syngas. A vast number of different oxygenated species, such as aldehydes,
ketones, acids, and alcohols, are also embedded in this product range. These materials can be
used to probe the FTS mechanism or to produce alternative chemicals. The purpose of this article
is to compare the product selectivity over several FTS catalysts. Discussions center on typical
product selectivity of commonly used catalysts, as well as some uncommon formulations that display
selectivity anomalies. Reaction tests were conducted while using an isothermal continuously stirred
tank reactor. Carbon mole percentages of CO that are converted to specific materials for Co, Fe,
and Ru catalysts vary, but they depend on support type (especially with cobalt and ruthenium)
and promoters (especially with iron). All three active metals produced linear alcohols as the major
oxygenated product. In addition, only iron produced significant selectivities to acids, aldehydes,
and ketones. Iron catalysts consistently produced the most isomerized products of the catalysts that
were tested. Not only does product selectivity provide a fingerprint of the catalyst formulation, but it
also points to a viable proposed mechanistic route.

Keywords: Fischer–Tropsch synthesis (FTS); oxygenates; iron; cobalt; ruthenium; Anderson-Schulz-Flory
(ASF) distribution

1. Introduction

1.1. The Heart of the X-to-Liquids Process

Fischer–Tropsch synthesis (FTS) is a pseudo-polymerization synthesis that is a key step in
Gas-to-Liquids (GTL) [1–3], Coal-to-Liquids (CTL) [4–7], and Biomass-to-Liquids (BTL) [8–10]
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processes, as displayed in Figure 1. Briefly, there are three main steps that are undertaken to produce
materials. The first step is syngas production from natural resources, primarily materials that are
of local natural abundance. To generate the raw syngas, these raw materials are first processed by
gasification (in the case of coal or biomass) or steam reforming/partial oxidation (in the case of natural
gas). The actual chemistry depends on which raw materials are to be locally utilized. The overall
chemical reactions are provided below:

CTL/BTL = C + H2O � CO + H2 at a H2/CO ratio of 0.7

GTL = CH4 + H2O � CO + 3 H2

Given the complexities of natural resources, these equations do not include all of the extraneous
components, such as heteroatoms (i.e., sulfur, nitrogen), metals, and CO2. Thus, to obtain the
needed pure syngas, a cleanup procedure is paired with the gasification process [11,12]. Furthermore,
depending on the natural resource used, the off-gas from gasification needs to be treated by a versatile
system, because a multitude of components must be eliminated, including: various alkali metals,
transition metals, sulfur compounds (i.e., COS, H2S), CO2, nitrogen compounds (i.e., HCN, NH3),
and hydrohalic acids (i.e., HCl, HBr). Sulfur elimination is especially important, as it irreversibly binds
to the FTS catalyst, poisoning active sites, and altering selectivity.

 

Figure 1. A simplified diagram of the Coal-to-Liquids (CTL), Gas-to-Liquids (GTL), and Biomass-to-Liquids
(BTL) processes.

In the case of low H2/CO syngas (i.e., from coal and/or biomass), water-gas shift (WGS):

WGS H2O + CO � H2 + CO2 ΔH = −41 kJ/mol

may be used to increase the H2/CO ratio [13]. Iron carbide catalyst is often used in this case, as it is
active for both WGS and FTS, which are run simultaneously with a H2/CO ratio that can be as low as
~0.7–1.0 for coal-derived syngas [14–16]. The last step is the catalytic upgrading of these hydrocarbons
by the hydrocracking of waxes to target the desired hydrocarbon range of interest (e.g., gasoline,
jet fuels, diesel, lubricants, etc.) [17].
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1.2. Fischer–Tropsch Synthesis

At moderate pressures and temperatures, FTS is employed to convert the synthesis gas to
a range of hydrocarbons, which, once upgraded, can be utilized as high quality, almost sulfur-free,
fuels (namely diesel and jet fuels), lubricants, waxes, and chemicals [18,19]. The main representative
reactions are given by:

n-alkane production: (2n + 1)H2 (g) + nCO (g) → CnH2n+2 + nH2O

alkene production: (2n)H2 (g) + nCO (g) → CnH2n + nH2O

The product slate that is synthesized by FTS is remarkable, ranging from methane up to
C70+ [20,21]. Products vary based on reaction conditions (i.e., temperature, pressure, space velocity,
and H2/CO ratio), reactor type, and catalyst formulation. Though the identity of the C1 monomer is
still under scrutiny [22–25], FTS is generally assumed to follow a polymerization reaction, whereby:

1. reactants (H2 and CO) chemisorb on active sites;
2. chain growth is initiated;
3. the carbon chain is then propagated;
4. the chain is terminated; and,
5. the final product desorbs from the catalyst surface (with the possibility of minor readsorption

and reincorporation [26]).

1.3. Active FTS Metals

As of now, only four transitional metals are considered active for FTS: cobalt, iron, ruthenium,
and nickel. Given that nickel has been plagued as a methanation catalyst, and simply due to the price
of ruthenium, only cobalt and iron have typically been considered for industrial use to date [27,28].
Iron is the most abundant metal, and it is thus less expensive than cobalt. Iron is also preferred for
industrial applications, where coal is the natural resource used to produce the syngas. The low level of
H2 in the syngas is due to the high abundance of naphthalene-based materials, molecules that contain
more carbon than hydrogen. Iron is also different in that, as understood today, iron carbide, not the
metal itself, is the active species. In addition, iron carbide alone is a very low-α (i.e., where α is chain
growth probability) catalyst, and normally an alkali promoter, such as potassium, is added to increase
the dissociation rate of CO, allowing for α to increase [29,30]. Copper is normally added as a promoter
as well, to enhance the reducibility of iron oxides during activation [31].

Cobalt, the other active metal that is utilized in industry for FTS, is normally paired with the GTL
process. Cobalt, unlike iron, possesses very low intrinsic WGS activity, and it is thus more useful for
higher H2/CO ratio syngas, such as that derived from natural gas. Because cobalt is expensive, it is
typically supported on materials, such as Al2O3, SiO2, and TiO2, in order to produce nanoparticles
that improve the fraction of exposed surface cobalt atoms [32]. The control of interactions between
the active cobalt and the support is a balancing act. Poor interactions lead to the agglomeration of
cobalt particles, resulting in lower CO conversion on a per gram catalyst basis [33]. However, if the
interaction between the support and the cobalt is too strong, then fine Co particles can lead to low
reducibility, and thus reduction promoters (e.g., Pt, Re, and Ru) are often added to facilitate their
reduction by hydrogen dissociation and spillover or via a chemical effect [34].

1.4. Supports and Promoters

Research has shown that iron is not as efficient at hydrogenation as cobalt or ruthenium and,
as a result, iron produces higher selectivities of olefin and oxygenated products [35]. Formulations
of iron catalysts often include silica as a structural stabilizer to help prevent attrition; however,
iron catalysts also rely on promoters, such as alkali metals and/or copper, to assist in FTS. Alkali
promoters for iron catalysts also promote the formation of the active phase, iron carbide, while copper
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has been found to facilitate the reduction of iron oxides prior to carbide formation. The typical Fe
compounds that are intermediates in the reduction/carburization process in CO are Fe2O3 → Fe3O4

→ FeO → FexCy [36]. For cobalt, the promoters, which are often metals, like Pt, Re, and Ru, enhance
the degree of reduction of cobalt oxides, and most significantly that of Co2+ to cobalt metal, with the
typical reduction process being Co3O4 + H2 → 3CoO + H2O and 3CoO + 3H2 → 3Co0 + 3H2O [37].
The product distribution is much more diverse for the iron catalyst than for the cobalt or ruthenium
catalysts. Furthermore, iron is the only catalyst that produces more than just one type of oxygenate.
These changes seem to vary greatly based on the amount of promoter and promoter type. In fact,
the products of the iron catalyst can become so diverse, such that, even before the oils are analyzed,
one can physically look at the samples to see the color differences that vary from deep amber to
light yellow, or even clear (Figure 2). Color, from early hydrogenation work, served as a basis of
understanding the fraction of isomerized material present in the product selectivity [38], which was,
in turn, driven by the olefin products formed. Initial indications led to a ratio of the amount of 1-olefin
to the internal olefins, where the amber, dark colored products have significant amounts of 1-olefin
when compared to all other products. The oil samples were mixed with Pd/C catalyst and then placed
under 10 pounds of pressure for 5 min. Once separated, the oil was clear, yet all of the oxygenates were
still present. During this process, olefins become hydrogenated [38]. However, more work is needed to
fully confirm the relationship between the 1-olefin and the rest of the materials to fully understand
what is truly responsible for the color. Further deviations in the selectivity can also be observed on the
same catalyst, by merely observing the samples with time on-stream (TOS). The aim of this work is to
review the product selectivity of oxygenated materials over FTS catalysts and to examine the effects
of promoters (e.g., alkali metals, active supports), as well as to develop insights (from an analysis of
oxygenates) into the reaction kinetics and mechanism.

 

Figure 2. Deviations in the color of oils produced by Fischer–Tropsch synthesis (FTS).

Unlike iron, the promoters used for cobalt (e.g., Pt, Re, and Ru) do not alter the product selectivity
to the same extent and they are primarily used to facilitate the reduction of cobalt oxides during
catalyst activation. Because ruthenium and cobalt are expensive, they are typically supported (Al2O3,
TiO2, SiO2), such that the number of active sites is determined, in part, by the interaction with the
support, which governs the average size of cobalt nanoparticles and their percentage reduction while
using a standard reduction procedure (e.g., 33%H2:67% inert, 350 ◦C, 10 h). The purpose of adding the
support for cobalt and ruthenium is to disperse the expensive metal to achieve higher active metal
surface areas and to retard the sintering of the metal nanoparticles. The interaction between the metal
and the support needs to be strong enough to stabilize small clusters, but not so strong that the cobalt
surface is lost to the formation of cobalt support compounds; for example, cobalt/alumina catalysts
that have low Co loading tend to form difficult to reduce cobalt aluminate species [39]. Furthermore,
the support is often assumed to be an inert carrier with the FTS activity occurring on the active metal
sites. However, recently, we made an attempt to make cobalt catalysts that mimic the behavior of
Fe-based catalysts. Fe catalysts possess both a metal-like function in Fe carbide and a partially reducible
oxide function in defect-laden Fe3O4. By adding an active partially reducible oxide—ceria—as the

182



Catalysts 2019, 9, 259

support, the oxygenate selectivity of cobalt FTS catalyst significantly increased [40–42]. This work
summarizes the results for several reaction tests that were performed with cobalt and ruthenium
serving as active components and various supports being utilized; the latter included relatively inert
carriers, such as silica and alumina, as well as those possessing a higher density of reduced defect sites
and that are considered to be more active, such as titania and ceria.

1.5. Known Mechanistic Routes

Bearing in mind that FTS products consist primarily of aliphatic molecules, FTS could be
investigated as the synthesis of hydrocarbon molecules through a multi-step reaction. Therefore,
several steps must occur in the synthesis route, which involves the addition of hydrogen in
transforming CO bonding to C-C bonding [22]:

• associative/dissociative adsorption of CO (remains a point of contention);
• dissociative adsorption of hydrogen [43];
• transfer of 2 H* atoms to O* to form H2O;
• allocation of 2 H* to C* to form -CH2-;
• formation of a new C–C bond (unless methane is formed);
• desorption of H2O; and,
• desorption of aliphatic product.

This list serves as a rough guide, but the specific order for all given steps remains elusive. CO must
dissociate in order for aliphatic materials to be synthesized. This has led to various interpretations of
the mechanistic steps of FTS.

Fischer, discerning that the synthesis route involved the formation of aliphatic carbon-hydrogen
bonds and knowing the tendency of iron to form iron carbide, proposed a carbide mechanism,
as shown in Figure 3. Although Fischer promoted this mechanism, it was not his first choice; he did
not favor the carbide mechanism until results displayed hydrocarbons as the primary products for
FTS [44]. Although this mechanism was set aside for a brief period, recent advances in surface science
revealed that the catalysts displayed a high surface coverage of carbon, with little surface oxygen,
and revived the idea that hydrocarbon products could be synthesized through the combination
of methylene groups [45–49]. In the carbide mechanism, CO dissociatively adsorbs on the active
FTS metal, covering the surface with carbon and oxygen atoms. The adatoms are sequentially
hydrogenated, forming water and methylene monomer. Previous work that was done by Ojeda
et al. discusses the quasi-equilibrium assumption for the dissociation and hydrogenation of CO
within the first hydrogenation step; the second step is assumed to be rate-limiting [50]. Fischer
first proposed a mechanistic route involving oxygenate intermediates for FTS, as very little aliphatic
material was generated, and the products were mostly comprised of alcohols. Although the carbide
mechanism gained ground after being proposed by Fischer, work that was conducted by Kummer and
Emmett [46,47] once again gave rise to an oxygenate mechanism [49]. The detailed example within
Figure 4 is currently known as the enol mechanism.
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Figure 3. A proposed FTS route based on the carbide mechanism.

 

Figure 4. A proposed FTS route based on the enol mechanism.

The enol mechanism describes CO adsorbing without dissociation upon the FTS active metal
surface. After chemisorption, CO reacts with adsorbed H atoms to create hydroxymethylene
(M-CHOH). The enol structure grows by a sequence of condensation steps using the hydroxyl groups
of adjacent hydroxymethylene species. This mechanism describes a route where the rate-controlling
step is the hydrogenation of adsorbed CO.

Another commonly proposed mechanism is CO insertion [50], which is displayed in Figure 5,
where the CO is molecularly adsorbed onto the active catalyst, and it undergoes bond scission only
after being incorporated into the chain. Again, the proposed rate-limiting step is the hydrogenation of
CO to the CH2 methylene group. The assumed monomer for this mechanism is simply CO through
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its insertion into metal-carbon bonds. Interestingly, CO insertion is a common step in homogenously
catalyzed reactions, such as hydroformylation [51]. The mechanism continued to be scrutinized,
and even the primary versus secondary products are still subject to debate; several research groups are
focused on shedding light on this topic [52–54].

1.6. Anderson, Schulz, and Flory

A polymerization model, as independently developed by Anderson et al. [55], Schulz [56],
and Flory [57], which is known as the Anderson-Schulz-Flory (ASF) model, can describe the range
of hydrocarbon products that were synthesized by FTS. The ideal FTS distribution is expressed by
Equation (1), where the ASF model is the most commonly used to date:

Mn

n
= (1 − α)2 αn−1 (1)

where Mn/n is the mole fraction of a hydrocarbon with carbon number n, and α is defined as the chain
growth probability. Equation (2), which describes alpha (α), is defined by the molar rate at which the
chain propagates (rp) versus the rate at which it terminates (rt).

α =
rp

(rp + rt)
(2)

The ASF polymerization model assumes that the hydrocarbon chain lengths are independent,
and thus, solely dependent on rp and rt. The distribution of FTS products can then be plotted in a linear
manner with the natural log of the mole fraction as the dependent variable, y, and the carbon number
as the independent variable, x, as shown in Figure 6 for iron, cobalt, and ruthenium catalysts.

 

Figure 5. A proposed FTS route based on the CO insertion mechanism.
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Figure 6. A general Anderson-Schulz-Flory (ASF) plot of the natural logarithm of the mole fraction for
a cobalt, ruthenium, and iron FT product distribution. Fe-Cu/SiO2, 270 ◦C, 12.1 bar, weight hourly
space velocity (WHSV) = 2, H2/CO = 0.7, 0.5%Pt/25%Co/Al2O3, Temperature 225 ◦C, Pressure = 27.6
bar, WHSV = 8, H2/CO = 2; and 1%Ru/Al2O3, Temperature 241 ◦C, Pressure = 29.9 bar, WHSV = 1.5,
H2/CO = 2.

The ASF polymerization model is useful as a tool to describe a range of hydrocarbons when
assessing a series of catalysts that portray certain characteristics. More importantly, trends can be
displayed that attempt to understand the promoter, support, and reactor effects on FTS based on
deviations from the ASF model. Figure 7 provides a general picture of an expected distribution for
specific α values. A typical ASF plot totals all products (i.e., 1-olefin, n-paraffin, cis/trans-2-olefin,
alcohol) to directly relate CO to a carbon number (i.e., C10, C11, etc.) and not to a specific product
type. However, this review examines the types of products separately to compare the ASF model
for more than one product classification. The products that are present in the oil and wax phases
are so numerous that the retention times from standards could not be used to identify all of the
products. Therefore, peaks for oxygenated compounds in the oil and wax are separated and identified
using gas chromatography-mass spectrometry (GC-MS). Oxygenates in the gas and water samples
are identified based on the retention times of standards. The ASF model is useful in describing
the distributions of the different classifications of hydrocarbons and oxygenates. The apparent
chain growth probability factor (i.e., α), as defined by the ASF model, depends on several factors,
including vapor-liquid equilibrium (VLE), type of reactor, diffusional limitations, olefin re-adsorption,
etc. [21,58–72]. Oxygenated compounds vaporize at higher temperatures (when compared at similar
carbon chain length) and therefore will be more severely affected than hydrocarbons [73]. Oxygenates
seem to display a negative deviation in ASF plots at approximately C12, as opposed to hydrocarbons,
and this is likely due to their higher boiling point in comparison with hydrocarbons of the same length.

 

Figure 7. A distribution of products based upon α.
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1.7. Product Distribution of Fischer–Tropsch Synthesis

The four primary classifications of FTS hydrocarbon products are: 1-olefins, paraffins,
trans-2-olefins, and cis-2-olefins. To give an idea of the vast array of products, Figure 8 displays
chromatograms of merely the oil phase (excluding gas, aqueous, and wax phases) for the distribution
of products for iron (A) cobalt (B), and ruthenium (C) catalysts. General examples of a flame
ionization detector (FID) scan (Figure 8) displays weight fractions of each major component, which can
significantly vary, depending on the active metal. The effect of chain length on selectivity depends
on the process conditions (e.g., temperature, pressure, H2/CO ratio) and the type of reactor (e.g.,
slurry or fixed-bed). Chain length affects the olefin/paraffin (O/P) ratio [74–81] through differences in
re-adsorption that, in turn, affect secondary reactions, such as hydrogenation, isomerization, and the
re-initiation of chain growth [76,80,81]. Hydrocarbon chain length also influences the olefin/paraffin
ratio by the disproportional accumulation of heavier products due to the decreasing vapor pressure
with increasing chain length, particularly in slurry-based FTS systems [77,82]. As residence time
increases, re-adsorption increases in a proportional manner; thus, an inverse relationship arises where,
the longer the hydrocarbon chain, the lower the O/P ratio (as n increases, O/P decreases). Figure 8
visually describes this attribute (in this case using an iron catalyst), where the olefinic component more
rapidly decreases with the carbon number in the FID chromatograph.

 

 

 

 

Figure 8. Typical flame ionization detector (FID) chromatographs for the products of the oil phase for
Fe-Cu/SiO2, 270 ◦C, 12.1 bar, WHSV = 2, H2/CO = 0.7 (A), 0.5%Pt/25%Co/Al2O3, Temperature 225 ◦C,
Pressure = 27.6 bar, WHSV = 8, H2/CO = 2 (B); and, 1%Ru/Al2O3, Temperature 241 ◦C, Pressure =
19.2 bar, WHSV = 1.5, H2/CO = 2 (C) FTS catalysts.
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An advantage of the FID, specifically described later, is the ability to relatively assess peaks across
chromatograms for different catalysts by weight %. This cannot be used to compare the total products
produced, but the percentage of a specific product to the total. Here, this comparison works to quickly
evaluate if a catalyst produces higher amounts of 1-olefin per carbon number. When calculating the
actual mole of carbon %, the numbers agree with this relative amount per product, allowing the FID
chromatogram to provide a quick “fingerprint” of product selectivity per catalyst.

The isomerized materials, although minor, can be observed from the gas range up to the longer
chains in the oil fraction. Most of the branching that occurs in FTS is single methyl branched material,
as shown in Figures 9 and 10. The diversity of these materials depend on the specific carbon number
and, as the carbon number increases, the more diverse the methyl-branched paraffin become.

A minor fraction of the distribution, which consists of oxygenated products (Figures 11 and 12),
is also important. For example, oxygenates can be used to investigate the mechanism of FTS [46,47,82]
or serve as alternative chemicals. FTS catalysts have been altered in a specific manner with the intent of
increasing the selectivity to oxygenates with the aim of producing alternative chemicals (e.g., chemical
feedstocks) [40–42,83,84]. Two variables that affect product distribution [44] and that were controlled by
changing catalyst formulation, include metal (e.g., alkali) promoters for iron, and support type (as well
as the interfacial contact between support and metal) for supported cobalt and ruthenium catalysts.

 

Figure 9. A chromatographic picture comparing different branching materials of specific carbon
materials for a 0 K (i.e., no potassium promoter) active iron catalyst. This represents mixed oils from
several iron runs where the oils were exposed to H2 at 0.68 bar for 5 min using Pt/C catalyst converting
all olefinic materials to alkanes. All runs at 230 ◦C, 12.1 bar, 0.7 H2/CO with a WHSV = 2.
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Figure 10. A chromatographic picture comparing different branched materials ranging from C11–C16.
This is mixed oils from several iron runs where the oils were exposed to H2 at 0.68 bar for 5 min. using
Pt/C catalyst converting all olefinic materials to alkanes. A is the linear alcohol, A* is where the alcohol
is buried behind the 3-methyl branched paraffin. Otherwise, the order of methyl paraffins—starting
from the n-paraffin going right to left; 3-methyl, 2-methyl, 4-methyl, 5-methyl, etc. All runs at 230 oC,
12.1 bar, 0.7 H2/CO, with a WHSV of 2.

 
Figure 11. Two separate fractions of oil from a mixture of a multitude of iron FTS runs, separated by
silica gel with N2, and independently injected upon the MSD. The x-axis is retention time in minutes.
The oxygenated chromatogram is only enlarged to display for identification purposes. These were not
added to the overall analysis as the mole of carbon % were to small and difficult to quantify.
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Figure 12. Two separate fractions of an iron FT oil separated by silica gel with N2 and independently
injected upon the Agilent MSD. The x-axis is retention time in minutes. The oxygenated chromatogram
is only enlarged for the purpose of identification. The green lines display where the oxygenated
material peaks would elute in relationship to the main hydrocarbon peaks—if these materials were not
first separated.

The aim of this manuscript is to shed light on how product selectivity varies with FTS catalyst
type for low-temperature FTS and, in turn, gain greater insight into the FTS mechanism.

2. Experimental

2.1. Catalyst Synthesis

2.1.1. Iron Catalysts

Fe–alkali/SiO2 catalyst preparation: The preparation of a precipitated iron-silica catalyst with
an atomic ratio 100Fe/4.6Si has been described elsewhere [85]. The alkali (Li, Na, K, Rb, and Cs)
was then added by incipient wetness impregnation (IWI) with aqueous alkali carbonate to obtain
an alkali/iron atomic ratio of 1.44/100 and copper, a known promoter, was not added in order to avoid
complicating the analysis [85].

K/silica/Cu and K series iron catalysts: The preparation of the precipitated iron catalyst series was
performed by dissolving iron (III) nitrate nonahydrate in deionized water, followed by the addition
of tetraethylorthosilicate (TEOS) to achieve the desired Fe:Si ratio. This mixture was vigorously
agitated until the TEOS had hydrolyzed. To make the final Fe:Si base, the slurry was then added
to a continuously stirred tank reactor (CSTR), which served as a precipitation vessel, followed by
a stream of ammonium hydroxide (14.8 M) that was added to maintain a pH of 9.0. Next, the iron
base catalyst was vacuum filtered and then washed twice with deionized water. The final filter cake
was dried for 24 h in an oven at 110 ◦C with flowing air. Lastly, the Fe:Si catalyst base powder
was then impregnated by incipient wetness with specific amounts of aqueous potassium nitrate and
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copper nitrate solutions in order to produce the desired atomic compositions (0.5K:100Fe; 1K:100Fe,
1.25K:5.1Si:100Fe, 1.25K:2Cu:5.1Si:100Fe, 1.25K:5Cu:5.1Si:100Fe, 2K:100Fe, 5K:100Fe, 5K:5.1Si:100Fe).
Finally, the Fe:Si:K:Cu catalysts were dried at 110 ◦C overnight, followed by impregnation, drying,
and calcination in a muffle furnace at 350 ◦C for 4 h.

Fe-Cu/MnO2 catalyst preparation: Manganese sulfate solution (1.7 M) was slowly added to the
0.4 M potassium permanganate solution, and after deposition, nitric acid (0.6 M) was added to this
solution. This precipitate was aged for 10 h at room temperature, after which it was washed with
deionized water and then dried at 120 ◦C for 15 h. Finally, the MnO2 support was obtained after
calcination at 200 ◦C for 4 h. The MnO2 supported Fe-Cu catalysts were prepared by the IWI method
using an aqueous solution of iron and copper nitrates. The iron loading of the catalyst was 20% and
the Fe/Cu molar ratio was 100:15. After impregnation, the catalysts were dried at 120 ◦C for 15 h and
then finally calcined in air at 350 ◦C for 4 h.

2.1.2. Cobalt Catalysts

Co/Silica—The 12.4 wt % Co/SiO2 catalyst was prepared by the incipient wetness impregnation
of a SiO2 support (Davisil 634, pore volume of 0.75 cm3/g, and surface area of 480 m2/g) with a cobalt
nitrate solution. Two impregnation steps were used to load the cobalt precursor. Between each
step, the catalyst was dried under vacuum in a rotary evaporator at 80–100 ◦C. After the second
impregnation/drying step, the catalyst was calcined in flowing air at 350 ◦C for 4 h.

Co/Alumina—Condea Vista Catalox high purity γ-alumina (150 m2/g) was used as a support.
Cobalt nitrate (Sigma Aldrich, St. Louis, MO, USA) served as the precursor to load 25% by weight
cobalt onto the Al2O3 support. In this method, which follows a Sasol patent [86], the ratio of the
volume of solution used to the weight of alumina was 1:1, such that approximately 2.5 times the pore
volume of solution was used to prepare the loading solution. Two impregnation steps were used to
load 12.5% of Co by weight for each step. Between each step, the catalyst was dried under vacuum in
a rotary evaporator at 80 ◦C and the temperature was slowly increased to 100 ◦C. After the second
impregnation/drying step, the catalyst was calcined at 350 ◦C for 4 h.

Co/Titania—Preparation of this catalyst is detailed in reference [87].
Co/Ceria—Preparation, and properties of these catalysts can be found in references [40–42].
Co/Carbon Spheres—Preparation and properties of these catalysts and reaction tests can be found

in reference [59].
Unpromoted Co—A bulk cobalt catalyst was prepared while using cobalt nitrate solution as

a cobalt precursor. In this method, a 1:1 stoichiometric amount of ammonium carbonate (aqueous
solution) to cobalt, was added to an aqueous solution of Co(NO3)2*6H2O (Aldrich, 98%), in order
to precipitate out Co as CoCO3. The precipitate was filtered, and the resulting solids were washed
with copious amounts of deionized water. The catalyst was then dried overnight at 120 ◦C and then
calcined at 500 ◦C in air for 5 h.

2.1.3. Ruthenium Catalysts

Three ruthenium catalysts were prepared by IWI using an aqueous solution of ruthenium nitrosyl
nitrate (Alfa Aesar, Haverhill, MA, USA). The samples were dried overnight at 120 ◦C and then calcined
under air flow at 350 ◦C for 4 h. The catalysts included a 1.2 wt % Ru/TiO2 catalyst with Degussa P-25
TiO2 (72% anatase, surface area 45 m2/g, calcined at 400 ◦C for 6 h), and a 3.0 wt. % Ru/SiO2 catalyst
that was prepared using PQ silica CS-2133 (surface area 352 m2/g, which was calcined at 350 ◦C for
6 h) as the support. 1.0 wt% Ru/Al2O3 catalyst was prepared using Sasol-Catalox alumina (high purity
γ-alumina, surface area 140 m2/g, which was calcined at 350 ◦C for 6 h) as the support.

Ru/NaY—Specifics on the preparation of the NaY ruthenium catalyst are described in
reference [87].

191



Catalysts 2019, 9, 259

2.2. Catalyst Testing

All of the catalytic FTS reaction tests were performed in a 1-L CSTR; the mixing rate was
750 revolutions per minute (RPM) and the reaction temperature was monitored with an internal
thermocouple. Each CSTR had three Brooks mass flow controllers, which were specifically calibrated
and capable of delivering a continuous, very controlled flow of gas. The pressure was monitored
with three gauges—pre-reactor, internal to the reactor, and post reactor—to ensure no plugging
issues throughout the entire system. The effluent of the reactor was directed to two 500 mL pressure
vessels, which served as traps, and they were set at 100 ◦C and 0 ◦C, respectively; these were used as
a distillation setup to separate the vapor phase FTS products, oil and water. A third vessel set at 200 ◦C
was used to periodically collect the heavier wax products that remained inside the reactor. A stainless
steel (SS) filter that was located inside the reactor prevented catalyst loss during the collection of
waxes. As wax products are liquid inside the reactor, collection was accomplished by setting a pressure
difference between the reactor system and the offline pressure vessel. This created an internal vacuum
that provided the driving force for wax product removal.

2.2.1. Iron Catalysts

Fe–Alkali/SiO2: The catalyst (5 g) was mixed in the CSTR with 310 g of melted octacosane,
which was used as the start-up solvent. The octacosane was treated to remove bromide impurity prior
to mixing. The stirring speed was set at 750 rpm before the reactor was pressurized to 12.1 bar with
carbon monoxide at a flow rate of 25 NL/h. The reactor temperature was then increased to 270 ◦C at
a heating rate of 2 ◦C/min. The catalyst was pretreated at 270 ◦C for a total of 22 h. After this period,
the reactor was then fed with syngas at a constant H2/CO ratio of 0.67 by introducing and increasing
the H2 flow during a 2 h period. The pressure, temperature, and stirring speed were maintained at
12.1 bar, 270 ◦C, and 750 rpm, respectively.

Fe–Cu/MnO2: 15 g of the iron catalyst were loaded into the CSTR with Durasyn 164 “C30” oil,
a poly alpha-olefin startup oil. The catalyst was pretreated online in the same manner as described
above for an iron catalyst (i.e., pretreatment for 22 h at 270 ◦C, and then running at 12.1 bar and 270 ◦C).

2.2.2. Cobalt Catalysts

Co/Silica: 18.3 g of the silica supported catalyst containing 20% Co were reduced in H2 flow at
350 ◦C in a fixed bed reactor for 24 h. The treated catalyst was then pneumatically transferred under
argon flow, without exposure to air, into the CSTR. To accomplish the transfer, the fixed-bed reactor was
attached to the CSTR through a ball valve connection, the reduction vessel was then over-pressured
with argon, and the catalyst powder was then forced through the ball valve. The reduction vessel was
weighed before and after catalyst transfer to ensure that all of the catalyst was added to the CSTR.
After transfer, the catalyst was reduced in flowing H2 at 180 ◦C in the CSTR for another 24 h. The initial
conditions of the reactor were 20.8 bar and 210 ◦C. The feed gas was initially set to 90.9 slph with
a composition of 66.7% H2, 33.3% CO (no inert gas was added), H2:CO ratio of 2.0, weight hourly
space velocity (WHSV) of 24.8, and a gas hourly space velocity (GHSV) of 5.0 SL/h/g-cat. An amount
of 300 g of the startup Polywax 3000 (polyethylene fraction with average molecular weight of 3000)
was used.

Co/Alumina: Another reactor was loaded with 9.0 g of an alumina supported catalyst.
The calcined catalyst (ca. 20 g) was ex-situ reduced in a fixed bed reactor with a mixture of hydrogen
and helium (1:2) at a flow rate of 70 SL/h at 350 ◦C. The reactor temperature was increased from room
temperature to 100 ◦C at a rate of 2 ◦C/min and then held at 100 ◦C for 1 h; then, the temperature was
increased to 350 ◦C at a rate of 1 ◦C/min and kept at 350 ◦C for 10 h. The catalyst was transferred to
a CSTR to mix with 300 g of melted Polywax-3000. The catalyst was then reduced in situ in the CSTR
in a flow of 30 SL/h H2 at atmospheric pressure. The reactor temperature was increased to 220 ◦C at
a rate of 1 ◦C/min and was maintained at this activation condition for 24 h. The initial conditions of
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the reactor were 18.9 bar and 200 ◦C. The feed gas was initially set to 45.0 slph with a composition of
66.7% H2: 33.3% CO (i.e., no inert gas was added), a H2:CO ratio of 2.0, WHSV of 20, and a GHSV of
5 SL/h/g-cat.

Co/Titania: The titania supported catalyst was activated and loaded in the same manner as the
alumina supported catalyst—specific details are found in reference [20].

Co/Unsupported cobalt: The calcined unsupported catalyst (~14.0 g; weight was accurately
known) was reduced ex-situ in a fixed bed reactor with a mixture of hydrogen and helium (1:2) at
a flow rate of 70 SL/h at 350 ◦C for 10 h at atmospheric pressure. The catalyst was transferred under
the protection of argon to a 1 L CSTR containing 300 g of melted Polywax 3000 (start-up solvent).
The catalyst was then re-reduced in situ at 220 ◦C for 24 h in the CSTR in a flow of 30 SL/h hydrogen
at atmospheric pressure. After the activation period, the reactor temperature was decreased to 170 ◦C
and synthesis gas was introduced through a dip tube, while the reactor pressure was increased to
19.9 bar. The reactor temperature was then increased to 220 ◦C at a rate of 1 ◦C /min. The feed gas was
initially set to 65 slph with a composition of 66.7% H2, 33.3% CO, a H2:CO ratio of 2.0, a WHSV of 4.8,
and GHSV of 5 SL/g/h.

Co/Carbon: run specifics can be found in reference [59].
Co/Ceria: specific run parameters can be found in references [40–42].

2.2.3. Ruthenium Catalysts

The ruthenium catalysts were activated ex-situ in a one-inch plug flow reactor at 300 ◦C for 15 h
under 3:1 He/H2 mixture. The catalyst was then inserted into melted wax in the hood and allowed
to cool. The catalyst/wax mixture was then added to the CSTR and again exposed to a reducing
environment of pure H2 for 24 h at 220◦C before bringing it to the specified FTS conditions. Liquid
samples were removed daily from three traps that were maintained at 200, 100, and 0 ◦C mounted
after the CSTR. Water was separated, and the oil and wax samples were weighed separately and then
combined (producing an oil phase). The FTS products were collected and then weighed and analyzed
while using gas chromatography (GC).

The specifics on the run parameters of the NaY ruthenium catalyst are described elsewhere [87].

2.3. FTS Product Analysis

Instrumentation Methods

The FID instrument is used specifically for carbon based materials to quantify the products of
FTS [88–91]. No specific sample preparation was necessary before the injection of the oil sample onto
the GC column. One microliter of sample was injected onto an Agilent JW Scientific DB-5 GC Column
(Agilent, Santa Clara, CA, USA) at 35 ◦C and 0.55 bar, with a 1.5 mL/min split flow. The quantification
of the oil products was accomplished using a 6890 Agilent (Santa Clara, CA, USA) GC with flame
ionization detector (FID). The typical range of hydrocarbons observed in this sampling ranged from
C4–C35. Only very small amounts of the low end (C4–C6) and high end (C27

+) products were observed).
A small aliquot of wax was taken from the sample vials and then placed into a small test tube

that contained a small amount of o-xylene (Sigma Aldrich ≥ 99.0%) and warmed to around 80 ◦C.
The samples were kept at the elevated temperature until all of the wax was dissolved. These liquids
were then transferred to injection vials. The wax samples were also analyzed with a 6890 Agilent FID
instrument. The column was a 30 m DB-1 (Agilent, Santa Clara, CA, USA) high temperature column);
the injections occurred with a slow plunger at 50 ◦C and immediately increased to 390 ◦C and held
at 390 ◦C for 30 min. The o-xylene was the first peak to elute and it was not included in the sample
analysis. The hydrocarbon peaks that followed typically ranged from C11–C70 (i.e., only very small
amounts of the low end C11 and high end C50

+ were observed).
The vapor (CO, CO2, C1–C6, H2, N2) that exited the cold trap was directly sent to

a Hewlett-Packard Quad Series Micro GC (also a Micro-GC 3000 from Agilent), a refinery gas analyzer
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(RGA). This GC has four internal modules, each with their own injection port column and TCD that
were run in parallel (A = mol sieve 10 m 5A, B = plot U (PPU) 8 m, C = alumina 10 m, D = OV-1
10 m) [92–95]. Two pumps in the GC allow for the same volume of sample to be injected into the four
columns (being held at a constant temperature and pressure), quickly separating specific compounds
in each column. Column A, which was the mol sieve, performed the separation of H2, methane and
CO and used Ar as the carrier gas. Column B, the plot U, separated the C2 products and CO2. Column
C, the alumina plot, separated out C3–C5. Column D, the OV-1, separated C6–C8. Columns B-D used
He as the carrier gas.

No sample preparation was necessary to inject the water samples. The water samples were injected
onto the Hewlett Packard 5790 GC with a TCD and packed (1/8” × 6m Porapak) column at 2.0 bar
and 100 ◦C, and also to an 8610C SRI GC while using the same column and method. Known standards
were used for the peaks in the water phase, but the relative response factors were also used, as they
provide information regarding the samples [96,97]. When any sample (e.g., water, gas, oil, or wax)
needed identification, it was also run on the Agilent 5975N mass selective detector (MSD) that was
directly connected to an Agilent 6890 GC. The method that was built in the GC-MSD uses the same
method conditions and column as the 6890 Agilent GC-FID. In so doing, the peaks that were observed
in the chromatographs could be matched between the FID and MSD, where the retention times (i.e.,
and patterns of specific compounds) were the same. This allows for specific product verification (by
the MSD) and quantification (by FID) for as many of the FTS products as possible.

3. Results and Discussion

3.1. Product Selectivity Separation and Identification

The main FTS products elute in a specific order that is based on our analytical procedure
(Figures 11 and 12), where the first peak is the 1-olefin, followed by the paraffin, trans-2-olefin, and lastly,
the cis-2-olefin, which ranges from C2 to greater than C70. A variety of hydrocarbon products elute,
in groups of the same carbon number, before the 4 major products. The majority of these are methyl
branched paraffins and olefins that have the sp2 carbon greater than C2—i.e., more internally along
the chain (e.g., cis-3-alkene, trans-3-alkene, cis-4-alkene, trans-4-alkene). These types of products tend
to be more prevalent for iron than for ruthenium and cobalt. The products elute in the same order
for each carbon number based on type (e.g., 1-olefin, paraffin, trans-2-olefin, cis-2-olefin). The carbon
number distribution for the oxygenates also elute in a specific order (Figures 8, 11 and 12) (linear
alcohol, ketone, aldehyde and ester).

For the entire spectrum of compounds, per carbon number, the first peak in the group is usually
the branched material and the last compound to elute for each carbon number group is the cis-2-olefin.
The major oxygenate group for all of the catalysts (with the exception of potassium doped iron
catalyst with no silica) in the oil products is the alcohol, which elutes from the column before the
1-olefin. The carbon number of the alcohol that elutes has approximately three carbons less than the
hydrocarbon peak (i.e., when the C12 hydrocarbons elute, the alcohol that elutes will be nonanol).
Other oxygenates, such as esters, ketones, and aldehydes, are two carbon numbers less. Acids (when
observed) are typically four carbons less.

Alcohol is the only oxygenate that is present in a carbon molar percentage that is sufficient
for analysis of the cobalt and ruthenium catalysts. Depending on certain parameters (such as the
metal promoter and support), the alcohol peak may be small, as with the lithium doped iron catalyst
(Figure 13), the unsupported cobalt catalyst (Figure 14), and the alumina supported ruthenium catalyst
(Figure 15); or, a dominant peak before the 1-olefin, as with a rubidium doped iron catalyst (Figure 16),
a silica supported cobalt catalyst (Figure 17), and the titania supported ruthenium catalyst (Figure 18).
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Figure 13. A chromatograph of the products produced with a lithium doped iron catalyst. The x-axis is
retention time in minutes. Reaction Conditions: 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.

 

Figure 14. A chromatographic picture of an oil product from the unsupported cobalt catalyst. The x-axis
is retention time in minutes. Reaction Conditions: 220 ◦C, 27.3 bar, WHSV = 3, and H2/CO = 2.

 

Figure 15. A chromatographic picture of the oil for the alumina supported ruthenium catalyst.
The x-axis is retention time in minutes. Reaction Conditions: 241 ◦C, 19.2 bar, WHSV = 1.5,
and H2/CO = 2.
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Figure 16. A chromatograph of the product produced with a rubidium doped iron catalyst. The x-axis
is retention time in minutes. Reaction Conditions: 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.

A broad assortment of oxygenated compounds, such as alcohols, acids, ketones, esters,
and aldehydes, were generated in the CSTR containing an iron catalyst. The range of oxygenates that
was found in the aqueous phase was C5 or lower, and any longer chained oxygenated compounds
were present in the oil phase. The oxygenates that were in the oil product were ordered based on
retention time (RT) (Figures 8 and 12):

• The ketone regularly falls near the 1-olefin and, as the carbon number increases, the peak moves
toward the 1-olefin and it eventually merges with it. The major ketone observed is where the
carbonyl is on the second carbon; every ketone that was observed in the GC-MS for Figures 5
and 9 has the second carbon as the carbonyl.

• Esters, by and large, appear between the trans-2-olefins and cis-2-olefins and, with increasing
carbon number, move toward the cis-2-olefin. The major ester observed is also where the carbonyl
is on the second carbon; again, every observed ester in the GC-MS for Figures 5 and 9 has the
second carbon as the carbonyl and the oxygen between the second and third carbons.

• The aldehyde usually elutes between the paraffin and trans-2-olefin.
• Alcohol, which is the predominant oxygenate product in the oil phase, is the only oxygenate

separated and verified for the higher carbon number fraction.

The main anomalies observed in this series are from these three catalysts:

• The Co/ceria catalyst (Figure 19): the linear alcohol peaks are more dominant than the paraffin
and there is the presence of the two methyl alcohols.

• The unsupported K/Fe catalyst (Figure 20): the aldehyde is more dominant than the linear alcohol
for some of the shorter hydrocarbons.

• The NaY supported ruthenium catalyst (Figure 21): the peak that is assigned to 3-olefin is intense
enough to be observable for several carbon numbers.
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Figure 17. A chromatographic picture of a silica supported cobalt catalyst. The x-axis is retention time
in minutes. Reaction Conditions: 220 ◦C, 27.6 bar, WHSV = 3, and H2/CO = 2.

 

Figure 18. A chromatographic picture of a titania supported ruthenium catalyst. The x-axis is retention
time in minutes. Reaction Conditions: 220 ◦C, 19.3 bar, WHSV = 3, and H2/CO = 2.

 

Figure 19. A chromatographic picture of a ceria support cobalt catalyst. The x-axis is retention time in
minutes. Reaction Conditions: 230 ◦C, 27.6 bar, WHSV = 0.5, and H2/CO = 2.
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Figure 20. A chromatographic picture of potassium promoted iron catalyst. The x-axis is retention time
in minutes. Reaction Conditions: 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.

 

Figure 21. A chromatographic picture of a NaY supported ruthenium catalyst. The x-axis is retention
time in minutes. Reaction Conditions: 220 ◦C, 19.2 bar, WHSV = 1.5, and H2/CO = 0.7.

3.2. Mole Fraction

The mole fraction is calculated by means of the raw oil GC data, gas data, aqueous phase data,
and the mass of the actual sample collected. The oil and water GC data provide a weight percentage,
as the raw data are based on previous studies of hydrocarbon and oxygenate response factors [88–91].
The alcohol peaks in the oil phase were identified and then the hydrocarbon and alcohol peaks
(including the branched hydrocarbons) were totaled based on the carbon number. From equation 3
and the weight fraction, the total moles for the oil with carbon number 1 to n could be found:

Total Mole =
n

∑
i =1

(WFn × moil)

Cn
(3)

where Cn is the molecular weight of the paraffin with the chain being n carbons in length and moil is
the mass of the oil that is removed from the reactor.

The aqueous phase was separated from the oil phase and each peak of the GC was identified.
The raw data were obtained in weight percent and then combined according to carbon number.
The calculation to find total moles for the aqueous phase follows the same procedure as for the
oil phase.
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The gas produced from the reactor can be divided by the molar volume (22.414 L/mol), providing
the moles per h of gas produced, since the gas leaving the cold trap is at standard temperature and
pressure. The total moles can then be calculated from the mol/h by determining the difference in the
time-on-stream (TOS) of when the sample was taken as compared to the previous sample. The samples
were collected as the run time increased for each of the catalysts. Once the total moles were found for
the gas data, the oil data, and the aqueous data, the total distribution for that specific sample could be
calculated. Thus, the moles of carbon of each product could be related to the moles of CO consumed.

3.3. Chain Growth Probability Factor (α)

3.3.1. Iron

The Na, K, Rb, and Cs run at low conversion produced enough oxygenate peaks to be visible in
the oil phase. Examples of the ASF plot for cesium promoted iron (Figures 22 and 23) show the chain
growth probability factor for the hydrocarbons and the oxygenated compounds. Some oxygenate
peaks for specific iron runs (Li and unpromoted) could be identified by the MSD while using single
ion monitoring (SIM) of specific fragments produced by the electron impact source (EIS). However,
the oxygenated products were below the limits of detection (LOD) and could thus not be considered.

 

Figure 22. An ASF plot of hydrocarbons and the relative oxygenates using a cesium doped iron catalyst,
ranging C1 to C13 (oil, water, and wax combined) for a low CO conversion sample. Reaction Conditions:
270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.

 

Figure 23. An ASF plot of hydrocarbons and the relative oxygenates using a cesium doped iron
catalyst, ranging C1 to C14 (oil, water, and wax combined) for a high CO conversion sample. Reaction
Conditions: 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.
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The chain growth probability factor of the hydrocarbons for alkali metal doped iron catalysts was
lower (α = 0.75 ± 0.07) for the high CO conversion samples (Table 1) when compared to that of the
low CO conversion samples (α = 0.86 ± 0.04). The oxygenated compounds additionally displayed
a lower α value (α = 0.51 ± 0.15) for the high CO conversion samples as compared to the low CO
conversion samples that have an average α of 0.56 ± 0.18. The variation between the average α plots
for the oxygenates was smaller than that of the hydrocarbons for the different conversions. However,
there was a larger deviation in α values for the oxygenates from the promoted catalysts when compared
to that of the hydrocarbons.

α values of the oxygenates for the Na and K promoted Fe catalysts were the most affected by
the change in CO conversion. The Li promoted Fe catalyst had the lowest α value, being significantly
lower than that of other promoted catalysts, and it remained unchanged at different conversions.
Rb and Cs promoted Fe catalysts consistently had the highest α values, which only changed slightly
by changing CO conversion (i.e., average CO conversion across all the high CO conversion runs was
62.4% ± 2.56 and average CO conversion across all low CO conversion runs was 23.5% ± 4.30).

Table 1. Alpha (α) as compared across several FT synthesis catalysts.

Support/Promoter Hydrocarbons Oxygenates

Cobalt
220 ◦C, 27.6 bar,

WHSV = 2–5
H2/CO = 2

Unsupported 0.82 0.68
Alumina 0.88 0.75

Silica 0.86 0.79
Titania 0.79 0.79
Carbon 0.76 0.60
Ceria 0.80 0.64

Ruthenium
220 ◦C, 19.2 bar,

WHSV = 1.5,
H2/CO = 2

Alumina 0.78 0.63
Titania 0.79 0.52
Silica 0.80 0.70
NaY 0.75 0.70

Iron at High CO conversion supported with 5.1 silica.
Reaction Conditions 270 ◦C,

12.1 bar,
WHSV = 2,

H2/CO = 0.7

Unsupported 0.87 0.31
LiHC 0.67 0.34
NaHC 0.74 0.51
KHC 0.78 0.60
RbHC 0.74 0.64
CsHC 0.72 0.66

Iron at Low CO conversion supported with 5.1 silica
270 ◦C, 12.1 bar,

WHSV = 2,
H2/CO = 0.7

Unsupported 0.86 0.35
LiLC 0.80 0.41
NaLC 0.86 0.66
KLC 0.82 0.74
RbLC 0.92 0.69
CsLC 0.89 0.73

Iron
270 ◦C, 12.1 bar, WHSV = 2,

H2/CO = 0.7
Manganese 0.78 0.56

Hydrocarbons Alpha Average Standard
Deviation

Coefficient
of Variance

Cobalt 0.82 0.04 5.49
Ruthenium 0.78 0.02 3.02

Iron High CO 0.75 0.07 8.93
Iron Low CO 0.86 0.04 5.22

Oxygenates Alpha Average Standard
Deviation

Coefficient
of Variance

Cobalt 0.71 0.08 11.34
Ruthenium 0.64 0.09 13.42

Iron High CO 0.51 0.15 30.05
Iron Low CO 0.60 0.17 29.02

The alphas here do not include the heavy wax materials. Thus, to make an accurate comparison, the hydrocarbons
were compared across the range C8–C15. The oxygenates varied based on the mole of carbon % observed and are
primarily in the range of ~C4–C10. A few catalysts displayed product selectivities where the oxygenated materials
may have been less than the limits of detection. Low CO conversion for the iron is ~25% and high conversion is 60%.
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3.3.2. Cobalt

Examples of ASF plots for cobalt catalysts are displayed in Figures 24 and 25. The α for the
hydrocarbons that are produced from a cobalt catalyst is 0.82 ± 0.04 (Table 1). Two samples were
taken as the run time increased, within each of the three runs. While there are variations in the
CO conversions, they are within (±4%). When considering the conversion rates among samples,
the chain growth probability factor should remain somewhat the same from sample to sample. There
are differences among the α values with support type, whereby the alumina supported catalyst
(Table 1) had the highest α value of 0.88, whereas the carbon supported catalyst displayed a lower α
of 0.76. All of the supported catalysts had higher α values for oxygenates in comparison with that of
unsupported cobalt. The effect of the support for oxygenated materials has been corroborated [98–100].

 

Figure 24. A carbon distribution of the cobalt silica supported catalyst. Reaction Conditions: 220 ◦C,
27.6 bar, WHSV = 3, and H2/CO = 2.

 

Figure 25. A carbon distribution of the cobalt alumina supported catalyst. Reaction Conditions: 220 ◦C,
27.6 bar, WHSV = 5, and H2/CO = 2.

3.3.3. Ruthenium

Figures 26 and 27 display examples of the ASF plot for titania and alumina supported ruthenium
catalysts. Based on the results in Table 1, the α values for the hydrocarbons and oxygenates were
slightly higher for cobalt than ruthenium (Table 1). A reason for this is that the wax based materials
were not added, causing larger deviation with the ruthenium catalyst than with cobalt. The overall
α plots for the ruthenium catalysts were more uniform, independent of the support. Yet, in the case
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of oxygenates, α is quite different, indicating that the rate of growth for oxygenated materials may
depend more so on the support-metal interfacial contact area (i.e., the perimeter of metal particles in
contact with the support) than that of hydrocarbon growth.

Figure 26. A carbon distribution of the titania supported ruthenium catalyst. Reaction Conditions:
220 ◦C, 19.2 bar, WHSV = 1.5, and H2/CO = 2.

Figure 27. A carbon distribution of the alumina supported ruthenium catalyst. Reaction Conditions:
220 ◦C, 19.2 bar, WHSV = 3, and H2/CO = 2.

3.4. Specific Product Selectivities

3.4.1. Iron

Ngantsoue-Hoc et al. [85] discussed the ratio of ethene to ethane, where Rb, Cs, and K promoted
Fe catalysts produced the highest ratio. Extending this range to C25, the trend continues to hold for the
major components (1-olefin, paraffin, cis-2-olefin, and trans-2-olefin), where Rb, Cs, and K promoted
Fe catalysts produced the highest selectivity of olefins (on a carbon molar percentage basis, Table 2).
The undoped catalyst had the lowest selectivity to olefins, which was much lower than in the case of
Li and Na promoted Fe catalysts. This pattern is consistent for both the high and low CO conversion
samples, where Rb, Cs, and K promoted iron catalysts produced the highest olefin contents.
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Overall, two main trends are observed in the FTS hydrocarbon products, as shown in Figure 28.
The first trend “a” is observed with lithium, sodium, and low atomic ratios of K (less than 2 atomic
ratio to iron) on Fe, and independent of the atomic ratios of copper and silica for the samples that were
tested (Figure 29). The actual results are based on the weight fraction from the chromatography in the
oil phase. Trend “a” is where the 1-olefin is lower or nearly the same as the relative paraffin material,
and the trans-2-/cis-2-olefins are high, respectively. This trend holds for the lighter hydrocarbons
(Figure 8: A, 13), but as the carbon length increases, the weight fraction of the paraffin increases.
This could be due to secondary reactions, such as hydrogenation, reinsertion, etc. Trend “b” from
Figure 28 is observed with Rb promoter, Cs promoter, high atomic ratios (larger than 2 atomic ratio of
potassium to iron) of K promoter and supports like manganese. Trend “b” displays the 1-olefin as being
much greater than the respective paraffin (as shown in Figures 16 and 30), and the trans-2-/cis-2-olefins
are low or virtually absent. Once again, this mainly holds for the shorter chained hydrocarbons,
but as the chain length increases, the paraffin starts to dominate. This is a general description of
the chromatographic distribution of the products, as the selectivities may change depending on the
catalyst composition (e.g., the atomic ratios of K). However, there appears to be an inverse relationship
in the production of the olefinic material (i.e., as the selectivity of the 1-olefin increases, it decreases for
the 2-olefins). This phenomenon can also be found on the single methyl branched material. As the
1-olefinic selectivity is increased, the branching decreases. These relationships can be fully observed
when comparing all of the figures side by side (i.e., Figure 8: A, 13, 16, 28–30).

 

Figure 28. A zoomed in chromatographic picture to display the difference in the main products fraction
by the addition of different atomic ratios of K. “Low” is less than 2, (i.e., 2K100Fe), whereas “High” is
greater than 2. This figure was built from 9 iron runs (with combinations of Cu, Si and K) catalyst runs
that deviated one component while leaving the other two constant (e.g. K was varied while Si and Cu
remained constant). The O/P ratio and the 1-olefin/2-olefin ratios only changed by varying K in the
recipe. Furthermore, only when K ≥ 2, (2 and 5 atomic ratios) and K < 2 (0.5, 1, and 1, 25 atomic ratios)
did these ratios change. Reaction Conditions were 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.
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Figure 29. The observed deviations in the 1-olefin/total olefin ratio, by altering the iron catalyst recipe,
are most likely due only to the different amounts of potassium. Copper and silica do not affect the
olefin ratio observed in the product selectivity. Reaction Conditions: 270 ◦C, 12.1 bar, WHSV = 2,
and H2/CO = 0.7.

 

Figure 30. A chromatograph of the product produced with a manganese supported iron catalyst.
The x-axis is retention time in minutes. Reaction Conditions: 270 ◦C, 12.1 bar, WHSV = 2,
and H2/CO = 0.7.

Iron, unlike cobalt (Figure 17) and ruthenium (Figure 18), also produces a higher selectivity
of branched hydrocarbons (Figures 9–13, 16 and 31). The majority of branched hydrocarbons,
as previously displayed in Figures 9 and 10, is the single methyl branched paraffin. The single
branched materials always display the 2-methyl functional group and the branched materials contain
mono-methyl groups that go all the way up to the middle of the chain (i.e., decane displays 2-methyl,
3-methyl, 4-methyl, 5-methyl; dodecane displays 2-methyl, 3-methyl, 4-methyl, 5-methyl, 6-methyl).
The 2-methyl and 3-methyl single branched paraffins are normally the greatest and then decrease
in the FID raw data—peak area (weight %)—as the methyl is located toward the center of the chain.
The methyl branched isomerized materials, however, are not as evident for a typical cobalt catalyst.
This is shown in Figure 14 for a 100% cobalt FTS run. These materials are detected more when CO
binding is weak, due to insufficient back bonding. Route A, binding of the vinylic intermediate is
weak, as displayed in Figures 9, 10, 13, 28, 29 and 31, display high amounts of the internal olefins,
while the 1-olefin is lower. The selectivities of isomerized products and internal olefins both trend
inversely to the 1-olefin.
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Figure 31. A chromatographic picture of the oil for an 100% iron catalyst. The x-axis is retention time
in minutes. Reaction Conditions: 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.

Oxygenate production increases as the paraffin content decreases, where the Rb- and Cs-doped
iron catalysts had the highest carbon mole % for oxygenate content. For example, the total carbon
mole % of oxygenates for Rb- or Cs-promoted Fe is more than three times that of the K-promoted
iron catalyst at high CO conversion. Furthermore, unlike the K promoted Fe catalyst, the total carbon
mole % of the oxygenate content does not seem to depend on CO conversion (Table 2). The low
conversion sample for the potassium doped iron catalyst produced a higher selectivity of oxygenates,
which was more than three times the selectivity when compared to that of the high conversion sample.
The high CO conversion sample for the Li doped iron catalyst displayed the lowest selectivity of
oxygenates for the Group I series (i.e., more in line with cobalt alumina), whereas the sodium doped
iron catalysts produced the lowest selectivity of the oxygenates at low CO conversion. The undoped
catalyst produced a much lower selectivity of oxygenates (Table 2) than the promoted iron catalysts for
the Group I alkali series (unsupported iron—i.e., 100%Fe—had the lowest selectivity of oxygenates of
all the catalysts that were tested, even unsupported cobalt). K- and Li-doped iron catalysts exhibited
the largest differences in carbon molar percentages for oxygenate selectivity between the high and low
CO conversions. Cs and Na doped Fe catalysts had a smaller difference, whereas Rb and the undoped
iron catalysts exhibited virtually no change in the selectivity of oxygenates that are produced at both
high and low CO conversions.

The manganese supported iron catalyst displayed the highest fraction of olefins, mostly consisting
of the 1-olefin (Figure 30), of all the catalysts tested. The oxygenated products were present,
but manganese mainly promoted olefin selectivity.

3.4.2. Cobalt

Unlike typical iron catalysts, conventional cobalt catalysts consistently produce a very clean
chromatogram where the straight chain paraffin is predominant. The product distribution that is
displayed in the oil and wax products for cobalt seems to be more dependent upon the support,
and less so on promoter type (Pt, Ru, Ag) and loading; the promoter does affect the distribution, but it
mainly affects methane and the other hydrocarbon selectivities [101,102]. The addition of potassium to
cobalt FT catalysts resulted in a promotion of chain growth [103], but the effect reached a maximum.
The paraffin still dominates for the entire range of products (Figures 14, 17 and 32), with only slight
fluctuations in the alcohol and olefin contents. From the results of catalyst testing, in hydrocarbons
that were longer than C8, the paraffin was more dominant than the olefin. In only one catalyst, cobalt
promoted with ceria, was the paraffin dominated by another product—not the olefin, but rather the
alcohol (Figure 19).
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Figure 32. A chromatographic picture of a carbon supported cobalt catalyst. The x-axis is retention
time in minutes. Reaction conditions: 230 ◦C, 27.6 bar, WHSV = 0.5, and H2/CO = 2.

Recent work that was by the Davis group [40–42,104,105] focused on attempting to make cobalt
catalysts behave more like iron catalysts (i.e., consisting of Fe carbides in close vicinity to defect-laden
Fe oxides) by placing Co nanoclusters in close proximity to the reduced defect sites (e.g., O-vacancies
and their associated Type II bridging OH groups). As depicted in Figure 33, one view is that (a) CO
reacts with Type II bridging OH groups to form formate species and that these formate species can
transfer molecular CO across the metal-support interface to terminate the FTS hydrocarbon chains.
Or, (b) the mobile bridging OH groups may add directly. Hydrogenation of the added terminal -CO
would lead to linear alcohols, while dehydration is proposed to result in linear olefins. Interestingly,
as a function of time on-stream, Ce-containing Co catalysts produced significantly higher selectivities
of olefins and oxygenates, with the oxygenates being almost exclusively linear alcohols. Surprisingly,
as a function of time on-stream, the olefins selectivity decreased with a concomitant increase in the
selectivity of linear alcohols, such that the sum of olefins + linear alcohols was virtually constant
with time on-stream, suggesting that the two products were derived from the same adsorbed species.
In examining Table 2 and summing up the total of olefins + linear alcohols, it is clear that ceria and
titania supported cobalt catalysts exhibited the highest selectivity to these products (55.4% and 49.7%,
respectively), lending support to the proposed mechanistic viewpoint that defects in the oxide promote
total olefin + linear alcohol selectivity. On the other hand, unsupported Co and Co that was supported
on relatively inert supports (Al2O3, carbon, and SiO2) exhibited significantly lower selectivities to
olefins + linear alcohols (15.6%, 18.0%, and 24.6%, respectively), as shown in Figure 33.
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Figure 33. A mechanistic display of CO molecular addition through defect sites.

3.4.3. Ruthenium

Ruthenium catalysts more closely trended to the cobalt catalysts, where the bulk of the product
observed was straight chained paraffins. Compared to cobalt catalysts, ruthenium catalysts produce
a higher selectivity of olefins, which depend on the support. Furthermore, ruthenium on NaY produced
sufficient 3-olefin to be observable over several hydrocarbon lengths (Figure 21). The titania supported
ruthenium catalysts displayed a higher selectivity of olefins, which exceeded that of paraffins up to the
diesel range. However, unlike iron, the four major products (by selectivity in molar carbon %: paraffin,
1-olefin, cis, and trans 2-olefin) were clearly observed, being similar to cobalt. Furthermore, as with
cobalt, little to no methyl branched material was observed in the chromatograph, and no oxygenates
were detected other than linear alcohols.

The selectivity of oxygenates for all of the ruthenium catalysts (Table 2) was slightly higher (1.3%
higher for alumina, 0.8% for silica, and 0.5% for titania, respectively) than for the cobalt catalysts
(alumina, titania, and unsupported). However, none of the ruthenium catalysts displayed oxygenate
selectivity that was as high as the low CO conversion K-promoted Fe catalyst, the Rb-promoted
Fe catalyst, the Cs-promoted Fe catalyst, the Co/carbon catalyst, and the 0.5%Pt/Co/ceria catalyst.
However, the distribution was much like that produced by a typical cobalt catalyst, where the only
oxygenates found were linear terminal alcohols.

3.5. A Mechanistic Description

3.5.1. The Electronic Nature of the Active Metal

The underlying concept behind the proposed mechanistic routes—to be discussed—is driven by
the localized electronic environment of the active FTS metal (at low temperature), which determines the
degree of back-donation of electron density. The nature of CO, a π-acceptor ligand, has the capability to
interact with a metal in three ways, depending on its environment, through: (1) a weak back donation
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-M-C≡O; (2) a semi-strong back donation -M=C=O; and/or, (3) a strong back-donation -M≡C-O [106].
The richer the electron density of the active metal, the more back donation to the 2π* anti-bonding
orbitals of CO (Figure 34) [106–108]. This localized electronic structure of the metal can be changed by
the addition of a promoter (e.g., with iron catalyst, alkali is used). These additions to the active metal
could potentially be a way of “tuning” the FTS catalyst for CO adsorption (with the potential to affect
H2 as well); too poor and CO adsorption is weak, causing issues with CO hydrogenation; too rich
and CO adsorption is too strong where carbonaceous deposits begin to form. Typically, because of
orbital overlap, even though metals, like copper, have more electron density to provide, the large
d-orbitals from the metal do not pair well with the smaller carbon-carbon π orbitals and greatly limit
this capability [109]. As a trend, the transition metals toward the left would yield better back bonding;
yet, the rate at which oxidation occurs for those on the left apparently diminishes the capability for
FTS [110]. Discussions here will only revolve around the differences among the active FTS catalysts.
Further discussions of iron will be in the active carbide form, not the metallic form.

 
Figure 34. An atomic view of how the alkali could be affecting CO bonding.

Once the CO is adsorbed, vinylic species are described to form and serve as the active
intermediates, where the FTS chains grow to eventually terminate. Many works from the literature
suggest that the rate determining step involves hydrogen [45,49,100,110–113], but not the dissociation
of H2 [114–118]. As a result, the stabilization of chain growth intermediates may rely more on the tuning
of the catalysts, specifically for the reactivity of CO. However, this does not discount observations
regarding the competitive dissociation of H2 in Ni and Co catalysts, where heavier oils and waxes that
were produced from FTS interfere with hydrogen dissociation [119,120].

Since both the vinylic intermediate and CO exhibit π bonding, they will both be susceptible to
electronic back-donation from the catalyst surface. Thus, if the CO adsorbs weakly, then the vinylic
intermediates will not be stabilized, making their formation difficult, such that most of the carbon
will form methane. The vinylic intermediates that do form will weakly adsorb, and the growth will
not be as structured. This mechanism is proposed to be favored on iron carbide (Figure 31). If CO
dissociates readily and H2 is not significantly suppressed, again methane selectivity is observed to be
high. Because CO readily dissociates, the formation of vinylic intermediates will be difficult, as the
ones that do form could easily dissociate back to a single carbon atom. The active catalyst will have
high surface coverage, which leads to coking, which is proposed to be the case with nickel catalyst.
However, if CO adsorbs and remains stable enough (e.g., to form enol species or other relevant species),
the vinylic intermediate that subsequently forms (e.g., from the condensation of two enol species) will
also be stabilized, allowing for controlled chain growth. This is proposed for Ru and Co catalysts
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(14, 15, 17, 18, 21, 33), where the main products (i.e., linear paraffins and linear 1-olefins) take up the
bulk of the distribution, with few minor products being observed. Lastly, if CO dissociates readily,
as observed with K promoted catalysts, and further observed with catalysts that are promoted by
the heavier alkali metals (e.g., Rb, Cs), the main fraction of the products consists of linear paraffins
and 1-olefins. However, mono-methyl branched paraffins and olefins, whose distributions appear to
follow a specific trend (to be discussed), are contained in the remaining products. Since H2 is limited,
the vinylic intermediates will desorb without hydrogenating, resulting in alkenes and oxygenates
(acids, aldehydes, esters, and alcohols), which limits paraffin production (Figures 11, 12 and 20). Cobalt
catalysts that were modified by supporting the cobalt nanoparticles on defect-laden carriers were,
as discussed previously, shown to produce linear olefins and linear alcohols; however, only iron FTS
catalysts were found to produce a variety of oxygenated materials.

Deviations in the product selectivity are the highest for iron (i.e., iron selectivity appears to be
more tunable) and much more so than for Co, Ru, and Ni. These deviations are apparent even in the
physical attributes of the products (e.g., color, as shown in Figure 2). The deviation suggests diversity
in the active phase (e.g., brought on by addition of K) [121]. A reason why different carbides are more
active toward FTS (without K) could be due to the ability of iron to donate its electron density to CO.
This could be a reason certain phases, such as cementite, are not as active as others, such as Hägg.
However, there are several factors (e.g., morphology) that come into play [121].

The important intermediate considered in mechanistic schemes presented is adsorbed 2-carbon
ethylene species, which was previously proposed in early work [122]. However, unlike previous work,
chain growth likely does not proceed via ethylene, but rather by single carbon atoms. Evidence has
shown that an ethylene like intermediate acts as a chain initiator, not as a chain propagator [122].
Furthermore, propylene was found to exhibit hydrogenation ability, but not a significant capability
to initiate chain growth [122]. Because of the similarity in π bonding that the proposed vinylic
intermediate and CO exhibit, when CO does not bind well to the catalyst surface, neither should the
vinylic intermediate. As the binding of the vinylic intermediate is weak, the chain growth would not
be as ordered (i.e., directional, forming linear chains); thus, methane and methyl-branched materials
would be expected to form in higher selectivity. If CO dissociates too easily, then the adsorbed vinylic
intermediate would follow suit, and thus methane would be expected to be a major product. If CO
binds well, but H2 is not as accessible, then the vinylic intermediate should be stabilized, but the
termination by hydrogenation to paraffin would be limited, leading to higher selectivities of olefins
and oxygenates. The fact that olefins have been found to reincorporate into growing chains on cobalt
and ruthenium lends some support to the proposed vinylic intermediate [121].

The reason for the sp2 carbon-carbon interaction is that olefins are π-acceptor ligands; their π

orbitals interact with the d-orbitals of the metals, as shown in Figure 34. These alkene interactions are
taken from the Dewar-Chatt-Duncanson model [123], which describes how alkene ligands interact
with metals, and how these interactions between ligand and metal are dependent on the electronic
density of the metal. The vinylic intermediate, as a π-acceptor, is affected in a similar manner to that
of the adsorbed CO: as electronic donation from the metal increases, the carbons take on more sp3

character, as shown in the pseudocyclopropane (defined as X2) structure on the right. Here, the carbon
atoms are more nucleophilic in nature, possessing greater electron density. As these carbons take on
more of the X2 configuration through increased back donation from the metal, growth (either by the
addition of CO or CH2) occurs solely at the Cx position. In contrast, with weak back donation from the
metal, the alkene may interact in such a way that the carbons exhibit more sp2 character, as shown
by the simplified linear molecule on the left in Figures 35 and 36 (denoted as L), where the carbon
atoms are more electrophilic in nature. This weak interaction would lead to less controlled growth
(i.e., by addition of CO or CH2) at either C position, resulting in internal olefins, branched paraffins,
aldehydes, ketones, and acids.
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Figure 35. Alkenes are known as π donors. Above represents the Dewar-Chatt-Duncanson model for the
orbital orientation between the π orbitals of the alkene and the d orbitals from the metal. The electronic
density of the metal will determine the hybridization of the carbon, where the planar olefin adduct (left
structure) displays more sp2 hybridization for the carbon, and the metallocyclopropane exhibits more
sp3 character.

 
Figure 36. This figure describes types of possible bonding for alkenes in the electronic effects brought
on by the addition of a promoter (Ap), such as the Group I alkali series. As the size of the promoter
increases, so does the iron surface area that it affects; as the alkali basicity increases, so does its ability
to assist in back donation of electron density.

3.5.2. A General Mechanistic Explanation

There is a large body of work available, including CO and H2 adsorption studies [23,124–133]
and isotopic kinetic modeling [20,22,24,46,47,52,53,98,110–120,122,132,133] investigations of FTS,
which provide some insights into the mechanism. Furthermore, tremendous amounts of time and effort
have been expended in investigating iron catalysts and the effect of promoters (i.e., mainly potassium)
for iron FTS catalysts [134]. This review focuses on the product distribution of different types of FTS
catalysts in an attempt to shed light on some aspects of the FTS mechanism and the fundamental
differences in the nature of catalytic surfaces that affect the product distribution. Given the large
volume of FTS literature, it is interesting that the question of how CO interacts with FTS surfaces is
still under debate; this is not surprising, when considering the complexity and diversity of iron carbide
surfaces that can be formed (Figure 37).
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Figure 37. This figure describes types of possible bonding for CO depending on electronic effects that
are caused by the addition of a promoter (Ap), such as the Group I alkali series. As observed with the
vinylic intermediate, as the size of the promoter increases, so does the iron surface area that it affects.
As the alkali basicity increases, so does its ability to assist in back donation of electron density.

Figure 38 depicts the first few steps of the various proposed mechanisms of CO adsorption
and emphasizes the back-donation of electron density from d-orbitals of FTS metals, regardless of
orientation or crystal structure. Variations in back-donation are observed in IR spectroscopy in the
vibrational modes and frequencies of adsorbed CO, such that the following configurations are observed:
Route A: M-C≡O; Route B: M=C=O; and, Route C: M≡C-O [135]. The growing chain has two carbons
that are attached to the metal (until the chain is terminated), Cx and Cy, which have sp2/sp3 like
character where the chain growth on Cx is preferred, as displayed in Figures 35 and 36, especially so in
the case of the X2 configuration. Each of the three routes is shown in Figure 38:

Route A: Based on CO insertion, and perhaps only occurring with the iron carbide catalyst,
this mechanism may proceed when H2 can readily adsorb onto the surface and dissociate, but when
CO adsorbs molecularly, because scission of the CO bond without H*, is not kinetically favored [136].
The alkene takes on an L configuration, where chain growth at both Cx, and Cy is possible, as shown
in Figures 35, 36 and 39. In that case, termination may produce internal olefins, branched paraffins
(Figure 31), etc. This is not the primary pathway for any of the active metals used in FTS, such as
cobalt or ruthenium; rather, it is only proposed to operate on the surface of unpromoted iron carbide
(Figures 39–42).

Route B: CO scission is not as difficult as in Route A, but CO still adsorbs in an associative
manner, followed by being dissociated with the aid of H* on the active metal surface. An example of
a possible mechanism stemming from this is the enol mechanism. The X2 configuration of the vinylic
intermediate is dominant, providing well-ordered growth, decreasing the overall product diversity
(Figure 43). This route is expected for cobalt and ruthenium catalysts.

Route C: Back donation from the metal is very strong and CO dissociates (Figure 44). Neither the
L or X conformation of the vinylic intermediate exists as back donation is too strong, precluding its
formation. This route is primarily expected for nickel catalysts.

This is a conceptual view, and complications arise given the heterogeneity of the active metal
catalyst, and the proximity of the additives (promoters, active supports) to the active metal. This is
all in the understanding that deviations in the expected product distribution may occur through
reactor hold up, as previous research describes, such that secondary reactions may occur due to the
re-adsorption of olefins, such as: reinsertion, hydrogenation, and isomerization [45,137–149].
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Figure 38. A mechanistic starting point used to describe the effects induced by changes in size and
basicity of the alkali promoter on the iron catalyst.

 

Figure 39. Proposed route A for the formation of several products observed in FTS, based on the CO
insertion mechanism. Mechanistic routes for methane will be preferred when the back-donation of
electron density from the metal is poor. This weak back donation does not easily allow for the vinylic
intermediate to be formed or stabilized to the extent that is needed for chain growth. Furthermore,
if the back-donation of electron density from the metal is too great (as with an activated nickel catalyst),
then CO will dissociatively adsorb, and the vinylic intermediate, if formed, will be easily dissociated
back to C1, to again prefer methane formation. Thus, the careful tuning of electron back donation from
the metal must be maintained to achieve desired chain growth.
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Figure 40. Taken from the previous route, where the vinylic intermediate takes on the L configuration,
several products can be made because there is less controlled chain growth.

 

Figure 41. Proposed route A for the formation of several products observed in FTS, based on the CO
insertion mechanism (Figure 38). This is the case where growth is somewhat controlled, but hydrogen
is limited. However, given that growth occurs through CO insertion—alternative oxygenated materials
could be made.
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Figure 42. Proposed route A for the formation of several products observed in FTS, based on the CO
insertion mechanism (Figure 38).

While the product distribution for primary versus secondary products is still under debate [20,22,
24,46,47,52,53,98,110–120,122,132,133], the findings from analytical work to date on various catalysts
suggest the following points:

1. n-paraffins, 1-olefins, and linear alcohols are primary products. These products are observed
through route B

2. n-paraffins, 1-olefins and linear alcohols come from the same active X2-configuration, as depicted
in Figures 35 and 36. Furthermore, 1-olefins and 2-olefins are, for the most part, not produced
from each other (i.e., 2-olefins are not derived from 1-olefins and vice versa). Deviations are also
possible with longer chained material through secondary reactions, especially under conditions
where there is considerable reactor holdup. When X2 is the dominant configuration, all other
products, including branched paraffins, 2-olefins, etc., likely come from secondary reactions.

In active iron carbide FTS catalysts, the back-donation of electron density directly influences
the bonding configuration of the vinylic intermediate. Without the addition of alkali promoter,
poor back-donation results, Route A is dominant, and CO dissociation is kinetically unfavorable at
these conditions, as displayed in Figure 30 where the major products are light n-paraffins, methane,
and isomerized hydrocarbons. Once a promoter is added, there is a localized effect on the metal
(Figure 37), and both Routes B and C will occur, depending on the promoter’s capability to affect
the electronic structure of iron carbide. The proximity of the promoter to the metal is likely a key
factor in determining the extent to which each route occurs. However, given the capability of CO
to bond in several different configurations, (e.g., linear, bent, and several distinct types of bridge
bonded configurations), its bonding is much more complicated than that of the vinylic intermediate
(Figure 36). As the promoter size/basicity or atomic ratio is increased, its capability to influence the
metal is increased.
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Simply put, there needs to be a balance on the active surface of the CO, H, and chain growth
intermediates. This balance is maintained by how the active metal reacts with CO through its back
donation of electron density. Evidence of this balance could be further strengthened by kinetic
isotope effect (KIE) investigations for FTS, where a feed having an equimolar mixture of H2/D2

resulted in the H/D ratio for conversion being typically less than 1 (and closer to 0.85—i.e., deuterium
converted to a greater extent than hydrogen [20,22,24,46,47,52,53,98,110–120,122,132,133,150]). If the
rate determining step is through termination by the addition of H, where the H adsorbed on the metal is
taken up by carbon (as theoretically predicted in Figure 45), then the expected value of the KIE should
be less than unity. To bolster this viewpoint, the calculations were completed by Shafer et al. [118]
using the average infrared (IR) stretching frequencies of the M-H (in the range of 1700–2250 cm−1)
and C-H/C=H/C≡H. More isotopic work needs to be completed to better understand the KIE for
FTS [20,22,24,46,47,52,53,98,110–120,122,132,133].

This concept, as simple as it is, could also explain why, in an FTS environment, the cobalt and
ruthenium product distributions are so different from that of iron carbide.

 

Figure 45. The calculated KIE value for FTS where H addition is the rate determining step, provided
that the KIE for FTS was not significantly affected by hydrogen coverage. These calculations follow
the ones that were performed by Shafer et al. [114–118]. Ratios are derived from the activation energy
using IR stretching frequencies as the energy differences. The kH/kD values are taken from the average
cm−1 for the M-H range (1700–2250 cm−1). The standard deviations are ±0.06.

4. Product Distribution

4.1. Iron Catalysts

4.1.1. Hydrocarbons

The most telling feature in the addition of a base (i.e., an alkali like potassium) is the correlation
between the increase in the 1-olefin selectivity and the decrease in methane selectivity, as shown in
Table 2. 1-olefin selectivity tended to increase with increasing promoter basicity/size with iron catalysts.
However, the internal 2-olefins show independence from the influence of the promoter (Table 2).
The 2-olefins, being independent from the promoter, provide a good indication of the localized effects
of the alkali on the iron, as shown in Figure 37. That is, some iron carbide surface has good contact
with the alkali, such that vinylic intermediates exhibit the X2 configuration (major products are linear
alcohols, 1-olefins, and n-paraffins) and some patches on the surface lack promoter, resulting in vinylic
intermediates that have more L character (major products are n-paraffins, monomethyl-paraffins).
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Thermodynamic modeling of the catalyst independent of the FTS product distribution suggests
that olefins and paraffins are the primary products [54,137–139,151]. Moreover, the influence of the
promoter on the WGS rate, although it seems to increase with the alkali series, must also be considered,
as it affects the partial pressures of H2, CO, H2O, and CO2 in the reactor and could alter their surface
coverages [152–156]. Pendyala et al. demonstrated the importance of the alkali on the carburization
rate [157]; they found that adding water resulted in a positive effect in CO conversion at 270 ◦C.
This showed that even under more oxidizing conditions, adding water did not oxidize the catalyst,
because the carburization rate was sufficiently high. Yet, at 230 ◦C, which slowed the carburization
rate of the catalyst, the addition of water oxidized the iron carbides, and FTS activity was lost. Recent
TPR-EXAFS/XANES investigations by Ribeiro et al. [35] and Li et al. [158] indicate that the addition of
alkali promotes the carburization rate of iron catalysts.

The findings are in line with the idea that adding potassium increases the back-donation of
electron density for better adsorption and dissociation of CO; moreover, improving the back donation
of electron density to the adsorbed vinylic intermediate results in more control, narrowing the product
distribution by lessening the ability for internal olefins and branched hydrocarbons to form. Figure 39
describes chain growth via this proposed Cx = Cy vinylic species. There has been good evidence
that supports vinylic intermediates as chain propagators [118,159,160], which may also explain the
capability of olefins to readsorb and potentially reincorporate into the growing chain.

In the current context, the authors are not considering secondary reactions, but rather the effect
that the addition of promoter has on changing the electronic density of the active metal. This,
in turn, may alter the prevailing pathway for the formation of primary products (Figures 38–44).
This idea could indicate two different routes for the production of alkenes (Figures 38, 39 and 42),
or possibly two different active sites that solely depend on the electronic structure of the iron. Shi et al.
noted an independence of the formation of the 2-alkenes from the 1-alkenes when carrying out H/D
exchange [161,162]. This is an indication that the formation of internal alkenes (i.e., again, excluding
secondary reactions) is likely on a different pathway than the one that produces 1-alkenes. Shultz
proposed, as shown in Figure 46, how secondary olefins may be formed on a separate pathway from
that of the primary olefin. The same independence is observed in Tables 2 and 3 for the Group I
alkali promoter series—the 1-olefins increase with the series, whereas no real trend is observed for the
internal olefins. Instead of conceptualizing the differences in 1-olefin and internal olefin selectivities
regarding different pathways per se, we emphasize that the differences stem from differences in
energetics due to the location on the catalyst where the chain initiates. If, as displayed in Figure 37,
the localized basicity that is due to the alkali is higher, then the 1-olefin selectivity would tend to
increase. Moreover, if the basicity is higher in highly localized positions on the catalyst surface, then the
internal olefin selectivity would be less sensitive to the alkali, as there would be significant surface
available that is not in sufficient proximity to the alkali (i.e., where the internal olefin would form).
This could explain the inverse relationship between the 1-olefin and internal olefins that has been
observed from multiple runs across various the iron catalysts considered (Figures 28 and 29).
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Figure 46. A redrawn mechanism taken from Shultz et al. [51] describing a possible route for the
formation of the 2-olefins from the 1-olefin though reversible hydrogen addition.

Results herein (Figures 9–11, 31, 47 and 48, Tables 4 and 5) suggest that the predominant
mechanism for branching depends on where on the surface of the catalyst the chain initiates. Several
catalyst tests in a CSTR have probed the products formed from a variety of FTS catalyst series with
iron (i.e., varying potassium atomic ratio, using different alkali metals, using an unpromoted catalyst,
etc.) as summarized in Figures 8A, 9, 10, 11, 12 and 13, Figures 16, 20 and 28, Figures 29–31, as well
as Tables 2–4). In each case, the selectivities of 2 and 3-methyl branched alkanes were the highest,
followed by a decrease in the selectivity as the methyl was positioned closer to the central carbon (i.e.,
4 methyl > 5 methyl > 6 methyl etc.). There is a pattern that was observed in the isomerized products,
independent of potassium (Figures 10 and 48), suggesting that these are the products of the FTS process
and not secondary reactions. These patterns are obtained from the different methyl branched products
that were observed for each carbon number, not by plotting the selectivity of isomerized products
having a specific methyl position across a series of products [163].
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Table 5. A Comparison of the Isomerized to Normal Mole Fraction over a Series of Alkali Promoted
Iron catalysts at low CO conversions (15–20%). Reactor Conditions: 270 ◦C, 12.1 bar, WHSV = 2,
and H2/CO = 0.7.

Iso/Normal Mole Fraction

No Alkali 0.21
Li 0.17
Na 0.16
Rb 0.16
K 0.16
Cs 0.13

 

Figure 47. The molar carbon fraction of the total isomerized hydrocarbons per carbon number for
the Group I series iron catalysts. As the basicity of the metal increases, allowing for more back
donation, the overall branched material decreases. Reactor Conditions: 230 ◦C, 12.1 bar, WHSV = 2,
and H2/CO = 0.7.

 

Figure 48. A graph of the single methyl branched products, arranged by carbon number, and not by
the methyl group. This is a representation using a 2 K iron catalyst, where the oil was exposed to H2 at
0.68 bar for 5 min. All of the runs at 230 ◦C, 12.1 bar, 0.7 H2/CO with a WHSV of 2.
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4.1.2. Oxygenates

Iron (i.e., iron carbide, with or without alkali promoter) seems to be the only active FTS catalyst
that produces oxygenates in addition to linear alcohols in noteworthy amounts. Acids, ketones, esters
(only in trace molar carbon % in the oil phase), and aldehydes were all detected in the oil and aqueous
phases of the products that are produced by iron catalysts (Figures 20 and 30).

The largest change for the oxygenate distribution in the iron catalyst series is the difference
between the unpromoted and promoted catalysts (Figures 49 and 50). There is a clear deviation that
is brought on just by alkali addition, where there is a notable drop in the percentage of the aldehyde
and ketone with respect to the total oxygenates. Interestingly, the drop in percentage by these two
functional groups is offset by a percentage increase in the alcohols with respect to the total oxygenates.
The acid functional group slightly increased in percentage with respect to the total oxygenates, by the
addition of the smaller alkali metals (Li, Na). However, as basicity/size of the promoter increases,
the acid, like the ketone and aldehyde, decreases with respect to the total oxygenates. Essentially,
the ketone and aldehyde could be viewed as materials that only desorb as partially dissociated CO,
because of an inability for CO to fully dissociate. This depends on the ability of H2 to reach the growing
chain, where termination proceeds through CO insertion.

 

 

Figure 49. The % distribution of different oxygenated materials for each of the iron catalysts at low and
high CO conversion. The percentage basis is taken as a % mole of carbon per functional group/%mole
of C total oxygenates. Esters were observed, but they accounted for much less than one percent,
with respect to the total oxygenates, and thus not added to this figure. Reactor conditions: 270 ◦C,
12.1 bar, WHSV = 2, and H2/CO = 0.7.
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Figure 50. A product distribution of a K/Fe catalyst that shows the dependence of specific oxygenates
with respect to the total oxygenates, on CO conversion. Reactor Conditions: 270 ◦C, 12.1 bar, WHSV = 2,
H2/CO = 0.7.

K not only can promote oxygenated materials, like the alcohol, but if enough is present,
then aldehydes can also be produced (Figure 20). This difference can be observed when comparing
the K promoted iron catalyst (Figure 20) with unpromoted iron (Figure 31). Thus, multiple routes are
occurring as K donates electron density to promote CO dissociation, limiting hydrogen. If enough
potassium is added, then hydrogen is so limited that the probability for termination by CO increases,
resulting in the formation of these aldehydes. Regardless, provided that identical conditions exist for
the Group I series, as Figure 48 and Table 2 show, there appears to be a direct relationship between
the promoter series and the % of oxygenates observed. The correlation can only be attributed to the
promoted iron series catalysts, as shown in Figure 28.

4.1.3. ASF Factors

Typically, both the hydrocarbon and oxygenate values (Figure 51) trended inversely (although
less so for K promoted and unpromoted iron catalysts) with CO conversion. Residence time influences
the secondary reactions, which is more significant for promoted catalysts. The K and Na doped Fe
catalysts, as displayed in Tables 2 and 3, exhibited the greatest changes in oxygenate selectivity by
changing the CO conversion. The Rb and Cs promoted Fe catalysts produced the largest carbon mole
% and highest α values for oxygenated material. Unlike the use of K promoter (Figure 50, Table 2),
where the selectivity of oxygenates is dependent upon CO conversion, the selectivity of oxygenates in
Rb and Cs promoted Fe catalysts is independent of the CO conversion (Figure 49).
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Figure 51. Changes in the alpha vs. CO conversion for Group I promoted iron catalysts. Reactor
Conditions: 270 ◦C, 12.1 bar, WHSV = 2, and H2/CO = 0.7.

4.1.4. Manganese Supported Iron Catalysts

The work here agrees with the literature, where supports, such as manganese (Figure 30) for iron,
promote higher fractions of the 1-olefin, suppressing the 2-olefins [164–166]. However, the promotion
of the 1-olefin is much more significant with the Fe/Mn catalyst that is shown in Table 2. Additionally,
though not shown, the FeMn series of catalysts run under the same conditions as the alkali promoted
iron series, displayed similar rates of WGS activity as the potassium promoted iron catalyst.

4.2. Cobalt and Ruthenium

Cobalt and ruthenium are very similar in their product selectivities (Figure 52). Unlike the iron
series, the hydrocarbon product distribution of cobalt and ruthenium is much more specific to the
n-paraffin and 1-olefin. Platinum is typically used with cobalt primarily to facilitate the reduction of
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cobalt. However, with the addition of reduction promoters, such as platinum, methane production is
slightly increased [151,167,168]. This is to be expected, because platinum in a reduced state is a d10

metal, like nickel, and it would exhibit similar electron back-donation capability; thus, CO that was
adsorbed on platinum would exhibit similar structure, as observed on nickel, M≡C–O. The addition
of the alkali on cobalt, as observed with iron, increases the adsorption of CO, again most likely due to
the increased ability for the d-orbitals of cobalt to interact with the carbon-carbon π orbitals [169].

 

Figure 52. This figure tracks the changes of the major products with time on stream. Reactor conditions:
220 ◦C, 19.3 bar, WHSV = 5, H2/CO = 2.

The first observation is the low selectivity of alcohols between the supported and unsupported
cobalt catalysts. The low selectivity does not necessarily mean that the supports are directly involved in
the synthesis of oxygenates, but that they influence their production. Ceria, like manganese and titania,
is a partially reducible oxide, and unlike the silica and alumina, it has the potential for hydrogen
spillover [170,171]. However, the spillover of hydrogen upon supports for cobalt, such as ceria,
may create oxygen vacancy sites (or associated bridging OH groups) (Figure 53) through the removal
of an oxygen atom in the support (or conversion of O to -OH groups), which changes the ceria from 4+
to 3+ (the underlined ceria atoms). This, in turn, has the potential to affect the product distribution in
the FT process.

 

Figure 53. Bridging OH groups created in Ce due to addition of H2 during the reduction process;
ceria is a well-known partially reducible oxide.

Gnanamani et al. [40] conducted a H2/D2 switching study to examine the isotope effect on
oxygenated products that are produced from a Co/Ce catalyst. Results (Table 6) from the switch
showed an overall decrease in the oxygenated materials; however, the oxygenated products returned
to their original composition upon switching back to hydrogen. These results suggest that the
metal-support interface plays a significant role in the formation of oxygenated materials. In this
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case, CO could react at defect-associated bridging OH groups on ceria to form formate, which acts
as a molecularly adsorbed CO species that is transferred across the interface to terminate chains;
or, termination may proceed by the direct addition of mobile OH groups from ceria. In order to
produce oxygenates, one view is that termination proceeds by the addition of molecularly adsorbed
CO [171]. In either case, ceria could influence the termination pathway across the metal-support
interface, with the growing chain being on metallic cobalt. Masuku et al. [172] completed similar
H2/D2 switching experiments with an alumina supported cobalt catalyst to show no specific deviation
in the products (Table 6).

Table 6. The difference in product distribution on a Cobalt/Alumina catalyst when H2/CO is switched
to D2/CO. Reactor Conditions: 220 ◦C, 19.3 bar, WHSV = 2, and H2/CO = 2.

Oil and Wax D H

Alcohol 3.96 3.25
1-Olefin 11.30 10.21
Paraffin 82.34 84.40

Cis-Olefin 0.93 0.95
Trans-Olefin 1.46 1.19
Total Olefin 13.69 12.35

Though the product distribution is similar, cobalt that is supported on carbon (Figure 32) could
react differently from metal oxide supported cobalt catalysts [38]. Carbon has surface oxygenate
functional groups and it is not necessarily inert. This gives rise to the potential for these supports to
interfere in the chain growth process via functionalized groups, and further work is needed to shed
light on this aspect [59].

5. Conclusions

The intention of this paper is to provide a brief overview of the product distribution across
several FTS catalysts. Specific product selectivities (fingerprint) in the oil phase are highly
informative, such that, by solely observing the oil phase, catalyst properties can largely be uncovered.
The fingerprint of iron (iron carbide) is more diverse than cobalt and ruthenium and the surface of
iron carbide catalyst has been much more tunable. To maximize the efficiency of an FTS catalyst,
a sustained balance between CO, H2, and chain growth intermediates must be maintained. If electron
back-donation from the catalyst surface to the vinylic intermediate and CO is too weak, then the L
configuration is dominant forming isomerized, non-alcohol oxygenates and high methane. If too
strong, the vinylic intermediate (as does CO) dissociates too rapidly, such that methane production is
high, and carbon deposits on the surface leading to coking. Both unbalanced routes occur at the cost of
the overall process. As the fingerprint reveals clues to the catalyst, this work could serve as a starting
point for future experiments that are aimed at tuning FTS catalysts.
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Glossary

ASF Anderson-Schulz-Flory Plot
CSTR Continuously Stirred Tank Reactor
EI Electron Impact
FID Flame Ionization Detector
FTS Fischer–Tropsch Synthesis
GC Gas Chromatograph
GHSV Gas Hourly Space Velocity
HC High CO Conversion
H2/CO- Hydrogen to Carbon Monoxide Ratio
IWI Incipient Wetness Impregnation
LC Low CO Conversion
LOD Limit of Detection
MSD Mass Selective Detector
O/P Total Olefin to Paraffin Ratio
RT Retention Time
SIM Single Ion Monitoring
TCD Thermal-conductivity Detector
WF Weight Fraction
WHSV Weight Hourly Space Velocity
VLE Vapor Liquid Equilibrium
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Abstract: Samples of well-controlled nanoparticles consisting of alloys of cobalt and nickel of different
atomic ratios were synthesized using wet chemical methods with oleylamine as the solvent and the
reducing agent. These materials were characterized by a variety of techniques, including high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM), X-ray energy
dispersive spectroscopy (EDS), and X-ray diffraction (XRD). Small amounts of heterogenized catalysts
were prepared using alumina as the support. However, the potential for use of Co–Ni catalysts
in CO hydrogenation was explored using a larger amount of Co–Ni/alumina catalyst prepared
from standard aqueous impregnation methods and tested in a continuously stirred tank reactor
(CSTR) for Fischer–Tropsch synthesis (FTS). Results are compared to a reference catalyst containing
only cobalt. The heterogenized catalysts were characterized using synchrotron methods, including
temperature programmed reduction with extended X-ray absorption fine structure spectroscopy
and X-ray absorption near edge spectroscopy (TPR-EXAFS/XANES). The characterization results
support intimate contact between Co and Ni, strongly suggesting alloy formation. In FTS testing,
drawbacks of Ni addition included decreased CO conversion on a per gram catalyst basis, although
Ni did not significantly impact the turnover number of cobalt, and produced slightly higher light gas
selectivity. Benefits of Ni addition included an inverted induction period relative to undoped Co/Al2O3,
where CO conversion increased with time on-stream in the initial period, and the stabilization of
cobalt nanoparticles at a lower weight % of Co.

Keywords: cobalt–nickel nanoparticles; cobalt–nickel alloys; cobalt; nickel; alumina; HAADF-STEM;
TPR-EXAFS/XANES; Fischer–Tropsch synthesis; CO hydrogenation; CSTR
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1. Introduction

Cobalt catalysts are important for the Fischer–Tropsch synthesis (FTS) reaction, which is at the
heart of the gas-to-liquids (GTL) process [1]. Not only do they offer good activity and stability, as well
as high selectivity toward heavier hydrocarbons, but they also possess low water–gas shift (WGS)
activity relative to iron carbide catalysts, making them suitable for converting the higher H2:CO ratio
syngas associated with natural gas derived syngas [2].

Cobalt is an expensive metal, with a price that has ranged from $22 to $100 per kg within the past
five years [3]. Therefore, in order to maximize its surface area, cobalt is typically supported on a metal
oxide carrier such as γ-Al2O3 or TiO2. Cobalt catalysts are typically prepared by aqueous impregnation
methods, such as incipient wetness impregnation (IWI) or a preferred slurry impregnation method
(SIM) [1] using a precursor such as cobalt nitrate, and then the catalyst is dried and calcined (e.g., 350 ◦C,
4 h). There are three major problems with heterogenized cobalt catalysts that are of interest to
commercial developers.

The first problem is that of reducibility. Following calcination, cobalt is present as Co3O4

nanoclusters and, unlike unsupported cobalt oxide which reduces to the metal at 300–350 ◦C,
the two-step reduction profile of Co3O4 on alumina, which involves CoO as an intermediate,
is broadened. Co3O4 reduces to CoO in a relatively facile manner in the range of 300–350 ◦C,
but to reduce CoO to Co0, temperatures as high as 800 ◦C are needed [4,5]. In order to facilitate
the reduction of cobalt oxides, promoters (e.g., Pt [4–8], Ru [4,7–10], Re [4,7,8,11–14], Ag [15,16]) are
utilized, and researchers have suggested that the catalytic action is either by a direct chemical effect
(e.g., alloying), or by reduction of the promoter at low temperature, followed by a H2-dissociation
and spillover mechanism that facilitates the reduction of cobalt oxides. One problem with these
promoters is that they are very expensive. The price range of platinum, the most common promoter
used, has been $25,000–$50,000 per kg within the past five years [3]. Fortunately, only small percentage
loadings (<0.5% Pt) are needed to facilitate cobalt oxide reduction. Nevertheless, it is of interest to
find a suitable base metal replacement. As nickel is in the same group as platinum and has a much
lower price ($8–$20 per kg over the past five years [3]), investigations on Ni as a reduction promoter
for cobalt oxides are important.

The second issue is selectivity. Cobalt is a d7 metal and has an electronic configuration suitable for
growing long-chained hydrocarbons. The metal has the right balance in that it is able to dissociate CO,
as well as stabilize the vinylic intermediate in the appropriate sp3 configuration, such that chain growth
is controlled to one side, producing primarily straight chained paraffins, 1-olefins, and 1-alcohols [17].
Nickel, however, is a d8 metal, and the electronic back-donation capability of Ni is excessive for the
FTS application, such that the vinylic intermediate is insufficiently stabilized, resulting primarily in
undesired light gas production [17]. Thus, there are questions related to how much nickel can be added
to cobalt nanoparticles such that the resulting alloy still possesses adequate hydrocarbon selectivity for
FT, and whether a catalyst possessing a nickel core and a cobalt shell might be developed such that the
reaction occurs primarily on a cobalt shell.

Finally, there is the problem of stability with heterogenized cobalt catalysts [9,18–21]. While it
is important to disperse cobalt on a carrier such as alumina to maximize the surface availability of
Co0, which provides the active sites, there is a thermodynamic limit regarding how small the cobalt
nanoparticles can be in FTS and still maintain adequate stability [18]. In FTS, H2O is a major product of
the reaction, and studies have concluded that cobalt nanoparticles that are <2–4 nm will oxidize under
commercially relevant reaction conditions; this renders the cobalt nanoparticles inactive. As such,
catalysts are often made with cobalt nanoparticles that target the 6–10 nm range [19]. A consequence
of this design is that the majority of the expensive cobalt is locked within the cobalt nanoparticle rather
than being exposed to the surface where the catalysis occurs. Thus, it would be of interest to replace a
fraction of the more expensive cobalt with a less expensive metal-like nickel.

The incorporation of a second metal to form alloyed metal nanoparticles has helped to increase
activity on a per gram of catalyst basis, as well as improving stability, thus decreasing the cost of the
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process [22]. By controlling the synthesis conditions such as solvent, reducing agent, temperature
and metal composition, it is also possible to control the size, shape and structure of the nanoparticles,
tailoring in this way their final properties toward different applications [23–25].

In this work, we begin to explore the preparation of well-controlled nanoparticles consisting of
alloys of cobalt and nickel having different atomic ratios. These are synthesized using wet chemical
methods with oleylamine as both the solvent and the reducing agent. These materials were characterized
by a variety of techniques, including HAADF-STEM, EDS, and XRD. Small amounts of heterogenized
catalysts were also prepared using alumina as the support. However, because it was not possible at
this time to prepare large enough batches for catalyst testing using a CSTR, the potential for use of
Co–Ni catalysts in CO hydrogenation was explored using a larger amount of Co–Ni/alumina catalyst
prepared from standard aqueous impregnation methods. This catalyst was tested in a CSTR for FTS and
compared to a reference catalyst containing only cobalt. The heterogenized catalysts were characterized
by, among other techniques, synchrotron methods including TPR-EXAFS and TPR-XANES.

2. Results

2.1. Cobalt–Nickel Nanoparticles

Co–Ni alloy nanoparticles were prepared by a colloidal wet-chemical method using oleylamine
(OAm) as the solvent and reducing agent. Three samples were prepared with different initial atomic
ratios, Co98.4Ni1.6 (Sample #1), Co92.7Ni7.3 (Sample #2), and Co89.7Ni10.3 (Sample #3). Figure 1a shows
a low magnification HAADF image of the synthesized Co98.4Ni1.6 nanoparticles. The sample consisted
of 20.5 ± 3.2 nm polycrystalline dendritic particles, formed by the apparent attachment of small crystallites.
The high-magnification image (Figure 1b) confirmed that the particles were well crystallized.

  
(a) (b) 

  
(c) (d) 

0.203 nm

0.203 nm

Figure 1. Sample #1. (a) Low-magnification and (b) high-magnification HAADF-STEM images of the
Co98.4Ni1.6 nanoparticles. (c) EDS spectrum and (d) EDS maps taken from a group of nanoparticles.
The Co K and Co L lines are plotted for reference.
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The measured interplanar distance of the well-resolved lattice fringes was 0.203 nm, corresponding
to the (002) planes of the hexagonal-close packed (HCP) phase or the (111) planes of a face-centered
cubic (FCC) structure of cobalt [26]. Cobalt and nickel FCC have a very close atomic weight and
similar lattice constants, differing by less than 1%, making it difficult to differentiate them within the
measuring error. Therefore, EDS analysis was performed to estimate the Ni content that is present
within the nanoparticle structure. Figure 1c corresponds to the EDS spectrum acquired from mapping
a group of nanoparticles laying on the carbon support. It was observed that nickel was at an ultra-low
concentration (Ni-K@7.477 keV), and its content was below detection limits. This is expected from
the very low amount of Ni used during synthesis of the nanoparticles. Oxygen was also detected,
such that the formation of an oxide layer on the nanoparticle surface, formed when exposing to air
during purification, cannot be discounted. From the estimated Ni content, it was inferred that the
synthesized nanoparticles crystallized in a hexagonal close packed structure, which forms at a relatively
low temperature and low Ni content [27]. With increasing nickel content, a significant change in
terms of shape and composition was achieved. Figure 2 corresponds to HAADF-STEM images of the
nanoparticles when using a Co:Ni atomic ratio of 92.7:7.3. As observed from the low-magnification
image in Figure 2a, the nanoparticles exhibit a very different morphology, presenting a core-shell
feature with a mean diameter of 12.3 ± 1.5 nm core and 2.3 ± 0.2 nm shell. The low contrast of the
outer layer surrounding the particles suggests a lower atomic density, attributed to the presence of an
oxidized layer. The high-magnification images in Figure 2b reveal the multiply-twinned structure of
the nanoparticles. Different regions of well-resolved lattice fringes are visible. The lattice distance
measured at the nanoparticle core was 0.216 nm while at the nanoparticle surface the measured lattice
distance was 0.150 nm, matching with the (100) planes of an HCP Co–Ni alloy (0.217 nm) and the (220)
planes of the CoO FCC structure (0.151 nm) [27,28].

  
(a) (b) 

  
(c) (d) 

Figure 2. Sample #2. (a) Low-magnification and (b) high-magnification HAADF-STEM images of the
synthesized Co–Ni 92.7:7.3 nanoparticles. (c) EDS maps and (d) EDS spectrum (up) taken from a group
of nanoparticles. The Co K and Co L lines, as well as the Ni K and Ni L lines are plotted for reference.
d) EDS line scan (down) crossing at the middle of the particle as shown in the inset, confirming the
presence of both Co and Ni within the particle.
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EDS analysis confirmed the presence of both Co and Ni elements within the nanoparticles, as shown
from the EDS spectrum in Figure 2c. The estimated atomic composition was 92.7%Co–7.3%Ni, giving
support to the presence of the HCP Co–Ni alloy. Additionally, an EDS line scan crossing at the center
of an individual nanoparticle confirmed that Co and Ni are well distributed along the particle, as
displayed in Figure 2d.

In the bulk, the Co–Ni alloy crystallizes in a complete solid solution having an FCC structure
(α phase) for compositions >30% atomic nickel, while for compositions below ~30% atomic Ni and a
relatively low temperature, a martensitic transformation from the FCC to HCP phase (ε phase) takes
place. Since the nanoparticles were synthesized at a relatively low temperature (230 ◦C) and with
a low Ni content, it was possible to obtain an HCP Co–Ni alloy. However, the boundaries of the
bulk transition are not well established [27], and the temperature range of transitions lowers at the
nanoscale, since it is strongly affected by particle size and shape [29,30].

In the absence of 1,2-hexadecanediol, larger nanoparticles were obtained by using only OAm as
the reducing agent, as shown in the SEM image provided in Figure 3a (Sample #3). The nanoparticles
presented cubic and octahedral shapes having a highly faceted surface. The average size was 85 ± 13 nm.
Figure 3b,c show an HAADF-STEM image of a single particle at atomic resolution. From the measured
lattice distances of 0.242 and 0.211 nm, which formed an angle of ~55◦, the particle was indexed as a
Co1−xNixO FCC structure viewed along the [110] axis zone. The CoO-type phase crystallizes in a rock
salt structure having the Fm3m space group, with a difference in the lattice parameters of ~2.3% between
a CoO and NiO structure (a = 4.2667 Å for CoO, and a = 4.1684 Å for NiO). Hence, the measured
distances between both structures suggest the formation of a Co1-xNixO solid solution. The EDS
analysis from a large group of nanoparticles (e.g., the cluster shown in Figure 3d) confirmed the
presence of Co, Ni, and O, as presented in the spectrum and mapping in Figure 3c,d. The estimated
average composition from the acquired EDS spectra was 89.7%Co–10.3%Ni, indicating an atomic
percentage ratio of 8.7 between the cations.

(a) (b) 

(c) (d) 

Figure 3. Sample #3. (a) SEM image of the synthesized Co89.7Ni10.3 sample. (b) High-magnification
HAADF-STEM image of a single CoNi–O nanoparticle. (c) EDS spectrum and (d) EDS maps taken
from a group of nanoparticles. The Co and Ni K and L lines are shown for reference in the spectrum.
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To better determine the structure of the synthesized particles, the freshly prepared powders were
characterized by XRD. Figure 4 shows the diffraction patterns of the Co–Ni alloy nanoparticles (Sample
#1, #2, and #3). In Figure 4a,b, corresponding to the colloidal preparation method of Samples #1 and
#2, the characteristic peaks of metallic nickel FCC (ICSD 518120) and metallic cobalt HCP (ICSD 15288)
were taken as references. As shown, both patterns present similar features with peaks located at 44.5,
51.8, and 76.4◦ assigned to the (111), (200), and (220) planes of the FCC structure, with additional peaks
at 41.7, 44.3, 62.6, and 76.1◦ assigned to the HCP phase of cobalt. The observed peaks presented a slight
shift with respect to the reference; this is associated with the alloyed Co–Ni, indicating the coexistence
of both FCC and HCP phases of cobalt within the samples [31,32]. Meanwhile, the XRD pattern of the
colloidally prepared Sample #3 confirmed the oxidized nature of the nanoparticles, Figure 4c. The
pattern is indexed as a CoO-type structure, confirming the Co1-xNixO FCC solid solution phase.

(a) (b) 

(c) 

Figure 4. XRD patterns of (a) Co98.4Ni1.6 (Sample #1) and (b) Co92.7Ni7.3 (Sample #2) nanoparticles.
The patterns showed the presence of both HCP (red labels) and FCC (black labels) cobalt structure.
(c) XRD pattern of Co89.7Ni10.3 (Sample #3). The pattern matched with a Co1−xNixO FCC solid solution.

2.2. Heterogenized Catalysts

For sample designations, please refer to the Materials and Methods Section. Figure 5 displays
hydrogen TPR-XANES spectra at the Co K-edge of the different samples. Figure 5a,b reveal that
the nanoparticles prepared by the non-conventional method (Samples #1 and 2) start as a mixture
of Co2+ and Co0, and the spectra resemble a mixture of CoO and Co0, while that of Figure 5c
corresponding to Sample #3 begins entirely in the Co2+ oxidation state, resembling CoO. As shown by
the linear combination (LC) fittings of TPR-XANES spectra with reference compounds in Figure 6a,b,
both Samples #1 and #2 started with high Co0 content (75% and 80%, respectively), and achieved
nearly complete reduction by 350 ◦C. Sample #3, as shown in Figure 6c, achieved nearly complete
reduction from CoO to Co0 by 400 ◦C. The point of 50% reduction of CoO to Co0 occurred at ~330 ◦C.
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Figure 5. H2-TPR-XANES spectra at the Co K-edge of Samples (a) #1, (b) #2, (c) #3, and (d) #4
(note difference in scale). (Cyan) is reduction of Co3O4 to CoO, and (Green) CoO to Co0.

243



Catalysts 2020, 10, 18

Figure 6. Linear combination fittings of H2 TPR-XANES spectra of Samples (a) #1, (b) #2, (c) #3, and (d)
#4. The reference compounds for Samples #1–3 were the first spectrum of Sample #3 (representing
100% Co2+) and the final spectrum of each sample after remaining at 500 ◦C in H2 (representing ~100%
Co0). Reference compounds for Sample #4 were the initial spectrum (representing a mixture of Co2+

and Co3+ similar to Co3O4), the point of maximum CoO content, and the final spectrum following TPR
and holding (representing Co0). Note difference in scale for (d).

Figure 5d, on the other hand, representing the catalyst prepared by the traditional slurry
impregnation method (Sample #4), followed the conventional two-step reduction of cobalt oxides to
metallic compounds, where: Co3O4 + H2 = 3CoO + H2O and 3CoO + 3H2 = 3Co0 + 3H2O. Figure 6d
shows linear combination fittings of the TPR-XANES spectra using reference compounds. The catalyst
nears complete reduction to Co0 by 580 ◦C. The point at which 50% of the Co3O4 converts to CoO occurs
at ~290 ◦C, while the point at which 50% of the CoO converts to Co0 occurs at ~480 ◦C. Note that Ni is
clearly facilitating reduction, as the point of 50% of CoO conversion for unpromoted 25%Co/alumina
was found from our prior work to be ~550 ◦C with nearly complete reduction at temperatures higher
than 700 ◦C [5].

XANES snapshots along the TPR trajectory of key states of cobalt are provided in Figure 7.
These snapshots highlight key differences among the different Co–Ni catalysts. For example, Co3O4 is
only detected in Sample #4 (i.e., the catalyst prepared by the conventional method). While Samples #1
and #2 have very little CoO content initially, Sample #3 starts out as virtually all CoO, with no Co0 or
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Co3O4 being detected, in good agreement with the HAADF-STEM structural characterization. This
suggests that Co–Ni nanoparticles can be tuned to have different oxidation state characteristics.

Figure 7. XANES snapshots at the Co K-edge of reference compounds, and (a) the point of maximum
Co3O4 content in the H2 TPR-XANES run, (b) the point of maximum CoO content in the H2 TPR-XANES
run, (c) the point at 500 ◦C, and (d) the point of maximum Co0 content in the H2 TPR-XANES run for
each catalyst sample (following ramping and holding at Tmax), including (1) Sample #1, (2), Sample #2,
(3) Sample #3, and (4) Sample #4. Note that only Sample #4 displayed Co3O4 content (i.e., in the initial
period).

Figure 8 displays hydrogen TPR-XANES spectra at the Ni K-edge of the different samples.
Figure 8a,b reveal that the nanoparticles prepared by the nonconventional method (Samples #1 and
2) start as a mixture of primarily Ni0 with very little Ni2+, and the spectra resemble a mixture of
Ni0 and NiO, while that of Figure 8c,d corresponding to Sample #3 and Sample #4 begin entirely
in the Ni2+ oxidation state, resembling NiO. Due to the low amount of Ni2+ in Samples #1 and #2,
as well as the noise level of Sample #1 (due to low Ni content), LC fittings were not performed
on these samples. However, LC fittings of TPR-XANES spectra with reference compounds were
performed for both Samples #3 and #4. As shown in Figure 9, Sample #3 achieved nearly complete
reduction of nickel by 350 ◦C, while Sample #4 achieved nearly complete reduction of nickel by 600 ◦C.
Interestingly, the XANES spectra of Sample #4 display a shift in the NiO spectrum to lower energy
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when Co3O4 reduces to CoO; this suggests that Ni2+ is in intimate contact with cobalt oxides. The point
at which the Ni2+ is at the halfway position between NiO associated with Co3O4 and NiO associated
with CoO occurs at 290 ◦C, which matches the temperature at which 50% reduction of Co3O4 to CoO
occurs. The point of 50% reduction of NiO to Ni0 occurred at ~330 ◦C for Sample #3 and at ~480 ◦C for
Sample #4. These temperatures match those of 50% CoO reduction to Co0, suggesting once again that
the Co and Ni are in intimate contact in both the oxide and metallic forms (e.g., alloys).

Figure 8. H2-TPR-XANES spectra at the Ni K-edge of samples (a) #1, (b) #2, (c) #3, and (d) #4. (Cyan) is
Ni2+ (e.g., NiO) associated with cobalt oxides during reduction of Co3O4 to CoO. (Green) is reduction
of Ni2+ to Ni0 when NiO reduction is associated with CoO reduction to Co0.
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Figure 9. Linear combination fittings of H2-TPR-XANES spectra of Samples (a) #3 and (b) #4. Reference
compounds for Samples #3 were the first spectrum (Ni2+ associated with CoO) and the final spectrum
after remaining at 500 ◦C in H2 (representing ~100% Ni0). Reference compounds for Samples #4 were
the first spectrum (Ni2+ associated with Co3O4), the spectrum for Ni2+ associated with maximum CoO
content, and the final spectrum after H2 TPR (representing ~100% Ni0).

XANES snapshots along the TPR trajectory of key states of nickel are provided in Figure 10.
These spectra highlight key differences among the different Co–Ni catalysts. While Samples #1 and #2
have very little NiO content initially, Sample #3 and #4 start out as virtually all NiO, with no Ni0 being
detected. Once again, this is in good agreement with the structural characterization, and it suggests that
Co–Ni nanoparticles can be tuned to have different oxidation state characteristics. Before (solid line)
and after (dashed line) spectra denote the shift to lower energy for the Ni2+ spectra for Sample #4.

TPR-EXAFS data at the Co K-edge are provided in Figure 11. For Samples #1 and #2, which are
represented by Figure 11a,b, there is already a strong peak for Co–Co coordination in Co0 from
the initial temperature. There is, however, a small amount of oxide initially present in Sample #1,
which upon reduction causes slight shifts in the Fourier transform peak positions. This is best observed
in the development of the third Co–Co coordination shell (see arrow). Figure 11c for Sample #3 starts
with peaks of Co–O (low distance) and Co–Co (higher distance) consistent with CoO and then the
peak for Co–Co for the metal starts to develop by ~325 ◦C. Figure 11d for Sample #4 shows similar
contributions from our earlier work with Co/alumina catalysts [5]. The initial cyan spectra show a
strong peak at low distance for Co–O and a broad asymmetric peak at higher distance consistent with
multiple Co–Co distances in Co3O4, which is a spinel structure. However, a second oxide, CoO clearly
develops as shown by the initial green spectrum. The Co–O peak is lower in intensity and the Co-Co
peak has sharpened (consistent with a rock salt structure). Then, the Co–Co peak for the metal develops
only at high temperature (~500 ◦C). The results are consistent with those of TPR-XANES. This is at a
lower temperature than that observed in our previous work [5], where the peak develops at ~600 ◦C.
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Figure 10. XANES snapshots at the Ni K-edge of reference compounds, and (a) the point of maximum
NiO content in the H2 TPR-XANES run, and (b) the point at 500 ◦C, and (c) the point of maximum Ni0

content in the H2 TPR-XANES run for each catalyst sample (following ramping and holding at Tmax),
including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4) Sample #4. Note that Samples #1 and #2
displayed very little NiO even in the initial spectra (compare 1a with 1c and compare 2a with 2c; they
are very similar). Spectrum 4a: (Solid line) initial spectrum-NiO associated with Co3O4; (dashed line)
spectrum at 335 ◦C-NiO associated with CoO.
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Figure 11. H2-TPR-EXAFS spectra near the Co K-edge of samples (a) #1, (b) #2, (c) #3, and (d) #4.
(Cyan) is reduction of Co3O4 to CoO, and (Green) is reduction of CoO to Co0.

EXAFS snapshots along the TPR trajectory of key states of cobalt are provided in Figure 12.
These snapshots highlight key differences among the different Co–Ni catalysts. For example, Co3O4 is
only detected in Sample #4 (i.e., the catalyst prepared by the conventional method). While Samples #1
and #2 have very little CoO content initially (as shown by low peaks for Co–O and Co–Co coordination
in CoO), Sample #3 starts out as virtually all CoO (strong peaks for Co–O and Co–Co coordination
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in CoO are detected at the outset), with no Co0 or Co3O4 being detected (Figure 8, left). The CoO
in Sample #4 forms from the reduction of Co3O4 (Figure 8, top spectrum). The final spectra after
TPR-EXAFS (Figure 8, right) shows the characteristic Co–Co coordination of Co0.

Figure 12. EXAFS snapshots near the Co K-edge of reference compounds, and (A) the point of maximum
Co3O4 content, a, in the H2 TPR-XANES run, (B) the point of maximum CoO content, b, in the H2

TPR-XANES run, and (C) the point of maximum Co0 content, c, in the H2 TPR-XANES run after the
hold at Tmax, for each catalyst sample, including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4)
Sample #4. Note that only Sample #4 displayed Co3O4 content (i.e., in the initial period). Dashed lines
denote Co–Co coordination in the oxides and metallic state, while the lower distance peak in (top) and
(left) spectra at ~1.2 angstroms represents Co–O coordination.

TPR-EXAFS data at the Ni K-edge are provided in Figure 13. For Samples #1 and #2, the Ni was
significantly reduced at the outset and these spectra are not provided (see Figure 10 left) moreover,
there was significant noise in Sample #1 during much of the TPR. Figure 13a,b of Samples #3 and #4,
respectively, starts with peaks of Ni–O (low distance) and Ni–Ni (higher distance) consistent with NiO
and then the peak for Ni–Ni for the metal starts to develop by ~325 ◦C for Sample #3 and ~500 ◦C
for Sample #4, respectively. These are similar temperatures to those of the development of the Co-Co
metallic coordination peak, once again suggesting intimate contact between Co and Ni in the catalyst
samples. For Sample #4, the cyan spectra denote where Ni2+ is associated with Co3O4 reduction to CoO
and the light green spectra denote where Ni2+ is associated with CoO reduction to Co0. Dark green
spectra indicate significant Co–Co metal coordination.
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Figure 13. H2-TPR-EXAFS spectra near the Ni K-edge of samples (a) #3, and (b) #4. (Cyan) is Ni2+

(e.g., NiO) associated with cobalt oxides during reduction of Co3O4 to CoO. (Green) is reduction of
Ni2+ to Ni0 when NiO associated with CoO reduction to Co0.

EXAFS snapshots along the TPR trajectory of key states of nickel are provided in Figure 14.
These snapshots highlight key differences among the different Co–Ni catalysts. While Samples #1 and
#2 have very little NiO content initially (as shown by low peaks for Ni–O and Ni–Ni coordination
in NiO in left hand spectra of Figure 14), Sample #3 and Sample #4 start out as virtually all NiO
(strong peaks for Ni–O and Ni–Ni coordination in NiO are detected at the outset), with no Ni0 being
detected. For Sample #4, Ni2+ associated with Co3O4 is shown as a solid line, while Ni2+ associated
with CoO is displayed as a dashed line. The final spectra (Figure 10, right) after TPR-EXAFS shows the
characteristic Ni–Ni coordination of Ni0.

Figures S1 and S2, as well as Table S1, provide EXAFS fittings for the Co K-edge and Ni K-edge data.
To constrain the fitting model for EXAFS spectra following TPR-EXAFS and cooling (i.e., cobalt and
nickel in metallic state), a simple model was developed where metal coordination to Ni (whether the
core atom was Co or Ni) was given as a fraction, X, of metal–cobalt coordination. Using this approach,
excellent fittings with low r-factors were obtained. The results are consistent with Co–Ni alloy
formation, but do not prove Co–Ni alloy formation. Since Sample #4 showed large uncertainties with
the model, a second constrained model (fitting #2) was performed that demonstrates that an excellent
fitting can be obtained using X = 0.10.
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Figure 14. EXAFS snapshots near the Ni K-edge of reference compounds, (A) the point of maximum
NiO content, a, in the H2 TPR-XANES run, and (B) the point of maximum Ni0 content, b, in the H2

TPR-XANES run, for each catalyst sample, including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4)
Sample #4. Vertical dashed lines denote Ni–Ni coordination in the oxides and metallic state, while the
lower distance peak in the left-hand spectra at ~1.2 angstroms represents Ni–O coordination. Spectrum
4a: (Solid line) initial spectrum-NiO associated with Co3O4; (dashed line) spectrum at 335 ◦C-NiO
associated with CoO.

2.3. Activity Data

Sample #4 and Sample #5 have similar surface areas of ~96 m2/g suggesting that the nickel
substitution does not affect catalyst morphology. The N2 adsorption–desorption results are reported in
Table 1.

Table 1. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) data of the samples.

Sample ID
As (BET)

[m2/g]

Vp

[cm3/g]

Dp

[nm]

Sample #4 95.5 0.243 9.3
Sample #5 96.5 0.226 9.3

Results of hydrogen chemisorption with pulse O2 titration are shown in Table 2. In agreement
with the TPR-XANES results, the Ni-doped catalyst had a higher % reduction by 8–11%, depending on
the method used. The Ni-doped catalyst had a slightly larger metal cluster size (approximately 2 to
3 nm larger diameter, depending on the method used).

XRD patterns for the support (Al2O3), the oxide, and reduced samples are shown in Figure 15.
XRD profiles of the oxide samples are very similar showing characteristic reflection peaks of Co3O4

(i.e., 2Θ = 36.8◦). No nickel diffraction peaks are distinguishable for Sample #4 suggesting the formation
of Ni–Co solid solution. In contrast, the patterns for the reduced samples are quite different. In the
case of the Ni-promoted catalyst (Sample #4), the cobalt seems to not be completely reduced as CoO
(main diffraction peak at 2Θ = 42.8◦) is still present in the catalyst, while the reflection peaks attributed
to FCC metallic cobalt (main diffraction peak at 2Θ = 44.6◦) can be observed for Co/Al2O3 (Sample #5).
A quantitative crystallite size estimation for the reduced samples is not possible because of the poor
signal/noise in the XRD patterns.
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Figure 15. XRD patterns for (a) Al2O3, (b) oxide Sample #5, (c) oxide Sample #4, (d) reduced Sample #5
and (e) reduced Sample #4.

TEM and STEM of reduced Sample #4 are shown in Figure 16. The particle sizes are in the range
of 18–23 nm, whereas EDS analysis confirms the presence of both Ni and Co. The uniform distribution
of these two metals confirm the formation of Ni–Co solid solution as already observed from XRD.
The measured Co/Ni weight ratio is ~10, very closed to the theoretical value. STEM micrographs for
Sample #5 are reported in Figure 17, and the particle sizes fall within the range of 15–20 nm, similar to
the nickel promoted catalyst. EDS shows that some areas are richer in cobalt (until 55 wt%), while in
other areas the cobalt loading is lower than 10 wt%; however, the average loading for an extended area
is close to 28 wt%.

CO conversion and product selectivity (CH4, CO2, C2–C4, and C5+) versus Time on Stream (T.o.S.)
are reported in Figures 18 and 19, respectively. CO conversion for Sample #4 starts at 21% and it
progressively increases with T.o.S. until a steady-state value of 35.7%. On the other hand, the undoped
catalyst, Sample #5, has a higher initial CO conversion of 42.5%, which slightly decreases until a value
of 39.5%. The presence of nickel inverted the induction period. The performance of Sample #4 is stable
after the induction period, even though the cobalt loading is lower compared to that of Sample #5.
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Figure 16. (a) TEM and (b) high-magnification HAADF-STEM image of Sample #4 with EDS maps.
Elemental mapping legend: (c) cobalt and nickel, (d) aluminum, cobalt, and nickel, (e) cobalt, (f) nickel,
and (g) aluminum. (Red) Cobalt, (Yellow) Nickel, and (Green) Aluminum.

The selectivities of Sample #4 evolve with the T.o.S. In particular, the methane selectivity decreases
from 11% to 9.2%, C2–C4 selectivity drops from 18% to 8.5%, whereas the C5+ selectivity increases
from 69% to 79% in the first 200 h (Figure 19). However, the methane selectivity is higher for Sample
#4 than for Sample #5.
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Figure 17. (a) High-magnification HAADF-STEM image of Sample #5 and EDS maps, including (b)
aluminum and cobalt, (c) cobalt, and (d) aluminum. Elemental mapping legend: (Red) Cobalt and
(Green) Aluminum.

Figure 18. Evolution with T.o.S. of CO conversion for Sample #4 (open circle) and Sample #5 (filled circle),
process conditions: T = 220 ◦C, P = 20.6 bar, H2/CO = 2 mol/mol, SV = 3.4 slph per gcat.
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Figure 19. Evolution with T.o.S. of (a) CH4, (b) CO2, (c) C2-C4, and (d) C5+ selectivity for Sample #4
(open circle) and Sample #5 (filled circle), process conditions: T = 220 ◦C, P = 20.6 bar, H2/CO = 2
mol/mol, SV = 3.4 slph per gcat.

3. Discussion

From the results, it was observed that when a very low content of Ni during nanoparticle
synthesis (Co–Ni 98.4:1.6) polycrystalline dendritic particles were formed with negligible Ni content.
The XRD patterns showed the presence of a mixture of HCP and FCC metallic phases in the sample.
However, by increasing the Ni content during the particle growth smaller Co–Ni alloy nanoparticles
were obtained. The presence of Ni not only changes the atomic arrangement, but also enabled shape
tuning of the particles. Furthermore, the aerobic synthesis protocol by using only oleylamine led to
the formation of predominantly CoNi–O nanoparticles. The presence of 1,2-hexadecanediol seemed
to have an effect. The addition of 1,2-hexadecanediol promotes the reduction of metal complexes at
lower temperature compared to the synthesis protocol without using it [33], facilitating the higher
percentage of Co and Ni reduction during their synthesis in Samples #1 and #2 to form metallic Co–Ni
nanoparticles. Furthermore, not only did it restrict the oxidation of Co and Ni, but also the particle
size in comparison with the protocol used without it [34]. This restricted oxidation was confirmed
by the structural characterization through HAADF-STEM and XRD, and by the TPR-XANES profiles
of Co and Ni, where the heterogenized unconventional catalysts exhibited high initial Co0 and Ni0

content (Samples #1 and 2) or high CoO/NiO content (Sample #3) in comparison with the catalyst
prepared by traditional aqueous impregnation of nitrates; the conventional catalyst started in a higher
oxidation state, with Co3O4 and Ni2+ associated with Co3O4. The TPR-XANES results at the Ni edge
show that this Ni2+ undergoes a shift to lower energy when Co3O4 reduces to CoO in the case of the
conventional catalyst prepared by aqueous impregnation. This result strongly suggests that Co and
Ni are in intimate contact, supporting the alloy formation upon reduction; further evidence for alloy
formation is that the NiO and CoO reduce over a similar range, such that the point of 50% reduction
is identical. Although EXAFS results show that an alloy model provides an excellent fitting of the
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experimental results, the sizes of Co and Ni are so similar that a definitive conclusion on alloying should
not be drawn from EXAFS results. The TPR-EXAFS/XANES and hydrogen chemisorption/O2 titration
results demonstrate that Ni has a positive effect on improving the percentage reduction (by 8–11%) of
cobalt oxides relative to the undoped catalyst. For the conventional catalysts, chemisorption results
indicate that adding Ni tended to slightly increase (by 2–3 nm) the metal cluster size relative to the
undoped catalyst.

Cobalt-based catalysts are usually characterized by a decrease in the activity in the first few
days. The possible reasons for this deactivation are: the re-oxidation of a small Co cluster to
inactive CoOX, sintering, cobalt-support mixed compound formation or some carbon deposition [35,36].
Thermodynamic calculations clearly show that spherical cobalt particle crystallites with a diameter lower
than 4.4 nm may oxidize in steam–hydrogen environment [18]. This initial deactivation phenomenon
was not observed for Sample #4. Thus, nickel has a stabilizing effect on the cobalt–nickel cluster; a similar
stabilization was reported by Rytter et al. [37] and Nikparsa et al. [38]. Interestingly, the performance
of Sample #4 is stable even after the induction period, despite having lower cobalt loading as compared
to Sample #5 (i.e., the 25% Co/alumina reference catalyst).

Addition of Ni resulted in higher initial methane selectivity (~3–4% absolute); however,
the difference in CH4 selectivities between the two catalysts diminished with time to ~1%. The higher
methane selectivity result is not surprising, because nickel has a higher hydrogenation capability.
Shafer et al. [17] explain that the back-donation of nickel is so strong that the vinylic intermediate is
not suitably stabilized, precluding the chain growth. Higher methane selectivity was also reported in
previous studies where different Ni/Co ratios were investigated [39,40], although recent results suggest
that lower amounts (e.g., <25% [41]) of Ni favor a selectivity closer to that of pure cobalt.

Finally, we have compared the activity/$ as the two metals have different market prices and the
partial substitution of cobalt with a cheaper metal would be a benefit in terms of total catalyst cost.
The price of nickel is reported to be 0.47 times the price of cobalt. At steady state the activity/$ for
Sample #4 is 37.5, while it is 39.6 for Sample #5. However, additional studies to find the optimal loading
of nickel are needed.

4. Materials and Methods

4.1. Sample Denomination

Colloidal Method:

Sample #1 20% metal (98.4% at. Co/1.6% at. Ni)/Al2O3

Sample #2 20% metal (92.7% at. Co/7.3% at. Ni)/Al2O3

Sample #3 20% metal (89.7% at. Co/10.3% at. Ni)/Al2O3

Impregnation Method:

Sample #4 25% metal (90% at. Co/10% at. Ni)/Al2O3 calcined 350 ◦C
Sample #5 25% Co/Al2O3 calcined 350 ◦C

4.2. Reagents

For the synthesis of Ni–Co nanoparticles, nickel (II) chloride hexahydrate (99.99%, MilliporeSigma,
St. Louis, MO, USA), cobalt (III) acetylacetonate (99.99%, Aldrich), cobalt (II) acetate tetrahydrate
(98%, Aldrich), oleylamine (70%, Aldrich), 1-dodecanethiol (≥98%, MilliporeSigma, St. Louis, MO, USA)
and 1,2-hexadecanediol (90%, Aldrich) was used. All reagents were purchased from Sigma-Aldrich
and were used without further purification.

4.3. Preparation of Ni and Co Precursors

Oleylamine was used in the preparation of the metallic precursors. For Ni, a mixture of 100 μL of
nickel (II) chloride hexahydrate (dissolved in ethanol) and 6 mL of oleylamine was magnetically stirred
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for 30 min at 120 ◦C. The temperature of the mixture was increased to 230 ◦C for a period of 2.5 h
with continuous agitation. The Co precursor was prepared by magnetic stirring of a 0.1 M mixture
of cobalt (III) acetylacetonate dissolved in oleylamine for 30 min at 120 ◦C, and further increasing of
temperature to 150 ◦C for 20 min. Both solutions changed their initial color to dark brown.

4.4. Preparation of Ni–Co Nanoparticles

(a) Co–Ni Sample #1 and #2: The Co–Ni nanoparticles were prepared as follows. 20 mL of oleylamine
were previously heated to 120 ◦C and then the Co and Ni precursors were added to obtain two
samples with a Co:Ni desired molar ratio. Then, 30 μL of a 1,2-hexadecanediol (0.3 M) is added
and stirring was continued vigorously for 5 min at 170 ◦C. The temperature was slowly increased
to 230 ◦C and the solution was kept 60 min more at this temperature. The resulting colloid was
then cooled slowly to room temperature. Two samples were prepared with an atomic ratio of
98.4/1.6 (Sample #1) and 92.7/7.3 (Sample #2) of Co:Ni respectively. Finally, the nanoparticles were
washed by centrifugation several times with a mixture of chloroform and ethanol at 4000 rpm
and dried at 120 ◦C for 4 h.

(b) Co–Ni Sample #3: For this synthesis method of Co–Ni nanoparticles a Co/Ni atomic ratio of
89.7/10.3 was used. Briefly, 1 mmol of CoII (acet) was completely dissolved in 4 mL of oleylamine
by using magnetic stirring, and 150 μL of a NiCl2 solution (0.1 M in ethanol) was injected.
The mixture was stirred and heated at 100 ◦C for 30 min. Then, the temperature was raised to 230
◦C for 1 h. Finally, the solution was let to cool down to room temperature. The samples were
further purified by centrifuging several times, precipitating and redispersing the particles with a
mixture of chloroform and ethanol. The final precipitated particles were collected and dried at
120 ◦C for 4 h.

(c) Co–Ni Sample #4: Sample #4 was prepared by a conventional slurry impregnation method and
contained 25% metal by weight, with an atomic ratio of 90/10 of Co/Ni. Co/Alumina-Catalox
150 γ-alumina (150 m2/g) was used as a support. Cobalt nitrate (Alfa Aesar) served as the
precursor to load the cobalt onto the Al2O3 support. In this method, which follows a Sasol
patent [1], the ratio of the volume of solution used to the weight of alumina was 1:1, such that
approximately 2.5 times the pore volume of solution was used to prepare the loading solution.
Two impregnation steps were used to load 12.5% of metal by weight for each step. Between each
step, the catalyst was dried under vacuum in a rotary evaporator at 60 ◦C, and the temperature
was slowly increased to 100 ◦C. After the second impregnation/drying step, the catalyst was
calcined in air at 350 ◦C for 4 h.

(d) (d) Co Sample #5: Sample #5 was prepared in the same way as Sample #4, except no Ni was
included. The weight was 25% Co.

4.5. Characterization

Characterization of Samples #1–3 was carried out in the core facilities at the UTSA.
Scanning transmission electron microscopy (STEM) images of Ni–Co nanoparticles were obtained
in an Ultra high-resolution cold-FEG scanning electron microscope (Hitachi 5500, Tokyo, Japan)
equipped with bright field (BF) and annular dark field (ADF) detectors operating at 30 keV, and in
an aberration-corrected electron microscope (JEOL ARM200F, Tokyo, Japan), operated at 200 kV in
high-angle annular dark-field (HAADF) mode, spatial resolution of 0.78 Å. The instrument is equipped
with a Silicon Drift Detector for energy dispersive X-ray spectrometry (EDS). Samples were prepared
by dropping the nanoparticles suspension onto a carbon-coated copper grid and dried in air. X-ray
diffraction (XRD) analysis was carried out using a Rigaku Ultima IV diffractometer (RIGAKU, Tokyo,
Japan) equipped with a dual position graphite diffracted beam monochromator for Cu, using a Cu
Kα radiation at 43 kV and 30 mA. Prior to XRD and STEM characterization, Sample #4 and Sample
#5 were reduced in hydrogen (American Welding & Gas, Lexington, KY, USA) for 18 h at 350 ◦C,
cooled down at 20 ◦C and then passivated with 1% O2 in nitrogen (American Welding & Gas, Lexington,
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KY, USA). XRD analysis was carried out with a Philips X’Pert diffractometer with monochromatic
Cu Kα radiation (λ = 1.54 Å). The conditions employed included a 2Θ range of 10–90◦, a scan rate
of 0.01◦ per step, and a scan time of 4 s per step. STEM analysis was carried out with FEI Talos
F200X (Thermo Scientific, Waltham, MA, USA) equipped with BF, DF2, DF4, and HAADF detectors.
The imaging was performed using field emission gun and accelerating voltage of 200 kV and collected
by high speed Ceta 16M camera. Data processing and analysis were carried out with Velox software
(Thermo Scientific, Waltham, MA, USA). The samples were dispersed in ethanol (Alfa Aesar, Haverhill,
MA, USA.), sonicated and then dropped into a carbon-coated copper grid and dried in air.

In situ H2-TPR XAFS studies were performed at the Materials Research Collaborative Access Team
(MR-CAT) beamline at the Advanced Photon Source, Argonne National Laboratory. A cryogenically
cooled Si (1 1 1) monochromator selected the incident energy and a rhodium-coated mirror rejected
higher order harmonics of the fundamental beam energy. The experiment setup was similar to that
outlined by Jacoby [42]. A stainless-steel multi-sample holder (3.0 mm i.d. channels) was used to
monitor the in situ reduction of six samples during a single TPR run. Approximately 6 mg of each
sample was loaded as a self-supporting wafer in each channel. The catalyst to diluent weight was
approximately 1:1. The diluent was alumina. The holder was placed in the center of a quartz tube,
equipped with gas and thermocouple ports and Kapton windows. The amount of sample used was
optimized for the Co K-edge, considering the absorption by Al of the support; however, the Ni K edge
was also analyzed. The quartz tube was placed in a clamshell furnace mounted on the positioning
table. Each sample cell was positioned relative to the beam by finely adjusting the position of the table
to an accuracy of 20 μm (for repeated scans). Once the sample positions were fine-tuned, the reactor
was purged with He for more than 5 min at 100 mL/min and then the reactant gas (H2/He, 3.5%) was
flowed through the samples (100 mL/min) and a temperature ramp of ~1.0 ◦C/min was initiated for the
furnace to 500 ◦C and the sample was held at this temperature for 4 h. One exception to this was the
catalyst prepared by standard impregnation methods, where the maximum temperature was 700 ◦C.
The Co and Ni K-edge spectra were recorded in transmission mode and a Co metallic foil spectrum
was measured simultaneously with each sample spectrum for energy calibration. X-ray absorption
spectra for each sample were collected from 7500 to 9000 eV.

Data reduction of the EXAFS/XANES spectra was carried out using the WinXAS program [43].
The details of the XANES and EXAFS analyses for Co K-edge data are provided in the appendices of
our previous article, and will not be repeated here, for the sake of brevity [5]. Ni K-edge data were
processed in an analogous manner (i.e., same Δk and ΔR in fittings) with the exception of Sample
#1, where the lower data quality due to the lower loading necessitated a shortening of the k-range
to 3–9 Å−1. For qualitative comparisons of XANES and EXAFS data, the references used for Co3O4,
CoO, and Co0 were the initial spectrum, the point of maximum CoO content, and the final spectrum of
the TPR trajectory of 25% Co/Al2O3 from [5]. For NiO and Ni0, the references were NiO (Alfa Aesar,
Puratronic, 99.998%, Tewksbury, MA, USA) and a Ni0 foil.

For XANES linear combination fittings, the reference compounds for Co K-edge data for Samples
#1–3 were the first spectrum of Sample #3 (representing 100% Co2+) and the final spectrum of each
sample after remaining at 500 ◦C in H2 (representing ~100% Co0). Reference compounds for Sample
#4 were the initial spectrum (representing a mixture of Co2+ and Co3+ similar to Co3O4), the point of
maximum CoO content, and the final spectrum after H2 TPR (representing Co0). At the Ni K-edge,
Samples #1 and #2 had a high amount of Ni0, with only a small amount of Ni2+ initially; also, the data
of Sample #1 were of lower quality due to the low Ni loading; LC fittings were not performed on these
two samples. Reference compounds for Samples #3 were the first spectrum (Ni2+ associated with CoO)
and the final spectrum after remaining at 500 ◦C in H2 (representing ~100% Ni0). Reference compounds
for Samples #4 were the first spectrum (Ni2+ associated with Co3O4), the spectrum for Ni2+ associated
with maximum CoO content, and the final spectrum after H2 TPR (representing ~100% Ni0). EXAFS
data reduction and fitting were carried out using the catalysts in their final state following TPR and
cooling in flowing H2 using the WinXAS [43], Atoms [44], FEFF [45], and FEFFIT [45] programs. The
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k-range used for the fittings was 3–10 Å−1. Fitting was confined to the first metallic coordination shell
by applying a Hanning window in the Fourier transform magnitude spectra, and carrying out the
back-transform to isolate that shell.

BET surface area and porosity characteristics were measured by Micromeritics 3-Flex system
(Norcross, GA, USA) using N2 physisorption (UHP N2, Airgas, Lexington, KY, USA). Before testing,
the temperature was slowly increased to 160 ◦C; then, a vacuum was pulled for at least 12 h until
the sample pressure was approximately 50 mTorr. The BJH method was employed to determine
the average pore diameter and pore volume. Additionally, pore size distribution was obtained as a
function of pore diameter via the correlation dV/d (log D).

Hydrogen chemisorption/pulse reoxidation was performed using an Altamira (Altamira
Instruments, Pittsburgh, PA, USA) AMI-300 unit. The catalyst was ramped at 2 ◦C/min and reduced at
350 ◦C for 10 h in 10 cm3/min of UHP H2 (Airgas, San Antonio, TX, USA) blended with 20 cm3/min of
UHP argon (Airgas, San Antonio, TX, USA). The catalyst was cooled to 100 ◦C, and 30 cm3/min of
UHP argon was flowed to prevent the adsorption of weakly bound hydrogen. Next, the catalyst was
heated at 10 ◦C/min in flowing argon to 350 ◦C to desorb the chemisorbed hydrogen. The hydrogen
temperature programmed desorption peak was integrated and compared to calibration pulses in order
to determine the moles of hydrogen evolved. Pulses of UHP O2 (Airgas, San Antonio, TX, USA) were
then sent to reoxidize the catalyst until saturation was achieved. Two methods were used to estimate
percentage of reduction. In the conventional approach, cobalt metal was assumed to oxidize to Co3O4

and nickel metal was assumed to oxidize to NiO. However, in a second approach, we assumed that
during reduction, all Co3O converted at least to CoO, and that a fraction of CoO and NiO converted to
Co0 and Ni0. Thus, during reoxidation, the Co0 and Ni0 is first oxidized to CoO and NiO. Then, all CoO
oxidizes to Co3O4. The two approaches set maximum and minimum limits for the metal cluster size
when the uncorrected dispersion is corrected by taking into account the percentage of reduction by the
metal, as follows: % Dispersion (Uncorrected) = (# metal atoms on the surface)/(# metal atoms in the
sample)% Dispersion (Corrected) = (# metal atoms on the surface)/((# metal atoms in the sample)(%
reduction)).

4.6. Reaction Testing

Activity tests were carried out in a lab scale rig equipped with a 1 L continuously stirred tank
reactor (CSTR) (PPI, Warminster, PA, USA). Additional detail on the lab scale ring are reported in our
previous work [15]. In a typical run, 9.6 g of calcined catalyst (63–125 μm) was loaded into a fixed
bed reactor for ex situ reduction at 350 ◦C for 20 h, feeding 30 Nl/h H2/He mixture (1:3 v/v, American
Welding & Gas, Lexington, KY, USA) at atmospheric pressure. The reduced catalyst was transferred to
a 1 L CSTR containing 310 g of melted Polywax 3000 (Baker Petrolite, Houston, TX, USA) by pneumatic
transfer under the protection of nitrogen. The transferred catalyst was reduced in situ at 230 ◦C and at
atmospheric pressure overnight feeding 30 Nl/h pure H2 (American Welding & Gas, Lexington, KY,
USA). In this work, the process conditions were: T = 220 ◦C, P = 300 psi, H2/CO = 2 mol/mol and a
stirring speed of 750 rpm. The products and the unconverted reactants leaving the reactor were sent to
a warm trap, maintained at 100 ◦C, and then to a cold trap held at 0 ◦C. The uncondensed vapor stream
was reduced to atmospheric, the flowrate was measured by a wet test meter, while the composition
was analyzed by online 3000A micro-GC (Agilent, Santa Clara, CA, USA) equipped with four different
columns (Molecular Sieve, Plot U, Alumina and OV-1) and TCD. The reaction products were collected
in three traps maintained at different temperatures; a hot trap (200 ◦C), a warm trap (100 ◦C), and
a cold trap (0 ◦C). The products were separated into different fractions (wax, oil, and aqueous) for
quantification. The oil (C4–C20) were analysed with 7890 GC (Agilent, Santa Clara, CA, USA) equipped
with DB-5 (60 m × 0.32 mm × 0.25 μm, Agilent J&W) column and FID, while waxes (C21–C60) were
analyzed with an HP 6890 GC equipped with ZB-1HT column (30 m × 0.25 mm × 0.10 μm, Zebron)
and FID.
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5. Conclusions

A wet chemical approach using oleylamine as the solvent and reducing agent was applied to
prepare Co–Ni nanoparticles. Nanoparticles were characterized by HAADF-STEM, EDS, and XRD.
By increasing the Ni content of the alloy from Co98.4Ni1.6 to Co92.7Ni7.3, the size and shape of the
nanoparticles change from 20.5 nm dendritic particles to a core-shell morphology with 12.2 nm HCP
Co–Ni alloy within the core and a 2.3 nm shell showing evidence of oxidation. Small quantities of
heterogeneous catalysts were prepared by supporting the nanoparticles on alumina. Interestingly,
TPR-EXAFS/XANES measurements showed that the oxidation states of Co and Ni could be tuned from
being completely 2+ to being up to 80% metallic, and the reduction of Ni and Co acted in tandem.
This result is of interest, because much work in FTS research has been dedicated to facilitating cobalt
reduction due to the presence of strong metal oxide-support interactions.

Due to the small quantity, it was not possible to test these catalysts in a CSTR reactor used to
benchmark commercial slurry operations. We therefore tested a catalyst prepared by a conventional
impregnation method with subsequent calcination. This catalyst offered a different TPR-XANES
pattern in that it was the only catalyst to begin with Co3O4 with NiO being associated with this oxide.
The Co3O4 reduced to CoO, and the NiO XANES spectra displayed a distinct shift to lower energy
when reduction of Co3O4 to CoO occurred. Following this step, NiO and CoO reduced in tandem.
This indicates that Co and Ni are in intimate contact, suggesting alloy formation. This explanation was
also strongly favored by results of XRD, HAADF-STEM, and EDS, which indicate that a solid solution
likely formed.

Finally, the catalyst prepared by impregnation was tested for Fischer–Tropsch synthesis using
a CSTR. Compared to a catalyst prepared using cobalt, the CoNi alloy catalyst exhibited lower CO
conversion on a per gram catalyst basis. However, Ni addition did not impact the turnover number of
cobalt to a significant degree. Moreover, a slightly higher methane selectivity was observed initially
(~3–4% absolute) with the CoNi catalyst; however, with time, the difference between the two catalysts
became smaller, reaching ~1%. Despite these drawbacks, adding Ni had a pronounced impact on
stability, resulting in an inverted induction period. Instead of a steep decline followed by a leveling off
as observed with many conventional cobalt catalysts, the CO conversion increased with time on-stream
for the CoNi catalyst. To stabilize typical cobalt catalysts, companies have relied on using high Co
loadings. The results here indicate that the metal nanoparticles can be stabilized by Ni addition at a
lower Co percentage loading.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/18/s1.
Figure S1: EXAFS fittings for Co K-edge data; Figure S2: EXAFS fittings for Ni K-edge data; Table S1: Results of
EXAFS fittings for data acquired near the Co and Ni K-edges for catalysts following TPR-EXAFS after cooling.

Author Contributions: Conceptualization, catalyst preparation, catalyst characterization, formal analysis, writing,
G.J. Catalyst preparation, catalyst characterization, formal analysis, S.C.K. Reaction testing, characterization,
formal analysis, conceptualization, writing, M.M. Project administration, resources, C.L.M. Catalyst preparation,
supervision, resources, D.C.C. Catalyst characterization, data curation, resources, supervision, A.J.K. Catalyst
preparation, catalyst characterization, writing, J.L.-T. Catalyst preparation, catalyst characterization, writing,
R.M.-C. Catalyst preparation, catalyst characterization, writing, L.B.-D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: JLT gratefully acknowledges the scholarship from CONACyT for the postdoctoral stay, CVU
No. 219621. Argonne’s research was supported in part by the US Department of Energy (DOE), Office of Fossil
Energy, National Energy Technology Laboratory (NETL). Advanced Photon Source was supported by the US
Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357.
MRCAT operations are supported by the Department of Energy and the MRCAT member institutions.

Conflicts of Interest: The authors declare no conflict of interest.

262



Catalysts 2020, 10, 18

References

1. Espinoza, R.L.; Visagie, J.L.; van Berge, P.J.; Bolder, F.H. Fischer-Tropsch catalysts containing iron and cobalt.
U.S. Patent 5,733,839, 31 March 1998.

2. van Berge, P.J.; Barradas, S.; van de Loosdrecht, J.; Visagie, J.L. Advances in the cobalt catalyzed
Fischer-Tropsch synthesis. Erdoel Erdgas Kohle 2001, 117, 138–142.

3. Glacier Resource Management Group. InvestmentMine. Available online: http://www.infomine.com/
investment/ (accessed on 15 November 2019).

4. Jacobs, G.; Das, T.K.; Zhang, Y.; Li, J.; Racoillet, G.; Davis, B.H. Fischer-Tropsch synthesis: Support, loading
and promoter effects on the reducibility of cobalt catalysts. Appl. Catal. A Gen. 2002, 233, 263–281. [CrossRef]

5. Jacobs, G.; Ji, Y.; Davis, B.H.; Cronauer, D.C.; Kropf, A.J.; Marshall, C.L. Fischer-Tropsch synthesis:
Temperature programmed EXAFS/XANES investigation of the influence of support type, cobalt loading,
and noble metal promoter addition to the reduction behavior of cobalt oxide particles. Appl. Catal. A Gen.
2007, 333, 177–191. [CrossRef]

6. Jacobs, G.; Chaney, J.A.; Patterson, P.M.; Das, T.K.; Maillot, J.C.; Davis, B.H. Fischer-Tropsch synthesis: Study
of the promotion of Pt on the reduction property of Co/Al2O3 catalysts by in situ EXAFS of Co K and Pt LIII

edges and XPS. J. Synchrotron Radiat. 2004, 11, 414–422. [CrossRef] [PubMed]
7. Cook, K.M.; Perez, H.D.; Bartholomew, C.H.; Hecker, W.C. Effect of promoter deposition order on platinum-,

ruthenium-, or rhenium-promoted cobalt Fischer-Tropsch catalysts. Appl. Catal. A Gen. 2014, 482, 275–286.
[CrossRef]

8. Cook, K.M.; Hecker, W.C. Reducibility of alumina-supported cobalt Fischer-Tropsch catalysts: Effects of
noble metal type, distribution, retention, chemical state, bonding, and influence on cobalt crystallite size.
Appl. Catal. A Gen. 2012, 449, 69–80. [CrossRef]

9. Ma, W.; Jacobs, G.; Ji, Y.; Bhatelia, T.; Bukur, D.B.; Khalid, S.; Davis, B.H. Fischer-Tropsch synthesis: Influence
of CO conversion on selectivities, H2/CO usage ratios, and catalyst stability for a Ru promoted Co/Al2O3

catalyst using a slurry phase reactor. Top. Catal. 2011, 54, 757–767. [CrossRef]
10. Iglesia, E.; Soled, S.L.; Fiato, R.A.; Via, G.H. Bimetallic synergy in cobalt-ruthenium Fischer-Tropsch synthesis

catalysts. J. Catal. 1993, 143, 345–368. [CrossRef]
11. Hilmen, A.M.; Schanke, D.; Holmen, A. TPR study of the mechanism of rhenium promotion of

alumina-supported cobalt Fischer-Tropsch catalysts. Catal. Lett. 1996, 38, 143–147. [CrossRef]
12. Vada, S.; Hoff, A.; Ådnanes, E.; Schanke, D.; Holmen, A. Fischer-Tropsch synthesis on supported cobalt

catalysts promoted by platinum and rhenium. Top. Catal. 1995, 2, 155–162. [CrossRef]
13. Ronning, M.; Nicholson, D.G.; Holmen, A. In situ EXAFS study of the bimetallic interaction in a

rhenium-promoted alumina-supported cobalt Fischer-Tropsch catalyst. Catal. Lett. 2001, 72, 141–146.
[CrossRef]

14. Jacobs, G.; Chaney, J.A.; Patterson, P.M.; Das, T.K.; Davis, B.H. Fischer-Tropsch synthesis: Study of the
promotion of Re on the reduction property of Co/Al2O3 catalysts by in situ EXAFS/XANES of Co K and Re
LIII edges and XPS. Appl. Catal. A 2004, 264, 203–212. [CrossRef]

15. Jacobs, G.; Ribeiro, M.C.; Ma, W.; Ji, Y.; Khalid, S.; Sumodjo, P.T.A.; Davis, B.H. Group 11 (Cu, Ag, Au)
promotion of 15%Co/Al2O3 Fischer-Tropsch catalysts. Appl. Catal. A Gen. 2009, 361, 137–151. [CrossRef]

16. Jermwongratanachai, T.; Jacobs, G.; Ma, W.; Shafer, W.D.; Gnanamani, M.K.; Gao, P.; Kitiyanan, B.; Davis, B.H.;
Klettlinger, J.L.S.; Yen, C.H.; et al. Fischer-Tropsch synthesis: Comparisons between Pt and Ag promoted
Co/Al2O3 catalysts for reducibility, local atomic structure, catalytic activity, and oxidation-reduction (OR)
cycles. Appl. Catal. A 2013, 464–465, 165–180. [CrossRef]

17. Shafer, W.D.; Gnanamani, M.K.; Graham, U.M.; Yang, J.; Masuku, C.M.; Jacobs, G.; Davis, B.H. Fischer-Tropsch:
Product Selectivity—The Fingerprint of Synthetic Fuels. Catalysts 2019, 9, 259. [CrossRef]

18. van Steen, E.; Claeys, M.; Dry, M.E.; van de Loosdrecht, J.; Viljoen, E.L.; Visagie, J.L. Stability of nanocrystals:
Thermodynamic analysis of oxidation and re-reduction of cobalt in water/hydrogen mixtures. J. Phys. Chem.
B 2005, 109, 3575–3577. [CrossRef]

19. Jacobs, G.; Das, T.K.; Patterson, P.M.; Luo, M.; Conner, W.A.; Davis, B.H. Fischer-Tropsch synthesis: Effect
of water on Co/Al2O3 catalysts and XAFS characterization of reoxidation phenomena. Appl. Catal. A
2004, 270, 65–76. [CrossRef]

263



Catalysts 2020, 10, 18

20. Logdberg, S.; Boutonnet, M.; Walmsley, J.C.; Jaras, S.; Holmen, A.; Blekkan, E.A. Effect of water on the
space-time yield of different supported cobalt catalysts during Fischer-Tropsch synthesis. Appl. Catal. A
2011, 393, 109–121. [CrossRef]

21. Hughes, N.A.; Gloriot, V.; Smiley, D.D.; Jacobs, G.; Pendyala, V.R.R.; Graham, U.M.; Ma, W.; Gnanamani, M.K.;
Shafer, W.D.; Maclennan, A.; et al. Fischer-Tropsch synthesis: comparisons of Al2O3 and TiO2 supported
Co catalysts prepared by aqueous impregnation and CVD methods. In Fischer-Tropsch Synthesis, Catalysts
and Catalysis: Advances and Applications; Davis, B.H., Occelli, M.L., Eds.; CRC Press, Taylor & Francis Group:
Boca Raton, FL, USA, 2016; Ch. 6; pp. 85–106.

22. Singh, A.K.; Xu, Q. Synergistic catalysis over bimetallic alloy nanoparticles. ChemCatChem 2013, 5, 652–676.
[CrossRef]

23. Nam, K.M.; Shim, J.H.; Han, D.W.; Kwon, H.S.; Kang, Y.M.; Li, Y.; Song, H.; Seo, W.S.; Park, J.T. Syntheses
and characterization of wurtzite CoO, rocksalt CoO, and spinel Co3O4 nanocrystals: Their interconversion
and tuning of phase and morphology. Chem. Mater. 2010, 22, 4446–4454. [CrossRef]

24. Morelos-Santos, O.; de la Torre, A.R.; Schacht-Hernández, P.; Portales-Martínez, B.; Soto-Escalante, I.;
Mendoza-Martínez, A.M.; Mendoza-Cruz, R.; Velázquez-Salazar, J.J.; José-Yacamán, M. NiFe2O4 Nanocatalyst
for Heavy Crude Oil Upgrading in Low Hydrogen/Feedstock Ratio. Catal. Today 2019. [CrossRef]

25. Hu, L.; Wu, L.; Liao, M.; Hu, X.; Fang, X. Electrical transport properties of large, individual NiCo2O4

nanoplates. Adv. Funct. Mater. 2012, 22, 998–1004. [CrossRef]
26. Taylor, A.; Floyd, R.W. Precision measurements of lattice parameters of non-cubic crystals. Acta Crystallogr.

1950, 3, 285–289. [CrossRef]
27. Nishizawa, T.; Ishida, K. The Co-Ni (Cobalt-Nickel) System. Bull. Alloy Phase Diagr. 1983, 4, 390–395.

[CrossRef]
28. Downs, R.T.; Bartelmehs, K.; Gibbs, G.; Boisen, M. Interactive Software for Calculating and Displaying X-Ray

or Neutron Powder Diffractometer Patterns of Crystalline Materials. Am. Mineral. 1993, 78, 1104–1107.
29. Mendoza-Cruz, R.; Bazán-Diaz, L.; Velázquez-Salazar, J.J.; Samaniego-Benitez, J.E.; Ascencio-Aguirre, F.M.;

Herrera-Becerra, R.; José-Yacamán, M.; Guisbiers, G. Order-disorder phase transitions in Au-Cu nanocubes:
From nano-thermodynamics to synthesis. Nanoscale 2017, 9, 9267–9274. [CrossRef]

30. Guisbiers, G.; Mendoza-Pérez, R.; Bazán-Díaz, L.; Mendoza-Cruz, R.; Velázquez-Salazar, J.J.; José-Yacamán, M.
Size and shape effects on the phase diagrams of nickel-based bimetallic nanoalloys. J. Phys. Chem. C
2017, 121, 6930–6939. [CrossRef]

31. Gallego, G.S.; Batiot-Dupeyrat, C.; Barrault, J.; Florez, E.; Mondragon, F. Dry Reforming of Methane over
LaNi1−yByO3±δ (B =Mg, Co) Perovskites Used as Catalyst Precursor. Appl. Catal. A Gen. 2008, 334, 251–258.
[CrossRef]

32. Li, H.; Liao, J.; Du, Y.; You, T.; Liao, W.; Wen, L. Magnetic-Field-Induced Deposition to Fabricate
Multifunctional Nanostructured Co, Ni, And Coni Alloy Films as Catalysts, Ferromagnetic and
Superhydrophobic Materials. Chem. Commun. 2013, 49, 1768–1770. [CrossRef]

33. Sun, S.; Zeng, H.; Robinson, D.B.; Raoux, S.; Rice, P.M.; Wang, S.X.; Li, G. Monodisperse mfe2o4 (m = fe, co,
mn) nanoparticles. J. Am. Chem. Soc. 2004, 126, 273–279. [CrossRef]

34. Mourdikoudis, S.; Liz-Marzan, L.M. Oleylamine in nanoparticle synthesis. Chem. Mater. 2013, 25, 1465–1476.
[CrossRef]

35. Tsakoumis, N.E.; Ronning, M.; Borg, O.; Rytter, E.; Holmen, A. Deactivation of cobalt based Fischer-Tropsch
catalyst: A review. Catal. Today 2010, 154, 162–182. [CrossRef]

36. Jahangiri, H.; Bennet, J.; Mahjoubi, P.; Wilson, K.; Gu, S. A review of advanced catalyst development
for Fischer-Tropsch synthesis of hydrocarbon from biomass derived syn-gas. Catal. Sci. Technol.
2014, 4, 2210–2229. [CrossRef]

37. Rytter, E.; Skagseth, T.H.; Eri, S.; Sjastad, A.O. Cobalt Fischer-Tropsch catalysts using nickel promoter as a
rhenium substitute to suppress deactivation. Ind. Eng. Chem. Res. 2010, 49, 4140–4148. [CrossRef]

38. Nikparsa, P.; Mirzaei, A.A.; Rauch, R. Modification of Co/Al2O3 Fischer-Tropsch nanocatalysts by adding Ni:
A kinetic approach. Int. J. Chem. Kinet. 2016, 48, 131–143. [CrossRef]

39. Shimura, K.; Miyazawa, T.; Hanaoka, T.; Hirata, S. Fischer-Tropsch synthesis over alumina supported
bimetallic Co-Ni catalyst: Effect of impregnation sequence and solution. J. Mol. Catal. 2015, 407, 15–24.
[CrossRef]

264



Catalysts 2020, 10, 18

40. Yu, H.; Zhao, A.; Zhang, H.; Ying, W.; Fang, D. Bimetallic catalyst of Co and Ni for Fischer-Tropsch synthesis
supported on alumina. Energy Sources Part A Recovery Util. Environ. Eff. 2015, 37, 47–54. [CrossRef]

41. van Helden, P.; Prinsloo, F.; van den Berg, J.A.; Xaba, B.; Erasmus, W.; Claeys, M.; van de Loosdrecht, J.
Cobalt-nickel bimetallic Fischer-Tropsch catalysts: A combined theoretical and experimental approach.
Catal. Today 2020, 342, 88–98. [CrossRef]

42. Jacoby, M. X-ray absorption spectroscopy. Chem. Eng. News 2001, 79, 33–38. [CrossRef]
43. Ressler, T. WinXAS: A Program for X-ray Absorption Spectroscopy Data Analysis under MS-Windows.

J. Synchrotron Radiat. 1998, 5, 118–122. [CrossRef]
44. Ravel, B. ATOMS: Crystallography for the X-ray absorption spectroscopist. J. Synchrotron Radiat.

2001, 8, 314–316. [CrossRef] [PubMed]
45. Newville, M.; Ravel, B.; Haskel, D.; Rehr, J.J.; Stern, E.A.; Yacoby, Y. Analysis of multiple-scattering XAFS

data using theoretical standards. Phys. B Condens. Matter 1995, 208–209, 154–156. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

265





catalysts

Article

Investigation of C1 + C1 Coupling Reactions in
Cobalt-Catalyzed Fischer-Tropsch Synthesis by a
Combined DFT and Kinetic Isotope Study

Yanying Qi, Jia Yang *, Anders Holmen and De Chen *

Department of Chemical Engineering, Norwegian University of Science and Technology, Sem Sælands vei 4,
N-7491 Trondheim, Norway; yanying.qi@ntnu.no (Y.Q.); anders.holmen@ntnu.no (A.H.)
* Correspondence: jia.yang@ntnu.no (J.Y.); de.chen@ntnu.no (D.C.)

Received: 2 June 2019; Accepted: 17 June 2019; Published: 19 June 2019

Abstract: Understanding the chain growth mechanism is of vital importance for the development of
catalysts with enhanced selectivity towards long-chain products in cobalt-catalyzed Fischer-Tropsch
synthesis. Herein, we discriminate various C1 + C1 coupling reactions by theoretical calculations and
kinetic isotope experiments. CHx(x=0−3), CO, HCO, COH, and HCOH are considered as the chain
growth monomer respectively, and 24 possible coupling reactions are first investigated by theoretical
calculations. Eight possible C1 + C1 coupling reactions are suggested to be energetically favorable
because of the relative low reaction barriers. Moreover, five pathways are excluded where the C1

monomers show low thermodynamic stability. Effective chain propagation rates are calculated by
deconvoluting from reaction rates of products, and an inverse kinetic isotope effect of the C1 + C1

coupling reaction is observed. The theoretical kinetic isotope effect of CO + CH2 is inverse, which is
consistent with the experimental observation. Thus, the CO + CH2 pathway, owing to the relatively
lower barrier, the high thermodynamic stability, and the inverse kinetic isotope effect, is suggested to
be a favorable pathway.

Keywords: Fischer-Tropsch synthesis; chain growth; CO insertion; kinetic isotope effect; DFT

1. Introduction

Fischer-Tropsch synthesis (FTS) is an alternative process to produce clean liquid fuels by converting
syngas [1–4]. Cobalt-based catalysts, owing to the low water-gas shift activity and the remarkable
stability, are favorable catalysts, for the synthesis of long-chain hydrocarbons from the synthesis gas
with an H2/CO ratio of about 2 [5–7]. Understanding the reaction mechanisms of chain propagation and
termination of cobalt-catalyzed FTS is crucial to achieve a high selectivity of long-chain hydrocarbons.
Considerable efforts have contributed to the investigation of the reaction mechanisms, and three
prevailing mechanisms are proposed [8–15], that is, carbide mechanism, hydroxycarbene mechanism,
and CO insertion mechanism. However, there is still no consensus about the chain growth mechanism
because of the complexity of FTS reaction system.

The carbide mechanism was originally proposed by Fischer and Tropsch [16], suggesting that CO
adsorbs dissociatively on the catalyst surface and the surface carbon is subsequently hydrogenated to
form a methylene (CH2) group, which is considered as a chain propagation monomer. The experimental
results from Brady and Pettit [17,18] demonstrated that only the carbide mechanism could produce
the product composition, and other mechanisms were thus excluded. However, an assumption was
automatically made in their analysis, where the reactions of CH2 with O and OH were ignored.
Hu and coworkers suggested that CH3 + C and CH2 + CH2 are two major chain growth pathways
at step sites based on the calculated reaction rates for all C1 + C1 coupling pathways in the carbide
mechanism [19]. Furthermore, coupling reactions of RCH2 + C and RCH + CH2 are proposed to
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be two major pathways for all the hydrocarbons with different carbon numbers [15]. However,
the CO/HCO insertion mechanism is not considered in their calculations. The carbide mechanism
is also demonstrated to be a favorable pathway on the Co(10−10) surface [20] and Co(10−11) [21]
based on density functional theory(DFT) calculations. Recently, steady state isotopic transient kinetic
analysis(SSITKA) measurements proved that chain growth rate is much higher compared with the
rate of monomer formation [22], which means the rate of monomer formation or the site coverage of
monomer need to be taken into account in the discrimination of chain growth mechanisms. Notably,
the carbide mechanism cannot account for all the products’ formation, especially oxygenates.

As an alternative to the carbide mechanism, the CO insertion mechanism is reported to be a
preferred mechanism, considering that its reaction barrier is low on Co(0001) and the theoretical
turnover frequency(TOF) fits well with the experimental value [12,23]. Meanwhile, transient kinetic
studies between the H2/inert and H2/CO forward and backward switch provide an indication of
CO involved in the C2+ formation [24]. The authors also found that the chain growth probability is
proportional to the partial pressure of CO rather than the surface C coverage, which further supports
their argument that CO is the chain growth monomer. However, further DFT and experimental studies
are needed to distinguish the nature of the monomer, such as CO and CHxOy, in the chain growth
pathway. The CHO insertion pathway is demonstrated to be more energetically favorable on a clean
Co(0001) surface [11]. It is reported that the chain growth proceeds via the CO insertion mechanism
on Co(0001) and the stepped surfaces, but via the carbide mechanism on a more open Co(10−11)
surface at lower CO coverage [25]. It is noted that the chain growth mechanism is sensitive to both
the surface structure and the CO coverage. Thus, the different surface models and CO site coverages
employed in the various theoretical calculations result in different conclusions. A considerable debate
still remains and, therefore, a systematic comparison of all the possible reaction pathways under certain
CO coverage is highly desired.

It is difficult to discriminate reaction mechanisms of complex reaction networks such as FTS by
solely employing theoretical or experimental methods. In the current study, a combined approach of
kinetic isotope experiments and DFT calculations was employed to study the chain growth mechanism
in cobalt-catalyzed Fischer-Tropsch synthesis. The combined method has proved very useful in the
mechanism investigation of CO activation and methane formation [26,27]. We firstly calculated the
reaction barriers of all the possible coupling reactions with CHx, CO, HCO, COH, and HCOH as
the chain growth monomers by DFT calculations. The thermodynamic stability of C1 monomers
was analyzed to further discriminate various reactions. Moreover, we performed kinetic isotope
experiments using H2 and D2. The reaction rates of the products were deconvolved to get the effective
chain propagation rate, and thus the kinetic isotope effect (KIE) of the C1 + C1 coupling reaction was
obtained. Kinetic isotope effects of the energetically favorable pathways were calculated and compared
with the experimental result to further identify the favorable reaction pathway.

2. Results and Discussion

2.1. Adsorption of C2 Species

The adsorption characteristics of C2 surface species involved in the reaction were first evaluated.
The most stable adsorption configurations are summarized in Figure 1, and the corresponding
adsorption energies and structural parameters are reported in Table 1. The favorable adsorption site of
CO was the top site, which is consistent with the experimental observation [28,29]. It is noted that one
CO spectator is clearly seen in Figure 1, while the other CO spectator is covered by the inserted side
view. The detailed positions of the CO spectators are shown in Figure S1, Supplementary Materials.
For C-CHx(x=0−3) species, the carbon atom adsorbs on the hcp hollow site and CHx(0−2) bonds to the
nearby fcc/top site, while CH3 points away from the surface. CH adsorbs on the fcc hollow site in
CH-CHx(x=1−3) species. The distance between two carbon atoms increases with an increasing x value
in C (CH, CH2, CO, HCO, COH, or HCOH)-CHx(x=1−3). For most oxygenates, CHx prefers to adsorb
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on the hollow site. The C-C distances are similar for the same x value in the different surface species
CHx(1−3)-CO(HCO, COH, HCOH). The adsorption energies of most surface species are slightly smaller
compared with the literature values, which could be the result of different functional and CO site
coverage employed. The adsorption energies of CH2CO and CH2HCO calculated by employing
Perdew-Burke-Ernzerhof functional are −0.85 eV and −2.12 eV, respectively, which are similar to the
literature values of −0.98 eV and −2.18 eV, respectively [23].

 
CC                    CCH                    CCH2                    CCH3 

 
CHCH                  CHCH2                  CHCH3                  CH2CH2 

 C-HCO                 CHHCO                 CH2HCO                  CH3HCO 

 
CCOH                 CHCOH                 CH2COH                 CH3COH 

 
C–HCOH               CHHCOH               CH2HCOH               CH3HCOH 

 
CHCO                  CH2CO                  CH3CO                  CH2CH3 

Figure 1. Top views and side views (inserted) of C2 species adsorbed on the surface.
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Table 1. Adsorption energies and structure parameters of C2 species.

Surface Species Eads (eV) dC-C (Å) dC-O (Å) dC-H (Å)

CC −6.49 1.33 – –
CCH −4.83 1.35 – 1.09
CCH2 −3.68 1.38 1.09
CCH3 −5.13 1.50 1.10
CHCO −2.82 1.39 1.25 1.09
CH2CO −0.77 1.43 1.28 1.09
CH3CO −1.86 1.51 1.31 1.10
CHCH −2.12 1.38 1.09
CHCH2 −2.46 1.41 1.09
CHCH3 −3.35 1.52 1.15, 1.09
CH2CH2 −0.77 1.42 1.09
CH2CH3 −1.44 1.55 1.10
CH3CH3 −0.35 1.53 1.09
C-HCO −4.67 1.42 1.28 1.10
CHHCO −3.96 1.41 1.29 1.10
CH2HCO −2.01 1.43 1.19 1.04
CH3HCO −0.59 1.50 1.35 1.09
C-COH −4.79 1.39 1.34 –
CHCOH −2.01 1.41 1.37 1.09
CH2COH −2.34 1.45 1.35 1.09
CH3COH −2.36 1.50 1.34 1.09
C-HCOH −4.43 1.38 1.34 1.09
CHHCOH −2.77 1.39 1.35 1.11
CH2HCOH −0.65 1.40 1.38 1.09
CH3HCOH −1.43 1.52 1.46 1.10

2.2. DFT Calculations of C1 + C1 Coupling Reactions

The most favorable pathway of CO activation is the hydrogenation-assisted CO dissociation on
Co(0001), according to the previous results [26,27,30,31]. Herein, the intermediates such as CHx, CO,
HCO, COH, and HCOH were considered as the chain growth monomer, respectively. The transition
states were located for the coupling reactions involving CHx, CO, HCO, COH, and HCOH.

The configurations of the transition states are plotted in Figure 2 and the reaction barriers are
summarized in Table 2, where the vertical row is arranged by the sequence of the intermediates in the
reaction from syngas towards methane and the horizontal row is the possible intermediates involved
in the reactions. For the transition states of coupling reactions between C and CHx(0−3), the C atom
always bonds to the hcp hollow site and the CHx(0−3) bonds to the nearby bridge or top site, which is
consistent with the results reported by Cheng et al. [19]. With respect to the coupling reactions CH +
CH, CH + CH2, CH + CH3, CH2 + CH2, and CH2 + CH3, CH and CH2 adsorb on the hollow sites.
For CO, HCO, COH, and HCOH insertion reactions, C, CH, and CH2 adsorb on the hollow sites,
while CH3 bonds to the off-top site. The barrier of the C + C coupling reaction (i.e., 0.97 eV) is the
highest and that of C + CH2 is the lowest among all the coupling reactions between C and CHx(0−3).
The barriers of C + CH, C + CH3, CH + CH3, and CH2 + CH3 are around 0.70 eV. It is noted that the
barrier of CH2 + CH2 (i.e., 0.12 eV) is the lowest, while that of CH3 + CH3 (i.e., 1.84 eV) is the highest
among all the CHx(0−3) + CHx(0−3) coupling reactions. For the CO insertion reactions, the barrier of the
CH3 + CO coupling reaction (i.e., 1.19 eV) is higher than the others, which is attributed to the strong
and directional CH3 surface bonds, as reported previously [12]. The CH2 + CO coupling shows the
lowest barrier (i.e., 0.56) among all the CO insertion pathways. With regards to HCO insertion into
CHx, the barriers are lower than the corresponding CO insertion reactions, and thus the HCO insertion
is more favourable over the CO insertion by solely comparing the reaction barriers. The smaller gap
between the highest occupied molecular orbital and the lowest unoccupied molecular orbital of HCO
compared with that of CO greatly facilitates the charge transfer and hybridization between HCO and
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catalysts, as reported by Li and co-workers [11], which results in the higher activity of HCO insertion.
The relative barriers of HCO insertion reactions follow a similar pattern to the CO insertion pathways,
and the barrier of CH3 + HCO is the largest. CH2 + HCO owns a significantly lower barrier, which is
0.05 eV. For COH insertion into CHx, the barriers are higher than that for HCO insertion because of
the relatively strong adsorption of COH. The pathways of HCOH insertion into CHx also exhibit low
barriers, especially for HCOH + CH2.

 
C + C 0.97               C + CH 0.71               C + CH2 0.57               C + CH3 0.74 

 
 CH + CH 0.57            CH + CH2 0.49             CH + CH3 0.75             CH2 + CH2 0.12 

 
   C + COH 0.74           CH + COH 1.40            CH2 + COH 0.48            CH3 + COH 1.10  

 
  C + HCOH 0.32          CH + HCOH 0.29          CH2 + HCOH 0.16           CH3 + HCOH 0.77 

 
CH + CO 0.90            CH2 + CO 0.56            CH3 + CO 1.19             CH2 + CH3 0.62 

 
CH + HCO 0.34           CH2 + HCO 0.05          CH3 + HCO 0.80           CH3 + CH3 1.84 

Figure 2. Top views and side views (inserted) of transition states for the C1 + C1 coupling reactions.
The number represents the activation energy in eV.
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Table 2. Activation energies of the coupling reactions.

+CO +HCO +HCOH +CH +CH2 +CH3 +C +COH

HCO – – – 0.34 0.05 0.80 – –
HCOH – – – 0.29 0.16 0.77 0.32 –

CH 0.90 0.34 0.29 0.57 0.49 0.75 0.71 1.40
CH2 0.56 0.05 0.16 0.49 0.12 0.62 0.57 0.48
CH3 1.19 0.80 0.77 0.75 0.62 1.84 0.74 1.10

The barriers of coupling reactions are summarized in a special style in Table 3, where both vertical
and horizontal rows are in an order of low to high adsorption heat of the intermediates. It clearly
shows that the central area of the table gives the lower activation energies, which possibly suggests
that there is a volcano curve between the activation barriers and the adsorption energies. For the steps
between HCO and HCOH, the transition states are difficult to locate. Besides, the site coverage of
HCOH is low because the hydrogenation of HCO is rate determining [26,27]. Considering the low site
coverage of HCOH, the activity of the steps involving HCOH will be low, and thus these steps are
not favorable.

Table 3. Comparison of the activation energies of main coupling reactions.

CH3 HCO HCOH CH2 CH

CH3 1.84 0.80 0.77 0.62 0.75
HCO 0.80 – – 0.05 0.34

HCOH 0.77 – – 0.16 0.29
CH2 0.62 0.05 0.16 0.12 0.49
CH 0.75 0.34 0.29 0.49 0.57

By analyzing the activation barriers, the reactions with CH3 display relative high barriers compared
with other CHx species, and thus we exclude the possibility with CH3 participating in the chain growth
mechanism. We estimate that an increase of the barrier by 0.1 eV could roughly result in a decrease of
reaction rate by an order of magnitude at 500 K, when keeping the site coverages of surface species
constant. Thus, we could also exclude the reactions with barriers larger than 0.6 eV. As we know,
the reaction rate of a surface reaction is a combined result from the reaction barrier and the site coverage
of reactants. We exclude the possibility of HCOH as a chain initiator or monomer considering the low
site coverage of HCOH. Therefore, the remaining possibilities are as follows: CO + CH2, HCO + CH,
HCO + CH2, CH + CH, CH + CH2, CH2 + CH2, C + CH2, and CH2 + COH.

2.3. Thermodynamic Analysis

The thermodynamic stability of the possible chain growth monomers is another important factor
to identify the favourable reaction mechanism. Figure 3 illustrates the relative free energy of each
C1 monomer at 483 K with the pressure at 1.85 bar and 20 bar, respectively. The calculation details
are summarized in S1, Supplementary Materials. We can get a clear understanding of which species
are likely to be present on the cobalt surface by analysing the relative free energies. HCOH is the
most unstable one, which is expected. CO is the most stable one, which is consistent with the SSITKA
result, observing the CO coverage of 0.5 [26]. The relative free energy decreases with the increase
of the pressure, which means the adsorption of CO is stronger and the site coverage of CO is larger
at a higher pressure. The combined relative free energy of two reactants for the eight energetic
favourable C1 + C1 reactions are summarized in Table 4. The CO + CH2 coupling reaction shows
extremely high thermodynamics stability, owing to the low free energy of CO. The relative free energy
reflects the thermodynamic stability of the reactants and the high value indicates thermodynamic
instability, and thus will be unlikely present under the reaction condition. Thus, we exclude the
coupling reactions involving C1 species with relatively low thermodynamic stability and select three
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C–C coupling reactions with low relative free energy (i.e., CO + CH2, HCO + CH, CH + CH) to be
further discriminated by the analysis of kinetic isotope effect.

 
Figure 3. Free energies of each C1 monomer, referenced to CO(g), H2O(g), and H2(g) for Fischer-Tropsch
synthesis at the pressure of 1.85 bar and 20 bar with H2/CO = 2 and 483 K.

Table 4. The combined relative free energies of two reactants.

Reactants CO + CH2 HCO + CH HCO + CH2 CH + CH CH + CH2 CH2 + CH2 C + CH2 CH2 + COH

G(eV) 0.60 1.64 1.84 1.67 1.87 2.07 2.28 1.77

2.4. Analysis of Kinetic Isotope Effect

The kinetic isotope effect (KIE) is defined as the ratio of the rates with CO/H2 and CO/D2 as
reactants (rH/rD), which could provide important kinetic information, assisting in the discrimination of
reaction mechanisms. The KIE was measured for the product formation on a 20% Co/CNT catalyst,
as shown in Table 5. The product with a certain carbon number (Cn) includes both olefin and
paraffin products.

Table 5. Kinetic isotope effects (KIE) for the product formation (483 K, 1.85 bar, H2/CO = D2/CO = 10).

Reaction Rate [μmol/(gcats)] rt,H rt,D KIE = rt,H/rt,D

rCH4 2.349 2.383 0.99
rC2 0.158 0.180 0.88
rC3 0.128 0.192 0.66
rC4 0.076 0.152 0.50

rC5+ 0.046 0.121 0.38

The magnitude of inverse KIE increases with an increasing carbon number, as shown in Table 5.
To study the chain growth step by monomer addition, an effective chain propagation rate is introduced
and its KIE is investigated. Scheme 1 describes a simplified reaction network in this study.

CO +H2 CHx

CH4

+ H2

+ C*

C2* C3* C4* C5* C6*

C2 C3 C4 C5 C6

rp,2 rp,3 rp,4 rp,5

rt,2 rt,3 rt,4 rt,5 rt,6

rp,1
HCO HCOH C7

C7

rp,6

rt,7

Scheme 1. Reaction network of cobalt-catalyzed Fischer-Tropsch synthesis.
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The effective chain propagation rate (rp,n) is calculated in such a way that the effect of the chain
propagation reaction after particular carbon number (C7) is excluded owing to methanation conditions,
as shown in Equations (1) and (2).

rp,6 = rt,7 (1)

rp,n = rt,n+1 +
n + 1
n + 2

rp,n+1, n = 1–5, (2)

where rt,n and rp,n are the carbon based termination and propagation rate, respectively, of the
hydrocarbon with carbon number n. According to the equations, we can get the rp,n with CO/H2 and
CO/D2 as reactants, and the results are summarized in Table 6. The KIE values for the propagation
reactions decrease with the increasing carbon number. A similar phenomenon was observed for CO2

hydrogenation on both Co and Fe catalysts [32].

Table 6. Kinetic isotope effects for the propagation rate with different carbon numbers (483 K, 1.85 bar,
H2/CO = D2/CO = 10).

Reaction Rate [mol/(gcats)] rH rD KIE

rp,4 0.05 0.12 0.38
rp,3 0.11 0.25 0.45
rp,2 0.21 0.38 0.56
rp,1 0.30 0.43 0.69

An inverse KIE (i.e., 0.69) of the C1 + C1 coupling reaction is observed experimentally. It is
generally assumed that the KIE is expressed as the difference in rate constants in the calculations, which
involves the contribution from the zero-point energy (ZPE) differences and the entropy differences (ΔS)
between H and D isotopic isomers. The details of KIE calculation are reported in S2, Supplementary
Materials [27,31]. The results of different coupling reactions are summarized in Table 7. The KIEs of
three possible coupling reactions are 0.84, 0.98, and 0.95 for CH2 + CO, CH +HCO, and CH + CH at
500 K, respectively. CO + CH2 shows inverse KIE, which is mainly attributed to the contribution of
zero-point energy. The differences of KIE between the theoretical calculation and the experimental
observation could be attributed to the accuracy of second-derivation methods to estimate the vibrational
frequency [31]. Small inaccuracy in theoretical calculations may result in deviation of the kinetic
isotope effect, as KIE is highly sensitive to vibrational frequencies. Besides, the catalyst surface is more
complicated than the model employed. The KIEs of CH + HCO and CH + CH are around 1, which do
not show inverse isotope effects and could be excluded. Therefore, CO + CH2 could be the possible
reaction pathway owing to its reverse kinetic isotope effect.

Table 7. The kinetic isotope effect at 500 K for three possible coupling routes.

Elementary Step ZPE Contribution Entropic Contribution KIE

CO + CH2→CH2CO 0.78 1.08 0.84
HCO + CH→CHHCO 0.96 1.02 0.98

CH + CH→CHCH 0.91 1.04 0.95

3. Method

3.1. Theoretical Method and Model

All DFT calculations were implemented with the Vienna Ab initio Simulation Package (VASP) [33]
using Bayesian error estimation functional with van der Waals correlation (BEEF-vdW) [34] and projector
augmented wave (PAW) pseudopotentials [35]. Spin polarization was involved in all calculations.
Large-sized Co nanoparticles were used in our experiments. On the basis of a geometrical, cuboctahedral
model from Van Hardeveld and Hartog, terrace surfaces are dominant for large particles [36]. Besides,
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the (111) face-centered-cubic (fcc)-cobalt is detected in the X-ray powder diffraction pattern and
the high-resolution transmission electron microscopy image of reduced cobalt-based catalysts [37].
The Co(0001) surface of hexagonal close-packed (hcp) is close to the (111) surface of fcc metals.
Therefore, Co(0001) was selected as the model. A 3 × 3 supercell of five layers and 12 Å of vacuum
spacing between the successive metal slabs was used. Two CO molecules were pre-adsorbed on the
surface as spectators in this work. An electronic plane wave cut-off of 500 eV was used, with the
Brillouin zone being sampled by a mesh of 5 × 5 × 1. For the Fermi-surface smearing, the first-order
Methfessel–Paxton scheme was applied with a smearing width of 0.2 eV. The nudged elastic band
(NEB) method [38] was employed to locate the initial transition states, which were subsequently
optimized by the dimer method [39]. Vibrational frequencies were calculated to verify the transition
states, with one negative mode corresponding to the desired reaction coordinate. The optimizations
were converged until all forces on the atoms were lower than 0.01 eV/Å.

Eads = EA+slab − EA − Eads

Ea = ETS − EIS

Adsorption energies of surface species were defined as the difference between the minimum total
energy of the surface species on the slab and total energy of surface plus gas phase species. Activation
energies of elementary steps were calculated as the energy difference between the transition states and
the separately adsorbed reactants.

Kinetic isotope effects have contributions from zero-point energy (ZPE) corrections and entropies
(S) (see details in S2, Supplementary Materials). For adsorbed species, the frustrated translational
and rotational modes are treated as special cases of vibrational modes. Accordingly, the entropy is
evaluated by the following:

S = Svib = R
3N∑

i

( xi
exi − 1

− ln(1− e−xi)
)
,

where xi =
hc

kBT
1
λi

, c is speed of light, kB is Boltzmann constant, and 1/λi is the wavenumber corresponding
to each vibrational frequency. Zero-point energies were calculated according to the following equation:

EZPE =

3N−6(5)∑
i=1

NAhvi
2

,

where NA is Avogadro’s number, h is Plank’s constant, vi is the frequency of the normal mode, and N is
the number of atoms. All of the frequencies, except those for two CO* spectators and the imaginary
one for the transition state, were accounted for by the ZPE and entropy calculations. Vibrational
frequencies were calculated by numerical differentiation of the forces using a second-order finite
difference approach with a step size of 0.015 Å. The frequencies were converged with respect to the
step size. The frequencies are summarized in Table S1, Supplementary Materials. It is reported that
the frustrated rotation and translation are with low frequency modes, and those modes contribute
largely to the entropy; thus, they need to be computed accurately [40]. Besides, small vibrational
frequencies combined with high temperatures could result in larger errors from the harmonic oscillator
approximation, as reported by Bai et.al [41]. Most of the frequencies calculated here are larger than
200 cm−1 and for these cases, the harmonic oscillator approximation is reasonably accurate.

3.2. Kinetic Isotope Experiment

A 20% Co/CNT (carbon nanotube) catalyst was tested at methanation conditions (483 K, 1.85 bar,
H2/CO = 10). The details of catalyst preparation and characterization have been published in a
previous paper [26]. The experiment was performed using a fixed-bed quartz reactor (4 mm i.d.).
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The catalyst (25 mg; 53–90 μm) was diluted with 50 mg of inert silicon carbide (75–150 μm) to improve
the isothermal conditions along the catalyst bed. The catalyst was reduced in situ in 10 NmL/min H2

with a ramping rate of 1 K/min to 623 K. After 16 h reduction, the catalyst was cooled down to 443 K.
The temperature was then increased at a ramping rate of 1 K/min to 463 K. At 463 K, syngas H2/CO/Ar
(15/1.5/33.5 NmL/min) was introduced and the pressure was adjusted to 1.85 bar. The system was
further heated to 483 K at a rate of 1 K/min. The concentrations of H2, CO, Ar, and C1–C7 hydrocarbons
were analyzed with an online gas chromatograph (HP5890) equipped with a thermal conductivity
detector and a flame ionization detector.

The kinetic isotope effect was determined by switching the feed from H2/CO to D2/CO at 483 K,
1.85 bar, and H2/CO = 10. The kinetic isotope effect measurement was performed after pseudo steady
state was reached, about 5 h time on stream.

4. Conclusions

The possible reaction pathways of C1 + C1 coupling were firstly explored by calculating the
adsorption energies and the activation barriers on the Co(0001) surface with two CO as spectators.
The activation energies of the coupling reactions varied from 0.05 eV to 1.84 eV. An increase of
the barrier by 0.1 eV could lead to a decrease of reaction rate by an order of magnitude at 500 K,
when keeping the site coverages of surface species constant. Thus, we excluded the reactions with
barriers larger than 0.6 eV and the remaining possibilities were as follows: CO + CH2, HCO + CH,
HCO + CH2, CH + CH, CH + CH2, CH2 + CH2, C + CH2, and CH2 + COH. It is noted the reaction
rate results from both the activation barrier and the site converge of the reactants. The thermodynamic
stability of the reactants was analyzed at two different reaction pressures. CO is the most stable specie
at both pressures. The chain growth monomers are more stable at a high pressure. Three reaction
pathways (i.e., CH2 + CO, HCO + CH, and CH + CH), with their relatively low barriers and high
thermodynamic stability, were further discriminated by analyzing the kinetic isotope effect. Kinetic
isotope experiments demonstrated that the magnitude of inverse KIE for the products increases with
increasing carbon number. The inverse kinetic isotope effect was observed for the C1 + C1 coupling
reaction. The theoretical KIE of CH2 + CO is inverse, which agrees with the experimental result.
Therefore, the CH2 + CO coupling reaction is suggested to be a favorable chain propagation pathway
by a combined theoretical calculation and kinetic experiment approach.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/551/s1, S1:
The calculation method of free energy, Figure S1: The stable configurations of two spectators on the surface,
Table S1: Frequencies for the calculation of kinetic isotope effects, S2: The formulas for KIE calculation.
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Abstract: Metal–support interactions in the cobalt–alumina system are evaluated using an inverse
model system generated by impregnating Co3O4 with a solution of aluminum sec-butoxide in
n-hexane. This results in the formation of nano-sized alumina islands on the surface of cobalt
oxide. The activated model systems were kinetically evaluated for their activity and selectivity in
the Fischer–Tropsch synthesis under industrially relevant conditions (220 ◦C, 20 bar). The kinetic
measurements were complemented by H2-chemisorption, CO-TPR, and pyridine TPD. It is shown
that the introduction of aluminum in the model system results in the formation of strong acid sites
and enhanced CO dissociation, as evidenced in the CO-TPR. The incorporation of aluminum in
the model systems led to a strong increase in the activity factor per surface atom of cobalt in the
rate expression proposed by Botes et al. (2009). However, the addition of aluminum also resulted
in a strong increase in the kinetic inhibition factor. This is accompanied by a strong decrease in
the methane selectivity, and an increase in the desired C5+ selectivity. The observed activity and
selectivity changes are attributed to the increase in the coverage of the surface with carbon with
increasing aluminum content, due to the facilitation of CO dissociation in the presence of Lewis acid
sites associated with the alumina islands on the catalytically active material.

Keywords: Fischer–Tropsch; cobalt; alumina; strong metal support interactions

1. Introduction

In the Fischer–Tropsch process, a transition metal-containing catalyst is used to produce
hydrocarbons from the very basic starting materials hydrogen and carbon monoxide, which can
be derived from various carbon-containing resources such as coal, natural gas, biomass, and even
waste [1–3]. Metallic cobalt is often regarded as the catalyst of choice, due to its high conversion rate,
high selectivity toward linear hydrocarbons, and limited tendency to convert carbon monoxide into
carbon dioxide [2,4]. The high cost of metallic cobalt necessitates a sustained, high surface area of the
catalytically active metal, keeping in mind the size dependency of the turnover frequency [5,6]. Thus,
nano-sized cobalt crystallites of the optimum size [7] need to be distributed on a support to reduce
pressure drop. In general, high surface area materials are used as supports, which provide enough
space to disperse nano-sized cobalt crystallites and ensure minimal contact between the crystallites.
This will reduce the likelihood of sintering via coalescence, and thus increase the thermal stability of
the catalyst [8,9].

Support materials are typically considered to be inert, although it is well known that they affect
the catalytic active phase in various ways [10–14]. For instance, the reducibility of the precursor(s) of
the catalytic active phase [10–12] and the particle morphology [13] may change upon changing the
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support. Furthermore, the support material may provide novel active sites at the perimeter of the
catalytically active phase [14].

Model systems can give specific insights in the role of the support in catalysis.
Inverse models [15–19], in which the support (or its precursor) is deposited on the catalytically
active material (or its precursor), may be used to distinguish between interface effects on the one
hand and changes in morphology and degree of reduction on the other hand. We have shown
that the deposition of small amounts of the precursor of a support compound in the form of an
alkoxide on Co3O4 (as the precursor to metallic cobalt) results in the formation of small islands of
support-like structures on the surface of the precursor of the catalytically active material [18,19].
The controlled presence of these nano-sized islands (with a typical size of less than 1 nm) on the
catalytically active phase may mimic the metal–support interface and may thus give insights in the
role of the metal–support interactions on the activity of the catalytic active phase. Here, we explore
the kinetic effect of the modification of Co3O4 (as a precursor for metallic cobalt) with aluminum
sec-butoxide (as a precursor for alumina) on the activity, stability, and selectivity in the Fischer–Tropsch
synthesis, as studied in a slurry reactor.

2. Results

Cobalt oxide (Co3O4) with an average crystallite size of 14 nm was prepared by the calcination of
a cobalt carbonate precursor at 300 ◦C [18], which was impregnated with aluminum sec-butoxide in
dry n-hexane to achieve a weight loading of 0.1, 0.5 or 2.5 wt.% Al [18]. The formation of a separate,
alumina phase could not be observed using X-ray diffraction (XRD), although analysis of transmission
electron microscopy (TEM) images showed the presence of small alumina islands (<1 nm) on the
surface of Co3O4 [18].

Metallic cobalt is the catalytic active phase in the Fischer–Tropsch synthesis [4], and the precursor
needs to be reduced prior to the FT synthesis. Temperature programmed reduction profiles of
the calcined material showed a significant broadening of the reduction peak upon modification
with aluminum, which was accompanied by a shift of the reduction peaks to higher reduction
temperatures [18]. This was ascribed to a blockage of defect sites by alumina, thereby hindering
hydrogen activation and the nucleation of reduced cobalt phases. The appearance of reduction
processes taking place at temperatures in excess of 400 ◦C were ascribed to the reduction of cobalt ions
in proximity to alumina in the catalyst. These materials were reduced prior to the Fischer–Tropsch
synthesis isothermally at 350 ◦C for 10 h. The degree of reduction (DoR) decreased gradually from 96%
to 86% upon increasing alumina loading from 0 to 2.5 wt.% (see Table 1). This further implies that the
modification of alumina impedes the reduction of Co3O4 as observed in the profiles obtained from
temperature-programmed reduction (TPR) [18].

Table 1. Physicochemical characterization of used materials.

Sample
Al Loading

wt.%
DCo3O4

nm
DoR 1,2

%
H2 Uptake 1

cm3 (STP)/g
Dispersion 1,3

%
DCo

1,4

nm

Al0 0 14 96 0.32 0.22 427
Al0.1 0.1 14 96 0.88 0.62 155
Al0.5 0.5 14 90 2.07 1.47 65
Al2.5 2.5 14 86 3.94 2.85 33

1 Reduction: 350 oC in pure H2 for 10 hrs; 2 Degree of reduction; 3 Dispersion of cobalt in the reduced catalyst

taking into account the degree of reduction D[%] =
NCo,sur f ace
NCo ·DOR × 100%); 4 Cobalt particle size estimated from

dCo[nm] = 96
D[%]

.

The catalysts studied in this work were essentially bulk cobalt catalysts, and these materials were
expected to sinter extensively during catalyst activation, despite the low reduction temperature (the
chosen reduction temperature (350 ◦C) is above the Hüttig temperature of metallic cobalt (253 ◦C),
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implying the significant mobility of cobalt atoms at defect sites [20], which may lead to sintering if
cobalt particles are in contact with each other). The metal dispersion after reduction as determined
using H2 chemisorption varied between 0.23% (particle size approximately 412 nm) for Al0 and 3.30%
(particle size approximately 29 nm) for Al2.5, showing severe sintering for specifically the sample
containing no aluminum (Al0). Interestingly, the introduction of even a small amount of aluminum to
Co3O4 can drastically reduce the extent of catalyst sintering, whilst still achieving a high degree of
reduction. The alumina islands on the surface of cobalt oxide [18] may act here as a spacer preventing
direct contact between cobalt particles and thereby reducing the extent of sintering. This also indicates
that contact between alumina and the cobalt phase remains intact throughout the reduction of Co3O4

to metallic cobalt.
The catalyst activity of the materials was evaluated in a slurry reactor at a pressure of 20 bar and

at 220 ◦C. The initial space velocity was so that the conversion as a function of time could be followed.
The CO conversion for all catalysts decreases as a function of time on stream (TOS) during the start-up
of the reaction (see Figure 1) due to loss in the activity of the catalyst. Catalyst deactivation has been
reported to take place in two distinct stages [21]. The first stage of deactivation is typically ascribed to
catalyst sintering. This is often followed by a second stage, in which slower deactivation processes
take place, such as catalyst poisoning, catalyst re-oxidation, or build-up of polymeric carbon deposits.
The conversion of CO drops rather quickly as a function of time with the samples containing none or a
very small amount of aluminum. A steady conversion level was achieved with these samples after less
than 50 h on-line. The samples with more aluminum require longer times to stabilize.

Figure 1. Initial CO conversion in the Fischer–Tropsch synthesis in a slurry reactor at 220 ◦C, 20 bar
and a feed containing H2:CO:Ar = 2:1:1 as a function of time on line (solid lines represent fit to the
model – see text).

The initial activity was evaluated after 16 h on-line (see Table 2), which corresponds to four
times the residence time. The initial activity increased with increasing aluminum loading from 0.24
to 0.70 mmolCO/gred. cat/min, corresponding to a cobalt time yield (CTY) of 2.3 × 10−4 s−1 and 6.9 ×
10−4 s−1 for the samples Al0 and Al2.5, respectively. However, the initial turnover frequency (TOF) was
found to decrease with increasing alumina loading from 0.21 s−1 to 0.04 s−1 for catalyst Al0 and Al2.5,
respectively. The obtained turnover frequencies for the sample without aluminum (Al0) resembles the
turnover frequency obtained over model catalyst supported on alumina with minimal metal support
interactions [6], whereas the obtained turnover frequency for the sample Al2.5 resembles the turnover
frequency obtained with a typical impregnated cobalt on alumina catalyst [22]. The decrease in the
turnover frequency with increasing aluminum content despite the increase in the rate of reaction
per unit mass is a consequence of the strong effect of the increasing aluminum content on the cobalt
dispersion (see Table 1). The activity after ca. 95 h on stream as a function of the aluminum content
shows the same trend.
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The CO-conversion as a function of time on-line was modeled using the rate expression proposed
by Botes et al. [23] (see Equation (1)). The loss in activity with time on-line due to deactivation, a,
was modeled based on a first-order generalized power-law expression (GPLE) [21,24], taking into
account a finite, residual activity (see Equation (2)):

FCO,inlet

W
·XCO = −rCO =

A0·p0.75
H2
·p0.5

CO(
1 + B·p0.5

CO

)2 ·a(t) (1)

with − da
dt

= kd·(a− a∞) (2)

where FCO,inlet is the molar inlet flow of CO, W is the mass of reduced cobalt, XCO is the conversion
of CO, A0 is the rate constant per unit mass of reduced catalyst for the fresh catalyst, B is the kinetic
inhibition factor, a is the relative activity, and a∞ is the final residual activity relative to the initial
activity. The partial pressures of hydrogen and carbon monoxide within the reactor are functions of
the conversion of CO as well. The conversion of CO as a function of time on-line was fitted to this set
of equations, and the obtained kinetic parameters are shown in Table 2.

Table 2. Initial activity and deactivation in the Fischer–Tropsch synthesis at 220 ◦C and 20 bar
conducted in a slurry reactor with a feed H2:CO:Ar = 2:1:1 (kinetic evaluation of the data according to
the rate expression proposed by Botes et al. [23] (see Equation (1)) including a first-order deactivation
model according to generalized power-law expression (GPLE) [21,23] (see Equation (2)); uncertainty
intervals determined using the bootstrap method [25] with 400 simulations). CTY: cobalt time yield,
TOF: turnover frequency.

Sample Al0 Al0.1 Al0.5 Al2.5

Al-loading, wt.% 0.0 0.1 0.5 2.5

T
O

S
=

1
6

h -rCO, mmol/g/min 0.22 0.40 0.72 0.74
CTY, 10−4 s−1 2.2 3.9 7.1 7.2

TOF, s−1 0.098 0.063 0.048 0.026

T
O

S
=

9
5

h -rCO, mmol/g/min 0.08 0.19 0.24 0.40
CTY, 10−4 s−1 0.8 1.9 2.4 3.9

TOF,s−1 0.035 0.030 0.016 0.014

A0, mmol/g Co/min/bar1.25 22.1 ± 0.2 12.0 ± 3.0 (1.9 ± 0.0) × 103 (8.06 ± 0.02) × 104

A0′ , mol/mol Cosurface/s/bar1.25 9.9 ± 0.1 1.9 ± 0.5 (1.3 ± 0.0) × 102 (2.8 ± 0.02) × 103

B, bar−0.5 6.1 ± 0.1 3.0 ± 1.1 68 ± 1 441 ± 2
kd, hr−1 0.18 ± 0.01 0.20 ± 0.07 0.02 ± 0.00 0.02 ± 0.00

a∞ 0.06 ± 0.00 0.08 ± 0.07 0.17 ± 0.01 0.27 ± 0.00
R2 0.9984 0.9791 0.9829 0.9902

The mass-specific, kinetic constant A0 increases quite strongly with increasing aluminum content
in the catalyst. Correcting the kinetic constant for the change in metal dispersion A0‘ (see Table 2)
shows an increase in the initial kinetic constant with increasing aluminum loading, implying that
alumina on the surface facilitates the activity of the catalyst beyond increasing the dispersion (sample
Al0.1 seems to be the exception here, possibly due to the difficulty in adequately determining the initial
activity). The kinetic inhibition factor, B, also increases with increasing aluminum loading, implying
that the inhibition of the rate of the Fischer–Tropsch synthesis by carbonaceous species on the surface
becomes stronger upon increasing the aluminum loading. These observations are consistent with our
DFT (density functional theory) calculations [26], which indicate that alumina near the metallic cobalt
surface (e.g., as a ligand) would facilitate CO dissociation by providing an alternative pathway on the
dense Co(111) surface.

The rate constant for deactivation is ca. 10 times smaller for the samples containing 0.5 and 2.5 wt.%
aluminum than the rate constants for deactivation for the samples containing none or a very small
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amount of aluminum, indicating that the presence of small alumina islands on cobalt [18] retards the
fast initial deactivation process. Furthermore, the final activity, a∞, increases with increasing aluminum
content. Aluminum modification was found to prevent sintering during reduction, as evident from
the increased metal dispersion of the activated catalyst determined by H2 chemisorption (see Table 1).
The modification of the cobalt surface with alumina may thus also retard and prevent further sintering
during the Fischer–Tropsch synthesis.

The CO hydrogenation over cobalt-based catalysts results mainly in the formation of organic
product compounds. Some CO2 is formed, but typically with a selectivity of less than 1–2% C. The origin
of CO2 in cobalt-based Fischer–Tropsch synthesis has not been established beyond doubt and may be
attributed to the water–gas shift reaction (i.e., with the co-generation of hydrogen), further reduction
of the catalyst using CO as the reductant, carbon deposition via the Boudouard reaction, or as an
alternative pathway to remove surface oxygen.

Figure 2 shows the selectivity for the formation of methane and for the formation of the desired
liquid product, C5+ as a function of the aluminum content in the catalyst after ca. 250 h on-line.
The conversion level was kept constant at ca. 14.5 ± 2% by varying the space velocity. The methane
selectivity and C5+ selectivity show as expected, an opposite trend. The seesaw behavior for these
product groups is expected, due to the normalization of the product selectivity to 100% and the
relatively small amount of C2–C4 formed in cobalt-based Fischer–Tropsch synthesis [27]. The methane
selectivity compared at the same time on-line shows a clear decrease with increasing aluminum content.
The observed change in the methane selectivity cannot be attributed to a particle size effect [5,6,28]
seeing the large metallic cobalt particles, which are obtained after reduction (see Table 1). Hence,
the change in product selectivity must be attributed to the presence of alumina islands on the cobalt
surface. The methane selectivity is known to decrease with an increase in the ‘surface’ inventory of
active carbon [29,30]. An increase in the coverage with surface carbon will decrease the availability
of surface hydrogen [31,32]; this may (in a limited region [33]) result in a decrease in the methane
selectivity. Alumina in close proximity to the catalytically active, metallic cobalt surface may facilitate
CO dissociation [26], thus resulting in an increase in the coverage with surface carbon and reduced
hydrogen availability on the surface. This could thus explain the observed decrease in the methane
selectivity with increasing aluminum content. The seesaw relationship between the C5+ selectivity and
the methane selectivity implies an increase in the C5+ selectivity with increasing carbon coverage on
the surface.

Figure 2. Selectivity for methane and C5+ as a function of the aluminum content (a) and the olefin
content in the fraction of linear hydrocarbons as a function of carbon number (b) in the Fischer–Tropsch
synthesis (220 ◦C, 20 bar feed; H2:CO:Ar = 2:1:1; XCO = 14.5 ± 2%).

Olefins are the major, primary product of the Fischer–Tropsch synthesis, even when cobalt is
used as the catalytically active material [27]. The primarily formed olefins can re-adsorb and undergo
secondary reactions, such as hydrogenation, double-bond isomerization, and reincorporation in the
chain growth scheme [31]. Figure 2 shows the expected behavior for the olefin content in the fraction of
linear hydrocarbons as a function of carbon number: a rather low olefin content in C2 due to the high
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reactivity of ethene, and a decrease in the olefin content in the fraction of linear hydrocarbons with
increasing carbon numbers from C3 onwards due to the increased concentration of these compounds in
the liquid phase [34]. The olefin content in the fraction of linear hydrocarbons increases with increasing
aluminum content (except for the olefin content in the fraction of C2 hydrocarbons). This indicates
a reduced extent of secondary hydrogenation of the primarily formed long-chain olefins in the
Fischer–Tropsch synthesis possibly due to an increased coverage of the surface with carbonaceous
species and thus lower hydrogen availability on the surface.

The changes in the initial kinetic parameters, A0 and B (see Table 2), and the change in the
selectivity due to the modification of the catalytically active material with aluminum are thought to be
related to the facilitation of the CO dissociation and the resulting increase in the coverage of the surface
with carbon. The ease of CO dissociation may be monitored by CO treatment of these materials, or by
reducing Co3O4 in CO rather than H2 [35,36]. CO activation may initially result in the formation of
cobalt carbide [36–38]. The reduction of Co3O4 using carbon monoxide has been reported to proceed
sequentially [36]:

Co3O4 + CO→ 3 CoO + CO2 (3)

3 CoO + 6 CO→3/2 Co2C + 3 CO2 (4)

Cobalt carbide is thermodynamically not stable at a low chemical potential of carbon (e.g., in the
absence of CO), and will thus decompose, yielding metallic cobalt. In hydrogen, cobalt carbide
decomposes rapidly at temperatures as low as 150–200 ◦C [36,38]. The decomposition of cobalt carbide
is retarded in inert atmosphere, but it will decompose into metallic cobalt and graphitic carbon at
temperatures between 300–350 ◦C [38]:

Co2C→ 2 Co + C (5)

Figure 3 shows the profiles obtained from the temperature-programmed reduction in the presence
of CO (CO-TPR) for the alumina-modified catalysts. The profiles for the samples with an aluminum
content of 0.5 wt.% or less are characterized by a minor peak at ca. 240 ◦C, a sharp peak at 295 ◦C, a small
feature at 320 ◦C, and a broad feature above 500 ◦C. The CO-TPR was followed using in situ XRD (see
Figure 3, right). It can be seen that the reduction of Co3O4 in the presence of carbon monoxide starts at
ca. 210 ◦C with the formation of CoO, showing that the first feature in the CO-TPR can be ascribed to
CO consumption for the reduction of Co3O4 to CoO. This is subsequently transformed into Co2C (at ca.
295 ◦C). This will be accompanied by a large amount of CO consumed, thus appearing as a large peak
in the CO-TPR at these temperatures. It can thus be concluded that the transformation of Co3O4 into
Co2C proceeds sequentially, Co3O4→ CoO→ Co2C, as discussed before [36]. At temperatures around
350 ◦C, the transformation of Co2C to metallic cobalt can be observed in the in situ XRD experiment.
This does not appear to be associated with any additional consumption of carbon monoxide. It is thus
concluded that at these temperatures, in the presence of carbon monoxide, cobalt carbide transforms
into metallic cobalt (with the co-generation of carbon and the simultaneous disappearance of cobalt
carbide). The decomposition of Co2C in the presence of carbon monoxide into metallic cobalt and
carbon is observed with this sample at ca. 365 ◦C, i.e., at slightly higher temperatures than in the
presence of argon [38]. It has been argued that cobalt carbide can be observed if the decomposition
of the meta-stable Co2C phase is kinetically hindered [38]. The presence of CO in these experiments
would have resulted in an increase in the chemical potential of carbon and thus an increase in the
decomposition temperature.
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Figure 3. CO-TPR profiles (left) and the corresponding in situ XRD reduction experiments of Al0 using
carbon monoxide as the reducing agent (right).

Exposure of metallic cobalt to CO-containing gases at elevated temperatures will result in carbon
formation [39] via the Boudouard reaction:

2 CO→ C + CO2 (6)

This will be seen at temperatures higher than 400 ◦C, when metallic cobalt is available.
The CO-TPR profile of sample containing 0.1 wt.% aluminum (Al0.1) shows essentially the same

features as the sample containing no aluminum (Al0). However, the onset of the high-temperature
peak, which is associated with carbon deposition due to the Boudouard reaction, has shifted to a
lower temperature. At the same time, the area under this peak is almost twice as large as the area
under the high temperature peak in the CO-TPR of Al0. The on-set for the high temperature peak
in the CO-TPR for the sample containing 0.5 wt.% aluminum (Al0.5) was shifted to an even lower
temperature. The amount of CO consumed for the Boudouard reaction is larger for the sample Al0.5
than for the sample Al0.1. The observed shift in the on-set temperature for the Boudouard reaction
implies that carbon deposition becomes more facile upon increasing the aluminum content in the
sample. This could be ascribed to a change in the degree of reduction within the catalyst, but it was
shown (see Table 1) that the reducibility of samples in hydrogen reduces with increasing aluminum
content. Hence, it is proposed [26] that the interface between metallic cobalt and alumina islands on
the surface [18] may be the origin of the higher propensity for CO dissociation. Carbon deposition
from CO is thermodynamically limited at high temperatures, and thus the variation in the amount of
carbon deposition upon changing the aluminum content in the sample, as visualized by the differences
in the area associated with the high-temperature feature in the CO-TPR, may be a consequence of
the observed shift in the on-set of the Boudouard reaction to lower temperatures with increasing
aluminum content.

The CO-TPR profile of the sample containing 0.5 wt.% aluminum contains additional features
with maxima at ca. 345 ◦C and 380 ◦C, which are not observed in the CO-TPR profiles of the samples
containing less aluminum. This may be considered CO consumption due to the retarded reduction of
cobalt, e.g., of cobalt covered by the alumina islands. The reduction of this cobalt will yield directly
metallic cobalt at 380 ◦C, as Co2C does not seem to be stable at this temperature, as evidenced by the in
situ XRD study (see Figure 3).
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The CO-TPR profile of the sample with the highest weight loading, 2.5 wt.% aluminum (Al2.5),
differed strongly from the CO-TPR profiles of the samples containing less aluminum. The sharp
peak that appeared at ca. 290 ◦C for the samples with lower aluminum contents was shifted toward
373 ◦C. This may be attributed to the presence of alumina islands covering the cobalt oxide surface
and hindering the overall reduction process. The high-temperature feature, which was separated by
almost 300 ◦C for the other samples, overlaps with the reduction peaks around 400 ◦C.

Carbon deposition by the Boudouard reaction could be visualized using TEM imaging of the
sample Al0.5 after CO-TPR (see Figure 4). The image shows metal particle sizes within the expected
range if only minimal sintering has taken place. It appears that a reduction in CO inhibits the sintering
process observed for H2 reduction (see Table 1). The metal particles are encapsulated by material
appearing such as multi-wall carbon nanotubes. The d-spacing of this material was determined to be
3.4 Å, which is consistent with graphitic carbon [40,41]. The internal diameter of the carbon nanotubes
appears to be in the range of 9–11 nm. The internal diameter is thought to be linked to the metal
particle size [42] (the reduction of Co3O4 particles with a size of 14 nm is expected to yield in the
absence of sintering metal particles with a size of 10–11 nm).

Figure 4. TEM image of the sample containing 0.5 wt.% aluminum (Al0.5) after CO-TPR showing metal
particles encapsulated in multi-wall carbon nanotubes.

The enhanced activity for CO dissociation as indicated by the shift in the on-set of the Boudouard
reaction to lower temperatures upon increasing the aluminum content in the samples and as argued to
be the origin of the change in the kinetic coefficients and the change in the selectivity has been linked
to the Lewis acid property of the promoter [25,42,43]. Carbon monoxide may act as a weak Lewis base,
which can donate electrons from the 4σ molecular orbital to a Lewis acid [15]. The 4σ molecular orbital
is a bonding orbital, and electron withdrawal results in weakening of the C–O bond.

Alumina is known to exhibit Lewis acidity, although the presence of Brønsted acid sites cannot be
ruled out [44]. Hence, alumina modification may have introduced acidity in these samples. The acidity
of the activated catalysts was investigated by pyridine uptake and by the temperature-programmed
desorption of pyridine (py-TPD; see Figure 5). The pyridine uptake of the activated sample containing
no aluminum (Al0) during pulse chemisorption was 30 μmol/g. The pyridine uptake on the sample
containing aluminum increases roughly linearly with increasing alumina loading over the activated
catalyst, and the pyridine uptake relative to the aluminum loading was determined to be 0.2 mol
pyridine/mol Al.
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Figure 5. Uptake (left) and temperature programmed desorption (right) of pyridine from the reduced
samples (reduction in pure H2, 300 mln/g/min; Treduction = 350 ◦C; treduction = 0.5 h).

Pyridine desorbed at a relatively low temperature of 269 ◦C from the sample containing no
aluminum (Al0), indicating rather weakly adsorbed pyridine. A sharp peak between 350–500 ◦C was
observed during pyridine TPD for the alumina-modified samples. Sharp peaks above 350 ◦C have
been reported to correspond to the decomposition of pyridine to N2 and CO2 [45,46]. The catalyst had
also darkened after the experiment, which may suggest carbon deposition [45] indicating that pyridine
decomposition may have occurred during the pyridine TPD. Hence, the position of the peak is expected
to correlate with the rate of pyridine decomposition rather than the rate of pyridine desorption (and
thus the peak area with the thermal conductivity of the decomposition products). The decomposition
of pyridine at temperatures below 500 ◦C, in an inert atmosphere, is only catalyzed by strong acid
sites [46,47]. The pyridine TPD experiments indicate that the acid sites on the activated modified
samples were strong enough to catalyze the decomposition of pyridine at temperatures below 500 ◦C.

It can be concluded that pyridine adsorption is associated with the presence of strong acid sites
upon modification of the samples with alumina, and that the amount of pyridine adsorbed increases
roughly linearly with the aluminum content. Thus, it seems plausible that these strong acid sites are
associated with the presence of alumina islands on the surface of the metallic cobalt [18]. The relative
constant amount of pyridine adsorbed per aluminum may indicate that the strong acid site is associated
with a cluster of ca. 5 Al atoms. Alternatively, these acid sites are located at the interface between the
alumina islands and metallic cobalt, and an increase in the aluminum content is associated with an
increase in the number of alumina islands, but not necessarily their size.

3. Discussion

Figure 6 shows schematically the formation of a reverse model system to investigate metal–support
interactions by the impregnation of Co3O4 with a well-defined crystallite size with a solution
of aluminum sec-butoxide in n-hexane [18] (see Figure 6). Upon drying and calcination,
sub-nanometer-sized alumina islands on cobalt oxide are formed [18]. Lewis acid sites are being
introduced in the catalyst, as evidenced by pyridine uptake and pyridine TPD, due to the presence of
aluminum possibly at the interface between metallic cobalt and the alumina islands, which will affect
the performance of cobalt in the Fischer–Tropsch synthesis
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Figure 6. Schematic depiction of the formation of sub-nanometer-sized alumina islands upon
impregnating a cobalt oxide surface with Al-sec butoxide in n-hexane, and their interaction with CO
adsorbed on the reduced metal surface.

It may be argued that metal support interactions are exaggerated in this model system
with small alumina islands on top of a larger, nano-sized cobalt oxide crystallite. However,
these sub-nanometer-sized islands may be present in real catalysts as well. During impregnation,
the support will dissolve slightly upon contact with a metal–salt-containing aqueous solution.
The dissolved species emanating from the support will reprecipitate during the drying and calcination
step. A random reprecipitation process will result in some support material being deposited on/near
the metal precursor.

The reduction of cobalt in these model systems is impeded by the presence of alumina islands on
top of cobalt oxide (although cobalt aluminate could not be detected using XANES, X-ray absorption
near edge structure [18]). This was caused by a change in the pre-exponential factor, implying the
inhibition of hydrogen activation on these model systems or the inhibition of the nucleation process.

The reduction of these model systems in hydrogen results in sintering. These alumina islands
may act as spacers, and seem to reduce the extent of sintering via coalescence, as evidenced by the
increase in the H2 uptake upon increasing the aluminum content. Support materials are thought to
aid the thermal stability of catalysts by dispersing the catalytically active phase over a large surface
area, since the limited particle mobility on support materials under typical reaction conditions will
reduce sintering due to coalescence. Here, we highlight an additional route to stabilize nano-sized
particles against sintering by decorating the surface of the catalytically active phase with support-like
structures. This would impede the coalescence of particles even in catalysts with a high metal loading.

The presence of alumina islands in our model system may affect the resulting catalytic activity
in the Fischer–Tropsch synthesis in two ways, viz. by providing an alternative pathway for CO
dissociation and by changing the strength of CO adsorption [26]. The presence of an alternative
pathway for CO dissociation will be experimentally observed by an overall, more facile CO dissociation
in the presence of alumina. This was evidenced by an increase in the kinetic activity factor, A0

′,
in the rate expression proposed by Botes et al. [23] and by the lowering of the on-set temperature
for the Boudouard reaction in the CO-TPR. The increase in the strength of adsorption due to the
presence of alumina was evidenced by an up to 70-fold increase in the kinetic inhibition, B, in the
rate expression proposed by Botes et al. [23] upon increasing the aluminum content. This was further
substantiated by the change in the product selectivity. The product selectivity in the Fischer–Tropsch
synthesis is strongly controlled by the hydrogen availability on the surface [31]. An increase in the
strength of CO adsorption will reduce the hydrogen availability and thus (within a limited region [33]),
reduce methane selectivity, increase C5+ selectivity, and reduce the extent of secondary reactions.

4. Materials and Methods

Cobalt oxide, Co3O4, with an average crystallite size of 14 nm, was prepared by the calcination
of a cobalt carbonate precursor at 300 ◦C. The detailed synthesis procedure has been elsewhere [18].
The resulting Co3O4 crystallites were impregnated with aluminum sec-butoxide in dry n-hexane to
achieve a weight loading of aluminum of 0.1, 0.5, or 2.5 wt.%, respectively. The obtained materials
were calcined at 300 ◦C for 4 h. This results in the formation of highly dispersed, island-like alumina
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structures on cobalt oxide [18]. The catalysts are labeled according to their loading with aluminum as
Al0, Al0.1, Al0.5, and Al2.5.

Hydrogen chemisorption was performed using an ASAP 2020 (Micromeritics, Norcross, GA,
USA). The catalyst (100 mg) was dried for 12 h at 120 ◦C and reduced in hydrogen by increasing the
temperature at a heating rate of 1 ◦C/min to 350 ◦C and holding for 10 h. After reduction, the chamber
was evacuated for 30 min both at 330 ◦C and 140 ◦C. The hydrogen uptake was measured at a
temperature of 120 ◦C.

The degree of reduction (DoR) was determined in the temperature-programmed reduction (TPR)
cell (Autochem 2950; Micromeritics, Norcross, GA, USA) by activation the catalyst (50 mg) in a flow
of 10 mln/min pure H2 at 350 ◦C by (heating rate: 1 ◦C/min) for 10 h. Afterwards, the temperature
was decreased to 60 ◦C in flowing hydrogen, and the catalyst bed was purged for 60 min in a flow of
50 mln/min of 5 vol% H2 in Ar. The catalyst bed temperature was increased to 900 ◦C at 10 ◦C/min
whilst monitoring the hydrogen consumption with a thermal conductivity detector (TCD). The degree
of reduction was determined from the ratio of the hydrogen consumption in the TPR after reduction
at 350 ◦C for 10 h (the hydrogen consumption was calibrated using the reduction of Ag2O) with the
amount of Co3O4 loaded in the TPR cell.

Temperature programmed reduction studies using CO (CO-TPR) were performed in an Autochem
2950 (Micromeritics, Norcross, GA, USA). The temperature of the catalyst bed (50 mg) was increased
to 120 ◦C at a heating rate of 10 ◦C/min in a flow of 50 mln/min Ar, and the catalyst was dried for
1 h. The catalyst temperature was decreased to 60 ◦C, and the gas was switched to CO (10 mln/min).
Subsequently, the temperature was increased to 900 ◦C (heating rate 10 ◦C /min), and the TCD signal
was recorded.

X-ray diffraction (XRD) was performed using a Bruker AXS D8 advance diffractometer (Karlsruhe,
Germany) with Co-Kα radiation (1.78897 Å) operating at 40 kV and 30 mA between 20–120◦ 2θ with a
scanning speed of 0.0562◦ 2θ/s. The phase transitions occurring during the temperature-programmed
reduction experiment were explored using in situ reduction with CO (4 mln/min) as the reducing
agent. The catalyst was loaded into a borosilicate capillary. The capillary was fitted into an in situ cell,
which was developed in house [48,49]. The capillary was heated with infrared heaters. The temperature
was increased at a heating rate of 1 ◦C/min from 50 to 450 ◦C, and X-ray diffractograms were taken
every 5 min.

Transmission electron microscopy (TEM) was performed using a FEI Tecnai T20 (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a LaB6 filament operated at 200 kV. Catalysts were
dispersed in methanol, ultrasonicated for 2 min, and transferred to a carbon coated copper grid.

Pyridine temperature-programmed desorption (Py-TPD) was performed using an Autochem
2920 (Micromeritics, Norcross, GA, USA) equipped with a vapor. The catalyst (100 mg) was activated
in a stream of 30 mln/min of pure H2 by increasing the temperature to 350 ◦C at a heating rate of
10 ◦C/min and reducing the catalyst for 30 min. The temperature was decreased to 120 ◦C at a heating
rate of 10 ◦C/min under a flow of 10 mln/min He and kept there for 1 h. The sample temperature was
decreased to 110 ◦C, where pyridine pulse adsorption was performed. Helium saturated with pyridine
at 60 ◦C was pulsed 15 times over the activated catalyst in 5-min intervals. Each dose contained
27 μmol pyridine. The pyridine uptake was monitored using a TCD. Weakly adsorbed pyridine was
removed by flowing 50 mln/min of pure helium over the catalyst for 1 h. Py-TPD was carried out
by increasing the temperature to 900 ◦C at a heating rate of 10 ◦C/min in a stream of 50 mln/min He,
whilst monitoring the tail gas using a TCD detector.

The Fischer–Tropsch synthesis was performed in a 1-L slurry reactor. The catalyst (3–5 g) was
activated ex situ in a flow of hydrogen with a space velocity of 12 ln/h/gcat. The temperature was
increased to 350 ◦C at a constant heating rate of 1 ◦C/min, and subsequently, the catalyst was reduced
for 10 h. The activated catalyst was cooled to room temperature, and then transferred to 30 g of
molten wax under an argon atmosphere. The wax was cooled to room temperature, and the mass
of the reduced catalyst (mcat,red) was determined by differential weighing of the wax tablet before
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and after addition of the catalyst. The reactor was filled with 250 g of molten wax, and the catalyst
wax tablet was loaded into the reactor. The reactor was pressurized with argon to 20 bar, and the
temperature was increased to 220 ◦C at a stirring speed of 350 rpm. When the desired temperature and
pressure were reached, diluted syngas (H2:CO:Ar = 2:1:1) was introduced. The permanent gases were
analyzed on-line with a Varian CP-4900 micro GC equipped with a TCD detector to determine the
CO conversion and methane selectivity using argon as an internal standard. Gaseous samples were
collected in pre-evacuated ampoules [50] at regular intervals, and the samples were analyzed off-line
by GC-FID.

5. Conclusions

Metal–support interactions can be investigated using a reverse model system created by
impregnating Co3O4 with aluminum sec-butoxide. This results in the formation of alumina islands on
the surface of cobalt oxide. The presence of these islands strongly affects the performance of these
materials in the Fischer–Tropsch CO hydrogenation. The overall activity per unit mass of catalyst
increases with increasing aluminum content, but this is due to the increase in the metal surface area as
a consequence of reduced sintering in the presence of alumina islands. A kinetic analysis shows that
the kinetics activity factor per the surface cobalt atoms and the kinetic inhibition factor increases with
increasing aluminum content. The increase in the kinetic activity factor is ascribed to the enhanced
ability to dissociate CO in the presence of the Lewis acid alumina on the surface of the catalytically
active metal. The increase in the inhibition factor is ascribed to the increase in the strength of CO
adsorption in the presence of alumina. The latter does affect the selectivity of the Fischer–Tropsch
synthesis favorably with a decrease in the methane selectivity and an increase in the C5+ selectivity
with increasing aluminum content.
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Abstract: The effect of K on 20%Co/0.5%Re/γ-Al2O3 Fischer–Tropsch catalysts with two different
cobalt particle sizes (small, in the range 6–7 nm and medium size, in the range 12–13 nm) was
investigated. The catalyst with the smaller cobalt particle size had a lower catalytic activity and C5+

selectivity while selectivities towards CH4 and CO2 were slightly higher than over the catalyst with
larger particles. These effects are ascribed to lower hydrogen concentration on the surface as well
as the lower reducibility of smaller cobalt particles. Upon potassium addition all samples showed
decreased catalytic activity, reported as Site Time Yield (STY), increased C5+ and CO2 selectivities,
and a decrease in CH4 selectivity. There was no difference in the effect of potassium between the
sample with small cobalt particles compared to the sample with medium size particles). In both cases
the specific activity (STY) fell and the C5+ selectivity increased in a similar fashion.

Keywords: Fischer–Tropsch; cobalt; catalyst deactivation; potassium

1. Introduction

Biomass to liquid (BTL) via gasification and integrated Fischer–Tropsch synthesis (FTS) is an
attractive process for the production of green diesel and jet fuel [1]. The first step involves biomass
gasification to produce syngas (CO + H2) [2]. It was reported [3] that impurities in biomass feedstocks
and partial gasification can lead to contaminants (such as: tars, alkali, HCN, H2S, etc.) in the produced
syngas, which might cause catalyst deactivation and other problems downstream. Therefore, a series
of cleaning steps must be applied to fulfil the requirement for pure gas before entering the FTS
reactor [4]. Alkali salts (mainly potassium) are the dominant salts in fly ash composition after biomass
gasification [5]. Due to poor plant design or imperfections in the cleaning section, these alkali salts
might be present in the gas when entering the FTS section [6]. It was previously reported that alkali
has a strong negative effect on FTS activity on Co-based catalyst [7–12]. Poisoned samples were
characterized carefully, but none of the standard techniques applied showed significant differences
between the reference (unpoisoned) and poisoned samples. Hence, the catalyst loss in activity and
changes in selectivity that was observed were explained by the hypothesis that potassium is able
to move to the cobalt sites responsible for FTS when reactions or the pre-treatment conditions are
reached [11–13]. The mobility of potassium species under reaction conditions has been demonstrated
in other systems [14], where the transport mechanism was suggested to involve OH-groups on the
surface. Once the potassium reaches the cobalt particles there are very low barriers against transport on
the cobalt surface, as calculated using DFT, and the adsorption of K is favourable on all sites, including
sites such as the B5 and B6 sites often considered active sites for the FTS [15].

The effect of Co particle size on cobalt-based FT catalysts have been studied extensively [16–19].
A decreased turnover frequency (TOF) and increased methane selectivity has been found for FTS
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experiments (performed at 1 and 35 bar (H2/CO = 2)) for catalysts with Co particles smaller than
around 6 nm [18]. With decreasing Co particle size the fraction of sites that are less coordinated (like
steps, kinks, edges, and corners [20]) increases.

To better understand the nature of the effects reported on the cobalt-based FTS catalysts upon
alkali addition, here we report an investigation of the effect of potassium on alumina-supported cobalt
catalysts containing small or medium sized cobalt particles. A difference in the behavior could give
information on the nature of K poisoning, and on the role of various sites on the cobalt surface.

2. Results

Two alumina-supported catalysts, with different cobalt particle sizes, were prepared using the
incipient wetness impregnation technique. During the impregnation process, the pores of the support
are filled with the active metal solution by means of capillary forces. Thus, the particle size of the
active metal is determined during the drying procedure [21]. To be able to alter the particle size of
the active metal, one needs to use support with the wider pores, like α-Al2O3, since the wider pores
will consequently give a bigger particle size. By mixing the solvent (water) with ethylene glycol (EG)
during the impregnation step, a smaller cobalt particle size was achieved. In this way, the cobalt
particle size was successfully altered without changing the composition of the active material or the
physical properties of the support material. A summary of the characterization results is presented in
Table 1. Both the X-ray diffraction (XRD) and H2-chemisorption experiments showed decreased particle
size for the catalyst prepared using EG (Cat2). This catalyst (Cat2) showed higher dispersion (15.6
%) and consequently reduced particle size compared to the Cat1 (D = 7.7 %) (prepared without EG)
measured by H2-chemisorption. XRD measurements confirmed the reduction in Co3O4 particle size
from ~15 nm to ~5 nm upon ethylene glycol addition. The XRD profiles of all the catalyst with different
potassium loadings are illustrated in Figures 1 and 2. All the samples showed existence of the cubic
Co3O4 and Al2O3 phases, while potassium is not visible due to the low concentration. No difference
can be detected in the size or shape of the peaks regardless of potassium concentration, Figure 1. Upon
EG addition, all the Co3O4 peaks are broadened and less pronounced, while the Al2O3 peaks become
sharpened and more pronounced, Figure 2. This is in agreement with previously published work
where cobalt particle size was also altered using EG [16,17]. It was explained by EG acting mainly as a
surfactant, thus increasing the wetting ability of the cobalt salt solutions. Borg et al. [17] showed, using
transmission electron microscopy (TEM) images, that Co3O4 crystallites appeared in aggregates with
dimensions above 100 nm with pure water as a solvent, while the aggregates were absent when EG
was used.

Table 1. Characterization results.

Catalyst
K Impurity

(ppm)
D a (%)

d(Co0) b

(nm)

BET Surface
Area c (m2/g)

Average Pore
Diameter (nm)

Pore Volume
(cm3/g)

d(Co3O4) d

(nm)
d(Co0) d

(nm)

Cat1 6 7.7 12.5 145 13.7 0.60 14.8 11.1
Cat1 551 7.7 12.5 137 12.2 0.46 15 11.3
Cat1 902 7.3 13.3 137 12.4 0.47 17.2 12.9
Cat2 15 15.6 6.2 143 12.2 0.52 4.9 3.7
Cat2 471 14.3 6.7 143 12.4 0.53 4.6 3.5
Cat2 886 15.1 6.4 152 10.6 0.48 4.8 3.6

a Standard deviation 3.3%; b Found by H2-chemisorption; c Standard deviation 4.7%; d Found by X-ray diffraction
(XRD) experiments.

Upon alkali addition, no significant differences are observed between Cat1 and Cat2. The measured
potassium loadings are close to the nominal values. The low level measured for the samples without
added potassium is due to the support containing traces of K. The particle size estimates did not change
upon the addition of potassium. All the catalysts showed almost the same surface area (~140 m2/g),
pore size (~0.5 nm), pore volume (~12 cm3/g), regardless of the EG or K loading, the deviations
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being within experimental error. These catalyst morphological findings are similar to our previously
published work with alkali poisoning [11].

 
Figure 1. XRD patterns for 20%Co/0.5%Re/γ-Al2O3 with different K loadings.

Figure 2. XRD patterns for 20%Co/0.5%Re/γ-Al2O3 with different K loadings.

Temperature-programmed reduction (TPR) profiles of the catalysts Cat1 and Cat2 with different K
loadings are presented in Figure 3. All the samples showed a typical reduction profile often observed
for alumina supported Co catalyst [22]. The small first peak (around 220 ◦C) visible for some of the
catalysts represents the reduction and removal of residual nitrates from the cobalt precursor [23].
Two main peaks at ~330 ◦C and ~430 ◦C are referred to the transition from Co3O4 to CoO and CoO to
metallic Co, respectively [22]. The peak temperature of the first reduction peak was slightly decreased
to ~290 ◦C, while the second reduction peak was shifted to slightly higher temperatures (~490 ◦C)
for the catalyst prepared with EG. This is related to the particle size effect, indicating a more difficult
reduction to metallic cobalt, which was earlier reported by Jacobs et al. [24]. A lower degree of reduction
has also been reported for cobalt-based FT catalysts of similar particle sizes [17,25]. A slight shoulder
can be seen on the second reduction peak for the catalyst prepared with EG. Borg et al. [26] ascribed
this phenomenon to a larger spread in the particle size distribution, indicating a large variation in the
degree of interaction between particles and the support. There is no difference upon K addition, all
the samples follow the same trend as the unpoisoned catalysts, which is a similar observation as in
previously published work focusing on medium-sized cobalt particles only [9,12].
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Figure 3. Temperature-programmed reduction (TPR) profiles of the catalysts Cat1 and Cat2 with
different K loadings.

The Fischer–Tropsch activity and selectivity results are presented in Table 2. Catalyst activity
measured as STY was found to be 0.054 to 0.027 s-1 for the Cat1 and Cat2 catalysts with Co particle
sizes of ~13 and ~6 nm respectively. The smaller cobalt particles also give significantly lower C5+

selectivity and higher CH4 and CO2. It is previously reported that catalyst activity on supported cobalt
catalysts is considered independent of cobalt dispersion [27] and support identity [28], but this only
holds for larger cobalt particles. Bezemer et al. [18] reported a strong influence of the cobalt particle
size (in the range 3 to 8 nm) on both the cobalt site-time yield and the C5+ selectivity using carbon
nanofibers as a support. The cobalt particle size effect was explained as a combination of CO-induced
surface reconstruction and non-classical structure sensitivity. In the present work, γ-alumina is used as
the catalyst support, and we observe the same particle size effect on the catalyst activity and selectivity,
in agreement with Borg et al. [17]. Wang et al. [29] showed that for very small Co particles (1.4–2.5 nm),
the Co surface was readily oxidized by water vapor, while for the larger Co particles (3.5–10.5 nm),
such oxidation was not evident. This was confirmed by Azzam et al. [30] where the poor catalyst
activity and higher CH4 and CO2 selectivities for the very small particles (1 nm) was ascribed to
catalyst oxidation by water. However, in the present work the particle size is in the range 6–13 nm
indicating that oxidation is not the reason for the dramatic effect in the specific activity. Yang et al. [16]
also reported increased turnover frequency (TOF) with increasing cobalt particle size. They explained
the effect by the increased CO coverage which is directly proportional with increasing Co particle size.
Den Brejeen et al. [31] reported, using SSITKA experiments, that small cobalt particles have higher
coverage of ‘irreversible’ adsorbed CO, which can block the surface and lead to lower activity, while
the coverage of H is increased which leads to more methane production.

The activity decreases severely upon increased K loading for both catalysts. The loss in specific
activity with the potassium loading is similar for the two samples, losing approximately 30% of the
activity with the highest K loading. The changes in catalytic activity are similar to those observed
previously [9–13].

Also in terms of selectivity is there little difference in the response to the potassium loading
between the two samples. Both catalysts showed increased C5+ and CO2, and decreased CH4 selectivity
upon K addition. Hence, the effect of potassium is the same independent of the cobalt particle size in
the range investigated here.

The main conclusion from this work is that K effects the cobalt based catalyst in the same way for
two distinctly different cobalt particle sizes. Although the catalyst with smaller particle size (Cat2)
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showed lower activity and a poorer selectivity, the K effect appears to be independent of Co particle
size. We have previously shown that step sites are preferred sites for CO and K adsorption [15], but
the difference between facets is small and the adsorption of K is energetically favored on all sites on
the cobalt surface. The smaller particles investigated here are likely to have a slightly larger fraction of
step and edge sites, but the difference is perhaps not large enough to be significant.

Table 2. Catalytic activity reported as site time yield (STY) and selectivities to C5+, CH4 and CO2 with
different catalyst and potassium loadings (Calculation procedures see the Supplementary Materials).

Catalyst K (ppm) STY (s-1) a C5+ (%) CH4 (%) CO2 (%)

Cat1 6 0.054 85.4 7.3 0.16
Cat1 551 0.041 86.6 6.8 0.23
Cat1 902 0.039 86.3 6.7 0.40
Cat2 15 0.027 79.3 10 0.23
Cat2 471 0.022 83.1 9.5 0.39
Cat2 886 0.019 81.0 9.2 0.55

a Standard deviation ± 7%.

3. Materials and Methods

The 20%Co/0.5%Re/γ-Al2O3 catalyst was prepared using a one-step incipient wetness
impregnation of an aqueous solution of Co(NO3)·6H2O and HReO4 [10]. The catalyst support
was from Sasol (Puralox γ-alumina). The catalyst was then dried in a stationary oven at 120 ◦C for 1 h.
The calcination procedure in flowing air in a fixed bed quartz reactor at 300 ◦C for 16 h, using a ramp
rate of 2 ◦C/min was applied after drying. Finally, the oxidized catalyst precursors were sieved to a
particle range of 53–90 μs. The prepared catalyst should be free from impurities, but by analysis a
small amount of K was found in the support (6 and 15 ppm) [26]. In order to achieve different particle
sizes, a method using mixtures of distilled water and ethylene glycol (EG) in the impregnation solution
was used [17]. One sample was prepared using only water as the solvent (Cat1), the second sample
was prepared using a mixture of 80 wt% water and 20 wt% EG (Cat2), the latter sample is expected to
have a smaller cobalt particle size. These two samples (in their calcined state) were post-impregnated
with 500 and 1000 ppm of potassium in the form of KNO3 dissolved in deionized water. Inductively
coupled plasma–mass spectrometry (ICP–MS) was used to analyze the amount of potassium present
in the catalysts. The catalysts samples were dried and calcined using the same conditions both after
the initial preparation and after post-impregnation with potassium.

In order to determine surface area, pore volume and average pore diameter of the prepared
catalysts, a Tristar II 3020 was used to perform a volumetric adsorption of N2. Prior to the measurement
at liquid nitrogen temperature, the catalyst samples (~70 mg, 53-90 μm) were outgassed in vacuum,
first at room temperature for 1h and then at 200 ◦C overnight. For calculation of the surface area the
Brunauer–Emmet–Teller (BET) [32] isotherm was used while to determine a pore volumes and average
pore diameters of the samples the Barret–Joyner–Halenda (BJH) [33] method was applied.

H2-chemisorption was carried out using a Micromeritics ASAP2010 unit. The catalyst sample
(0.2 g) was placed between quartz wool wads and loaded in the chemisorption reactor. Before the
measurements, the sample was reduced in flowing hydrogen at 350 ◦C for 16h with a ramping rate of
60 ◦C/h After reduction, the analysed samples were cooled to 30 ◦C under vacuum. Chemisorption data
was obtained at 30 ◦C between 0.020 and 0.667 bar H2 pressure. It was presumed that for each surface
cobalt atom there was one H chemisorption site and that neither Re, K nor the support contributed to
chemisorption. The particle sizes (in nm) were estimated using the following equation [34], where D is
cobalt dispersion in %:

d
(
Co0
)
=

96.2
D

TPR experiments were carried out in the Altamira AMI-300RHP. The catalyst sample (100 mg)
was loaded between wads of quartz wool and placed in a quartz u-tube reactor. Prior the measurement,
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the catalyst was treated in inert gas at 200 ◦C. The catalyst was then reduced in hydrogen flow (7%
H2/Ar 50 ml/min) to a temperature of 700 ◦C with a ramp rate of 10 ◦C/min. Finally, the samples were
cooled down to ambient temperature.

A D8 DaVinci-1 X-ray Diffractometer with CuKα radiation was used for all XRD experiments.
The analysis was run for 60 min for each catalyst sample, examining a range of 2θ from 10 to 75◦ at a
step size of 0.013◦ while using the X-ray source at 40 kV and 40 mA. The average cobalt oxide crystallite
thickness was calculated by Scherrer’s equation [35] using the (311) Co3O4 peak located at 2θ = 36.8◦,
and applying a K-factor of 0.89. Subsequently, the metallic cobalt particle size was estimated using the
relative volume contraction between Co3O4 and metallic cobalt [36]:

d
(
Co0
)
= 0.75d(Co3O4)

Fischer–Tropsch experiments wer perfomed in 10 mm ID steel tube fixed bed reactor at industrially
relevant conditions (210 ◦C, 20 bar and a H2/CO ratio of 2.1). The catalyst samples (1 g) were mixed
with inert SiC (20 g) and loaded between quartz wool wads to fix the location in the reactor. To improve
the heat distribution, aluminium blocks were placed around the reactor. The reactor was then placed in
an electrically heated furnace. Before hydrogen reduction, a leak test with He was performed. The in
situ reduction was carried out at 350 ◦C for 10 h with a ramp rate of 1 ◦C/min from ambient temperature.
After reduction, the samples were cooled to 170 ◦C. Prior to the syngas introduction (250 Nml/min),
He was used to build up a pressure to 20 bar. The temperature program was set to increase the
temperature first from 170 to 190 ◦C and then to the final temperature of 210 ◦C with ramping rates of
20 ◦C/min and 5 ◦C/min, respectively. Liquid Fischer–Tropsch products were separated in a hot trap at
∼87 ◦C and a cold trap at ambient temperature. Wax was collected in the hot trap while other liquids
(water and light hydrocarbons) were collected in the cold pot at. The C1-C4 gases were analyzed using
a HP 6890 gas chromatograph. N2 (internal standard), H2, CO, CH4 and CO2 were analyzed on a
TCD following separation on a Carbosieve column. Hydrocarbon products were separated with a
GS-Alumina PLOT column and detected on a flame ionization detector (FID). CH4 was used to combine
TCD and FID analysis in the calculations. The syngas contained 3 % N2 which is used as an internal
standard for quantification of the products to close the mass balance. Activity data were reported
based on measurements at constant feed rate (250 Nml/min) after 24 h time on stream. Then the
syngas flow was changed to obtain ∼50 % CO conversion. Selectivity data are reported at 50 ± 5%
CO conversion based on the analysis of C1–C4 hydrocarbons in gas phase after ∼48 h time-on-stream.
Since the focus is on the amount of higher hydrocarbons, the selectivity is reported in the usual way as
C5+ and CH4 selectivity.

4. Conclusions

The effect of potassium on Co-based FT catalysts was examined on two different particle sizes
of cobalt, small and medium. The catalyst activity decreased with decreased particle size, while
the morphological characteristics are unchanged. The C5+ selectivity decreased, while CH4 and
CO2 increased for the catalyst with smaller particle size. Upon potassium addition there was
no change in dispersion, surface area, pore size, pore volume, regardless of the particle size or
potassium concentration. However, all the catalysts showed a negative effect of K on catalyst activity.
C5+ selectivity was increased, while methane and CO2 decreased with increasing K concentration.
There was no difference in the potassium effect regarding the particle size, indicating that the catalytic
performance was affected in the same fashion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/351/s1,
Calculation procedures, 1.1. Site time yield; 1.2. Selectivities.
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Abstract: The main goal of the presented paper is to study the influence of a range of support materials,
i.e., multi-walled carbon nanotubes (MWCNTs), Al2O3-Cr2O3 (2:1), zeolite β-H and zeolite β-Na on
the physicochemical and catalytic properties in Fischer-Tropsch (F-T) synthesis. All tested Fe catalysts
were synthesized using the impregnation method. Their physicochemical properties were extensively
investigated using various characterization techniques such as the Temperature-Programmed
Reduction of hydrogen (TPR-H2), X-ray diffraction, Temperature-Programmed Desorption of ammonia
(TPD-NH3), Temperature-Programmed Desorption of carbon dioxide (TPD-CO2), Fourier transform
infrared spectrometry (FTIR), Brunauer Emmett Teller method (BET) and Thermogravimetric
Differential Analysis coupled with Mass Spectrometer (TG-DTA-MS). Activity tests were performed
in F-T synthesis using a high-pressure fixed bed reactor and a gas mixture of H2 and CO (50% CO
and 50% H2). The correlation between the physicochemical properties and reactivity in F-T synthesis
was determined. The highest activity was from a 40%Fe/Al2O3-Cr2O3 (2:1) system which exhibited
89.9% of CO conversion and 66.6% selectivity toward liquid products. This catalyst also exhibited the
lowest acidity, but the highest quantity of iron carbides on its surface. In addition, in the case of iron
catalysts supported on MWCNTs or a binary oxide system, the smallest amount of carbon deposit
formed on the surface of the catalyst during the F-T process was confirmed.

Keywords: hydrogenation of CO; iron catalysts; syngas; monometallic iron catalysts

1. Introduction

Fischer-Tropsch synthesis is a promising catalytic route for the environmentally friendly production
of fuels from biomass, coal and natural gas [1–5]. However, on an industrial scale, a very efficient
and stable catalyst is desirable. The catalyst activity and selectivity are influenced by the nature
and structure of the carrier material, metal dispersion, the nature of metal, metal loading, and to a
large extent, it depends on the methodology of preparation [6]. Metallic catalysts in Fischer-Tropsch
synthesis are often supported on oxides, zeolites or binary oxides systems and, more recently, on
carbon-based systems such as activated carbon and carbon nanotubes (CNT) [7–9]. In particular,
there is a growing interest in carbon nanotubes and their application as a F-T catalyst support [10,11].
Carbon nanotubes are exciting due to their unique original chemical, physical, optical and electron
properties. Their special structure offers a high surface area and the presence of various defects which
offer the possibility to introduce functional groups. The introduced functional groups can generate
specific physicochemical properties of the material and improve the interaction between the metal
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particles incorporated into their surfaces, thereby forming new catalytic systems. Zhang et al. [12]
studied iron catalysts supported on the MWCNTs system in the Fischer-Tropsch process and they
reported a high selectivity towards C2–C7 hydrocarbons but low CO conversions values. In addition,
the usage of carbon nanofibers as a catalyst support in the F-T process was also investigated [13]
and reported to have high stability. It is well known that acidic zeolite or other acidic supports
present good performance in the F-T reaction and high selectivity to isoparaffin and unsaturated
compounds generated in the final product [4,14,15]. In our previous works, iron catalysts supported
on BEA zeolites and binary oxide (Al2O3-Cr2O3 (2:1)) were investigated in Fischer-Tropsch synthesis.
It was proven that the dealumination process of zeolite BEA and the increase of the content of iron
in the catalytic material improves the catalyst activity in the case of the process carried out on the
Fe catalyst supported on the zeolite BEA [4]. In addition, the influence of the binary oxide carrier
composition of iron catalysts on their reactivity properties was studied and the results also showed
that the increase of Fe loading and the content of Al2O3 in the catalytic system lead to an increase of
CO conversion in the hydrogenation process [2]. The obtained results in the F-T process also showed
that the activation condition has a large impact on the catalytic properties of iron catalysts in the F-T
reaction. It was proven that the Fe catalyst which was previously activated in a mixture of 50% CO
and 50% H2 exhibited the highest activity and selectivity towards liquid product formation and this
effect was explained by the highest quantity of iron carbide phases present on the catalyst surface
after the activation process [16]. The novelty of this work is related to the comparison studies of high
active iron catalysts supported on various supports such as MWCNTs, zeolite BEA and binary oxide in
Fischer-Tropsch synthesis. Additionally, the correlation between their reactivity and physicochemical
properties in the investigated process was found. In addition, in the presented paper, a highly active
and stable Fe/MWCNTs catalytic system was prepared and tested in the hydrogenation process of CO.

The product of the Fischer-Tropsch (F-T) process mostly contains linear paraffin, whose distribution
is varied from CH4 to long-chain hydrocarbons and obeys the Anderson–Schulz–Flory (ASF) law [17].
It is particularly desirable to obtain a final hydrocarbon product having 5 to 11 carbon atoms in a
molecule containing mostly isoparaffin and olefin as gasoline range liquid fuels with a high-octane
value are an important fuel in the petrochemical industry. In addition, the liquid fraction containing
hydrocarbons with 10 to 21 carbon atoms in a molecule is also attractive because they are the main
components in diesel. That is why the main idea of the Fischer-Tropsch reaction is to generate fuel
fraction (gasoline or diesel) on a highly active, stable and selective heterogeneous catalyst, which
is beneficial from the point of view of generating clean fuel. In order to achieve a liquid product
containing gasoline or diesel fractions, it is strongly recommended to use them in the process of
bi-functional catalysts which should have acid and metallic centres on the surface. A high yield
of the fuel fraction production along with a satisfactory selectivity of the desired products is also
required [18–20]. Both of these features can be achieved using bifunctional catalysts. One of the main
reasons for the deactivation of Fischer-Tropsch catalysts is the deposition of carbon [5,21,22]. The
formations on the catalyst surface carbon deposit blocks the active sites of the catalyst, leading to its
deactivation [23]. Menon reported that the Fischer-Tropsch synthesis is a carbon insensitive reaction
due to the fact that there is sufficient hydrogen on the catalyst surface for the hydrogenation of the
carbon present on the catalyst surface in order to keep the surface a free surface of the catalyst [24].
Therefore, in order to regenerate the deactivated catalyst, it should be previously oxidized and then
reduced to remove the carbidic and surface carbon [25].

Based on the above-presented suggestions, the main aim of the work was to carry out comparative
investigations of iron systems for the Fischer-Tropsch process and reveal the link between their
physicochemical and catalytic properties. It is well known that the catalytic activity of heterogeneous
catalysts in the chemical process depends on the nature, dispersion and reactivity of the active centres
in relation to the substrates; on the steric effects and diffusion of the reagents; and on the created
products in the catalytic material pores [5]. That is why, in our studies, we used various support
materials whose structure can affect the transport of reagents and products from and to the catalyst
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bed with different specific surface areas and various reducing and acidic properties. In order to avoid
steric effects, the carrier material should have a unified pore system which plays a crucial role during
the process and directly influences the catalyst selectivity in the F-T process.

2. Results and Discussion

2.1. Influence of the Catalytic Material Composition on the Catalytic Reactivity of Monometallic Iron Catalysts
in the Hydrogenation of CO

The catalytic measurements performed in the hydrogenation process showed that the distribution
of the hydrocarbons in the final product depends strongly on the support used for the catalytic system.
The catalytic activity results expressed as CO conversion and product selectivity in Fischer-Tropsch
synthesis are given in Table 1. The obtained catalytic activity results confirmed that the most active
catalyst was the 40%Fe/Al2O3-Cr2O3 (2:1) system which exhibited approximately 90% of CO conversion
and high selectivity towards the liquid product (66.6%). In addition, the smallest amount of CO2

was created in the final product obtained during the F-T reaction using this catalyst, which means
that the WGS process runs in a limited way. Furthermore, in the case of the 40%Fe/Zeolite β-H and
40%Fe/MWCNT catalysts, we observed CO conversion values above 71% and selectivities towards
liquid product above 67%. The only difference which was observed in the final product was the amount
of carbon dioxide and methane formed during the process.

Table 1. The results of the activity measurements expressed as CO conversion and selectivity towards
all products of the Fischer-Tropsch (F-T) process performed at 280 ◦C under elevated pressure (3 MPa)
from a mixture of H2 and CO (molar ratio 1:1).

Catalysts Conv. (%) SCO2
SCH4 in

HCs
SC2-C4

in HCs
SC5-C9

in HCs
SC10-C21

in HCs
Liquid

Paraffin/
Olefins

Linear/
Branched

40%Fe/MWCNT 71.1 7.6 14.3 5.9 13.0 66.8 67.5 - 4.3
40%Fe/Zeolite β-H 75.7 4.5 18.4 5.6 44.5 31.5 69.6 - 18.2

40%Fe/Zeolite β-Na 65.2 11.0 32.6 9.1 26.0 32.3 52.2 - 2.0
40%Fe/Al2O3-Cr2O3

(2:1)
89.9 2.4 16.3 5.4 17.4 60.9 66.6 17.2 4.3

In the case of the iron catalyst supported on MWCNTs, about 7.6% of the CO2 and about 14.3%
of the CH4 were observed in the final product. In the case of the iron catalyst supported on Zeolite
β-Na, the lowest value of CO conversion and the selectivity towards liquid product was observed
at 65.2% and 52.2%, respectively. It is also worth noticing that in the case of this system, the highest
selectivity to CH4 (32.6%) and towards CO2 (11%) was detected. The latter suggests that the reaction
of methanation and the conversion of carbon monoxide with water vapour ran more efficiently.
In addition, the stability tests for the iron catalysts were also carried out in the hydrogenation of the
CO process. Figure 1 presents the carbon monoxide conversion values as a function of the reaction
time for 40%Fe/Al2O3-Cr2O3 (2:1), 40%Fe/MWCNT and the iron catalysts supported on both types of
zeolite BEA. The results clearly showed that all the tested catalysts exhibited stable values during 96 h
of the reaction. Only in the case of the 40%Fe/Al2O3-Cr2O3 (2:1) and 40%Fe/Zeolite β-H catalysts, was
a slight decrease in CO conversion values observed during the first 48 h of the process [16].
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40%Fe/Al2O3-Cr2O3 (2:1) 

40%Fe/Zeoliteβ-H 40%Fe/Zeoliteβ-Na 

40%Fe/MWCNT 

Figure 1. The carbon monoxide conversion values of iron catalysts supported on various supports
obtained in the Fischer-Tropsch (F-T) process performed in a reaction mixture at 280 ◦C (50% H2:50%
CO) at 30 atmospheres using a 2 g sample in each test.

Liquid products formed during the hydrogenation of the CO process were also analysed using
GC-MS and FTIR techniques (see Figure 2). The obtained results showed that the saturated, unsaturated
and branched hydrocarbons arise within the investigated process on the 40%Fe/Al2O3-Cr2O3 (2:1)
catalyst. Table 1 presents the selectivity of the hydrocarbons created during the Fischer-Tropsch
reaction. It is worth emphasizing that in the case of the 40%Fe/Al2O3-Cr2O3 (2:1) catalyst, the formation
of unsaturated hydrocarbons was detected which were not observed when the process was carried
out on the remaining catalysts. In addition, the highest quantity of the linear hydrocarbons formed
in the liquid product was observed for the 40%Fe/Zeolite β-H catalyst as evidenced by the highest
ratio between the linear and branched hydrocarbons (18.2). The GC-MS analysis of the liquid product
obtained during the hydrogenation of CO on the 40%Fe/Zeolite β-H catalyst material gave evidence
that it had a high selectivity to linear hydrocarbons. Whereas, the chromatographic analysis performed
for the 40%Fe/MWCNT and 40%Fe/Al2O3-Cr2O3 (2:1) catalysts showed the ratio between linear and
branched hydrocarbons to be equal to 4.3. In the case of the 40%Fe/Zeolite β-Na catalyst, the formation
of lower quantities of linear hydrocarbons was observed. Figure 2 shows the FTIR analysis of the
products of the hydrogenation of the CO process performed on the iron catalysts supported on various
types of supports. FTIR measurements recorded for the studied Fe catalysts confirmed the presence on
their surface of the following functional groups assigned to –OH stretching, –C–H stretching in alkanes,
–CH2, –CH, –CH3 and (CH2)n > 4. The presence of the bands attributed to the previously mentioned
functional groups confirmed the occurrence of linear and branched hydrocarbons in the final liquid
product and the GC-MS results obtained for these catalysts. In addition, the occurrence of the specific
bands located on the FTIR spectrum of 40%Fe/Al2O3-Cr2O3 (2:1) assigned to C=C in alkenes, C–H in
alkenes, and R–CH=CH–R were confirmed. The presence of the above listed functional groups on the
spectra confirmed the chromatographic analysis and the formation of unsaturated compounds formed
via the F-T process 2.
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Figure 2. Fourier transform infrared spectrometry (FTIR) spectra’s of the product formed in the
hydrogenation of the CO process at 280 ◦C under elevated pressure (3 MPa) from a mixture of
H2 and CO (50% CO and 50% H2) using Fe catalysts supported on various carriers (binary oxides,
zeolite-Na, zeolite β-H and MWCNTs) calcined in an air atmosphere at 500 ◦C for 4 h and activated in
a reaction mixture.

Table 1 also shows the distributions of the hydrocarbon fractions produced within the F-T process
into gasoline and diesel expressed as SC5–C9 and SC10–C21. The results presented in Table 1 clearly
show that in the case of the 40%Fe/MWCNT and 40%Fe/Al2O3-Cr2O3 catalysts, a diesel fraction is
formed mainly. The higher quantity of the C5–C9 fraction in the final product was formed for the
40%Fe/Zeolite β-H and 40%Fe/Zeolite β-Na catalysts equal to 44.5% and 26.0%, respectively. It is also
worth mentioning that the F-T process carried out on the 40%Fe/Zeolite β-H catalyst leads mainly to
the production of a C5–C9 hydrocarbons fraction which means that it can be used for petrol generation.
On the other hand, the reaction which was performed on iron catalysts supported on the Na form
of the zeolite BEA leads mainly to the production of the same quantity of hydrocarbons, which are
components of gasoline and diesel.

One of the main problems in the hydrogenation of CO is the carbon deposit formed during
the process which blocks access to the active centres of the reaction. In order to study the carbon
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deposit formed in the F-T process, the thermal analysis of the iron catalysts (40%Fe/Zeolite β-H,
40%Fe/Zeolite β-H, 40%Fe/MWCNT and 40%Fe/Al2O3-Cr2O3) after calcination and F-T reaction was
done. The obtained TG-DTA-MS measurements are given in Figure 3 and Figure S1–S3, respectively.
Figure 3 shows the mass spectrum of the gaseous products formed during the decomposition of all
investigated catalysts. The amount and the form of the carbon deposit on the iron catalyst surface
(40%Fe/Zeolite β-H and 40%Fe/Zeolite β-Na) are presented in Figure S1 and in Table 2. As it is seen in
Figure S1, the carbon deposition is higher for the protonic form of zeolite (36.50%) than for the sodium
form of zeolite (31.20%). The oxidation process of carbon occurs in two steps for both iron zeolite
catalysts. Both forms of carbon deposits are easily oxidised. The oxidation proceeds up to 600 ◦C
(Figure S1). Two visible peaks of CO2 (MS profile, Figure 3) with a maximum at 370 ◦C are attributed
to the removal of the surface carbides forms (FeC2 and FeC3) and/or filamentous carbon. This type of
carbon is probably α carbon, whereas the peak with a maximum at 510 ◦C may be attributed to the
removal of the oligomerized carbon species, which is signed as β carbon (Cβ) or bulks carbides, in
line with earlier reports [26,27]. In the case of the iron catalysts supported on the carbon nanotubes
material (MWCNTs), we carried out TG-DTA-MS measurements for calcined and used catalysts in
order to calculate the quantity of the carbon deposited on the catalyst surface (Figure S2). The TG-DTA
measurements showed that iron catalyst Fe/MWCNT used in F-T had a total carbon of 67.22% while for
the calcined catalyst, the total carbon which was oxidized to CO2 was 47.11%. These results confirm
that the smallest amount of carbon deposit formed after the F-T reaction (20.11) was in the case of the
Fe/MWCNT system. These TG-DTA-MS results indicate that this catalytic material should exhibit the
highest stability in the investigated process of the hydrogenation of CO. For iron supported on binary
oxides catalysts (Figure S3), two peaks of CO2 formation are also observed and this type of carbon is
easily oxidised too. Moreover, the amount of carbon deposition is much lower than those of previously
investigated catalysts and is equal to 23.45% (Table 2 and Figure S3). In all studied cases, the type of
carbon deposition with a maximum at 310 ◦C is assigned to the removal of surface carbides forms
and/or filamentous carbon (Cα), while the second peak with a maximum located at 520 ◦C can be
assigned to the oxidation of iron carbides (Cβ) [26]. It is worth noting that the main type of carbon
deposition is β carbon.

 

Figure 3. The mass spectrum of the gaseous decomposition products in (A) Fe/Zeoliteβ–H; (B) Fe/Zeolite
β–Na; (C) Fe/MWCNT; (D) Fe/Al2O3-Cr2O3.
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Table 2. The amount of carbon deposition on iron catalysts.

Catalyst Amount of Carbon Deposition (%)

40%Fe/H-zeolite 36.50
40%Fe/Na-zeolite 31.20
40%Fe/MWCNT 47.11

40%Fe/MWCNT (after reaction) 67.22 (20.11 *) see Figure S2
40%Fe/Cr2O3-Al2O3 23.45

* the value in the bracket is a difference between the total carbon in the case of the 40%Fe/MWCNTs catalyst after the
reaction and in the case of calcined catalyst. All measurements were done for the catalysts after 20 h of conducting
the process.

2.2. Specific Surface Area (SSA) and Pore Size of the Investigated Catalytic Systems

The specific surface area (SSA) and pore sizes of the prepared systems were investigated by
the BET method. The SSA measurements of Cr2O3-Al2O3 and iron catalysts are given in Table 3.
The results of the SSA results showed that 40%Fe/Al2O3-Cr2O3 (2:1) catalyst exhibited the lowest
values of specific surface area and pore sizes equal to 118 m2·g−1 and 2.6 nm, respectively. The SSA
measurements obtained for the rest of the catalytic systems showed that the highest specific surface
area exhibited 40%Fe/Zeolite β-Na catalyst. Iron catalysts supported on Zeolite β-H had an SSA of
256 m2·g−1. The pore sizes of the iron catalysts supported on the zeolite systems were practically the
same, while, in the case of the 40%Fe/MWCNT system, the SSA measurements showed that the specific
surface area of this system was 217 m2·g−1 and the pore size of this material was equal to 9.3 nm.

Table 3. The results of the specific surface area and average pore radius of iron catalysts.

Catalyst Specific Surface Area (m2·g−1) Average Pore Radius (nm)

40%Fe/MWCNT 217 9.3
40%Fe/Zeolite β-H 256 4.5
40%Fe/Zeolite β-Na 278 4.2

40%Fe/Al2O3-Cr2O3 (2:1) 118 2.6

2.3. Reduction Behaviour of Catalytic Material

The interaction between the components of the catalytic system used in Fischer-Tropsch synthesis
was determined using the TPR-H2 technique. The reduction profiles recorded for supports (MWCNTs,
Al2O3-Cr2O3 (2:1)) and iron catalysts are shown in Figure 4. The TPR-H2 profile of the MWCNTs did
not show any reduction stages. In the case of the binary oxide system, only one reduction peak located
in the temperature range 300–580 ◦C was observed, which was assigned to the reduction of Cr(VI)
species formed from the previously oxidized phase of α–Cr2O3 [28–32].

The TPR-H2 curves recorded for the 40%Fe/MWCNT system showed four reduction steps with
the maxima of the peaks at 250, 300, 500 and 640 ◦C, respectively. The first reduction peak located
on the TPR profile (240–260 ◦C) is assigned to the reduction of the surface species of Fe2O3 to Fe3O4.
The second effect with the maximum situated at about 300 ◦C is connected with the partial reduction
of Fe3O4 (Fe(II, III)) to the wustite phase (FeO–Fe(II)) [33–35] together with the reduction of Fe2O3

strongly interacting with MWCNTs. The third TPR-H2 effect situated at a higher temperature of about
500 ◦C is connected with the reduction of the magnetite and wustite phases to metallic iron. The
last reduction stage visible on the TPR curve above 550 ◦C is related to the methanation process of
the MWCNTs. The TPR-H2 profile of 40%Fe/Al2O3-Cr2O3 (2:1) presents three reduction steps with
maxima at about 250, 350 and 550 ◦C. The first reduction stage is connected with the reduction of Fe2O3

to Fe3O4. The second reduction stage is attributed to the reduction of the Cr(VI) species and Fe3O4 to
wustite [2]. The last reduction step presents the reduction of the wustite phase to metallic iron. The
TPR-H2 profiles of zeolite-based catalysts present two reduction stages independently on the support
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form. The observed reduction stages are connected with the reduction of Fe2O3 to Fe3O4. The second
peak was attributed to the reduction of magnetite to Fe0 [33–35].

Figure 4. The temperature programmed reduction of hydrogen (TPR-H2) curves of supports and iron
catalysts supported on two types of zeolite β, MWCNTs and Al2O3-Cr2O3 (2:1).

To better understand the reducibility of the Fe/MWCNT catalyst, XRD measurements in the
temperature range of 50–50 ◦C using a mixture of 5% H2-95% Ar were performed. The results of the
phase composition studies are given in Figure 5. The results clearly showed that starting from 50 ◦C,
only the hematite phase on the diffraction curve recorded for this system was observed. Raising the
temperature to 300 ◦C results in the appearance of reflexes on the XRD curve assigned to the magnetite
and wustite phases. This result confirms the first reduction step of the catalytic material. A further
increase of the temperature from 300 to 450 ◦C leads to the increase of the intensity of the diffraction
peaks of wustite and the decrease of the intensity of the reflexes of magnetite. This means that at this
temperature, the reduction of α-Fe2O3 strongly interacts with MWCNTs. Above 550 ◦C, on the XRD
curves recorded for the investigated catalyst, only diffraction peaks assigned to the metallic iron phase
was visible. This confirms the total reduction of iron oxides to Fe0. In addition, this result also confirms
the mechanism of the reduction of this system which was postulated based on the TPR reduction
measurements that the last reduction stage was connected with the methanation process [36,37] of
the MWCNTs. This reduction stage observed on the catalyst surface is confirmed by the lack of other
crystallographic phases on the XRD curves recorded above 550 ◦C.
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Figure 5. The X-ray diffraction patterns of the Fe/multi-walled carbon nanotube (MWCNT) catalyst
collected during the reduction process carried out at a temperature range of 50–700 ◦C using a reducing
mixture of 5% H2-95% Ar.

2.4. Phase Composition Research of Iron Supported Catalysts

The analysis of the X-ray diffraction studies of the iron catalysts after calcination and after the
reaction were studied and the results are presented in Figures 6 and 7. The X-ray analysis of the calcined
samples is presented in Figure 6. The diffraction curves recorded for the calcined 40% Fe/MWCNT,
40%Fe/Zeolite β-Na and 40%Fe/Zeolite β-H catalysts confirmed the presence of the hematite and
magnetite phases. Moreover, the XRD diffraction curve of the calcined 40% Fe/Al2O3-Cr2O3 (2:1)
catalyst showed diffraction peaks assigned to magnetite, FeCr2O4, FeAl2O4 phases, respectively. The
X-ray diffractograms recorded for the spent Fe catalysts supported on MWCNTs, Al2O3-Cr2O3 (2:1),
zeolite β-H -Na and zeolite β-H are given in Figure 7. The obtained XRD results showed the occurrence
of the η-Fe2C, o-Fe3C, h-Fe3C, χ-Fe5C2 and magnetite phases on the diffraction patterns recorded for
iron catalysts. XRD analysis performed for the spent catalysts did not confirm the presence of the
hematite phase on the surface of the catalysts. In addition, depending on the catalyst composition, the
FeCr2O3 and FeAl2O4 phases were also detected on the diffraction curves recorded for the investigated
spent catalysts. It is also worth noting that the previously mentioned phases of carbides were not
observed on the XRD curves recorded for the calcined catalysts. These results confirm that iron carbides
are the active species of the F-T process and are created during the activation process performed in a
mixture of CO and H2 (50%CO and 50% H2). Furthermore, the quantity of the carbides determines the
catalytic activity in the investigated process. The activity tests performed in the F-T process clearly
indicate that iron carbides such as η-Fe2C, h-Fe3C, χ-Fe5C2 which were created on the surface of the
catalyst, are the active species in the hydrogenation of the CO reaction [38,39].
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Figure 6. The X-ray diffraction patterns recorded for calcined iron catalysts supported on MWCNTs
and binary oxide support.

Figure 7. The X-ray diffraction patterns recorded for the spent iron catalysts supported on binary oxide,
MWCNTs, zeolite β-H -Na and zeolite β-H.
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2.5. The Influence of the Catalytic Support on the Acidity Properties of the Fe Based Catalysts

The acidity and the distribution of acidic centres of the investigated catalysts were determined
by the TPD-NH3 method. The distribution of acid centres on the surface of the reduced catalyst has
been estimated based on the area under the desorption peaks in the temperature range 100–600 ◦C and
the results are presented in Table 4 and Figure 8. The results of acidity measurements confirmed the
existence of three types of acid centres present on the surface of the tested catalysts. The TPD-NH3

results obtained for the investigated catalysts show that 40%Fe/MWCNT had the highest acidity and
40%Fe/Zeolite β-H had the lowest total acidity. In addition, the catalyst based on MWCNTs was
characterized by a small number of weak centres and the highest quantity of medium and strong
centres compared to the rest of the studied catalytic systems. Furthermore, the catalysts which were
characterized by the lowest total acidity of the surface showed the highest CO conversion and high
selectivity towards liquid products [4,40].

Table 4. The amount of NH3 adsorbed on the surface of the reduced 40%Fe/MWCNT (multi-walled
carbon nanotube), 40%Fe/Zeolite β-H, 40%Fe/Zeolite β-Na and 40%Fe/Al2O3-Cr2O3 (2:1) catalysts
(reduction for 1 h in a mixture of 5%H2-95%Ar at 500 ◦C) calculated from the temperature programmed
desorption (TPD-NH3) measurements.

Catalysts/Supports
Weak Centres

(mmol g−1)
Medium Centres

(mmol·g−1)
Strong Centres

(mmol·g−1)
The Total Amount of

Desorbed NH3 (mmol·g−1)

40%Fe/Al2O3-Cr2O3 (2:1) 0.07 0.09 0.09 0.25
40%Fe/Zeolite β-H 0.22 0.11 0.07 0.40
40%Fe/Zeolite β-Na 0.34 0.23 0.08 0.65

40%Fe/MWCNT 0.03 0.73 0.22 0.98

Figure 8. The temperature programmed desorption (TPD-NH3) profiles collected for the reduced
catalysts supported on binary oxide, MWCNTs, zeolite β-H -Na and zeolite β-H.

2.6. The Influence of the Carrier Type on the Catalyst Basicity

TPD-CO2 measurements were done for all iron catalysts in the temperature range 100–900 ◦C and
the results are presented in Table 5 and Figure 9, respectively. The obtained measurements performed
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for the iron systems showed that the catalysts which exhibited the highest total acidity had the lowest
basic properties. This tendency was observed for the rest of the investigated catalysts. One exception
was the iron catalyst supported on multi-walled carbon nanotubes. This system exhibited the highest
acidity as well as the highest basicity compared to other investigated catalysts. The obtained results
may be related to the decomposition of the MWCNTs which took place during the temperature
treatment of the studied catalyst [41,42].

Table 5. The amount of carbon dioxide adsorbed on the reduction at 500 ◦C in a mixture of 5%H2-95%Ar
and iron catalysts calculated from the surfaces under the TPD-CO2 profiles.

Catalysts Total Basicity (mmol·g−1)

40%Fe/Al2O3Cr2O3 (2:1) 1.16
40%Fe/Zeolite-H 1.10

40%Fe/Zeolite-Na 0.91
40%Fe/MWCNT 1.32

Figure 9. The TPD-CO2 profiles recorded for reduction at 500 ◦C in a mixture of 5%H2-95%Ar and iron
catalysts supported on various carriers.

2.7. SEM-EDS Measurements of Iron Catalysts Supported on Two Types of Zeolites

The morphology of the prepared iron-based catalysts supported on Al2O3-Cr2O3 (2:1), zeolite
β-H, and zeolite β-Na was investigated in order to elucidate the reasons for the differences in the
activity of monometallic Fe catalysts in the F-T process. Both monometallic catalysts supported on the
two types of zeolite were investigated. The investigated catalysts were calcined in an air atmosphere
for 4 h and the results are presented in Figure 10. The performed SEM-EDS analysis of the surfaces
of the catalyst confirmed the presence of Al, Si, O and Fe elements on their surface. The SEM-EDS
analysis of the iron catalyst supported on zeolite β–Na confirmed the lack of sodium on the catalyst
surface. This result can be explained by the detection limits of SEM-EDS technique. The only observed
differences in the tested surfaces were the contents of the individual elements present on the catalyst
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surface. In the case of the catalyst deposited on the sodium form of BEA zeolite, larger amounts of Fe
were observed, which was confirmed by the XRD method. The 40%Fe/Al2O3-Cr2O3 (2:1) catalyst was
also studied by this technique [2].

 

Figure 10. Scanning electron microscope images and EDX spectra collected for the investigated (A)
40%Fe/zeolite-β-Na and (B) 40%Fe/zeolite-β-H catalysts.

The SEM images collected for the 40%Fe/Al2O3-Cr2O3 (2:1) supported catalyst (results not shown
in this paper) confirmed the composition of the prepared catalytic systems. Analysis of the elemental
composition of the iron catalyst confirmed the highest quantity of the iron species present on the catalyst
surface compared to the rest of the catalysts investigated in this work 2. This phenomenon explained
the activity row observed for the iron catalysts. It is also worth emphasizing that a similar tendency
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was observed when comparing the discussed catalyst with other iron catalytic systems supported on
binary oxide systems which are characterized by various molar ratios between Al and Cr 2.

3. Experimental

3.1. Supports and Catalysts Preparation

Binary oxide support was prepared according to our previous work 2. In the case of the zeolite
supports, the Zeolite β-Na form was purchased from HUTONG GLOBAL CO while the Zeolite β-H
form was prepared using the ion exchange of the Zeolite β-Na which was transformed into a hydrogen
form by the ion exchange method using ammonium nitrate (V). Zeolite β-Na was treated with a 1 M
ammonium nitrate (V) solution at 80 ◦C for 2 h. Then the residue was filtered and washed with
distilled water. Afterwards, the obtained material was dried at 105 ◦C for 4 h and then the obtained
carrier material was calcined 4 h at 400 ◦C in an air atmosphere. MWCNTs were purchased from
Sigma Aldrich (CAS:308068-56-6). Monometallic iron catalyst supported on MWCNTs, binary oxide
Al2O3-Cr2O3 (2:1), Zeolite β-Na and Zeolite β-H were prepared by the conventional impregnation
method using Fe(NO3)3 × 9H2O as a precursor of the active phase. The monometallic Fe catalyst
supported on Al2O3-Cr2O3 (2:1) was then dried in an air atmosphere at 120 ◦C and then calcined in the
same atmosphere at 400 ◦C for 4 h. The Fe/MWCNT system was calcined in an argon stream for 4 h at
300 ◦C in order to avoid the oxidation process of the MWCNTs. Monometallic Fe catalysts supported
on two kinds of zeolite were prepared analogously to the Fe/Al2O3-Cr2O3 (2:1) catalyst.

3.2. Characterization of the Catalytic Material

The specific surface area (SSA) and the pore size measurements of catalytic materials were
investigated by the BET method based on the low temperature (77 K) nitrogen adsorption using
ASAP 2020 Micrometrics (Surface Area and Porosity Analyzer, Micromeritics Instrument Corporation,
Norcross, GA, USA). The pore size distributions were determined based on the BJH method. The
distributions of the acids centres and total catalytic acidity of catalytic materials were studied using
the TPD-NH3 technique. Each catalytic system (about 0.2 g of the sample) was previously reduced
in a mixture of 5%H2-95%Ar at 500 ◦C for 1 h and then purified in the helium stream at 600 ◦C
for 30 min−1. Then the sample was cooled down to room temperature in a helium stream. In the
next step, the physically adsorbed NH3 was removed from the surface of the sample in the same
atmosphere up to 100 ◦C. Then the chemisorbed NH3 desorbed from the catalyst surface was monitored
using a thermal-conductivity detector (TCD) during the heating of the sample from 100 to 600 ◦C.
Temperature-programmed desorption of carbon dioxide measurements was performed in a quartz
reactor using CO2 as a probe molecule. The TPD-CO2 experiments were done in the temperature
range of 100–900. The TPD measurements were carried out after removing the CO2 physisorbed on the
catalyst surface. The reduction behaviour of the iron-containing system was investigated by TPR - H2

technique. In all cases, the TPR-H2 measurements were carried out using automatic AMI-1 equipment
from the ambient to 900 ◦C. The heating rate in all measurements was 10 and 1 ◦C min−1 for the
supports and Fe catalysts, respectively. The mass of the sample was about 0.1 g. During the TPR-H2

measurements, the mixture of 5%H2-95%Ar was used. To monitor the concentration of hydrogen, a
thermal conductivity detector was applied. Phase composition studies of the calcined and reduced Fe
catalysts were performed using a PANalyticalX’Pert Pro MPD diffractometer in the Bragg-Brentano
reflecting geometry. Cu Kα radiation was used during all measurements. A PANalyticalX’Celerator
detector was used in each experiment in the 2 Theta angles 5–90. Phase composition studies of
the reduced catalytic system (5%H2-95%Ar for 1 h at 500 ◦C) were performed using “ex situ” XRD
measurements (Malvern Panalytical Ltd., Malvern, United Kingdom). In addition, XRD measurements
were performed in the reaction chamber in the temperature range of 50–750 ◦C in a mixture of 5%
H2-95% Ar with a heating rate 10 ◦C per minute for a selected 40% Fe/MWCNT sample in order to
understand its reduction mechanism. A Scanning Electron Microscope (SEM) (S-4700 HITACHI, Tokyo,
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Japan) with an energy-dispersive detector (EDX) (ThermoNoran, Madison, WI, USA) was used in order
to investigate the surface morphology of the Fe catalysts supported on various carrier materials. The
X-ray spectra were used to determine the qualitative analysis of the surface of the catalytic materials.
The distributions of each element on the catalytic surface were studied. The carbon deposition formed
on the catalyst surface was determined by the TG-DTA-MS technique. Thermogravimetric analysis
was carried out for catalysts after 20 h of operation in the reaction using a SETSYS 16/18 thermal
analyzer from Setaram (Caluire, France) and a quadrupole mass spectrometer Balzers (Germany).
The measurements were carried out in the temperature range of 20–1000 ◦C using a linear temperature
rate of 10 ◦C/min. In all cases, the sample weight was about 10 mg in the dynamic conditions of a
gas stream—Air (Air Products). The flow rate of the gas mixture was 40 cm3/min in each experiment.
The samples were outgassed before each measurement in order to be purified.

3.3. Catalytic Activity Measurements in the F-T Process

Hydrogenation of CO was performed using a high-pressure fixed bed reactor. A gas mixture of
hydrogen and carbon monoxide with a molar ratio of 1 to 1 was used in the studies. The total flow of
the reaction mixture in each catalytic test was 90 mL min−1. The catalyst mass during the catalytic
test was 2 g. The Fischer-Tropsch process was performed at 280 ◦C and at 30 atmospheres. Before the
catalytic activity measurement, the catalyst was activated in a reaction mixture (50%H2-50%CO for
1 h at 500 ◦C. The reactivity measurements were carried out after 20 h of the reaction. CO conversion
and product distribution were determined using the GC-MS (Hewlett Packard 5890 SERIES II GCMS,
United States of America) and GC techniques (equipped with a TCD or FID detector (Inco GC-505M
Chromatograph, Poland)). All necessary information about the catalytic tests were also presented in
our previous work 2, 16. In addition, in order to confirm our activity measurements analysis of the
liquid hydrocarbons formed via the hydrogenation of CO, an IRTracer-100 FTIR (Shimadzu, Kyoto,
Japan) spectrometer was used. The FTIR spectra’s of the analysed products were obtained using an
MCT detector. A resolution of 4.0 cm−1 and 128 scans were applied in each measurement. The “Specac”
ATR accessory was used in each analysis.

4. Conclusions

F-T process performed on iron catalysts supported on various carriers prepared by the
impregnation method was investigated. The results of the reactivity tests showed that the type
of hydrocarbons formed in the hydrogenation of CO reaction depended strongly on the catalyst
composition. The catalytic activity measurements indicated that the most active system in the studied
process was the 40%Fe/Al2O3-Cr2O3 (2:1) catalyst. The hydrogenation of CO process performed at
30 atmospheres at a temperature of 280 ◦C confirmed that this system had high selectivity to linear
hydrocarbons. In the case of this catalyst, the small quantity of unsaturated hydrocarbons formation
was also detected. In addition, the 40%Fe/zeolite β-H catalyst was characterized by very high selectivity
to linear hydrocarbons (94.8%) and to gasoline fraction. Iron catalyst supported on the Na-form of
zeolite BEA was characterized by lowest selectivity to linear hydrocarbons (66.6%), but a higher yield
for diesel fraction. The reaction performed on 40%Fe/MWCNT system mainly led to the diesel fraction
production. The Fischer-Tropsch process conducted on the iron catalysts supported on MWCNTs and
Al2O3-Cr2O3 (2:1) systems had the lowest amount of carbon deposit created on these catalytic material
surfaces. These results confirm the possibility of using these systems for the CO hydrogenation process.
It was also proven that the catalysts which showed the highest total acidity exhibited the highest CO
conversion in the hydrogenation process and also high selectivity towards liquid product.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/7/605/s1,
Figure S1. Analysis of catalytic systems carried out in an air atmosphere in the temperature range 25-900◦C for
A) 40%Fe/Zeolite β-H and B) 40%Fe/Zeolite β-Na, Figure S2. Analysis of catalytic systems carried out in an air
atmosphere in the temperature range 25-900◦C for A) 40%Fe/MWCNT, B) 40%Fe/MWCNT (after reaction) and C)
the mass spectrum of the gaseous decomposition products, Figure S3. Analysis of catalytic systems carried out in
an air atmosphere in the temperature range 25-900◦C for A) 40%Fe/ Al2O3-Cr2O3 (after reaction).
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Abstract: Nearly a century ago, Fischer and Tropsch discovered a means of synthesizing organic
compounds ranging from C1 to C70 by reacting carbon monoxide and hydrogen on a catalyst.
Fischer–Tropsch synthesis (FTS) is now known as a pseudo-polymerization process taking a mixture
of CO as H2 (also known as syngas) to produce a vast array of hydrocarbons, along with various
small amounts of oxygenated materials. Despite the decades spent studying this process, it is still
considered a black-box reaction with a mechanism that is still under debate. This investigation sought
to improve our understanding by taking data from a series of experimental Fischer–Tropsch synthesis
runs to build a computational model. The experimental runs were completed in an isothermal
continuous stirred-tank reactor, allowing for comparison across a series of completed catalyst tests.
Similar catalytic recipes were chosen so that conditional comparisons of pressure, temperature, SV,
and CO/H2 could be made. Further, results from the output of the reactor that included the deviations
in product selectivity, especially that of methane and CO2, were considered. Cobalt was chosen for
these exams for its industrial relevance and respectfully clean process as it does not intrinsically
undergo the water–gas shift (WGS). The primary focus of this manuscript was to compare runs
using cobalt-based catalysts that varied in two oxide catalyst supports. The results were obtained by
creating two differential equations, one for H2 and one for CO, in terms of products or groups of
products. These were analyzed using sensitivity analysis (SA) to determine the products or groups
that impact the model the most. The results revealed a significant difference in sensitivity between
the two catalyst–support combinations. When the model equations for H2 and CO were split, the
results indicated that the CO equation was significantly more sensitive to CO2 production than the
H2 equation.

Keywords: Fischer–Tropsch synthesis; cobalt; modeling; kinetics

1. Introduction

Fischer–Tropsch synthesis (FTS) is a process used to produce a vast range of organic compounds.
Discovered nearly a century ago, FTS reacts H2 and CO over a metal catalyst to produce C1-C70-chain
compounds, including gasoline and alternate materials [1,2]. Thus, it is often used to generate fuels,
monomers for common polymers, rubber, etc. Despite the long history of research and industrial use
of FTS, it is still unknown how this process works on a microscopic level [3–22]. There are at least three
proposed mechanisms, namely, the carbide originally proposed by Fischer and Tropsch, CO insertion,
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and formate mechanisms. Yet, none of these can fully describe the entire FTS process, mainly because
of the diversity of materials generated by different active metals [1].

To further comprehend FTS, many have attempted to use mathematical modeling as a useful
means of describing the process [23–28]. Density functional theory (DFT) calculations, paired with
experimental procedures, have provided further insight into the FTS mechanism [18–21]. These models
generally fall into one of two categories—probabilistic models and kinetic models. Probabilistic models
attempt to describe the propagation of the carbon chain to generate the products observed [23–25].
Kinetic models focus more specifically on the rate of the reaction, determining a mechanism to describe
the reaction as a whole [26–28]. While these models have significant application for understanding
FTS, they do not exist without limitation. Kinetic models depend on the mechanism of the reaction,
which, as stated earlier, is not fully understood due to the diverse array of products. Furthermore,
they become quite mathematically complex. Probabilistic models focus on the likelihood of a specific
carbon chain propagating or terminating. This type of modeling is limited by the monomer used for
propagation, which is not fully understood.

This research sought to create a model that describes the rate of change of hydrogen and carbon
monoxide as the reaction progresses. Using a series of industrially relevant cobalt-catalyst runs with
varying supports, a system of differential equations was created to model the unreacted syngas in
terms of the products generated. Each chemical product output term (such as moles of methane, water,
carbon dioxide, etc.) was scaled by an impact parameter, a value in units of hr-1. The model was then
tested using sensitivity analysis (SA) to determine which impact parameter and, consequently, which
associated chemical product term altered the solution of the model the most. From the results of this
analysis, conclusions were drawn about the chemical implications, which may then be used to further
examine catalytic runs.

2. Computational Modeling

The computational model was established using chemical engineering process principles from
the stirred-tank slurry reactor and basic chemical kinetics. The rate of H2 and CO coming out of the
reactor (unreacted syngas) was modeled using ordinary first-order differential equations (ODEs) [29].
More specifically, the rate of change of H2 in the reaction can be described by the hydrogen flow into
the reactor minus everything coming out of the reactor (H2, water, methane, hydrocarbon products).
All the products (excluding unreacted hydrogen) were scaled by an “impact parameter”. This model
was applied to CO as well to produce two ODEs as follows:

d(MH2 (t))
dt = QH2 − qH2MH2(t) −Z1MH2O(t) −Z2MCH4(t) −Z3Mliq(t) −Z9MC2C4(t)

[
−Z10MCO2(t)

]
∗ (1)

d(MCO(t))
dt = QCO − qCOMCO(t) −Z4MH2O(t) −Z5MCO2(t) −Z6MCH4(t) −Z7Mliq(t) −Z8MC2C4(t) (2)

where QH2 and QCO are input rates of H2 and CO in moles per hour, respectively; qH2 and qCO are
the output rates for H2 and CO in units of hr-1, respectively; MH2(t), MCO(t), MH2O(t), MCO2(t),
MCH4(t), MC2C4(t), and Mliq(t) are the time-dependent functions for the moles of H2, CO, CO2, H2O,
CH4, C2–C4 products, and C5

+ (or liquid) products, respectively; and Z1–10 are the impact parameters
in units of hr-1. It is important to note that MH2(t) and MCO(t) are the unknown functions for this
system. All other mole functions were interpolated from the experimental data (see Supplementary
Materials for data), but these two are the functions for which the system is solved. The MH2(t) and
MCO(t) solutions of the ODE system were compared to the experimentally observed values of these
functions (see Supplementary Materials) and the resulting sum of squared error was the “response” for
the sensitivity analysis. The * symbol at the end of the hydrogen equation is to note that the bracketed
term was added later, thus explaining the variance in sequence of impact parameters. Originally, the
carbon dioxide term was not included in the hydrogen equation but was later added to explore the
possibility of a water–gas shift (WGS).
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Due to the innovative nature of the differential equations modeling the reactor, the solver used
to evaluate the solutions to this model was the Livermore Solver for Ordinary Differential Equations
(LSODA). LSODA performs a test for numerical stiffness as the time steps evolve. A stiff differential
equation is one which exhibits solutions with different time scales. For example, stiffness may occur in
chemical modeling when simulating reactions with very different reaction rate constants. To solve
stiff equations numerically, one must use an implicit solver that requires time-consuming nonlinear
equation solutions (e.g., Newton’s method for nonlinear systems) for each time step. The LSODA
solver primarily uses a non-stiff solver for speed but dynamically checks the solution to determine
if a stiff method is required and applies an implicit solver for those time steps. Since the values of
the impact parameters were unknown, this approach provided the most flexibility in the numerical
solutions. Initial testing of the solution showed good qualitative agreement with the data, indicating
that the LSODA solver worked properly with this model. Once the solution was established, sensitivity
analysis (SA) was performed. SA is a branch of computational methods that provide insight into
how much the total change in the output of a model can be divided up and allocated to the “input”
variables/parameters of the model [30]. In other words, SA measures the effect on the output of the
model that results from changing the input factors. While there are two types of SA, local and global,
local was not used in this work since it involves only measures the change in output at a specified
point. Global SA measures the output across a specified range for the input parameters, which was
more practical in analyzing this model [30].

While there are many methods for global SA, the Sobol method and Morris method [31–33] were
of primary interest for application to the model. These are commonly used for such systems and
they are both well validated in multiple applications [32,34,35]. The Sobol method is a variance-based
global SA method that generates sensitivity indices from ratios of variance terms [33]. The limitation
of Sobol is that calculating the variances is very complex mathematically, and the method requires
a large number of samples (often more than 10,000) to counteract any error from negative indices.
Furthermore, the primary function of the Sobol method is to analyze the interactions by looking at the
second- and higher-order indices, but since the primary focus of this work was the impact of a factor
on the model output, the Morris method was used as the SA tool for this preliminary study.

The Morris method is known as a one-at-a-time (OAT) global SA method [31]. This method
measures the impact of each input factor on the model by changing only one input factor at a time and
observing the change in the model output. Specifically, Morris generates a set of elementary effects
(EEs) for each input factor across the given range [31]. An EE is generated by starting with the model
evaluated at a specific set of input factors. Then, the model is evaluated again with only one factor
increased or decreased by a specified amount, D. The unchanged model output is subtracted from the
altered model output, the absolute value is taken for the difference, and this absolute value is divided
by D, as follows:

EEi =

∣∣∣Y(X1, X2, . . . , Xi + D) −Y(X1, X2, . . . , Xi)
∣∣∣

D
(3)

In the equation above, Y represents the model, X1 . . . i is the set of parameters, and i = {1, 2, . . . ,
n}, n being the number of parameters in the model. A set of these EEs using multiple values for D is
generated for each input parameter across the given range. Since each set, known as the distribution
of EEs, can be quite large, they are sampled. The original Morris sampling technique was a type of
random sampling that did not use a high number of samples (10–50), but Campolongo et al. discovered
a better sampling technique [31]. In this new technique, 500–1000 original samples are taken from the
distribution of EEs. These are then analyzed to determine the optimal 10–50 samples (those that most
closely describe the set as a whole). The optimal samples, or optimal trajectories, create a new set that
is much smaller and easier to analyze statistically. The average, μ*, and the standard deviation, σ, are
taken for each optimal sample set. μ* represents the impact of the specific parameter on the model,
and σ represents the interaction between a parameter and the other input factors [31]. The greater the
magnitude for these values, the greater the impact (μ*) and interaction (σ) for the corresponding input
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parameter. Since Morris is a relatively simple method that focuses more on the impact and less on the
interactions between parameters, it was chosen as the global SA method for this work. It is important
to note that, when performing SA on this model, the impact parameters were the input parameters.
While each impact parameter has a corresponding output product (e.g., k1 corresponds to the hydrogen
term for H2O output), there is not a necessary relationship between the degree of impact and the
product itself. However, this work hypothesizes that there is at least a small direct correlation between
the magnitude of impact for an impact parameter and the amount of corresponding product produced.

3. Results and Discussion

To ensure the effectiveness of this modeling, the mass closure for these runs had to be accounted
for. Since this work was to understand, specifically, how the reactants affected each product through
the sensitivity analysis, our entire process would collapse and be non-functional if mass closure was
not accounted for. To do this, the mass flow controllers were calibrated beforehand, the flow in and
out was measured regularly, and all liquids pulled from the system were weighed and accounted
for. The difference between output and input displayed almost 96% closure for mass balance for all
our work.

Using the data collected from the experimental runs, the mole functions were interpolated, the
differential equations were solved, and the solution was then tested using Morris method SA. Initially,
the DEs were loosely coupled, meaning that the solutions for MH2(t) and MCO(t) could be somewhat
dependent on one another and the input parameters (Z1–Z9) could potentially interact. Each set of
experimental data was analyzed nine times with Morris, on varying ranges from 0.1–50 to 0.1–500.
The number of samples generated varied between 500 and 1000, and the optimal trajectories varied
between 0 and 50, as described by Campolongo et al. [31]. The μ* and σ values were collected from the
Morris output and the average for all nine analyses was taken. The μ* and σ averages for each data set
were compared to the other data sets with the same catalyst–support combination and then compared
to the values for the other category of data to discern any variance between the two types of supports.

Next, the two DEs were uncoupled. The CO2 term for the hydrogen equation, along with k10, was
added to explore the possibility of WGS occurring in the 0.5 wt% Pt, 25 wt% Co/Al2O3 catalyst. Both
equations were analyzed using Morris, following the same procedure as described above. The μ* and
σ values were recorded for both the H2 and the CO equations. These were then compared, primarily
the μ* values for k5 and k10, the CO2 impact parameters for the CO and H2, respectively. In theory,
should μ* for k10 consistently be greater than that of k5, it could be indicative of hydrogen having a
more substantial role in producing CO2. This could only happen through WGS, and thus if Z10 > Z5,
it could indicate the possibility of WGS. Otherwise, if Z5 > Z10, this would most likely perpetuate
the prevailing theory, primarily for cobalt catalyst FTS, that the Boudouard reaction is producing the
CO2 [36,37].

Listed below are the data collected from the outlined modeling and sensitivity analysis procedure.
As a key, Table 1 is the list of the five product categories and the corresponding impact parameters
for the two ODEs in the model. For example, Z4 is the impact parameter for water in the carbon
monoxide equation.

Recall that the μ* value for each parameter indicates how much that parameter influences the
model. In other words, changing the impact parameter with the highest μ* value will alter the output
of the model more than any of the other parameters. The μ* value does not indicate any level of
interaction among the parameters, only how significantly that parameter affects the model. To examine
the interactions between the parameters effectively, Sobol method SA should be used. Tables 2 and 3
show the data collected from Morris method SA performed on the coupled DEs.
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Table 1. Key for understanding the impact parameters and their corresponding equation (columns 2
and 3) and product (column 1).

Product CO H2

H2O Z4 Z1
CH4 Z6 Z2
CO2 Z5 Z10*

C2–C4 Z8 Z9
C5+ Z7 Z3

The * is to note that Z10 was added during the second set of sensitivity analysis runs with the split equations. It does
not appear in the first set of data.

Table 2. Averages of the μ* values across the nine sensitivity analysis (SA) runs of each data set in
Category 1, the data from experiments using 20 wt% Co/SiO2 catalyst.

Parameters Data Set 1A Data Set 1B Data Set 1C Average

Z1 1633.96 1866.03 2117.57 1872.52
Z2 137.167 125.673 135.359 132.733
Z3 21,848.6 27,452.0 32,795.5 27,365.4
Z4 3216.69 3743.59 4242.44 3734.24
Z5 25.4884 21.0851 44.2910 30.2882
Z6 276.976 253.349 274.167 268.164
Z7 45,393.1 56,067.5 67,022.8 56,161.1
Z8 77.2750 82.0301 95.3840 84.8964
Z9 38.4781 40.2210 47.2408 41.9800

The last column is an average of μ* across all three runs for each impact parameter.

Table 3. Averages of the μ* values across the nine SA runs of each data set in Category 2, the data from
experiments using 0.5 wt% Pt, 25 wt% Co/Al2O3 catalyst.

Parameters Data Set 2A Data Set 2B Data Set 2C Average

Z1 2628.02 2147.25 2356.76 2377.34
Z2 196.136 166.964 179.690 180.930
Z3 39,224.1 30,725.4 34,196.2 34,715.2
Z4 5269.89 4190.98 4644.67 4701.85
Z5 94.4548 64.4021 65.7956 74.8841
Z6 401.960 338.096 364.823 368.293
Z7 80,809.9 62,518.7 70,123.6 71,150.8
Z8 129.969 315.635 129.089 191.564
Z9 62.2522 57.5090 63.4687 61.0766

The last column is an average of μ* across all three runs for each impact parameter.

From these data, the order of impact for the nine impact parameters can be observed for both
supports. For 20 wt% Co/SiO2, the order of impact is Z7 > Z3 > Z4 > Z1 > Z6 > Z2 > Z8 > Z9 > Z5.
In contrast, the order for 0.5 wt% Pt, 25 wt% Co/Al2O3 is Z7 > Z3 > Z4 > Z1 > Z6 > Z2 > Z8 > Z5 >

Z9. Although a subtle difference, the order of k9 and k5 is inverted, indicating that k5 had a greater
impact on the model with the cobalt–alumina catalyst than the cobalt–silica. These orders of impact
held constant across all three sets of data for each type of support, as can be seen in Tables 2 and 3.

Table 4 lists the averages for each category side-by-side in order to compare the two supports
more closely. From the hypothesis, this variation in the order of the parameter impact indicates that
CO2, the corresponding product for Z5, is more impactful on the alumina support than the silica.
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Table 4. Comparison of the average μ* values between the two supports.

Parameters Data Category 1 Data Category 2

Z1 1872.52 2377.34
Z2 132.733 180.930
Z3 27,365.4 34,715.2
Z4 3734.24 4701.85
Z5 30.2882 74.8841
Z6 268.164 368.293
Z7 56,161.1 71,150.8
Z8 84.8964 191.564
Z9 41.9800 61.0766

Category 1 is 20 wt% Co/SiO2, Category 2 is 0.5 wt% Pt, 25 wt% Co/Al2O3.

Furthermore, based on the proposed correlation between the products and corresponding
parameters, alumina produces a greater amount of carbon dioxide than does silica. To verify this
hypothesis, the original data from the data sets were examined, and the theory was confirmed.
As Table 5 shows, the cobalt–alumina catalysts did in fact produce consistently more carbon dioxide
than the cobalt–silica.

Table 5. Average moles of CO2 produced per sample period for each data set.

Data Set Category 1 Category 2

A 0.0317108 0.0791931
B 0.0315982 0.0824212
C 0.0642815 0.0675372

Average 0.0425302 0.0763838

Recall that Category 1 contains data sets with 20 wt% Co/SiO2 and Category 2 contains data sets with 0.5 wt% Pt, 25
wt% Co/Al2O3. The bold values are the averages for each category.

Due to this CO2 production difference, the two DEs were separated and examined individually
using the Morris method. Only the Category 2 data were explored since the CO2 parameter was
more impactful for the cobalt–alumina support. The additional carbon dioxide must come from an
additional source. According to the hypothesis, that source could be either water–gas shift (WGS) or
the Boudouard reaction. In order to account for any CO2 produced as a result of hydrogen interaction,
thus allowing for the possibility of WGS, the parameter Z10 was added to the hydrogen equation along
with the CO2 mole function. Tables 6 and 7 show the data collected from Morris method SA for the
separated equations.

Table 6. Average across the nine SA runs for the μ* values of each data set with the 0.5 wt% Pt, 25 wt%
Co/Al2O3 catalyst.

H2 Parameters Data Set 2A Data Set 2B Data Set 2C Average

Z1 2415.85 1932.34 2146.77 2164.99
Z2 181.013 154.389 165.666 167.023
Z3 35,685.7 28,044.22 31,052.3 31,594.1
Z9 57.3919 53.2704 58.4463 56.3696
Z10 41.2276 29.2660 29.3326 33.2754

Hydrogen equation only. The last column is an average of μ* across all three runs for each parameter. The row in
bold is the parameter of interest (i.e., the parameter for CO2).

The parameters Z5 and Z10 were of primary interest. As is evident from the data, the impact
of k5 was invariably greater in magnitude for the CO equation than the impact of Z10 for the H2

equation across all three data sets in Category 2. Since Z5 > Z10, the likelihood of carbon dioxide
being produced from WGS is very minimal. The results indicate that the extra CO2 is a product of the
Boudouard reaction.

324



Catalysts 2019, 9, 857

Table 7. Average across the nine SA runs for the μ* values of each data set with the 0.5 wt% Pt, 25 wt%
Co/Al2O3 catalyst.

CO Parameters Data Set 2A Data Set 2B Data Set 2C Average

Z4 4867.07 3805.30 4251.97 4308.11
Z5 86.3071 59.4121 60.4160 68.7117

Z6 371.787 310.962 339.218 340.656
Z7 74,015.7 57,129.3 64,064.8 65,069.9
Z8 118.735 107.272 119.497 115.168

Carbon monoxide equation only. The last column is an average of μ* across all three runs for each parameter.
The row in bold is the parameter of interest (i.e., the parameter for CO2).

4. Materials and Methods

4.1. Catalyst Preparation

The cobalt and platinum starting materials were cobalt and platinum nitrate purchased from
Alfa Aesar (Haverhill, MA, USA). A 25% cobalt alumina catalyst was prepared through a slurry
impregnation procedure using Catalox 150 (high purity γ-alumina, ≈150 m2/g, Sasol, Hamburg,
Germany) as a support. Next, the calcination of the catalysts was performed under air at 623 K for 4 h
using a tube furnace (Lindberg/MPH, Riverside Road Riverside, MI 49084). The alumina was calcined
for 10 h before impregnation and then cooled under an inert gas to room temperature. Co(NO3)2·6H2O
(99.9% purity) was used as the precursor for Co. In this method, which follows a Sasol patent [38], the
ratio of the volume of solution used to the weight of alumina was 1:1, such that approximately 2.5 times
the pore volume of solution was used to prepare the loading solution. A two-step impregnation
method was used allowing a loading of two portions of 12.5% Co by weight. After the impregnation,
the catalyst was then dried under vacuum by means of a rotary evaporator (Buchi R-100, Flawil,
Switzerland) at 353 K, then slowly increased to 368 K. After the second impregnation/drying step, the
catalyst was calcined under air flow at 623 K for 4 h.

The 20% Co/SiO2 catalyst was also prepared using the aqueous slurry phase impregnation method,
with cobalt nitrate as the cobalt precursor. The support was PQ-SiO2 CS-2133, surface area about
352 m2/g. The catalyst was calcined in flowing air or flowing ~5% nitric oxide [39] in nitrogen at a rate
of 1 L/min for 4 h at 623 K.

4.2. Characterization

4.2.1. BET Surface Area and Porosity Measurements

Surface area, pore volume, and average pore radius of the catalyst calcined at 623 K was evaluated
through Brunauer-Emmett-Teller (BET) by using a Micromeritics Tri-Star 3000 gas adsorption analyzer
system (Norcross, GA, USA) (Table 8). About 0.35 g of the catalyst was first weighed out, then added
to a 3/8 in. o.d. sample tube. The adsorption gas was N2; sample analysis was performed at the boiling
temperature of liquid nitrogen. Prior to the measurement, the chamber temperature was gradually
increased to 433 K, then evacuated for several hours to approximately 6.7 Pa.

Table 8. Surface area and pore size distribution of silica-supported cobalt catalysts.

Support/Catalysts Co, wt%
Reduction

Temperature (K)
SBET, m2/g

Total Pore
Volume, cm3/g

Average Pore
Radius (nm)

20% Co/SiO2 20 623 248 0.856 5.6
0.5%Pt-25%Co/Al2O3 25 623 98.5 0.218 4.4
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4.2.2. Hydrogen Chemisorption

Hydrogen chemisorption was conducted using temperature-programmed desorption (TPD),
Table 8, with a Zeton-Altamira AMI-200 instrument (Pittsburgh, PA, USA). The Co/Al2O3 (≈0.22 g)
was activated in a flow of 10 cm3/min of H2 mixed with 20 cm3/min of argon at 553 K for 10 h and then
cooled under flowing H2 to 373 K. The sample was held at 373 K under flowing argon to remove and/or
prevent adsorption of weakly bound species prior to increasing the temperature slowly to 623 K, the
temperature at which oxidation of the catalyst was carried out.

The TPD spectrum was integrated and the number of moles of desorbed hydrogen determined by
comparing its area to the areas of calibrated hydrogen pulses. The loop volume was first determined
by establishing a calibration curve with syringe injections of hydrogen into a helium flow. Dispersion
calculations were based on the assumption of a 1:1 H:CO stoichiometric ratio and a spherical cobalt
cluster morphology. After TPD of hydrogen, the sample was reoxidized at 623 K using pulses of
oxygen. The percentage of reduction was calculated by assuming that the metal reoxidized to Co3O4.
Results of chemisorption are reported in Table 9.

Table 9. H2 chemisorption (temperature-programmed desorption (TPD)) and pulse reoxidation of
metallic phases of cobalt-supported catalysts (cat.).

Support/Catalysts
μmol H2

Desorbed
Per g Cat.

Uncorrected%
Dispersion

Uncorrected
Diameter

(nm)

μmol O2

Consumed
Per g Cat.

%
Reduction

Corrected%
Dispersion

Corrected
Diameter

(nm)

20% Co/SiO2 41.2 2.43 42.5 1086 48 5.06 20.4
0.5%Pt-25%Co/Al2O3 132.9 6.2 16.5 1733 61.3 10.3 10

4.2.3. Catalyst Activity Testing

Reaction experiments were conducted using a 1 L stirred-tank slurry reactor (STSR; Fort Worth,
TX, USA) equipped with a magnetically driven stirrer with turbine impeller, a gas inlet line, and a
vapor outlet line with a stainless steel (SS) fritted filter (2 mm) placed external to the reactor. A tube
fitted with a SS fritted filter (0.5 mm opening) extending below the liquid level of the reactor was used
to withdraw reactor wax (i.e., wax that is solid at room temperature), thereby maintaining a relatively
constant liquid level in the reactor. Separate Brooks Instrument mass flow controllers (Hatfield, PA,
USA) were used to control the flow rates of hydrogen and carbon monoxide. Carbon monoxide,
prior to use, was passed through a vessel containing lead oxide on alumina to remove traces of iron
carbonyls. The gases were premixed in an equalization vessel and fed to the STSR below the stirrer,
which was operated at 750 rpm. The reactor temperature was maintained constant (≈274 K) using a
temperature controller.

A 12 g amount of the oxide cobalt catalyst (sieved 63–106 μm) was loaded into a fixed-bed
reactor for 12 h of ex situ reduction at 623 K and atmospheric pressure using a gas mixture of H2/He
(60 L/h) with a molar ratio of 1:3. The reduced catalyst was transferred to an already capped 1 L STSR
containing 310 g of melted Polywax 3000 (Baker Hughes, Houston, TX) under the protection of inert
nitrogen gas. The reactor used for the reduction was weighed three separate times, before and after
reduction, and after catalyst transfer, in order to obtain an accurate amount of reduced catalyst that
was added. The transferred catalyst was again reduced in situ at 503 K at atmospheric pressure using
pure hydrogen (20 L/h) for another 24 h before starting the FT reaction. Each run was held at 493 K and
18.7 atm (275 psig). The CO:H2 ratio was 1:2 for each experiment. The weight hourly space velocity
(WHSV) varied from 3.0 to 6.0 slph/g catalyst, depending on the purpose of the experiment.

Gas, water, oil, light wax, and heavy wax samples were collected daily and analyzed. Heavy
wax samples were collected in a 473 K hot trap connected to the filter-containing dip tube. The vapor
phase in the region above the reactor slurry passed continuously to the warm (373 K) and then the
cold (273 K) traps located external to the reactor. The light wax and water mixture were collected
daily from the warm trap and an oil plus water sample from the cold trap. Tail gas from the cold trap
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was analyzed with an online HP Quad Series Micro gas chromatograph (GC) (Palo Alto, CA, USA),
providing molar compositions of C1–C5 olefins and paraffins, as well as H2, CO and CO2. The analysis
of the aqueous phase used an SRI 8610C GC (20720 Earl St. Torrance, CA 90503, USA) with a thermal
conductivity detector (TCD).

Products were analyzed with an Agilent 6890 GC (Santa Clara, CA, USA) with a flame ionization
detector (FID) and a 60 m DB-5 column. Hydrogen and carbon monoxide conversions were calculated
based on GC analysis of the gas products, the gas feed rate, and the gas flow that was measured at the
outlet of the reactor.

5. Conclusions

In conclusion, the mathematical model created in this work accurately described the FTS process
in terms of rate of change of syngas. When the model was analyzed using Morris method SA, a
significant difference was observed between cobalt–silica and cobalt–platinum–alumina catalysts,
namely a difference in the effect of the impact parameters k5 and k9. Based on the initial hypothesis,
this difference indicated that the cobalt–platinum–alumina generated more carbon dioxide than did
the cobalt–silica. This was verified by the raw data as well. These conclusions are highly specific to the
two catalyst–support types in question, and thus more general conclusions must come from further
research. Thus, the equations were separated, and the cobalt–platinum–alumina catalyst data were
reexamined, now with an additional CO2 term on the hydrogen equation to test for the possibility of
WGS. The observed results showed that the carbon monoxide contribution to CO2 was consistently
higher than the hydrogen contribution. Since WGS is the only pathway in which hydrogen produces
CO2 during FTS, WGS was excluded as a source of CO2 production. Hence, the Boudouard reaction
was determined to be the more probable source of additional carbon dioxide. Though the Boudouard
reaction yields a high amount of carbon on the surface, to the best of our knowledge, there is no
direct evidence that this reaction leads directly and solely to inert graphitic carbon (coke). Moreover,
one of the main mechanistic routes proposed for FT is the carbide mechanism, where CO completely
dissociates before reacting with hydrogen. In order to understand this rate of formation for C, evidence
of more than one type of carbon on the catalyst surface, an active phase and an unreactive phase, has
been observed on multiple catalysts such as cobalt [40] and Fe [41].

Further indications using sensitivity analysis show that both the H2 and CO equations displaying
Z3 and Z7 obtained the highest value, indicating the liquids are most sensitive to any deviations
brought on by H2 and CO. Though expected, these details could further indicate the importance for
a specific balance in the FTS system between the two reactants, suggesting the difficulty in tuning a
specific catalyst for C5

+ products as a whole. Additionally, the C5
+ products are more sensitive in the

CO reaction than the H2, which implies that the balance for the FTS system lies more heavily in the CO
than for H2, primarily describing the importance of CO, possibly due to the metal’s ability to back
donation [42] in the FTS process.

While this research is preliminary, the model and analysis produced some excellent descriptive
results for FTS. Although this work only examined cobalt catalyst data, future work could include the
incorporation of multiple catalysts and supports. Impact parameters could potentially be optimized in
future work to find the ideal values for a given catalyst. The model can be adapted to include terms for
olefins and paraffins, and the liquid (C5+) term could be broken down into individual terms for each
number of carbons per chain (e.g., C5, C6, C7, etc.). The equations could be changed to predict specific
product amounts based on initial conditions such as catalyst, support, temperature, pressure, flowrate,
etc. Ultimately, this type of FTS modeling not only describes the process in various and versatile ways
but can also be adapted and altered to potentially produce a predictive model.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/857/s1.
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Abstract: The effects of 1% of Cd, In and Sn additives on the physicochemical properties
and Fischer-Tropsch synthesis (FTS) performance of a 15% Co/Al2O3 catalyst were investigated.
The fresh and spent catalysts were characterized by BET, temperature programmed reduction (TPR),
H2-chemisorption, NH3 temperature programmed desorption (TPD), X-ray absorption near edge
spectroscopy (XANES), and X ray diffraction (XRD). The catalysts were tested in a 1 L continuously
stirred tank reactor (CSTR) at 220 ◦C, 2.2 MPa, H2/CO = 2.1 and 20–55% CO conversion. Addition of
1% of Cd or In enhanced the reduction degree of 15%Co/Al2O3 by ~20%, while addition of 1% Sn
slightly hindered it. All three additives adversely impacted Co dispersion by 22–32% by increasing
apparent Co cluster size based on the H2-chemisorption measurements. However, the decreased Co
active site density resulting from the additives did not result in a corresponding activity loss; instead,
the additives decreased the activity of the Co catalysts to a much greater extent than expected, i.e.,
82–93%. The additional detrimental effect on catalyst activity likely indicates that the Cd, In and
Sn additives migrated to and covered active sites during reaction and/or provided an electronic
effect. XANES results showed that oxides of the additives were present during the reaction, but
that a fraction of metal was also likely present based on the TPR and reaction testing results. This
is in contrast to typical promoters that become metallic at or below ~350 ◦C, such as noble metal
promoters (e.g., Pt, Ru) and Group 11 promoters (e.g., Ag, Au) on Co catalysts in earlier studies.
In the current work, all three additives remarkably increased CH4 and CO2 selectivities and decreased
C5+ selectivity, with the Sn and In additives having a greater effect. Interestingly, the Cd, In, or Sn
additives were found to influence hydrogenation and isomerization activities. At a similar conversion
level (i.e., In the range of 40–50%), the additives significantly increased 2-C4 olefin content from 3.8 to
10.6% and n-C4 paraffin from 50 to 61% accompanied by decreases in 1-C4 olefin content from 48
to 30%. The Sn contributed the greatest impact on the secondary reactions of 1-olefins, followed by
the In and Cd. NH3-TPD results suggest enhanced acid sites on cobalt catalysts resulting from the
additives, which likely explains the change in selectivities for the different catalysts.

Keywords: Fischer-Tropsch synthesis; Co; Al2O3; Pt; Cd; In; Sn; hydrocarbon selectivity; synergic
effect; GTL; additives; reducibility; XANES
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1. Introduction

Supported cobalt catalysts have received renewed attention in converting natural gas to liquid
fuels (GTL) due to their high activity, high selectivity toward heavier hydrocarbons and excellent
stability in long term operation. A large number of studies in past decades have focused on developing
various supported Co catalysts aimed at high productivity of heavier hydrocarbons and good stability.
Al2O3, SiO2, and TiO2 supports have been commonly used since the energy crisis of the 1970s. Because
the reducibility and dispersion of cobalt, which remarkably affect Fischer-Tropsch synthesis (FTS)
performance of cobalt catalysts, are closely related to the interaction between the support and cobalt,
appropriate reduction additives such as noble metals (e.g., Pt, Ru, and Re) or Group 11 metals (e.g., Au,
Ag), structural modifiers (e.g., Zr, Ce, K, Mn), or a high Co loading (e.g., >20%) are used to overcome
the strong interaction issue, consequently leading to increased productivity [1–25]. Additives may
also provide additional benefits by producing hydrocarbons with a desired product spectrum, thus
significantly decreasing the catalyst cost. Generally, cobalt-based catalysts are reduced at 350 ◦C under
hydrogen for several hours to activate cobalt metal sites. Under this standard reduction scheme,
Co/Al2O3 catalysts were found to have a limited reducibility but a relatively higher Co dispersion due
to the strong interaction between the support and cobalt oxides [3–8], whereas Co/SiO2 and Co/TiO2

catalysts usually exhibited higher reducibility but with a lower Co dispersion because of the weaker
interactions between the support and cobalt oxides [3,4]. Therefore, additive effect studies have been
an important topic ever since the discovery of FTS in the 1920s.

The impact of noble metal additives (e.g., Pt, Ru, Re and Pd) having an atomically equivalent
loading as that of 0.5% by weight Pt, has been researched carefully in order to understand the
catalyst structure-performance relationships [4,6,7,16,17]. It was found that all noble metal additives
significantly improved the Co reduction degree in 25%Co/Al2O3 from 55 to 68–72% and increased
Co dispersion from 5.5 to 9–10% [7], which was likely through a H2 dissociation and spillover
mechanism [3,14]. The increased Co site density due to the reduction promoting capability of the noble
metal additives led to a near doubling of the FTS activity in comparison with the unpromoted cobalt
catalyst. However, Pd was an exception; Pd addition resulted in nearly unchanged FTS activity, and it
accelerated the deactivation rate of the cobalt catalyst.

The noble metal additives were also found to alter hydrocarbon selectivity in different ways.
At atomically equivalent loadings to 0.5% by weight Pt and about 50% conversion, the Ru and
Re additives improved C5+ selectivity and suppressed methane formation, while the Pd additive
prohibitively worsened selectivities by increasing the formation of methane and light hydrocarbons at
the expense of losing heavier hydrocarbons [7]; Pt also tended to worsen the selectivities, but this effect
was only slight. Further studies by XANES/EXAFS indicated different structures of the noble metal
additives. Both Pd-Pd and Pd-Co coordination were found in the spent Pd-Co catalysts, but for the
other promoted catalysts (Pt, Re, and Ru-which performed significantly better than the Pd promoted
one), only coordination from the additive to Co was detected by EXAFS [6,16]. Thus, the small Pd
particles or Pd patches were deemed to be responsible in part for losses in catalyst performance.

The effect of Group 11 metals (e.g., Cu, Ag, and Au with a loading range of 0.5–5.0%) on
15%Co/Al2O3 catalysts have been also investigated with the aim of (1) finding a substitute for Pt and
(2) possibly lowering light gas selectivity, thus potentially reducing the costs of the cobalt catalyst
and process [5]. It was found that all levels of Group 11 metals improved the reducibility of cobalt
oxides (50 to 70–90%), leading to improved catalyst activity and stability especially for Ag and low
levels of Au. At a similar CO conversion level of ca. 50%, the addition of less than 1.5% or 2.8%
Ag not only improved the CO rate, but also improved the selectivity towards heavier hydrocarbons
relative to the unpromoted cobalt catalyst (81 to 83%). However, Cu (>0.5%) and higher loadings of
Au significantly poisoned the cobalt catalyst and remarkably promoted CH4 formation (9 to 21%) in
comparison to the unpromoted cobalt catalyst. This could be due to Cu metal being present on the Co
surface and blocking Co sites and affecting the relative hydrogenation rates. Similar to the Pd additive
effect addressed previously, EXAFS results revealed only Co-Co and Me-Me (Me = Cu, Ag and Au)
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structures in the cobalt catalysts after the standard H2 reduction. This study suggested that Ag is a
promising potential additive as a substitute for the Pt that is used for commercial cobalt catalysts due
to the better FTS performance of the Ag-Co catalyst and lower price compared with Au.

The effect of up to 5% Zr structural modifier on 25%Co/Al2O3 catalysts has been studied using
wide and narrow pore Al2O3 supports (Puralox HP14/150 and Catalox 150) [8]. The cobalt catalyst
prepared with the wide pore support was found to perform much better than the cobalt prepared
with the narrow pore Al2O3. The addition of Zr made further improvement of performance of both
cobalt catalysts by facilitating Co reduction or reducing cobalt cluster size, but the Zr additive slightly
increased CH4 selectivity of the cobalt catalysts supported on a wide pore alumina.

In addition to the important additives reviewed above, other additives such as V, Mg and
Ce [15,18,19], K [15], Cr, Ti, Mn, and Mo [9,20,21], Nb [22] and P [23] have been also studied. These
additives served as structural or electronic additives to modify cobalt catalyst behavior. Most of them
at low loadings were reported to enhance cobalt reduction and dispersion, and promoted activity and
selectivity toward heavier hydrocarbons for cobalt catalysts.

According to this large number of additive effect studies, some of them such as Ag and Zr showed
great benefits to the performance of the cobalt catalyst and are promising steps toward a potential
replacement for Pt. Efforts continue to find potential substitutes for Pt additive and to better understand
structure-performance relationships. In this work, we explore the effects of the Group 12–14 elements
as potential additives and based on our success with Ag, have selected the Row 5 elements Cd, In, and
Sn. The effect of these additives on physiochemical properties and FTS performance of 15%Co/Al2O3

catalysts were carefully studied using various characterization and testing techniques.

2. Results and Discussion

2.1. BET and Porosity Measurements

BET and porosity results of unpromoted and 1%Cd, 1%In, and 1%Sn catalysts are summarized
in Table 1. BET of Catalox SBA 150 γ-Al2O3 is 149 m2/g [6–8,16,17,25]. After loading 15% Co, BET
surface area decreased to 116 m2/g. A weight % loading of 15% is equivalent to ca. 20% by weight of
Co3O4. If the support is the only contributor to the surface area, then the area of the 15%Co/Al2O3

catalysts should be 0.8 × 150 m2/g = 120 m2/g, which is close to the experimental values listed in Table 1.
Thus, no significant decrease in surface area was observed due to pore blocking by Co oxide particles.
The addition of 1%Cd, 1%In, and 1%Sn further decreased the BET of SBA 150 supported catalysts to
110, 111 and 115 m2/g, respectively. The pore volume (0.31 cm3/g) and the pore size (radius = 4.7 nm)
remained nearly unchanged for the unpromoted and the three promoted 15% Co/Al2O3 catalysts,
which were lower than those of the SBA-150 support (0.5 cm3/g and 5.4 nm from [8]). The results
further suggest that the addition of Co and the Cd, In and Sn additives did not significantly block the
pores of the alumina support.

Table 1. Results of BET surface area and H2 chemisorption pulse re-oxidation.

Support/Catalyst
BET
SA

Pore Volume
(BJH

Adsorp)

Average Pore
Radius (BJH

Adsorp)

H2

Desorbed

Co
Reduction

Degree

Apparent
Corrected Co

Disperion

Apparent
Corrected

Average Co
Diamter

(m2/g) (cm3/g) (nm) (μmol/gcat) (%) (%) (nm)

15% Co/Al2O3-150 116.2 0.3096 4.72 57.3 48.5 9.28 11.1
1%Cd 15% Co/Al2O3 110.4 0.3024 4.75 52.6 58.8 7.19 14.3
1%In 15% Co/Al2O3 111.6 0.3053 4.73 45.6 56.6 6.34 16.3
1%Sn 15% Co/Al2O3 115.0 0.3051 4.68 36.6 46.2 6.23 13.8

2.2. TPR and Hydrogen Chemisorption/Pulse Reoxidation

TPR profiles of the unpromoted and 1%Cd, 1%In, and 1%Sn cobalt catalysts are presented in
Figure 1. Two peaks occurred at the temperature ranges of 220–380 ◦C and 400–700 ◦C, which represent
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the standard two-step reduction of cobalt: Co3O4 + H2 → 3CoO + H2O and 3CoO + 3H2 → Co0 +

3H2, where the second step consumes three times as much hydrogen as the first step. The broad high
temperature peak for the reduction of CoO to Co0 indicated strong interactions between CoO and the
alumina support. It is interesting that the addition of 1%Cd, 1%In and 1% Sn did not significantly
change the temperature for the first reduction step of Co3O4 to CoO, and the peak temperature for the
unpromoted and three promoted cobalt catalysts remained at 320–330 ◦C (Figure 1). However, the
addition of 1% Cd shifted the second reduction peak to lower temperature by 80 ◦C relative to the
unpromoted 15%Co/Al2O3 catalyst (540 vs. 460 ◦C), and thus, as the atomic number of the additive is
increased, the broad reduction peak occurs at higher temperatures, e.g., 535 ◦C for In and 570 ◦C for Sn,
which indicated that only Cd and, to a lesser extent, In, facilitated reduction of CoO; on the other hand,
Sn addition slightly hindered the reduction of CoO.

Figure 1. TPR profiles of, moving upward, 15%Co/Al2O3, 1%Cd-15%Co/Al2O3, 1%In-15%Co/Al2O3,
and 1%Sn-15%Co/Al2O3. Catalysts prepared by SPI using 150 m2/g γ-Al2O3.

H2 chemisorption and oxygen titration results are also shown in Table 1. The cobalt reduction
degree increased from 48.5% to 57–59% for the 1%Cd and 1% In promoted cobalt catalysts, but it slightly
decreased to 46% for the 1%Sn promoted catalyst, as compared to that of the unpromoted catalyst.
This could be due to the formation of cobalt-additive coordination, as this was shown for the noble
metals by EXAFS and suggested for the Group 11 metal Cu based on chemisorption results [4–6,16,17].
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The reduction results as determined by H2 chemisorption pulse re-oxidation are in agreement with the
TPR results above. In terms of the TPR and H2 chemisorption/pulse oxidation results, it is likely that the
Cd, In and Sn additives are highly dispersed on the catalyst surface, with a fraction strongly interacting
with the support and resulting in little reduction (consistent with the XANES results in the next section
which showed the presence of oxides), while a fraction was likely metallic and/or coordinated with Co
to increase cobalt reduction. Interestingly, the hydrogen chemisorption/pulse reoxidation results show
that all Cd, In, and Sn additives lowered cobalt site densities compared with the unpromoted catalyst,
with H2 desorption amounts decreased from 57 to 37–53%. Assuming the desorption of hydrogen
comes only from the surface of Co0, the “apparent” average cluster size is increased for the Cd, In and
Sn promoted catalysts (11 to 14–16 nm). However, more likely, the decreased cobalt site density by Cd,
In and Sn could arise by (1) the additives being located on the cobalt surface and covering some cobalt
sites, or (2) blocking of pores. However, the BET results discussed above tend to rule out the latter
explanation. That is, it is likely that the Co particles remained the same size but that Cd, In and Sn
addition blocked surface sites.

2.3. NH3 TPD Study of Cd, In and Sn Promoted Catalysts

The NH3-TPD profiles of the unpromoted and the Cd, In and Sn promoted 15%/Al2O3 catalysts
are shown in Figure 2. Two types of acidic sites (weak and mild to strong) are clearly identified
with the corresponding NH3 desorption peaks present at ca. 90 ◦C and 200–260 ◦C, respectively.
For the unpromoted cobalt catalyst, the first NH3 desorption peak is more intense than the second one,
indicating the unpromoted cobalt catalyst surface was mainly covered by the weak acid sites (likely
L sites). In the case of adding 1%Cd, the NH3 desorption amounts in both peaks increased greatly,
but the first peak area exhibited a greater change, implying that addition of Cd resulted in a greater
fraction of weak acid sites. However, for the In-promoted cobalt catalyst, the first NH3 desorption
peak shows only a slight increase in the intensity, but the second one became more intense; moreover,
the second peak slightly shifted to lower temperatures (i.e., 240 vs. 260 ◦C). Thus, addition of 1%In
primarily promoted the strong acid sites. Interestingly, the Sn promoted cobalt catalyst displayed a
similar NH3-TPD profile to that of the In promoted cobalt catalyst, suggesting a similar acid site density
(e.g., B-sites) on the Sn and In promoted cobalt catalysts. However, the second peak moved to even
lower temperatures relative to the Cd promoted and unpromoted cobalt catalysts. It can be observed
that the higher the atomic number, the lower the peak temperature (i.e., 220 ◦C for the In-Co and 200 ◦C
for the Sn-Co catalysts). The total amount of NH3 desorbed follows the order: Cd (119.3 μmol/g) > In
(110.5 μmol/g) > Sn (104 μmol/g) > unpromoted (73.2 μmol/g).

2.4. XRD Study of Unpromoted and Cd, In and Sn Promoted Cobalt Catalysts

The XRD spectra of the four reduced cobalt catalysts are depicted in Figure 3. The unpromoted
and the Cd, In and Sn promoted cobalt catalysts show similar XRD patterns in the 2θ range of 30◦–70◦.
Five intense reflections are observed at 2θ of 36.9◦ and 61.9◦, 42.9◦, and 45.9◦, 67◦, representing the
characteristic peaks of cobalt oxide, Co, and alumina, respectively. Interestingly, regardless of whether
the unpromoted catalyst was used, or whether additives were used, the intensities for each peak for the
four different cobalt catalysts are quite similar, suggesting that average cobalt cluster sizes are similar.
Based on the Scherrer equation, cobalt cluster size for the unpromoted and Cd, In and Sn calculated at
the 2θ of 42.9◦ are 12.7 nm, 11.4 nm, 12.5 nm and 11.1 nm, respectively, which suggests that addition of
Cd, In and Sn on the cobalt catalyst only slightly decreased the cobalt cluster size, if at all. This result
is not consistent with the H2-chemisorption results, which suggest an apparent increased Co cluster
size with the addition of Cd, In and Sn. The discrepancy strongly suggests that the additives cover
some surfaces of cobalt nanoparticles or block pores of the support. However, the latter reason can be
excluded based on the BET results as discussed in Section 2.1.
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Figure 2. NH3–TPD profile of unpromoted and Cd, In and Sn promoted 15%Co/Al2O3 catalysts.

Figure 3. XRD patterns unpromoted and Cd, In and Sn promoted 15%Co/Al2O3 catalysts.

2.5. XANES Study of Cd, In and Sn Promoted Catalysts

To explore the electronic structure of the Cd, In, and Sn additives by XANES, 1%Cd, 1%In and 1%Sn
supported on high cobalt loading (25%) catalysts were used because the additives had a greater effect
on the more highly loaded Co catalysts. After the catalysts were reduced ex-situ, the cobalt catalysts
were transferred to a 1L-CSTR under inert gas where 3000 Polywax was previously charged and melted.
In this way the in-situ state of the Cd, In and Sn additives in the catalyst following H2 activation
were able to be reviewed by XANES. Figure 4 shows the XANES spectra of 1%Cd-25%Co/Al2O3 (left),
1%In-25%Co/Al2O3 (middle) and 1%Sn-25%Co/Al2O3 (right), respectively, along with the spectra of
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reference Cd, In and Sn metal foils. The results show that metal oxides were observed for the three
additives after activation. This result is different from the results of the noble metal additives Pt, Pd,
and Ru [6,16,17] and Group 11 metals (Cu, Ag, and Pt) studied previously [4–6,17], In which only the
metallic state rather than the oxidized state was found for the additives by XANES/EXAFS.

Figure 4. XANES spectra of 1%Cd-25%Co/Al2O3 (left), 1%In-25%Co/Al2O3 (middle) and 1%Sn-
25%Co/Al2O3 (right) compared to the reference Cd, In and Sn metal foils.

2.6. Effect of Cd, In and Sn Additives on Fischer-Tropsch Synthesis

The effects of 1%Cd, 1%In and 1%Sn additives and time on CO rate, CH4, C5+ and CO2 selectivities
are shown in Figure 5a–d and Table 2. The promoted catalysts were running at 20–30% CO conversion in
the first ca. 50 h; afterwards, CO conversion was adjusted to the 40–50% level in order to better compare
catalyst selectivities. The CO rate for the unpromoted catalyst was 0.022 mol/g-cat/h. The addition
of 1%Cd, 1%In or 1%Sn additive drastically decreased the catalyst activity to 0.0015, 0.004 and
0.003 mol/g-cat/h, respectively, corresponding to very high rate loss percentages of 93%, 82% and 86%
for the Cd, In and Sn additives, respectively. After adjusting CO conversion to 40–50% level after 50 h,
the unpromoted cobalt catalyst and 1%Cd promoted catalyst displayed better stability, and the CO rate
over the next time period of 100–150 h remained at ca. 0.017 mol/gcat/h for the unpromoted catalyst and
ca. 0.0015 mol/gcat/h for the Cd promoted catalyst. However, the In and Sn promoted catalysts were
slowly deactivating with time, with CO rate changes from 0.004 to 0.0028 mol/gcat/h and from 0.003 to
0.0025 mol/gcat/h for the In and Sn promoted catalysts, respectively. The significant decreases in cobalt
catalyst activity caused by the additives are not consistent with the changes in the H2 chemisorption
results as discussed in Table 1. In re-examining the H2 desorption results, the H:Co ratio is assumed to
be 1:1, where “Co” refers to surface Co0 atoms. The addition of 1%Cd, 1%In and 1%Sn only led to
cobalt site density decreases of 8.2%, 20.4% and 36.1%, respectively. Thus, it was expected to have
similar activity losses percentages for the promoted catalysts, since the change in FT activity has been
generally consistent with changes in H2 chemisorption capacities of cobalt catalysts resulting from
different loadings of Pt, Re, Ru, Ag, and Au, and even Zr additives [5–8,16,17]. The activity of the Cd,
In and Sn promoted catalysts being 3 to 10 times lower than the expected results strongly suggests
that other reasons may account for the lowering in catalyst activity. During an investigation of Group
11 additives (i.e., the coinage metals–Cu, Ag, and Au), while all the additives facilitated cobalt oxide
reduction, only the Ag and Au additives increased the catalyst activity on a per g of catalyst basis.
All the catalysts had higher metal site densities by H2-TPD relative to the unpromoted 15%Co/Al2O3

catalyst, but Cu decreased catalyst activity; however, the difference in the adverse effects of the Cu
additive were much less pronounced than that of the Cd, In and Sn additives in this study. Thus,
H2-TPD only reports metal site density, and in the case of Cu, Cu0 was likely on the surface of the
cobalt particles so that, while it on the one hand promoted reduction of cobalt oxides, it decreased the
cobalt surface site density by blocking sites on the surface. However, BET results do not suggest pore
blocking by cobalt and the additives.
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Table 2. Activity and selectivity of unpromoted and Cd, In, Sn and Pt promoted 15%Co/Al2O3

catalysts (a).

TOS CO Conversion GHSV
H2/CO

Selectivity (C atom %) CO2 Selectivity

(hrs) (%) (NL/gcat/h) CH4 C2-C4 C5+ (%)

15%Co/Al2O3-150

11–57 48–51 2.78 2.10 7.44 7.02 85.54 0.47
59–193 50–52 2.44 2.10 8.00 8.63 83.37 0.52

1%Cd-15%Co/Al2O3-150

25–72 18–20 0.50 2.10 10.45 6.88 82.67 2.17
97–146 38–40 0.26 2.10 11.50 7.39 81.11 1.59

1%In-15%Co/Al2O3-150

49–97 47–52 0.50 2.10 13.77 10.95 75.28 3.28
146–170 40–44 0.50 2.10 14.25 10.59 75.16 2.07

1%Sn-15%Co/Al2O3-150

25.3 27.07 1.00 2.10 13.05 9.31 77.64 2.93
33–52 47–51 0.51 2.27 13.46 9.98 76.56 4.21
74–98 37 0.51 2.17 14.56 11.34 74.09 3.83

106–122 47 0.47 2.11 14.06 10.92 75.01 3.59
(a) Reaction conditions: 220 ◦C, 2.2 MPa, and H2/CO = 2.1.

Another possibility, however, is that the catalysts have the active site density as measured by
chemisorption after activation, but that the site density is decreased due to reoxidation once FTS is
started. A previous study of Co catalysts in an in-situ EXAFS/XANES flow cell by Huffman et al. [24],
reported that Co catalysts promoted with K were much more susceptible to reoxidation (i.e., even
at low conversion) compared to catalysts having no K, which only oxidized under high H2O partial
pressure at high conversion. However, carefully examining the FTS activity data as shown in Figure 5a,
the Cd, In and Sn promoted cobalt catalysts did not deactivate in the first 50 h; instead, the activities
slowly increased with time for all cases. Therefore, rapid reoxidation of cobalt particles facilitated
by Cd, In and Sn additives is only a possible explanation if it occurred prior to measurement of the
first point.

According to the above discussion, blocking of pores by the additives can be excluded; thus,
it was not a cause for the unexpected low activity of the promoted cobalt catalysts; the fast oxidation
of cobalt particles is uncertain. The formation of M-Co (M = Cd, In and Sn) coordination or alloying
can also be ruled out, because if this were the case, the H2 chemisorption/pulse re-oxidation results
would show similar large differences between the unpromoted and the promoted cobalt catalysts-i.e.,
~90%, but this was not observed. Furthermore, the XRD experiment did not show Co-M alloys peaks.
Based on the XRD results, addition of Cd, In and Sn on the cobalt catalyst should have led to slightly
increased cobalt site density by decreasing cobalt cluster size; thus, the most likely reason that explains
the unexpected low activity for the Cd, In and Sn promoted catalysts is that the additives covered
cobalt sites and poisoned the surfaces of the cobalt catalysts. Larger Sn atoms might contribute more
significantly to cobalt site poisoning, resulting in the lowest catalyst activity. However, an electronic
effect of the additives such as Cd, In and Sn on catalyst performance cannot be excluded. Additional
study is needed to clarify the assumption.

From Table 2 and Figure 5b,c, CH4 selectivity for the unpromoted 15%Co/Al2O3 catalyst is 7.4% at
50% CO conversion, but it increased dramatically to about 10.5%, 13.8% and 13.5% for the 1%Cd, and
1%In or 1%Sn promoted catalysts, respectively. This caused corresponding drops in C5+ selectivity
to ca. 82.7 %, 75.3, and 76.6%. Thus, the In and Sn additives have a greater impact on increasing
CH4 and suppressing heavier hydrocarbon formation relative to Cd. The greater increase in CH4

and light hydrocarbon selectivities for the In and Sn promoted cobalt catalysts than that of Cd is
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likely associated with a greater density of strong acid sites on the two cobalt catalysts as determined
by NH3-TPD (Figure 2). This conclusion is further evidenced by the In and Sn promoted cobalt
catalysts having similar amounts of strong acid sites (located after 200 ◦C) and displaying essentially
the same hydrocarbon selectivities at about 50% CO conversion, i.e., CH4 selectivity 13.5–13.8%, C2–C4

selectivity 10–11% and C5+ selectivity 74–75%. It is likely that the strong acid sites on the surface of
cobalt promoted H2 adsorption and promoted methane and light hydrocarbon formation.

The addition of 1%Cd, 1%In or 1%Sn additives also led to significantly increased CO2 selectivity
(0.5 to 2–5%). The significant changes in catalyst selectivity also indicated that species other than
metallic Co are present in the catalyst, since metallic cobalt does not possess intrinsic water-gas shift
(WGS) activity. Note that higher WGS activity leads to higher methane selectivity, since WGS promotes
the formation of hydrogen. The XANES results showed that the Cd, In and Sn additives were present
in oxidized form after reduction. It is well known that a synergy between a partially reducible oxide
and a metal results in WGS activity, and this might explain the higher CO2 selectivity during FTS.

The effects of 1%Cd, 1%In and 1%Sn additives and time on the contents of propylene, propane,
1-butene, 2-butene, total butene and butane are shown in Figure 6a–f, respectively. Table 3 also
summarized mean values of these parameters at different time ranges. At 40–50% CO conversion
level, C3 olefin content for the unpromoted 15%Co/Al2O3 catalyst was 60.7%. Doping 1%Cd, 1%In
and 1%Sn to the catalyst decreased C3 olefin content to 58.6%, 53.9%, and 46%, respectively, but C3

paraffin content increased to 41.4%, 46.1% and 48.9% from 39.3% (Table 3, Figure 6a,b). Moving to
C4 hydrocarbons, precisely the same trend is observed at 40–50% CO conversion. The Cd, In and Sn
additives resulted in decreases in 1-C4 olefin selectivity to 45.4%, 40.1% and 25.6%, respectively, from
48.1% as compared to the unpromoted catalyst. This also led to a measurable increase in 2-C4 olefin
content to 5.2%, 5.5%, 10.7% from 3.5% and C4 paraffin contents to 49.4%, 54.4%, 63.9% from 48.4%,
respectively (Table 3 and Figure 6c–f). The results are interesting, as they clearly indicate that the Cd,
In and Sn additives enhanced the hydrogenation and isomerization of 1-olefin reactions on the cobalt
catalysts. The extent of these secondary reactions increased with increases in the atomic number of
the additive. The Sn apparently is the most effective one among all three additives to greatly increase
the hydrogenation and isomerization reactions. As discussed in terms of the TPR and XANES results,
a fraction of the additives might be in a metallic state, while the remaining additive may be highly
dispersed and strongly interacting with the support or cobalt surface, which are in oxide form and/or
Co-M (M=Cd, In and Sn) coordinated states. Thus, it is postulated that addition of Cd, In and Sn to the
cobalt catalyst likely creates new acid sites on catalyst surface, leading to a higher activity of secondary
reactions of olefins relative to the unpromoted cobalt catalyst. This hypothesis is consistent with the
NH3-TPD results as discussed in Section 3.3, which indicated a greater abundance of mild acid sites on
the Sn-Co catalyst occurring at low temperature (200 ◦C) relative to the Cd and In promoted cobalt
catalysts. Much higher 2-C4 olefin content for the Sn-Co catalyst suggests that mild acid sites are more
active for the secondary reaction of olefins.

Table 3. Olefins and paraffins contents of unpromoted and Cd, In, Sn and Pt promoted 15%Co/Al2O3

catalysts (a).

TOS CO Olefin Content (%) Total C4 Olefin Paraffin Content (%)

(hrs) conv. (%) 1-C2 2-C3 1-C4 2-C4 Content (%) C2 C3 C4

15%Co/Al2O3-150

11–57 48–51 7.43 60.67 48.09 3.47 51.56 92.57 39.33 48.44
59–193 50–52 7.38 60.24 46.96 3.83 50.79 92.62 39.76 49.21

1%Cd-15%Co/Al2O3-150

25–72 18–20 27.89 62.72 57.25 0.00 57.25 72.11 37.28 42.75
97–146 38–40 13.18 58.59 45.43 5.19 50.62 86.82 41.41 49.38
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Table 3. Cont.

TOS CO Olefin Content (%) Total C4 Olefin Paraffin Content (%)

(hrs) conv. (%) 1-C2 2-C3 1-C4 2-C4 Content (%) C2 C3 C4

1%In-15%Co/Al2O3-150

49–97 47–52 5.52 53.87 40.06 5.51 45.57 94.48 46.13 54.43
146–170 40–44 6.79 56.68 44.42 2.78 47.20 93.21 43.32 52.80

1%Sn-15%Co/Al2O3-150

25.3 27.07 10.61 51.23 30.90 10.69 41.59 89.39 48.77 58.41
33–52 47–51 9.30 46.07 25.57 10.58 36.15 90.70 53.93 63.85
74–98 37 8.37 47.78 28.78 9.03 37.81 91.63 52.22 62.19

106–122 47 7.30 47.59 30.10 8.53 38.63 92.70 52.41 61.37

Reaction conditions: 220 ◦C, 2.2 MPa, and H2/CO = 2.1. C4 olefin selectivity, % = 100 × rates of all C4 olefins/rates of
all C4 hydrocarbons; 1-C4 olefin selectivity, % = 100 × rate of 1-C4 olefin/rates of all C4 hydrocarbons; 2-C4 olefin
selectivity, % = 100 × rate of 2-C4 olefin/rates of all C4 hydrocarbons.

In our previous studies, Pd and Pt were found to increase CH4 (8–12%) and suppress heavier
hydrocarbon formation (83–76%); and, Pd displayed much higher hydrogenation and isomerization
activities (1-C4 olefin: 47–25%, 2-C4 olefin: 7–14.8%) [7,16]. Thus, the impact of Sn on the formation of
olefins and paraffins resembles that of Pd.

Figure 5. Change in (a) CO rate, (b) CH4 selectivity, (c) C5+ selectivity and (d) CO2 olefin selectivity
over unpromoted and Cd, In and Sn promoted 15%Co/Al2O3 catalysts. Reaction conditions: 220 ◦C,
2.2 MPa, H2/CO = 2.1, XCO = 40–50%.
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Figure 6. Change of (a) C3 olefin selectivity, (b) C3 paraffin selectivity, (c) 1-C4 olefin selectivity, (d) 2-C4

olefin selectivity, (e) total-C4 olefin selectivity and (f) C4 paraffin selectivity with time over npromoted
and Cd, In and Sn promoted 15%Co/Al2O3 catalysts. Reaction conditions: 220 ◦C, 2.2 MPa, H2/CO =
2.1, XCO = 40–50%.

The Cd, In and Sn elements used as additives to modify FTS cobalt catalyst performance have
been scarcely reported. However, some studies have employed them (e.g., as bimetallics such as Pt-In,
Pt-Sn) for other associated reactions. Cho et al. [26] reported that Sn supported on a mesoporous
zeolite (3Dom-I MFI) offered significant improvements for the isomerization of C5 and C6 sugars such
as xylose and glucose. Srinivasan et al. [27] found that Sn at different loadings changed the activity and
aromatics selectivity of Sn-Pt/Al2O3 for n-octane conversion. Passos et al. [28] studied In-Pt/Al2O3, and
Sn-Pt/Al2O3 bimetallic catalysts for cyclohexane dehydrogenation, methylcyclopentane hydrogenolysis,
and n-heptane conversion. It was found that after the catalyst was reduced by 1.5%H2/Ar at 500 ◦C
for 30 min., 50–80% In and 25–50% Sn was in a zero-valent state in the bimetallic system. During
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the methylcyclopentane hydrogenolysis and n-heptane conversion reactions at 500 ◦C, the In and
Sn additives were reported to decrease the activity of the Pt/Al2O3 catalyst, which was explained by
the In and Sn additives diluting Pt active sites on catalyst. Furthermore, addition of In or Sn led to
decreases in the selectivity of hydrogenolysis, and an increase in the selectivity for dehydrogenation
and aromatization products, but Sn was reported to greatly enhance the isomerization activity for
the Pt/Al2O3 catalyst in the conversion of n-heptane. Coleto et al. [29] studied the transformation
of 1-pentene, and 1-hexene over bimetallic Pt-Re/Al2O3, Pt-Sn/Al2O3 and Pt-Ge/Al2O3 catalysts.
The Pt-Sn/Al2O3 catalyst was also reported to have high hydrogenation activity to n-pentane at low
temperature (200 ◦C), while high isomerization activity was observed at the expense of hydrogenation
at a high temperature of 500 ◦C, which is consistent with the study of Passos et al. [28]. The investigation
showed by comparing with the result of the Al2O3 support that the double bond shift and skeletal
isomerization of olefins are both acid-catalyzed reactions, while hydrogenation sites are metallic in
nature. Thus, the hydrogenation sites and isomerization likely changed with temperature, with higher
temperatures yielding more acid sites for the Pt-Sn catalyst. Mazzieri et al. [30] reported the same role of
Sn in increasing isomerization activity for the reaction of naphtha reforming over a trimetallic Pt-Re-Sn
catalyst supported on chlorided Al2O3. In this study, the improvements in secondary reactions of
1-olefins observed with the addition of Group 12, Group 13 and Group 14 elements (i.e., Cd, In and
Sn) are consistent with the studies of Coleto et al. [26] and Passos et al. [28], which suggests that the
additives not only boosted the hydrogenation rate of olefins, but they also produced new acid sites for
isomerization, for example possibly as MOx, M-Co (M = Cd, In and Sn).

3. Experimental

3.1. Catalyst Preparation

The unpromoted 15%Co/Al2O3 catalysts and 1% Cd, 1% In and 1%Sn promoted cobalt catalysts
were prepared by the slurry phase impregnation (SPI) method, as previously described in [3–8,16,17,25].
Catalox SBA 150 -Al2O3 was used as the catalyst support. The salts used for the Cd and In were
nitrates, while SnCl2 served as the salt for Sn. The additives were incorporated into the catalyst by
incipient wetness impregnation (IWI) following the addition of cobalt. The catalysts were calcined in
air for 4 h at 350 ◦C.

3.2. BET Surface Area and Porosity Measurements

A Micromeritics 3-Flex system was used to measure BET surface area and porosity characteristics.
Before testing, the temperature was slowly increased to 160 ◦C; then, a vacuum was pulled for at
least 12 h until the sample pressure was approximately 50 mTorr. The BJH method was employed
to determine the average pore diameter and pore volume. Additionally, pore size distribution was
obtained as a function of pore diameter via the correlation dV/d(log D).

3.3. Temperature Programmed Reduction

Temperature programmed reduction (TPR) was carried out with a Zeton Altamira AMI-200 unit
(Pittsburgh, PA, USA) with a flow rate of 30 cm3/min of 10%H2/Ar. The heating rate was 5 ◦C/min
from 50 ◦C to 1100 ◦C, with a final 30 min hold.

3.4. Hydrogen Chemisorption/Pulse Reoxidation

Chemisorption with hydrogen was conducted in a Zeton Altamira AMI-200 unit using a thermal
conductivity detector (TCD). The mass of the catalyst was ~0.220 g. Each catalyst was reduced at
350 ◦C for 10 h in 30 cm3/min of 33%H2 in He and the temperature was decreased to 100 ◦C. Argon
was flowed to remove any physisorbed species and the temperature was increased back to 350 ◦C in
argon to desorb the chemisorbed hydrogen. The temperature programmed desorption peaks were
integrated and the # of moles of hydrogen evolved was calculated.
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After TPD of hydrogen, pulses of pure O2 in He were sent to oxidize the catalyst. The extent
of reduction was determined on the assumption that Co0 reoxidized to Co3O4. Uncorrected %
dispersion assumes (erroneously) complete reduction while corrected % dispersion includes the extent
of reduction:

%Duc = (# of Co0 atoms on surface × 100%)/(total # Co atoms)

%Dc = (# of Co0 atoms on surface × 100%)/[(total # Co atoms)(fraction reduced)]

3.5. NH3 Temperature Programmed Desorption

A microreactor loaded with ca. 200 mg of powder catalyst was employed to analyze the acid sites
on the surface of the catalyst by means of NH3-TPD. A total flow rate of 50 sccm was used for NH3

adsorption and desorption with effluent gases being analyzed with a quadrupole mass spectrometer
(QMS 200, Pfeiffer Vacuum, Asslar, Germany). The catalysts were first reduced at 350 ◦C in a flow of
10% H2 in He for 2 h, followed by the gas mixture being replaced with pure He for purging and cooling
prior to NH3 adsorption at 40 ◦C. When the catalyst was saturated with NH3 by flowing 2000 ppm
NH3 in N2 (ca. 30 min), the He flow was switched back again for purging at 40 ◦C in order to remove
weakly adsorbed NH3 (ca. 30 min). The temperature-programmed desorption was then carried out in
He at 50 cc/min using a ramp rate of 10 ◦C/min up to 600 ◦C.

3.6. X-ray Absorption Near Edge Spectroscopy (XANES)

X-ray absorption near edge spectroscopy was carried out using transmission mode in the vicinity
of the Cd, In, and Sn K-edges at the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory, Upton, New York, Beamline X18-b. The beamline utilized a Si (111) channel-cut
monochromator. The catalysts were prepared and activated in the same way as if conducting a reaction
test except that following treatment in hydrogen, the catalyst was cooled so that it became fixed in
the solid startup wax. Samples were made into self-supporting disks. XANES spectra were analyzed
using WinXAS software [31] by comparing the spectra qualitatively once normalized.

3.7. X-ray Diffraction (XRD)

X-ray diffraction (XRD) on powder samples was performed for freshly reduced cobalt catalysts
at room temperature using a Rigaku Diffractometer (DMAX-B, Tokyo, Japan) operating with Cu Kα

radiation (1.54 Å), In order to identify cobalt structure and cluster size. All cobalt catalyst samples
were reduced at 350 ◦C by 25%H2/He for 15 h followed by passivation using 1%O2/N2 gas mixture
prior to conducting the XRD measurement.

3.8. Catalytic Activity Testing

Catalyst reaction tests were carried out using a continuously stirred tank reactor (CSTR, PPI, Fort
Worth, TX, USA)) that makes use of a mag drive stirrer with turbine impeller, gas-inlet outlet lines
with a stainless steel (SS) fritted filter (7 μm) placed outside the reactor. To withdraw wax, a stainless
steel tube with a 2 micron fritted filter was placed below the liquid level of the reactor. Mass flow
controllers controlled the H2 and CO flow rates. Reactant gases were thoroughly mixed prior to the
reactor. CO was scrubbed of iron carbonyls using lead oxide-alumina. Reactants entered the CSTR
below the impeller, which had a stirring speed of 750 rpm. Temperature was well controlled by a
temperature controller.

The amount of catalyst used was 12–18 g in the size range of 45–90 μm. The catalyst was first
reduced ex-situ in a tubular reactor at 350 ◦C at 1 atm for 15 h using a gas mixture of H2/He (60 NL/h)
with a volume ratio of 1:3. Reduced catalyst was transferred by forcing the catalyst out with N2 to the
CSTR, which held 315 g of melted Polywax 3000. The reactor was weighed prior to and following
catalyst transfer. The transferred catalyst was further exposed to pure hydrogen (30 NL/h) for another
10 h at 230 ◦C to ensure reduction, prior to commencing FTS.
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FTS reaction conditions were 220 ◦C, 2.2 MPa, H2/CO = 2.1. Space velocity was controlled to
achieve a CO conversion of 50%. Reaction products were continuously removed from the reactor
head space and sent to two collection vessels, a trap maintained at 100 ◦C and a trap held at 0 ◦C.
Uncondensed vapor was decreased to atmospheric pressure. Gas flow was measured by a wet test
meter and the gas was analyzed using online gas chromatography. Accumulated liquids in the CSTR
were removed daily through a 2 micron sintered metal filter. CO conversion was determined on
the basis of GC data using a micro-GC equipped with thermal conductivity detectors. Wax, oil and
the water phase products were also collected and analyzed by three different gas chromatographs.
To investigate the effect of Group 12–14 elements, Cd, In and Sn were selected from Row 5 based
on our earlier success with Ag as an additive. The activity and product selectivities (e.g., CH4, C5+,
CO2, 1-olefin, 2-olefin and paraffin) of unpromoted 15%Co/Al2O3 catalysts and 1% of Cd-, In, and Sn-
supported cobalt catalysts were studied at a reference CO conversion of about 40–50%.

4. Conclusions

TPR and hydrogen chemisorption/pulse reoxidation results showed that only a fraction of Cd,
In and Sn was reduced. NH3-TPD results indicated that addition of Cd, In and Sn promoted mild
to strong acid sites, which might be responsible for the enhancement of hydrogenation of 1-olefin
during the FTS. Cd and In were found to promote CoO reduction to Co0, while Sn slightly hindered it,
resulting in more unreduced cobalt than the other two additives. The XANES results showed oxidized
states for the Cd, In and Sn additives after the catalysts were activated at 350 ◦C by H2. The TPR,
XANES and reaction results suggest that M-M, MxOy and M-Co coordination (M refers Cd, In and Sn)
may be present in the catalysts. XRD results showed only a slight decrease in cobalt cluster size with
addition of 1% of Cd, In or Sn.

The FTS reaction was carried out on all research catalysts at 220 ◦C, 2.2 MPa, H2/CO = 2.1 and
25–50% CO conversion using a 1-L CSTR for about 200 h. Space velocity was adjusted if needed
during testing. Addition of 1% the additives resulted in 3 to 10 fold activity losses relative to the
unpromoted cobalt in comparison to the expected activity losses in terms of the decreases in cobalt sites
as determined by H2 chemisorption capacities. The significant catalyst activity losses were explained
based on the additives covering and poisoning cobalt and possible electronic effects resulting from the
interaction of the additives.

Addition of Cd, In or Sn greatly modified the selectivity of the cobalt catalyst. All the additives
remarkably promoted the formation of methane, light hydrocarbons and CO2, and suppressed heavier
hydrocarbon formation. However, addition of Cd, In and Sn greatly improved secondary reactions
of 1-olefins. The extent of the improvement increased with increasing atomic number (Cd < In < Sn).
The selectivity changes are linked with acid sites on the cobalt catalysts, which were found to be
promoted by the additives, while a fraction of reduced additives in the metallic phase might improve
the rate of hydrogenation during FTS. It is concluded that mild to strong acid sites on the cobalt
catalysts (i.e., In-Co and Sn-Co) enhanced H2 adsorption to a greater extent and promoted methane
and light hydrocarbon selectivities, while mild acid sites on the cobalt catalysts (i.e., Sn-Co), enhanced
the isomerization reaction of 1-olefins to a greater extent relative to other types of acid sites on the
cobalt catalyst.
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Abstract: Synthetic natural gas (SNG) using syngas from coal and biomass has attracted much
attention as a potential substitute for fossil fuels because of environmental advantages. However,
heating value of SNG is below the standard heating value for power generation (especially in South
Korea and Japan). In this study, bimetallic Co-Fe catalyst was developed for the production of light
paraffin hydrocarbons (C2–C4 as well as CH4) for usage as mixing gases to improve the heating value
of SNG. The catalytic performance was monitored by varying space velocity, reaction pressure and
temperature. The CO conversion increases with decrease in space velocities, and with an increase
in reaction pressure and temperature. CH4 yield increases and C2+ yield decreases with increasing
reaction temperature at all reaction pressure and space velocities. In addition, improved CH4 yield at
higher reaction pressure (20 bar) implies that higher reaction pressure is a favorable condition for
secondary CO2 methanation reaction. The bimetallic Co-Fe catalyst showed the best results with
99.7% CO conversion, 36.1% C2–C4 yield and 0.90 paraffin ratio at H2/CO of 3.0, space velocity of
4000 mL/g/h, reaction pressure of 20 bar, and temperature of 350 ◦C.

Keywords: Synthetic natural gas (SNG); Cobalt; Iron; Fischer-Tropsch synthesis; C2–C4 hydrocarbons;
paraffin ratio

1. Introduction

At present, the production of synthetic natural gas (SNG), mainly consisting of methane,
has aroused extensive attention and been commercially produced from different starting materials,
including coal and solid dry biomass (e.g., wood and straw) [1–5]. CH4 via synthesis gas (syngas, CO +
3H2) is an effective and environmentally friendly method, because it emits the smallest amount of
CO2 per energy unit among all fossil fuels. However, the heating value of CH4 is typically below the
standard heating value for power generation (especially in South Korea and Japan) [6–12]. For power
generation, liquefied petroleum gas (LPG, C3–C4 hydrocarbons) must be added to SNG to enhance
its heating value; however, the price of LPG is strongly correlated with that of oil. In principle,
synthetic light hydrocarbons (C1–C4 ranges) via Fischer–Tropsch (FT) reaction could be added to SNG
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as a substitute for LPG by using the same syngas source (H2/CO ratio = 3.0) for the SNG process.
Furthermore, the gas products must maintain a high paraffin ratio, because olefins exhibit a low heating
value, as well as being more susceptible to hydration with CH4 and liquefaction than paraffins of the
same carbon chain length under pipeline conditions (-5 ◦C, 70 bar) [13]. Therefore, the FT product gas
must have a high paraffin ratio in C2–C4 ranges, as well as a high light hydrocarbon yield (CH4 and
C2–C4) if it is to be used to replace LPG for power generation.

Inui et al. reported a “high calorific methanation” process using Co-Mn-Ru/Al2O3 catalyst for
the production of high-calorie gas comparable to natural gas with added C2–C4 hydrocarbons [6].
The Co-Mn-Ru/Al2O3 catalyst afforded high CO conversion (98.8%) and C2–C4 selectivity (19.1%).
Lee et al. elucidated the role of each component in the Co-based catalysts, and proposed the
10Co-6Mn-2.5Ru/Al2O3 and 20Co-16Mn/Al2O3 as optimum catalysts for high heating value of SNG [7].
They also developed Fe-Zn and Fe-Cu catalysts, and the Fe-based catalysts were evaluated after
caburization and reduction pretreatment [8–10]. In an earlier report, bimetallic Co-Fe catalysts
supported on γ-Al2O3 were developed for the production of light hydrocarbons (C2–C4 ranges) at
high CO conversion [11]. It was found that the reducibility of the iron phase was enhanced in the
presence of cobalt, leading to enhanced catalytic activity. Of all catalysts, 5Co-15Fe/γ-Al2O3 exhibited
the highest C2–C4 paraffin selectivity at high CO conversion. The high CO conversion and similar
hydrocarbon distribution of 5Co-15Fe/γ-Al2O3 compared to 20Fe/γ-Al2O3 is due to improved iron
reducibility. Moreover, the effects of the H2/CO gas ratio and the reaction temperature on the catalytic
performance over 5Co-15Fe/γ-Al2O3 catalyst were investigated: the FT catalyst showed high paraffinic
C2–C4 selectivity and CO conversion at H2/CO = 3.0, reaction temperature of 300 ◦C and pressure of
10 bar; but this led to substantial byproduct formation, such as C5+ liquid and waxy hydrocarbons
and CO2. Despite the high C2–C4 yield, a considerable amount of byproducts (C5+ hydrocarbons and
CO2) need to be condensed or separated to be used as mixing gases in SNG for practical processing.
To overcome this problem, hybrid catalysts (FT + cracking) in a double-layered bed reactor system
were introduced to minimize C5+ and CO2 [12]. The layer of cracking catalysts (SAPO-34 zeolite and
Ni catalysts) was loaded underneath the FT catalyst (5Co-15Fe/γ-Al2O3) layer in the double-layered
bed reactor system. Compared with the FT catalyst in a single-layered bed reactor, cracking catalysts
(SAPO-34 and Ni catalysts) convert C5+ hydrocarbons into light hydrocarbons (CH4 and C2–C4) in
the double-layered bed reactor system. In addition, the Ni catalyst improved the CO conversion and
reduced the CO2 yield via methanation.

At present, few studies have made an effort to improve the heating value of SNG by producing
paraffinic C2–C4 hydrocarbons and minimizing byproducts (C5+ and CO2). Although catalytic
performance, including CO conversion and hydrocarbon distribution, is strongly dependent on the
operation conditions such as space velocity, reaction pressure and temperature in the practical process,
these effects were not investigated in detail. Herein, catalytic performance over bimetallic Co-Fe
catalyst (5Co-15Fe/γ-Al2O3) under different reaction conditions (SV, P and T) is evaluated to determine
the optimum operating conditions for the production of high paraffinic C2–C4 yield, as well as
reduction of byproduct (C5+ and CO2). In addition, characterization of the catalysts was performed
using inductively coupled plasma optical emission spectroscopy (ICP-OES), X-ray diffraction (XRD)
techniques and Brunauer-Emmett-Teller (BET) analysis.

2. Results

Table 1 shows the metal content and textural properties, such as BET surface area, pore volume,
and average pore size, of support material (γ-Al2O3) and FT catalyst (5Co-15Fe/γ-Al2O3). As listed
in Table 1, the metal content in FT catalyst (5Co-15Fe/γ-Al2O3) is 5.2 wt.% Co and 14.1 wt.% Fe,
which is almost consistent with the intended metal loading. The γ-Al2O3 shows a BET surface
area of 156.9 m2/g, pore volume of 0.23 cm3/g and average pore size of 5.9 nm, and those values
decreased after impregnation of γ-Al2O3 with cobalt and iron. In addition to γ-Al2O3 (JCPDS No.
10-0425), fresh 20Co/γ-Al2O3 and 20Fe/γ-Al2O3 catalysts showed Co3O4 phase (JCPDS No. 43-1003)
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and Fe2O3 phase (JCPDS No. 52-1449), respectively (Figure S1) [11]. However, the XRD peaks of Fe
phase are very broad compared to those of Co3O4 phase, due to the high dispersion of iron phase
on γ-alumina [11,12,14,15]. In the case of the bimetallic Co-Fe catalysts, the XRD peaks of Co3O4

decreased and those of Fe2O3 increased slightly with increasing iron-to-cobalt ratio. However, fresh
5Co-15Fe/γ-Al2O3 showed XRD patterns of CoO (JCPDS No. 48-1719) and Fe2O3 phases, indicating the
incorporation of Co into Fe2O3 after calcination, as shown in Figure 1 [11,12,14,15]. On the other hand,
the reduced 5Co-15Fe/γ-Al2O3 showed XRD peaks of Co metal (JCPDS No. 01-1259) and Fe metal
(JCPDS No. 87-0722), respectively. The crystallite size of CoO phase is 4.7 nm, while that of Fe2O3

could not be calculated because of the too-broad peaks of Fe2O3, as mentioned above. In reduced states
of the catalyst, crystallite sizes of the Fe metal are ~20 nm. Based on the H2-TPR results, reduction
temperatures of cobalt phase increased, and those of iron decreased with the increasing iron-to-cobalt
ratio (Figure S2). Thus, it can be concluded that the incorporation of Co into the Fe2O3 phase results in
a weaker interaction between iron and alumina, which enhance the reducibility of iron species and
catalytic activity (Figure S3). Therefore, the 5Co-15Fe/γ-Al2O3 catalyst was chosen as the catalyst with
optimum mass ratio for the following studies.

Table 1. Characterization of γ-Al2O3 support material and FT catalyst (5Co-15Fe/γ-Al2O3).

Metal
Content
(wt.%) a

Textural Properties Crystallite Size (nm) c

Co Fe
BET Surface
Area (m2/g)

Pore Volume
(cm3/g)

Average Pore
Size (nm) b

Fresh Reduced

CoO Fe2O3 Co0 Fe0

γ-Al2O3 - - 156.9 0.23 5.9 - - - -
5Co-15Fe/γ-Al2O3 5.2 14.1 40.6 0.09 4.6 4.7 - - 20

a Metal contents were determined by ICP-OES. b Average pore size were measured following the
Barrett-Joyner-Halenda (BJH) method. c Crystallite sizes of metal phase were calculated using the Scherer equation.

 
Figure 1. XRD patterns of the FT catalyst (5Co-15Fe/γ-Al2O3) in fresh and reduced states; (�) Co3O4,
(�) CoO, (�) Co metal, (�) Fe2O3, (�) Fe3O4, and (�) Fe metal.

Figure 2 shows the CO conversion of FT catalyst (5Co-15Fe/γ-Al2O3) as a function of time on
stream after reduction at 500 ◦C for 1 h under a 10% H2/N2 gas mixture. Activity tests were conducted
under conditions of H2/CO = 3.0 at different reaction parameters, such as space velocity, reaction
pressure and temperature. Overall, CO conversion of the FT catalyst increased with the increase
in reaction temperature. Under almost all operating conditions, the FT catalyst maintains its CO
conversion and yield of hydrocarbons. However, the CO conversion of the FT catalyst decreased below
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10 bar, with a space velocity of 8000 mL/g/h, at 300 and 350 ◦C (Figure 2c). CO conversion decreased
from 64.9 to 55.9% at 300 ◦C, and from 97.9 to 81.4% at 350 ◦C as the reaction progressed. It is well
known that the deactivation of the catalysts in CO hydrogenation is due to several factors, including
sintering, re-oxidation of active materials, poisoning, coke formation on the surface of active materials,
etc., but its causes and effects are not elucidated in this paper. The deactivation of the FT catalysts
was compensated by the high reaction temperature (Figure 2c) and pressure (Figure 2f), leading to an
increase in CO conversion [16].

  

  

  
Figure 2. CO conversion of FT catalyst at different reaction temperature under 10 bar (left) and 20 bar
(right) at space velocity of (a,d) 4000, (b,e) 6000, and (c,f) 8000 mL/g/h as a function of time on stream.

The results of the catalytic behavior, such as the initial CO conversion and initial hydrocarbon yield
of the FT catalyst, are shown in Figures 3 and 4, and summarized in Table 2. Figure 3 shows the initial
CO conversion of the FT catalyst as a function of reaction temperature. As shown in Figure 3, the initial
CO conversion of the catalyst increased dramatically to 300 ◦C, and then increased slightly above
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350 ◦C at all pressures and space velocities. Furthermore, it was also found that the CO conversion
increased with the increase in reaction pressure, and with the decrease in space velocity. At high
temperature (≥300 ◦C), CO conversion appears to be largely independent of space velocity and reaction
pressure. It was reported that CO conversion initially increased dramatically, and then decreased
with increasing reaction temperatures (>400 ◦C) [17,18]. In addition, CO conversion increased with
increase in reaction pressure and decrease in space velocity [18,19]. However, space velocity and
reaction pressure have little effect on CO conversion, because high reaction temperature (≥300 ◦C) has
a significant influence on CO conversion.

Figure 3. The initial CO conversion of the FT catalyst (5Co-15Fe/γ-Al2O3) under (a) 10 and (b) 20 bar at
different space velocities as a function of reaction temperature.

Table 2. Summarization of catalytic performance over FT catalyst (5Co-15Fe/γ-Al2O3) at different space
velocity, reaction pressure and temperature.

P
(bar)

SV
(ml/g/h)

T
(◦C)

Conversion Yield (%) (C2–C4)/
(C1–C4)

P/(P+O)
CO H2 CH4 C2–C4 C5+ CO2

10

4000
300 88.0 ± 1.2 43.1 ± 0.5 26.7 ± 0.9 26.9 ± 1.8 15.4 ± 0.3 19.1 ± 0.1 0.50 0.96
350 98.7 ± 0.1 49.3 ± 0.2 31.7 ± 2.1 31.8 ± 0.6 13.9 ± 2.5 21.2 ± 0.2 0.50 0.89
400 97.2 ± 0.2 51.7 ± 0.2 42.5 ± 1.5 23.5 ± 1.8 11.5 ± 0.5 19.7 ± 0.4 0.36 0.82

6000
300 91.5 ± 1.0 38.2 ± 0.9 21.5 ± 0.7 25.8 ± 0.6 23.8 ± 1.6 20.4 ± 0.4 0.55 0.98
350 96.4 ± 0.2 40.0 ± 0.8 32.3 ± 0.4 23.2 ± 0.3 14.3 ± 0.7 26.6 ± 0.2 0.42 0.91
400 98.5 ± 0.0 47.6 ± 0.2 43.9 ± 0.5 19.1 ± 1.5 12.4 ± 2.1 23.0 ± 0.2 0.30 0.87

8000
300 77.1 ± 15.1 35.8 ± 6.6 22.8 ± 1.1 22.2 ± 2.2 9.2 ± 3.2 15.7 ± 3.3 0.49 0.88
350 96.3 ± 4.9 31.7 ± 2.0 29.9 ± 1.4 31.4 ± 1.1 15.5 ± 1.6 19.5 ± 0.8 0.51 0.81
400 96.2 ± 0.2 55.3 ± 1.2 48.4 ± 0.3 15.7 ± 0.3 14.4 ± 0.9 17.7 ± 0.3 0.24 0.83

20

4000
300 98.2 ± 0.1 50.8 ± 0.1 29.8 ± 0.0 33.1 ± 0.0 16.3 ± 0.1 19.1 ± 0.1 0.53 0.93
350 99.7 ± 0.1 57.0 ± 0.2 31.2 ± 0.4 36.1 ± 0.6 17.6 ± 0.4 14.9 ± 0.2 0.54 0.90
400 99.2 ± 0.1 62.2 ± 0.6 48.0 ± 1.6 25.2 ± 1.6 12.2 ± 0.6 13.8 ± 0.1 0.34 0.91

6000
300 90.5 ± 0.3 42.6 ± 0.2 26.4 ± 0.3 31.9 ± 0.2 15.6 ± 0.5 21.0 ± 0.0 0.55 0.93
350 99.6 ± 0.1 53.0 ± 0.1 35.5 ± 0.2 33.8 ± 0.2 11.8 ± 0.4 18.7 ± 0.0 0.49 0.87
400 99.1 ± 0.0 60.3 ± 0.1 48.7 ± 0.7 26.5 ± 0.6 8.5 ± 1.0 15.5 ± 0.1 0.35 0.87

8000
300 97.2 ± 0.2 48.8 ± 0.2 30.2 ± 0.4 29.8 ± 0.8 17.7 ± 0.4 19.6 ± 0.0 0.50 0.89
350 99.3 ± 0.1 53.7 ± 0.3 33.7 ± 0.8 32.6 ± 1.4 15.6 ± 1.8 17.5 ± 0.4 0.49 0.86
400 98.5 ± 0.1 58.7 ± 0.3 52.6 ± 1.3 22.4 ± 0.9 7.8 ± 1.7 15.6 ± 0.1 0.30 0.86
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(a) (b) 

 
(c) (d) 

Figure 4. The initial yield of (a) CH4, (b) C2–C4, (c) C5+ and (d) CO2 over the FT catalyst (5Co-15Fe/
γ-Al2O3) at different space velocity as a function of reaction temperature at (I) 10 bar and (II) 20 bar.

Figure 4 shows the initial product yields for (a) CH4, (b) C2–C4, (c) C5+ and (d) CO2 under high
CO conversion conditions (≥300 ◦C). The effects of reaction parameters such as space velocity, reaction
pressure and temperature on product distribution are strongly dependent on the secondary reactions
of primary products including hydrogenation, reinsertion, hydrogenolysis, and isomerization [19,20].
It is well known that CH4 increases and C5+ hydrocarbons decreases with increasing space velocity
under typical FTS conditions. In addition, an increase in reaction temperature shifts the hydrocarbon
distribution towards light hydrocarbon products, whereas an increase in reaction pressure shifts the
hydrocarbon distribution to heavier products in typical FTS reaction [19]. As shown in Figure 4a,
CH4 yield increases with the increase in reaction temperature under all reaction pressures and space
velocities. In contrast to typical FTS conditions, improved CH4 yield at high reaction pressure (20 bar)
indicates that the higher reaction pressure is favorable for secondary CO2 methanation reaction,
as discussed below in Figure 4d [21–24]. In addition, space velocity did not affect methane yield at
relatively low temperature (300 and 350 ◦C), whereas CH4 yield increases with the increase in space
velocity at 400 ◦C. As shown in Figure 4b, C2–C4 yield reached the highest values at 300 or 350 ◦C,
and then decreased at higher reaction temperatures. Furthermore, reaction pressure enhanced C2–C4

yield, and space velocity is inversely proportional to C2–C4 yield. In the case of C5+ hydrocarbon
yield, although it is difficult to confirm the effects of reaction parameters, C5+ yield decreased with
the increase in reaction pressure and temperature (Figure 4c). As shown in Figure 4d, CO2 yield
exhibited almost the same values (ca. 20%) at reaction temperatures between 350 and 400 ◦C. This is
due to the fact that the increase in CO2 production with increasing CO conversion can mainly be
attributed to increased water gas-shift reaction (WGS, CO +H2O↔ CO2 +H2) at high water partial
pressures [11,25]. At 20 bar, however, it is notable that CO2 yield decreases with the increase in reaction
temperature, despite almost 100% CO conversion at all temperatures. These results show that higher
reaction pressure and temperature are favorable conditions for secondary CO2 methanation reaction.
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Figure 5 shows the yield of light hydrocarbons in C1–C4 range and ratio of C2–C4 to C1–C4 yield
under different reaction parameters, such as space velocity, reaction temperature and pressure. At 10
bar, sum of CH4 and C2–C4 yield increased (45–53 to 63–66%), and ratio of C2–C4 to C1–C4 yield
decreased (0.5–0.55 to 0.25–0.35) with the increase in reaction temperature between 300 to 400 ◦C,
as shown in Figure 5a. The sum of CH4 and C2–C4 yield decreased from 53 to 45% at 300 ◦C, but these
values did not change a lot at higher reaction temperature (350 and 400 ◦C) with an increase in space
velocity. In addition, the ratio of C2–C4 to C1–C4 yield decreased from 0.35 to 0.25 at 400 ◦C, but its
value remained constant (ca. 0.5–0.55) at lower temperature (300 and 350 ◦C). At 20 bar, the sum of
CH4 and C2–C4 yield increased (58–63% to 73–75%), and the ratio of C2–C4 to C1–C4 yield decreased
(0.49–0.55 to 0.30–0.35), with the increase in reaction temperature between 300 to 400 ◦C, as shown in
Figure 5b. The sum of CH4 and C2–C4 yield remained constant at all reaction temperatures between
300 and 400 ◦C. In addition, the ratio of C2–C4 to C1–C4 yield decreased from 0.35 to 0.30 at 400 ◦C,
but its value remained constant (ca. 0.5–0.55) at lower temperature (300 and 350 ◦C). Overall, the
yield of light hydrocarbons in C1–C4 range increased with increasing in reaction temperature between
300 to 400 ◦C, because CH4 yield increases dramatically and C2–C4 yield decreases slightly, resulting
in reduction of (C2–C4)/(C1–C4) ratio. With increasing in space velocity, on the other hand, the sum
of CH4 and C2–C4 yield and (C2–C4)/(C1–C4) ratio decreased slightly. Furthermore, high reaction
pressure enhanced the light hydrocarbon (C1–C4) yield and the (C2–C4)/(C1–C4) ratio. At both 10 and
20 bar, a space velocity of 4000 mL/g/h and 350 ◦C are considered to be appropriate conditions for high
calorific methanation, since the 5Co-15Fe/γ-Al2O3 catalyst exhibit the highest light hydrocarbon (CH4

and C2–C4) yield and (C2–C4)/(C1–C4), respectively.

  

Figure 5. C1–C4 yield and (C2–C4)/(C1–C4) ratio of the FT catalyst (5Co-15Fe/γ-Al2O3) as a function of
space velocity at (a) 10 bar and (b) 20 bar

Figure 6 shows the paraffin ratio (P/(P+O)) with different reaction parameters, such as H2/CO
ratio, space velocity, reaction pressure and temperature, where P and O represent the yields of paraffins
and olefins in the C2–C4 range, respectively. As shown in Figure 6a, the paraffin ratio increased with
increasing H2/CO ratio at a space velocity of 6000 mL/g/h, although this effect is not noticeable at
H2/CO ratios above 2.0, due to the adjustment of H2/CO ratio by WGS conditions [11,25]. In addition,
it was found that the paraffin ratio showed a positive correlation with CO conversion. The fact that
the paraffin ratio increases with the CO conversion suggests that increasing the H2/CO ratio and
temperatures leads to a second hydrogenation of the olefins into paraffin and an increase of the CO
conversion. As shown in Figure 6b, space velocity, reaction pressure and temperature have little effect
on paraffin ratio at H2/CO ratio of 3.0, but CO conversion is strongly dependent on reaction temperature.
Furthermore, it is found that a higher reaction pressure (20 bar) improved the CO conversion above a
reaction temperature of 300 ◦C, because higher reaction pressure enhanced hydrogen adsorption on
support of the catalyst and improved second hydrogenation [19].
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Figure 6. Paraffin ratio of the FT catalyst (5Co-15Fe/γ-Al2O3) as a function of CO conversion at different
operating conditions: (a) effect of H2/CO ratio at SV of 6000 ml/g/h, and (b) effect of reaction pressure
at H2/CO ratio of 3.0.

Table 3 shows the comparison of the 5Co-15Fe/γ-Al2O3 catalyst under optimum conditions with
different catalysts published in other papers. As listed in Table 3, Co-Mn-Ru catalysts showed high
CO conversion and CH4 yield, but relatively low C2+ hydrocarbon yield, compared to Fe-based
catalysts [7,8]. Lee et al. [7] reported that Mn promoter in cobalt catalysts acted as a Lewis acid,
which increased the carbon chain growth and C2+ hydrocarbon yield, but suppressed CO conversion.
Ru promoter, one of the noble metals, provided the catalyst with hydrogen spillover ability, enhancing
the reducibility of the cobalt site and CO conversion, but decreasing the C2+ hydrocarbon yield.
In addition, Ru promoters were substituted to save cost for the catalysts, and 20Co-16Mn/γ-Al2O3

catalyst reduced at 700 ◦C for 1 h showed similar reactivity to 10Co-6Mn-2.5Ru/γ-Al2O3 catalyst
reduced at 400 ◦C for 1 h. The Fe-based bulk catalysts promoted by Cu and Zn showed high CO
conversion and C2–C4 yield, but low paraffin ratio and high byproduct yield (C5+ and CO2) [8,9].
On the other hand, the FT catalyst (5Co-15Fe/γ-Al2O3) affords high CO conversion (99.7%), high light
paraffinic hydrocarbon yield (31.2% CH4 and 36.1% C2–C4), and low byproduct formation (C5+ and
CO2) under optimum conditions (SV: 4000 mL/g/h, T: 350 ◦C and P: 20 bar).

Table 3. Comparison of catalytic performance of FT catalyst (5Co-15Fe/γ-Al2O3) with different catalysts
published in other papers.

Catalysts H2/CO
Reaction

Condition

CO Conv.
(%)

Yield
P/(P+O) Ref

CH4 C2–C4 C5+ CO2

5Co-15Fe/
γ-Al2O3

3.0 SV: 6000 ml/g/h,
300 ◦C, 10 bar 91.5 21.5 25.8 23.8 20.4 0.98 This study

3.0 SV: 4000 ml/g/h,
350 ◦C, 20 bar 99.7 31.2 36.1 17.6 14.9 0.90 This study

10Co-6Mn-2Ru/
γ-Al2O3

a 3.0 SV: 6000 ml/g/h,
300 ◦C, 10 bar 99.7 60.6 24.5 4.8 10.9 0.96 [8]

10Co-6Mn-2.5Ru/
γ-Al2O3

b 3.0 SV: 6000 ml/g/h,
250 ◦C, 10 bar 100.0 53.0 23.0 8.6 n/a g n/a g [7]

20Co-16Mn/
γ-Al2O3

c 3.0 SV: 6000 ml/g/h,
250 ◦C, 10 bar 92.0 53.0 24.0 5.8 n/a g n/a g [7]

FC15 d 3.0 SV: 6000 ml/g/h,
300 ◦C, 10 bar 97.5 21.5 35.7 12.9 27.4 0.58 [9]

FZ5 e 3.0 SV: 6000 ml/g/h,
300 ◦C, 10 bar 89.9 19.1 35.3 24.1 24.1 0.76 [8]

FZ10 f 3.0 SV: 6000 ml/g/h,
300 ◦C, 10 bar 98.2 23.7 40.0 12.7 21.9 0.70 [8]

a 10 wt.% Co, 6 wt.% Mn, and 2 wt.% Ru, reduced at for 400 ◦C for 1h. b 10 wt.% Co, 6 wt.% Mn, and 2.5 wt.% Ru,
reduced at for 400 ◦C for 1h. c 20 wt.% Co, 16 wt.% Mn, reduced at for 700 ◦C for 1h. d Fe/Cu atomic ratio = 15,
reduced at 500 ◦C for 1 h. e Fe/Zn atomic ratio = 5, reduced at 500 ◦C for 1 h. f Fe/Zn atomic ratio = 10, caburized at
500 ◦C for 1 h. g n/a: Not applicable.
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3. Materials and Methods

3.1. Catalyst Synthesis

The bimetallic Co-Fe catalyst was synthesized by wet impregnation of γ-alumina (Sigma–Aldrich,
St. Louis, MO, USA) with Co(NO3)2·6H2O (Sigma–Aldrich, St. Louis, MO, USA) and Fe(NO3)3·9H2O
(Sigma–Aldrich, St. Louis, MO, USA) according to the same method as our previous papers [11,12].
During the impregnation procedure of the FT catalyst (5Co-15Fe/γ-Al2O3), γ-Al2O3 was added to
an anhydrous ethanol solution containing cobalt and iron nitrates. The weight percentages of the
cobalt and iron metal based on the catalyst were 5% and 10%, respectively. After stirring for 24 h,
the solvent was vaporized in a rotary evaporator at 40–60 ◦C. The samples were dried at 120 ◦C for 12
h, and subsequently calcined at 400 ◦C for 8 h.

3.2. Characterization

The metal contents in FT catalyst were measured using inductively coupled plasma optical
emission spectroscopy (ICP-OES; Perkin-Elmer, Waltham, MA, USA). Nitrogen adsorption-desorption
isotherms at -196 ◦C were measured using a Micrometrics ASAP 2020 instrument (Norcross, GA,
USA) to acquire the textural properties of the materials. Average pore size were measured following
the Barrett-Joyner-Halenda (BJH) method. The crystal structure of the FT catalyst was analyzed via
X-ray diffraction (XRD; PANalytical, Amsterdam, Netherlands) using a Cu Ka radiation source at the
Korea Basic Science Institute in Daegu. Crystallite sizes of metal phase were calculated using the
Scherer equation.

3.3. Activity Tests

Prior to the reaction, the catalysts (0.5 g) were placed in a fixed-bed stainless steel reactor (1/2 inch
I.D.) and reduced with a 10 vol% H2/N2 gas mixture at 500 ◦C for 1 h. Then, the gas stream (H2, CO,
N2) was fed to the reactor at a different total gas flow (33, 50 and 60 mL/min); N2 gas was used as an
internal standard in the feed gas. The reactor was pressurized to 10 or 20 bar with the feed gas stream
using a back-pressure regulator at constant pressure and heated to 200 ◦C. Then, the temperature was
increased to 250, 300, 350, or 400 ◦C, and maintained during the FT reaction. All volumetric gas flows
were measured at standard temperature and pressure (S.T.P). To prevent the condensation of water
vapor and hydrocarbons, the inlet and outlet lines of the reactor were maintained at temperatures
above 250 ◦C, and the liquid and wax products were collected in a cold trap (0 ◦C) before injection of
the gas into the reactor and GC column. The outlet gases were analyzed using a gas chromatograph
(Agilent 6890; Agilent, Santa Clara, CA, USA) equipped with both a thermal conductivity detector
(TCD), and a flame ionization detector (FID). A packed column (Carboxen 1000; Bellefonte, PA, USA)
was connected to the TCD to analyze the CO, H2, N2, and CO2 gases, and a capillary column (GS Gas
Pro; Agilent, Santa Clara, CA, USA) was connected to the FID to analyze the hydrocarbon gases.

CO conversion, selectivity and yield for each product were calculated using Equations (1)–(4).

CO conversion (carbon mole %) =

(
1− CO in the product gas (mol/min)

CO in the feed gas (mol/min)

)
× 100 (1)

Selectivity for hydrocarbons with carbon number n (carbon mole %)

=
n ×Cn hydrocarbon in the product gas (mol/min)

(total carbon−unreacted CO) in the product gas (mol/min) × 100
(2)

Selectivity for carbon dioxide (carbon mole %)

=
CO2 in the product gas (mol/min)

(total carbon−unreacted CO) in the product gas (mol/min) × 100
(3)

Yield for hydrocarbons and carbon dioxide =
CO conversion × Selectivity

100
(4)
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4. Conclusions

At present, few studies have made an effort to produce mixing gases consisting of paraffinic C2–C4

hydrocarbons into SNG for power generation. In this study, bimetallic Co-Fe catalysts supported on
γ-alumina were developed, and the effects of operating parameters such as space velocity, reaction
pressure and temperature on catalytic performance were elucidated for the production of light paraffin
hydrocarbon yield (C2–C4 range) with high paraffin ratio, as well as reduction of byproduct formation
(C5+ and CO2). It was found that CO conversion increases with a decrease in space velocity, and with
an increase in reaction pressure and temperature. CH4 yield increases and C2+ yield decreases with
increasing reaction temperature at all reaction pressures and space velocities. In addition, improved
CH4 yield at higher reaction pressure (20 bar) implies that higher reaction pressure is a favorable
condition for secondary CO2 methanation reaction. While paraffin ratio shows a positive correlation
with the CO conversion according to increasing H2/CO ratio, reaction pressure and temperature
have little effect on paraffin ratio at a H2/CO ratio of 3.0. Based on these results, the optimum
conditions were determined to be H2/CO of 3.0, space velocity of 4000 mL/g/h, reaction pressure
of 20 bar, and temperature of 300 ◦C, and the FT catalyst (5Co-15Fe/γ-Al2O3) affords a high light
hydrocarbon yield (31.2 % CH4, and 36.1 % C2–C4) with high paraffin ratio (0.90). Based on these
results, the bimetallic Co-Fe catalysts can be used for production of high paraffinic light hydrocarbons.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/779/s1,
Figure S1: XRD patterns of (I) fresh and (II) reduced monometallic and bimetallic Co-Fe catalysts; (�) Co3O4, (�)
CoO, (�) Co metal, (�) Fe2O3, (�) Fe3O4, and (�) Fe metal; Figure S2. H2-TPR profiles of the monometallic and
bimetallic catalysts supported on γ-alumina: (a) 20Co/γ-Al2O3, (b) 15Co-5Fe/γ-Al2O3, (c) 10Co-10Fe/γ-Al2O3,
(d) 5Co-15Fe/γ-Al2O3, and (e) 20Fe/γ-Al2O3 (5 ◦C/min, pure hydrogen); Figure S3: CO conversion and
hydrocarbon distribution of the monometallic and bimetallic catalysts supported on γ-alumina: 20Co/γ-Al2O3,
15Co-5Fe/γ-Al2O3, 10Co-10Fe/γ-Al2O3, 5Co-15Fe/γ-Al2O3, and 20Fe/γ-Al2O3 at H2/CO ratio = 3.0, 300 ◦C, and
10 bar.
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Abstract: Potassium (1–5 wt.%)-promoted and unpromoted Co/SiO2 catalysts were prepared by
impregnation method and characterized by nitrogen physisorption, temperature-programmed
reduction (TPR), CO2 temperature-programmed desorption (TPD), X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) techniques. They were evaluated for CO2 hydrogenation in a fixed
bed reactor from 180 to 300 ◦C within a pressure range of 1–20 bar. The yield for hydrocarbon products
other than methane (C2+) was found to increase with an increase in the operating temperature and
went through a maximum of approximately 270 ◦C. It did not show any significant dependency on
the operating pressure and decreased at potassium loadings beyond 1 wt.%. Potassium was found
to enhance the catalyst ability to adsorb CO2, but limited the reduction of cobalt species during the
activation process. The improved CO2 adsorption resulted in a decrease in surface H/C ratio, the
latter of which enhanced the formation of C2+ hydrocarbons. The highest C2+ yield was obtained on
the catalyst promoted with 1 wt.% of potassium and operated at an optimal temperature of 270 ◦C
and a pressure of 1 bar.

Keywords: CO2 hydrogenation; cobalt; potassium; pressure; temperature

1. Introduction

The promoting capabilities of alkali metals, namely potassium, have been investigated for a
variety of catalysts and reactions, including steam reforming of bioethanol [1], water gas shift [2], N2O
decomposition [3], Fischer-Tropsch synthesis (FTS) [4–6] and CO2 hydrogenation [7–11]. One of the
earliest studies on the use of potassium as a promoter for the catalyst used in CO2 hydrogenation
to hydrocarbons is that of Russell and Miller [12]. They investigated several copper-activated cobalt
catalysts at atmospheric pressure from 448 to 573 K with H2/CO2 ratio varied from 2 to 3. All the
catalysts mainly produced methane and liquid hydrocarbons were observed only after potassium
addition to the catalyst in the form of either potassium carbonate or phosphate. Potassium was
believed to selectively poison methane forming centres, and therefore, promote methylene radicals
polymerization by the repression of the competitive hydrogenation reaction. Similarly, Owen et al. [13]
studied the effect of potassium, along with that of lithium and sodium, on the performance of Co/SiO2

catalysts. The catalytic testing was carried out at 643 K, atmospheric pressure and using an H2/CO2

ratio of 3. They showed that with an alkali loading as low as 1 wt.%, the products distribution shifts
towards longer chain hydrocarbons. Furthermore, C2 and C3 olefins, which did not form over the
unpromoted catalyst, were detected in relatively significant amounts over the promoted catalysts. The
authors attributed this behaviour to the ability of potassium to enhance the surface to molecule charge
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transfer, resulting in increased CO and reduced hydrogen binding strength. These findings were
further corroborated by a more recent investigation by Shi et al. [8] on a CoCu/TiO2 system containing
1.5–3.5 wt.% K. Using CO2 temperature-programmed desorption, the authors were able to link an
improved yield of liquid hydrocarbons (C5+) to the increased CO2 adsorption capacity of the catalyst,
when loaded with potassium.

It appears that potassium has an enormous potential in the conversion of CO2 to liquid
hydrocarbons. To derive most of the benefit from this promoter, the study of its effect on the
reaction must be integrated with that of the effect of operating conditions. Most studies have reported
the effect of potassium on cobalt-based catalysts under pre-selected operating conditions that were
not optimized. Hence, the present study aims at systematically evaluating the promoting effect
of potassium on a Co/SiO2 system used in CO2 hydrogenation under optimized temperature and
pressure conditions.

2. Results and Discussion

2.1. Surface Area and Porosity

The information on the surface area and porosity of the catalysts investigated is presented in
Table 1. The data show that cobalt incorporation into the silica support results in a significant drop
in the surface area from 186.6 to 133.1 m2/g. This behaviour is generally explained by the growth of
cobalt oxide particles within the pores of the support during catalyst calcination, leading to some level
of pore obstruction. This agrees well with the pore volume data, which show a decrease from 1.5
to 1.0 cm3/g. The introduction of potassium, in amounts above 3% in the catalyst, further amplifies
this phenomenon.

Table 1. Surface area and porosity data.

Sample BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter (nm)

SiO2 186.6 1.5 31.2
15%Co/SiO2 133.1 1.0 30.2

15%Co-1%K/SiO2 137.8 1.2 33.4
15%Co-3%K/SiO2 123.4 1.1 35.5
15%Co-5%K/SiO2 70.0 0.8 45.1

2.2. X-ray Diffraction

Figure 1 shows the XRD patterns of unpromoted and promoted catalysts before and after reduction.
All the unreduced catalysts showed diffraction peaks at 2θ values of approximately 18◦, 30◦, 36.6◦, 39◦,
44.5◦, 55.3◦, 60◦ and 65◦, attributed to Co3O4 [14].

After catalysts reduction, the diffraction peaks for Co3O4, which were present in the unreduced
catalysts disappeared (Figure 1b). The only visible peaks are those of the lower oxide of cobalt (CoO)
at 42.4◦ and metallic cobalt at 44.5◦.

The Scherrer equation was used to calculate the average crystallite sizes of cobalt species in the
catalyst, using two theta values of 36.6◦, 42.4◦ and 44.5◦ for Co3O4, CoO and Co respectively. The data
are reported in Table 2. Although there is no observable trend in the data with respect to Co3O4 and
Co, it appears that the average crystallite size for CoO decreases with increasing potassium loading in
the catalyst. This suggests that potassium controls the size of CoO in the catalyst.
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Figure 1. XRD patterns for unpromoted and potassium-promoted 15%Co/SiO2 catalysts: (a) Before
reduction, and (b) after reduction.

Table 2. The particle size of the calcined catalysts.

Catalyst
Freshly Calcined a Reduced and Passivated a

Co3O4 CoO Co

15%Co/SiO2 18.16 9.36 9.44
15%Co-1%K/SiO2 23.52 7.30 7.34
15%Co-3%K/SiO2 24.35 6.70 6.72
15%Co-5%K/SiO2 19.13 2.46 8.85

a Particle size in nm.

2.3. Temperature-Programmed Reduction (TPR)

The effect of potassium addition on the reducibility of silica-supported cobalt catalysts was
investigated using TPR analysis. TPR profiles of various potassium-promoted catalysts, along with
that of the unpromoted sample are presented in Figure 2. For the unpromoted catalyst, an early and
slow reduction process was observed from ca. 170 ◦C. It became significant from ca. 290 ◦C, where
a fast reduction peak was observed to start and went through a maximum at 365 ◦C. Subsequent
overlapping reduction peaks, with respective maxima at ca. 395, 425 and 466 ◦C, were also observed.
These peaks can be attributed to a two-step reduction of Co3O4 species in the catalyst to CoO and Co0.
The presence of more than two peaks observed for this reduction process could indicate that not all the
cobalt species in the catalyst underwent reduction at the same time. For example, as N2 adsorption
data suggest some level of pore obstruction in the catalyst, it is possible that some cobalt species only
got reduced after the reduction of some of those that blocked some pores. Adding potassium to the
catalyst reduced the reducibility of cobalt species as per the following observations: (i) The reduction
temperatures for the catalysts shifted to higher values. For example, the start of the reduction process
moved from 170 ◦C for the unpromoted catalyst to 210 and 255 ◦C for catalysts containing 1% and
3–5% K respectively; (ii) the area under the TPR profile below 500 ◦C decreased, indicating lower
degree of catalyst reduction as the amount of potassium increased in the catalyst and (iii) the formation
of cobalt species in strong interaction with the support, as shown by a broad reduction peak, with a
maximum at ca. 512 ◦C, observed in the catalyst containing 5% K. The negative effect of potassium on
the reduction of cobalt catalyst was also reported by Jacobs et al. [6] who found that (0.5–5%) K shifted
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the reduction peak temperatures to higher values and lowered the extent of catalyst reduction. This
suggests that potassium interacts with the cobalt species and possibly the silica support [15].

Figure 2. TPR profiles for (a) 15%Co/SiO2, (b) 15%Co-1%K/SiO2, (c) 15%Co-3%K/SiO2, and
(d) 15%Co-5%K/SiO2.

2.4. CO2 Temperature-Programmed Desorption (CO2-TPD)

CO2-TPD profiles for 15%Co/SiO2 and 15%Co-1%K/SiO2 are presented in Figure 3. Both catalysts
showed two desorption peaks, with the first one centred at 65 ◦C with near-identical areas. This
low-temperature peak can be attributed to the desorption of physically adsorbed CO2. A second peak,
observed for each catalyst, was attributed to the desorption of chemisorbed CO2 and was used as an
indication of the strength and amounts of basic sites in the catalyst. As expected, the data show that
the addition potassium to the catalyst increases the strength and amounts of basic sites in the catalyst.
This is indicated by the large and extended CO2 desorption peak, which goes through its maximum
at ca. 187 ◦C, compared to a corresponding small peak, with a maximum at ca. 134 ◦C, for the
unpromoted catalyst. These data agree with earlier studies [8,16] that also reported an improvement in
CO2 adsorption in cobalt-based catalyst upon potassium addition.
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Figure 3. CO2-TPD profiles of (a) 15%Co-1%K/SiO2 and (b) 15%Co/SiO2.

2.5. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra, in the Co 2p region, for calcined and activated catalysts are shown in Figure 4.

Figure 4. XPS data for calcined catalysts (a) 10%Co/SiO2-calc., (b) 10%Co/1%K/SiO2-calc.; and reduced
catalysts (c) 10%Co/SiO2-red., (d) 10%Co/1%K/SiO2-red.

363



Catalysts 2019, 9, 807

The Co 2p1/2 and 2p3/2 peaks for the calcined and unpromoted catalyst were respectively observed
at ca. 795.2 and 779.6 eV and are characteristic of Co3O4 [14,17], in agreement with XRD data, discussed
in Section 2.2. A shift to lower binding energies can be observed for Co 2p1/2 (to 793.5 eV) and 2p3/2

(to 778 eV) following catalyst promotion with potassium. This suggests an electronic donation by
potassium as also observed by other studies, where potassium was added to Co/Al2O3 [18] and
Pd/Co3O4 and Co3O4 [19] catalysts.

Spectra of reduced catalysts (Figure 4c,d) display features of CoO with broader Co 2p1/2 and 2p3/2

peaks and increased intensities of the shake-up satellite features [17,20]. They look similar for both
the unpromoted and the potassium-promoted catalysts. These findings indicate that the electronic
properties of cobalt in the catalyst were modified by potassium during the calcination process, not
during catalyst reduction, causing a different reduction behaviour for the promoted catalyst.

2.6. Catalyst Testing

2.6.1. Effect of Temperature

In order to study the effect of temperature, CO2 hydrogenation was carried out over a
15%Co-3%K/SiO2 catalyst at atmospheric pressure from 180 to 300 ◦C. The temperature dependency of
CO2 conversion and its corresponding Arrhenius plot are reported in Figure 5. As expected, the CO2

conversion continuously increased from 0.6 to 18.4% as the temperature was raised from 180 to 300 ◦C,
in agreement with other earlier studies [21–23].

Figure 5. CO2 conversion during hydrogenation vs. reaction temperature (1 bar, SV = 0.92 NL/gcat/h,
H2/CO2 = 3.1/1): (a) CO2 conversion vs. temperature; (b) Arrhenius plot (Ea = 78 kJ/mol).

From the Arrhenius plot, activation energy of 78 kJ/mol was obtained in a temperature range of
180 to 240 ◦C. A marked curvature in the Arrhenius plot can be observed at temperatures above 240 ◦C,
suggesting that the catalyst surface underwent some changes, possibly including deactivation by
carbon [23]. For comparison, activation energies reported by earlier studies involving cobalt catalysts
for CO2 hydrogenation are summarised in Table 3.

The value of the activation energy obtained in this study is similar to most of those reported in
earlier studies. Exceptions can be noticed for the data reported by Weatherbee and Bartholomew [23],
who reported activation energies of 93 and 171 kJ/mol over 15%Co/SiO2 at 1 and 10 bar respectively.
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The effect of the operating temperature on products selectivity and yields is summarized in
Figure 6. The methane selectivity showed relatively little dependency on temperature from 180 to
225 ◦C, but continuously increased from 240 to 300 ◦C, while the selectivity to CO decreased almost
linearly with increasing temperature (Figure 6a). Both C2-C4 and C5+ selectivities increased as the
temperature was raised and went through a maximum at 240 ◦C before decreasing. Figure 6c shows
that up to 270 ◦C, the yields for C2+, CH4 and CO all increased with the rise in temperature, with
the yield of CO remaining the highest of the three. The yield of methane and C2+ hydrocarbons
were similar up to 240 ◦C, above which the yield of methane quickly surpassed that of C2+ in an
exponential manner.

Table 3. The activation energy for CO2 hydrogenation over cobalt catalysts.

Catalyst H2/CO2 P (atm.) T (◦C) Ea (kJ/mol) References

15%Co/3%K/SiO2 3/1 1 180–240 78 This work
Pristine Co 4/1 1 207–237 77 [24]

100% Co 4/1 1 190–230 79 [25]
4.5%Co/S1 * 4/1 1 210–260 79 [25]
4.6%Co/S3 * 4/1 1 200–240 76 [25]
15%Co/SiO2 4/1 1 183–203 93 [23]
15%Co/SiO2 4/1 11 180–222 171 [23]
3%Co/SiO2 4/1 1 227–277 79 [23]

* S1 and S3 are carbon supports obtained from saran copolymer. The difference between the two is in the burn-off
percentage, i.e., 0 and 20% for S1 and S3 respectively [26].

Figure 6. Effect of temperature on products selectivity: (a) CH4 and CO; (b) C2+ hydrocarbons; and
products yields: (c) C2+, CH4 and CO.
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The rise in CO yield flattened off around 285 ◦C and was surpassed by the fast-rising yield of
methane around 290 ◦C. The C2+ yield went through a maximum at 270 ◦C, indicating that, above this
temperature, the reaction is turning into a preferential methanation process.

The mechanism of CO2 hydrogenation to hydrocarbons is still subject of some controversies.
However, since CO formed during CO2 hydrogenation, it is most likely that hydrocarbons formed via a
typical Fischer-Tropsch mechanism. Indeed, this is a plausible explanation, since some studies [27–29]
have shown that, in the presence of CO, on cobalt-based catalysts, CO2 behaves like an inert gas and
only reacts when CO is depleted. Also, the rapid increase in methane yields with the temperature at
values above 240 ◦C is typical to FT reaction [22,23]. An operating temperature of 270 ◦C was selected
as optimal for the rest of the study.

2.6.2. Effect of Pressure

The effects of pressure on CO2 conversion, and products selectivities and yields are reported in
Figure 7. An increase in operating pressure, from 1 to 15 bar, resulted in an increase in CO2 conversion.
As can be seen from Figure 7a, the CO2 conversion measured at 1 bar was ca. 12.5%; it increased to ca.
21%, 22%, and 27% when the pressure was increased to 5, 10 and 15 bar, respectively. Further increase
in the operating pressure to 20 bar resulted in a slight decrease of CO2 conversion to ca. 26%. The
increase in CO2 conversion with the operating pressure from 1 to 15 bar was expected because of an
increase in reactants partial pressures. However, the decrease in CO2 conversion observed when the
operating pressure was increased from 15 to 20 bar was not expected; it is possible that some CO2 or
reaction intermediate species irreversibly adsorbed on the catalyst surface, blocking some active sites.

An increase in operating pressure from 1 to 5 bar significantly decreased the selectivities to CO
and C2+ hydrocarbons from ca. 48% and 21% to 8% and 11%, respectively (Figure 7b). Further increase
in pressure only resulted in slight decreases in CO and C2+ hydrocarbons selectivities. An opposite
behaviour was observed for CH4 selectivity, which increased from 30 to 81% when the operating
pressure was increased from 1 to 5 bar. Further increase in operating pressure resulted in a relatively
slight increase in CH4 selectivity. Similar trends can be observed for CO and CH4 yields as a function
of the operating pressure (Figure 7c); however, the C2+ yield was not significantly affected by changes
in operating pressure. It remained between 2.1% and 2.7% over the range of pressure used. Under
these conditions, operating at 1 bar is optimal.
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Figure 7. Effect of the operating pressure on (a) CO2 conversion, (b) products selectivity and (c) products
yields (catalyst—15%Co/3%K/SiO2, 270 ◦C, SV = 0.92 NL/gcat/h, H2/CO2 = 3.1/1).

2.6.3. Effect of Potassium Addition

Figure 8 shows the effect of potassium addition on CO2 conversion, and products selectivity and
yields. It is observed that the presence of potassium at a loading of as low as 1% results in a significant
drop in CO2 conversion from 39 to 16% when compared to the unpromoted catalyst (Figure 8a).
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Figure 8. Effect of potassium loading on (a) CO2 conversion, (b) product selectivity and
(c) product yields.

Adding more potassium further exacerbates this behaviour, but with an attenuated effect. The
following can explain these observations: (i) Coverage of active sites by potassium, although considered
to happen at a low extent because of the low potassium loading employed; (ii) increase in CO2 adsorption
capacity: As discussed earlier in Section 2.4, CO2-TPD results have shown that the CO2 adsorption
capacity for the catalyst improves upon potassium addition. As a consequence, the H/C molar ratio
on the catalyst surface is decreased, leading to a drop in CO2 conversion. This is in agreement with
numerous experimental [30–33] and theoretical [34,35] investigations that reported a drop in CO2

conversion with a decrease in H2/CO2 molar ratio. The decrease in CO2 conversion with potassium
addition was also reported by Owen et al. [13] and Shi et al. [8] on Co/SiO2 and CoCu/TiO2 catalysts,
respectively. Using H2 and CO2 temperature-programmed desorption analyses, Shi et al. [8] were
able to show that potassium promotion decreases the H2 adsorption capacity of the catalyst, while
that of CO2 is enhanced; (iii) the oxidation state of cobalt in the catalyst: XRD results have shown the
presence of CoO and metallic cobalt phases in all the reduced and passivated catalysts. TPR analyses,
on the other hand, confirmed that these catalysts have different reducibility properties. Promotion with
potassium limits the reducibility of the catalysts, resulting in limited amounts of metallic cobalt sites
for CO2 conversion. A similar relationship between catalyst reducibility and CO2 activity was reported
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by Melaet et al. [36] who conducted CO2 hydrogenation on Co/SiO2 catalysts activated at 523 K and
723 K. They established, by means of XPS, that CoO and metallic cobalt formed upon activation at 523
K and 723 K respectively. The catalyst reduced at 723 K showed higher activity.

The selectivity towards methane decreased from 96 to 37.6% (Figure 8b) upon adding 1 % of
potassium to the catalyst. Meanwhile, the selectivity of both CO and C2+ hydrocarbons increased.
Additional amounts of potassium resulted in a further decrease in methane selectivity and increase
in CO selectivity. The selectivity of C2+ hydrocarbons, on the other hand, decreased with further
increase in potassium loading above 1%. The improvement of C2+ hydrocarbons selectivity at 1%
potassium can be attributed to a decreased surface H/C ratio as discussed earlier. This implies that
carbon-containing species from CO2 dissociation can polymerize rather than being hydrogenated as is
often the case in a hydrogen-rich environment.

The decreased C2+ hydrocarbons selectivity at 3% and 5% potassium loading is also explained by
an increased CO2 adsorption capacity of the catalyst, causing a decrease in the surface H/C ratio. Since
the CO yield is shown to increase and undergo little variations with further increase in potassium
loading, while both CH4 and the C2+ yields decrease (Figure 8c), it is possible that there is not enough
surface hydrogen to readily react with both CO2 and CO on the catalyst surface.

The highest C2+ yield achieved in this study was ca. 5% and was measured on the 15%Co/1%K/SiO2

catalyst at 1 bar and 270 ◦C. This condition is compared to results reported in other studies that used
cobalt-based catalysts for CO2 hydrogenation under various conditions, as summarized in Table 4. Of
the catalysts that produced C5+ products at low pressure (<2 bar), our catalyst had the lowest methane
selectivity under the optimized operating temperature and pressure. This is particularly important,
since it offers opportunities to limit the formation of the undesirable methane without the need for
excessive operating pressures that will make the process more energy-intensive.

3. Materials and Methods

3.1. Catalyst Synthesis

The catalyst synthesis consisted essentially of two steps, namely support preparation and metal
loading. Fumed silica with an average particle size range of 0.2–0.3 μm, supplied by Sigma-Aldrich
South Africa, served as the catalyst supporting material. Given its small particle size, it was pre-treated
with deionized water and agglomerated by drying overnight at 120 ◦C in the air before crushing and
sieving to obtain a powder with particles within the size range of 212–500 μm. The powder so obtained
was subsequently calcined at 400 ◦C for 6 h in the air to lock its properties before loading the metals.
The addition of cobalt and potassium was done through co-impregnation with solutions of cobalt
and potassium nitrates—both purchased from Sigma-Aldrich. After impregnation, the catalysts were
dried overnight at 120 ◦C and calcined at 400 ◦C in the air for 6 h. All the prepared catalysts contained
15 wt.% cobalt with varying potassium loading (0–5 wt.%). The amount of silica used in catalyst
preparation was reduced to account for the addition of potassium. This allowed for the cobalt loading
to be kept constant for all the catalysts.

369



Catalysts 2019, 9, 807

T
a

b
le

4
.

Su
m

m
ar

y
of

ca
ta

ly
ti

c
pe

rf
or

m
an

ce
da

ta
fo

r
C

O
2

hy
dr

og
en

at
io

n
ov

er
co

ba
lt

-b
as

ed
ca

ta
ly

st
s.

E
n

tr
y

C
a
ta

ly
st

P
re

p
.

M
e
th

o
d

H
2
:C

O
2

T
[K

]
P

[b
a
r]

S
V

C
o

n
v.

[%
]

%
S

e
le

ct
iv

it
y

R
e
fe

re
n

ce
s

C
H

4
C

O
C

2+
C

5+

1
10

0C
o/

5C
u

C
op

re
ci

p.
3:

1
47

3
0.

2
L/

gC
at
/h

a
[1

2]
2

10
0C

o/
5C

u/
2K

2C
O

3
C

op
re

ci
p.

3:
1

49
8

0.
16

49
1.

12
b

3
10

0C
o/

5C
u/

2K
2C

O
3

C
op

re
ci

p.
3:

1
49

8
0.

16
56

2.
32

4
10

0C
o/

5C
u/

2K
2C

O
3

C
op

re
ci

p.
3:

1
47

3
0.

16
40

1.
91

5
10

0C
o/

5C
u/

2K
2C

O
3

C
op

re
ci

p.
3:

1
49

8
0.

16
22

2.
81

6
10

0C
o/

5C
u/

2K
2C

O
3

C
op

re
ci

p.
3:

1
47

3
0.

16
10

0.
19

7
10

0C
o/

5C
u/

2K
2C

O
3

C
op

re
ci

p.
3:

1
47

3
0.

16
44

1.
59

8
10

0C
o/

5C
u/

5C
eO

2/
2K

2C
O

3
C

op
re

ci
p.

3:
1

49
8

0.
16

54
1.

43
9

10
0C

o/
5C

u/
1C

eO
2/

2K
2C

O
3

C
op

re
ci

p.
2:

1
49

8
0.

15
34

2.
11

10
10

0C
o/

5C
u/

1C
eO

2
C

op
re

ci
p.

2:
1

49
8

0.
15

40
0.

10
11

10
0C

o/
5C

u/
1C

eO
2/

3K
3P

O
4

C
op

re
ci

p.
3:

1
49

8
0.

16
40

1.
42

12
10

0C
o/

5C
u/

1C
eO

2/
4.

5K
2C

O
3/

10
0M

gO
C

op
re

ci
p.

2:
1

51
3

0.
3

21
0.

29
13

10
0C

o/
5C

u/
1C

eO
2/

4.
5K

2C
O

3/
10

0M
gO

C
op

re
ci

p.
2:

1
49

8
0.

15
8

0.
51

14
10

0C
o/

5C
u/

1C
eO

2/
6K

2C
O

3/
10

0H
.S

.C
.

C
op

re
ci

p.
2:

1
51

8
0.

15
19

2.
71

15
10

0C
o/

5C
u/

10
0C

eO
2/

7K
2C

O
3

C
op

re
ci

p.
2:

1
52

3
0.

15
23

1.
61

16
10

0C
o/

5C
u/

1C
eO

2/
4.

5K
2C

O
3/

10
0F

.C
.

C
op

re
ci

p.
2:

1
51

3
0.

07
5

23
0.

24
17

10
0C

o/
5C

u/
1C

eO
2/

3.
8K

2C
O

3/
50

H
.S

.C
.

C
op

re
ci

p.
2:

1
49

8
0.

12
22

1.
90

18
3%

C
o/

Si
O

2
Im

pr
eg

na
ti

on
4:

1,
95

%
N

2
50

0
1.

4
43

40
/h

9.
6

71
25

4.
6

[2
3]

19
50

0
84

80
6.

5
54

35
11

20
52

5
84

80
12

.3
59

33
8.

2
21

52
5

16
,4

00
9.

4
42

49
8.

9
22

55
0

16
,4

00
13

.7
42

52
5.

9
23

55
0

24
,6

00
12

32
52

17

24
15

%
C

o/
Si

O
2

Im
pr

eg
na

ti
on

4:
1,

no
N

2
47

6
1

20
50

–3
85

0
10

.5
86

.9
12

.6
0.

7
0

25
47

8
11

45
0–

96
20

11
.2

89
10

.7
0.

34
0

26
10

0%
C

o
R

ed
uc

ti
on

4:
1

49
3

1
50

0–
30

00
h−

1
1.

9
98

2
[2

5]
27

4.
5%

C
o/

S1
Im

pr
eg

na
ti

on
49

3
1.

8
40

60
28

4.
6%

C
o/

S3
Im

pr
eg

na
ti

on
49

3
6.

3
66

34

29
10

0
C

o/
60

M
nO
/1

47
Si

O
2/

0.
15

Pt
Pr

ec
ip

.a
nd

Im
pr

eg
na

ti
on

2:
1

46
3

10
30

m
L/

m
in
/g

of
C

o
18

95
[3

7]

30
15

%
C

o/
A

l 2
O

3
Im

pr
eg

na
ti

on
2.

45
:1

49
3

20
48

00
cm

3 (S
TP

)/
h/

gc
at

33
>

90
[3

8]

31
20

%
C

o/
SS

P
Im

pr
eg

na
ti

on
20

:2
49

3
1

18
L/

gc
at
/h

27
89

.5
10

.5
[3

9]
32

20
%

C
o/

M
C

M
-4

1
28

91
.4

8.
6

33
20

%
C

o/
Ti

SS
P

16
92

.1
7.

9
34

C
o/

Ti
M

C
M

-4
1

34
94

.9
5.

1
35

0.
5%

Pt
–2

5%
C

o/
γ

-A
l 2

O
3

Im
pr

eg
na

ti
on

3:
1

49
3

19
.9

5.
0

L/
g

ca
t/h

93
.3

6.
66

5.
16

[2
8]

36
5%

C
o/

A
l 2

O
3

c
Im

pr
eg

na
ti

on
6:

1
53

3
1

13
.5

m
L/

m
in
/(

63
to

70
m

g
of

ca
t)

0.
21

35
.7

[4
0]

37
10

%
C

o/
A

l 2
O

3
c

0.
91

74
.2

38
15

%
C

o/
A

l 2
O

3
c

2.
45

87
.8

39
20

%
C

o/
A

l 2
O

3
c

2.
1

85
.7

40
C

o/
A

l 2
O

3
So

lid
st

at
e

re
ac

ti
on

of
gi

bb
si

te
an

d
C

oN
T

10
:1

54
3

1
15

0
m

L/
m

in
/g

ca
t

76
82

.2
17

.8
[4

1]

370



Catalysts 2019, 9, 807

T
a

b
le

4
.

C
on

t.

E
n

tr
y

C
a
ta

ly
st

P
re

p
.

M
e
th

o
d

H
2
:C

O
2

T
[K

]
P

[b
a
r]

S
V

C
o

n
v.

[%
]

%
S

e
le

ct
iv

it
y

R
e
fe

re
n

ce
s

41
C

o/
A

l 2
O

3
So

lid
st

at
e

re
ac

ti
on

of
gi

bb
si

te
an

d
C

oA
c

48
.7

76
.7

23
.3

42
C

o/
A

l 2
O

3
So

lid
st

at
e

re
ac

ti
on

of
gi

bb
si

te
an

d
C

oA
A

20
.3

76
.4

23
.6

43
C

o/
A

l 2
O

3
So

lid
st

at
e

re
ac

ti
on

of
gi

bb
si

te
an

d
C

oC
L

6.
1

10
0

0
44

C
o/

A
l 2

O
3

Im
pr

eg
na

ti
on

us
in

g
C

oN
T

32
.2

86
.5

13
.5

45
20

%
C

o/
Si

O
2

3:
1

64
3

A
tm

os
ph

er
ic

67
.4

95
.3

4.
2

0.
6

0
[1

3]
46

20
%

C
o/

1%
Pd
/S

iO
2

50
.7

93
.4

6.
3

0.
3

0
47

10
%

C
o/

1%
Pd
/1

%
K
/S

iO
2

36
.4

89
.3

8.
0

2.
8

0
48

20
%

C
o/

1%
Pd
/1

%
K
/S

iO
2

63
.4

80
.3

13
.9

5.
9

0
49

10
%

C
o/

1%
Pd
/1

%
K
/S

iO
2

39
.1

82
.9

9.
5

7.
6

0.
09

50
20

%
C

o/
1%

Pd
/0

.5
%

K
/S

iO
2

62
.8

76
.0

15
.3

8.
8

0
51

20
%

C
o/

1%
Pd
/1

.5
%

K
/S

iO
2

59
.1

64
.7

16
.2

19
.1

1.
26

52
20

%
C

o/
1%

Pd
/3

%
K
/S

iO
2

43
.2

53
.1

24
.3

22
.6

2.
73

53
20

%
C

o/
1%

K
/S

iO
2

36
.1

45
.3

16
.9

37
.8

7.
87

54
20

%
C

o/
1%

Pt
/1

%
K
/S

iO
2

36
.5

41
.5

20
.8

37
.7

9.
58

55
20

%
C

o/
1%

R
u/

1%
K
/S

iO
2

45
.1

52
.6

12
.6

34
.8

5.
68

56
20

%
C

o/
1%

Pd
/1

%
Li
/S

iO
2

39
.5

56
.1

19
.2

24
.6

1.
94

57
20

%
C

o/
1%

Pd
/1

%
N

a/
Si

O
2

41
.9

48
.4

20
.3

31
.3

7.
33

58
20

%
C

o/
1%

Li
/S

iO
2

39
.3

58
.4

21
.4

20
.2

0.
47

59
20

%
C

o/
1%

N
a/

Si
O

2
51

.2
42

.1
21

.7
36

.3
5.

01
60

20
%

C
o/

1%
K
/S

iO
2

47
.6

50
.1

17
.0

32
.9

3.
65

61
20

%
C

o/
1%

M
o/

Si
O

2
64

.8
88

.7
6.

5
4.

8
0

62
20

%
C

o/
1%

C
r/

Si
O

2
60

.9
75

.9
22

.8
1.

2
0

63
20

%
C

o/
1%

M
n/

Si
O

2
62

91
.1

6.
9

2.
0

0
64

20
%

C
o/

1%
N

a/
1%

M
n/

Si
O

2
42

.7
58

.2
19

.7
22

.2
0.

80
65

20
%

C
o/

1%
N

a/
1%

M
o/

Si
O

2
43

.9
38

.3
15

.7
45

.9
8.

76
66

C
oC

u/
Ti

O
2

D
ep

os
it

io
n-

pr
ec

ip
it

at
io

n
73

:2
4

52
3

50
30

00
m

L/
g/

h
23

.1
87

.0
1.

3
10

.2
4.

76
[8

]
67

1.
5

K
–C

oC
u/

Ti
O

2
21

.2
59

.3
4.

7
36

.5
13

.2
1

68
2.

0
K

–C
oC

u/
Ti

O
2

13
.8

37
.1

19
.7

44
.6

17
.3

9
69

2.
5

K
–C

oC
u/

Ti
O

2
13

22
.4

35
.1

43
.3

23
.0

8
70

3.
0

K
–C

oC
u/

Ti
O

2
12

.8
21

.9
35

.9
41

.5
19

.5
3

71
3.

5
K

–C
oC

u/
Ti

O
2

11
.9

18
.9

45
.9

35
.1

16
.8

1
72

15
%

C
o-

1%
K
/S

iO
2

Im
pr

eg
na

ti
on

3:
1

54
3

1
ba

r
0.

92
N

L/
gc

at
/h

16
37

.6
31

.9
30

.5
7.

8
Th

is
st

ud
y

a
C

al
cu

la
te

d
fr

om
re

po
rt

ed
flo

w
of

C
O

2
ov

er
24

h,
H

2/
C

O
2

ra
ti

o
an

d
th

e
m

as
s

of
ca

ta
ly

st
.b

C
al

cu
la

te
d

fr
om

th
e

re
po

rt
ed

m
ill

ili
te

rs
of

oi
lt

ha
tf

or
m

ed
du

ri
ng

th
e

re
ac

ti
on

,a
ss

um
in

g
an

av
er

ag
e

ch
ai

n
le

ng
th

of
7

(d
en

si
ty

of
0.

68
4)

.c
D

at
a

re
ad

fr
om

gr
ap

hs
.

371



Catalysts 2019, 9, 807

3.2. Catalyst Characterization

The surface area and the porosity of the catalysts were measured by nitrogen physisorption
at −196 ◦C using an Accelerated Surface Area and Porosimetry System (ASAP 2460) from
Micromeritics. Each analysis was preceded by degassing the sample at 150 ◦C for 4 h. The multipoint
Brunauer-Emmett-Teller (BET) method was used to determine the surface area of the materials analysed.

The reducibility of the catalysts was studied by means of temperature-programmed reduction
(TPR). An in-house built instrument, equipped with a thermal conductivity detector (TCD), was used
for this purpose. In a typical analysis, 100 mg of catalyst was loaded in a stainless-steel reactor and
heated to 300 ◦C for one hour under 70 NmL/min of helium to remove traces of moisture and other
ambient contaminants. This step was referred to as degassing. After allowing the reactor to cool to
room temperature, helium was switched with a gas mixture containing 5% H2 in argon at a flow of
65 NmL/min. In the final step, the temperature was raised from room temperature to 700 ◦C at a
heating rate of 10 ◦C/min, while recording the signal of the TCD.

Temperature-programmed desorption (TPD) of CO2 was carried out using the same instrument
as described for TPR analysis. Different to TPR analysis, the catalysts used in this analysis were first
reduced at 335 ◦C for 17 h, using the same reactor and conditions as for the reduction of catalyst samples
used in the CO2 hydrogenation testing as will be described in Section 2.3. The reduced catalysts
were passivated using 5% O2 in helium for 2 h at ambient temperature before their transfer from the
CO2 hydrogenation reactor to the TPD apparatus. Two hundred milligrams of catalyst sample was
degassed in a similar manner as for TPR analysis. After degassing and cooling to room temperature,
the temperature was raised to 335 ◦C at a heating rate of 10 ◦C/min and maintained at this value for
30 min under a flow of 5% H2 in argon. This step was necessary for the removal of the cobalt oxide
layer formed during catalyst passivation. Thereafter, the reactor was cooled and maintained at 50 ◦C
for at least 10 min before replacing H2 (5% in argon) with CO2 (10% in helium). CO2 adsorption
was performed at 50 ◦C for 1 h before re-introducing helium, but this time to remove the physically
adsorbed CO2 molecules. TPD was then performed under helium flow, after stabilization of the TCD
signal, from 50 to 700 ◦C at a heating rate of 5 ◦C/min.

X-ray diffraction (XRD) analysis was performed to identify the oxidation state of cobalt species
in the unreduced and reduced catalyst samples. The instrument used for this purpose was a Rigaku
Ultima IV equipped with a copper target. The voltage and current at which the diffractometer was
operated were 40 kV and 30 mA respectively. Spectra were acquired in the range of 2θ from 10◦ to 90◦
with a step size of 0.01◦ at the scanning speed of 1◦/min.

X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation states of the elements
present on the surface of the catalysts. This analysis was performed on a Specs Phoibos 150 spectrometer
with a monochromatic X-ray source Al Kα at 1486.71 eV. A low-energy electron flood gun operated at
2.0–2.5 eV and 20 μA was used to stabilize the sample surface charge. The spectrometer was operated
at constant pass energy of 40 eV. The shift in binding energy peaks position, due to the surface charging
effect was corrected by setting the C 1s binding energy to 284.8 eV [14].

3.3. Catalyst Testing

Carbon dioxide hydrogenation was carried out in a system which consisted mainly of a stainless
steel fixed-bed reactor (16 mm i.d. × 220 mm length) mounted in an electrical furnace, a mass flow
controller (Aalborg), a back-pressure regulator and a product collection pot. The furnace temperature
was controlled using a programmable temperature controller connected to a K-type thermocouple
and the furnace heating element. Accurate reaction temperatures were measured by means of another
K-type thermocouple in direct contact with the catalyst bed held in place by plugs of quartz wool. Any
liquid product formed was collected in a cold pot mounted at the bottom of the reactor. There was
no need for a hot trap since the products were mainly light hydrocarbons. The reactor outlet was
connected to a three-way valve, which made it possible to either send the reaction products to vent
or to an online gas chromatograph (GC) for analysis. The Dani Master GC used in this study was
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equipped with a flame ionization detector (FID) connected to a capillary column (Supel-QTM PLOT)
that separated hydrocarbons and oxygenates, and a thermal conductivity detector (TCD) connected to
a packed column (60/80 Carboxen 1000) for the separation of H2, N2, CO and CO2.

Prior to testing, 500 mg of catalysts were reduced in flowing hydrogen (23 NmL/min) at 335 ◦C
and atmospheric pressure for 17 h. Catalyst testing was done at temperatures ranging from 180 to
300 ◦C with an increment of 15 ◦C and at pressures within a range of 1–20 bar at a space velocity of
0.92 NL/gcat/h. The feed gas was premixed and contained 21.8% CO2, 68.6% H2 and 9.6% N2. After
testing, all catalysts were passivated in 5% O2 in helium (23 NmL/min) at room temperature for 2 h.
The nitrogen present in the feed gas was used as an internal standard for mass balance calculations.
The CO2 conversion, the rate of CO2 conversion, the rate of products formation, selectivity and yield
were calculated according to Equations (1)–(5), where F and X indicate the total molar gas flow rate and
mole fraction respectively. The subscripts “in” and “out” refer to the gas streams entering or leaving
the reactor.

CO2 conversion (%) =
XCO2, in −

XN2, in
XN2, out

× XCO2, out

XCO2,in

×100, (1)

Rate of CO2 conversion =
Fin

[
XCO2, in −

XN2, in
XN2, out

× XCO2, out

]

Catalyst mass
, (2)

Rate of formation of product i =
Fout × Xi, out

Catalyst mass
, (3)

Selectivity of product i (%) =
moles of carbon in product i per unit time
Rate of CO2 conversion × Catalyst mass

×100 , (4)

Yield of product i (%) =
Selectivity of product i × CO2 conversion

100
. (5)

After a change in operating conditions or in catalyst sample, the reactor was allowed to reach a
steady state and maintained at the new conditions for at least two days. At least two data points were
generated per day. To ensure reproducibility, each data point was an average of three independent
measurements that were closer to each other within 5% error range.

4. Conclusions

The aim of this study was to investigate the effects of operating conditions (temperature, pressure)
and potassium loading on the performance of silica-supported cobalt catalysts in CO2 hydrogenation.
The highest yield in C2+ hydrocarbons was measured at 1 bar and 270 ◦C. Potassium was found to
negatively affect the reducibility of the catalyst, while enhancing its CO2 adsorption capacity. The
improved CO2 adsorption capacity of the catalyst leads to a lower surface H/C ratio, which promotes
chain growth reactions. The limited catalyst reducibility resulted in low catalyst activity and is
explained by an electric donation of potassium to cobalt species during the calcination process of the
catalyst. The optimal operating pressure and temperature determined in this study, combined with
catalyst promotion with 1 wt.% of potassium, significantly lowered the undesirable methane selectivity
when compared to other cobalt-based catalysts that also produced some C5+ hydrocarbons at low
pressures (<2 bar). This constitutes a significant further step in the development of efficient catalysts
for CO2 hydrogenation to liquid fuels.
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Abstract: Fischer–Tropsch (FT) synthesis was carried out in a 3D printed stainless steel (SS) microchannel
microreactor using bimetallic Co-Ru catalysts on three different mesoporous silica supports.
CoRu-MCM-41, CoRu-SBA-15, and CoRu-KIT-6 were synthesized using a one-pot hydrothermal
method and characterized by Brunner–Emmett–Teller (BET), temperature programmed reduction
(TPR), SEM-EDX, TEM, and X-ray photoelectron spectroscopy (XPS) techniques. The mesoporous
catalysts show the long-range ordered structure as supported by BET and low-angle XRD studies.
The TPR profiles of metal oxides with H2 varied significantly depending on the support. These
catalysts were coated inside the microchannels using polyvinyl alcohol and kinetic performance was
evaluated at three different temperatures, in the low-temperature FT regime (210–270 ◦C), at different
Weight Hourly Space Velocity (WHSV) in the range of 3.15–25.2 kgcat.h/kmol using a syngas ratio
of H2/CO = 2. The mesoporous supports have a significant effect on the FT kinetics and stability of
the catalyst. The kinetic models (FT-3, FT-6), based on the Langmuir–Hinshelwood mechanism, were
found to be statistically and physically relevant for FT synthesis using CoRu-MCM-41 and CoRu-KIT-6.
The kinetic model equation (FT-2), derived using Eley–Rideal mechanism, is found to be relevant
for CoRu-SBA-15 in the SS microchannel microreactor. CoRu-KIT-6 was found to be 2.5 times more
active than Co-Ru-MCM-41 and slightly more active than CoRu-SBA-15, based on activation energy
calculations. CoRu-KIT-6 was ~3 and ~1.5 times more stable than CoRu-SBA-15 and CoRu-MCM-41,
respectively, based on CO conversion in the deactivation studies.

Keywords: Fischer-Tropsch synthesis; mesoporous silica based catalysts; kinetic studies; 3-D printed
microchannel microreactor

1. Introduction

Although Fischer–Tropsch (FT) synthesis was discovered by Franz Fischer and Hans Tropsch
in the 1920s in Germany [1], it has gained immense attention in last few years due to depletion of
non-renewable energy sources. FT synthesis is an environmental friendly route for alternative fuels
and can produce liquid fuels from carbon sources by coal-to-liquid (CTL), natural gas-to-liquid (GTL)
and biomass-to-liquid (BTL) [2] processes. Three types of reactors have been utilized commercially
for FT synthesis: Fixed bed, fluidized bed, and slurry bubble column bed by leading GTL companies
like Shell, Sasol, Exxon Mobil, and Energy Int. [3]. There is a minimum scale limit of this FT process
to be economical; for example, the Pearl GTL, a collaboration between Shell and Qatar petroleum,
producing 140,000 bpd (barrels per day) is considered as a profitable economic scale for the FT GTL
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process [4]. The limitation of the scale-up considerations to commercialize small scale plants to be
more profitable has driven industries and researchers to pursue an interest in alternative technologies.
Since FT synthesis is highly exothermic in nature, there is a need for much process intensification
technologies. The microreactor platform, which contains microstructured units called microreactors,
uses a large number of small, parallel channels with different channel designs. This technology provides
an alternative platform for controlling highly exothermic reactions like FT synthesis with enhanced
mass and heat transfer. It has gained much attention in process intensification of FT synthesis [5,6] as
isothermal operating conditions are well maintained in a microreactor with good control over process
parameters which favors quick screening of catalyst for different chemical reactions. The reaction zone
for these microreactors are several parallel microchannels with small geometry. The specific surface
area of the reaction zone is greatly enhanced by the design of microchannels resulting in an efficient FT
synthesis. In addition to efficient heat and mass transfer with good heat dissipation, microreactors also
have advantages such as high reaction throughput, easy scale-up, good portability, and lower cost over
conventional reactors [6–10]. This has been demonstrated commercially and in R&D by Velocys and
Micrometrics Corporations [11–14].

Iron, cobalt, and ruthenium catalysts have been extensively used for FT synthesis [15]. To increase
the performance of catalysts, different supports have been used; some of the previous studies examined
the role of Al2O3 [16–20], TiO2 [21–28], SiO2 [29–33], and CNTs [34–36] as supporting materials for the
formation of higher alkanes. These supports tend to enhance the FT process by increasing the active
number of catalytic sites and good metal dispersion with the high surface area. Therefore, the selection
of support and study of its interaction with the incorporated metal ion plays an important role in
catalysis. In our previous studies, sol-gel encapsulated catalysts were used in silicon microreactors for
FT synthesis [37–39]. While Al2O3 and SiO2 sol-gel supports show similar behavior in formation of
higher alkanes such as ethane, propane, and butane for the reactions at 1 atm, TiO2 has a profound effect
on FT synthesis [40] and the stability of the catalysts are observed in reverse order from that observed
with SiO2 and Al2O3. However, in all these studies, sol-gel coated catalysts in silicon microreactors
tend to have challenges such as low surface area, clogging of microchannels and difficulty in reducing
the metal oxides to expose active sites. In addition, the Si-microreactors are fragile and they break
easily and require a large infrastructure for fabrication. Further, it’s more difficult to increase pressure
for FT studies using Si-microreactors. Thus, we have turned our attention to 3D printed stainless steel
(SS) microreactors which are easy to fabricate by direct metal laser sintering layer-by-layer additive
manufacturing technique. Recently, 3D printed microreactors have been used as flow devices in
many chemical reactions such as fast difluoromethylation [41], a customizable Lab-On-Chip device
for optimization of carvone semicarbazon [42], a micro fuel cell [43,44], and wide range of organic
and inorganic reactions [45–47]. Further, these metal printed microreactors have been used for high
pressure and temperature chemical reactions providing a new fast developing reactor technology in
process development to industrial scale [47], which makes them suitable for reactions like FT synthesis
due to its good mechanical and thermal properties. Although the specific surface area of stainless steel
microreactor is less when compared to silicon microreactors used in our previous studies [40], the use
of stainless steel material increases heat transfer, its chemical and mechanical resistances play a major
role in process intensification of chemical processes. In order to increase specific surface area of the
reaction zone in microreactors, we synthesized catalysts with surface area greater than 1000 m2/g using
mesoporous MCM-41 support. The use of high surface area MCM-41 for FT catalysis stems from our
previous studies, which can be prepared easily by one-pot hydrothermal procedure and are extremely
stable, for steam reforming of methanol to produce hydrogen [48–51]. Bimetallic catalysts containing
Co and one other metal—Fe, Ru, or Ni—were prepared to investigate the synergistic effect of bi-metallic
species on the FT performance (manuscript submitted), The results show that CoRu-MCM-41 is more
active than other bimetallic catalysts in producing longer-chain hydrocarbons at one atmosphere.

In this manuscript, we have focused on the kinetics of FT synthesis in a 3-D printed Stainless
Steel(SS) microreactor using CoRu bimetallic catalysts supported by MCM-41, and two other
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mesoporous silica supports: SBA-15 and KIT-6. In order to translate new advancements in the
laboratory as well as industry on both catalysis and microreactors for FT synthesis, chemical kinetics
is a key issue in developing mathematical models for the reactors. However, to our knowledge,
the kinetics of FT synthesis using mesoporous materials in a microreactor is relatively unknown in the
literature. So, in order to understand more about the interaction between silica mesoporous materials
and the metal, and especially kinetics, three different types of silica mesoporous materials (MCM-41,
SBA-15, and KIT-6) containing cobalt and ruthenium metals were synthesized by one-pot hydrothermal
method. To address the thermodynamic stability of the catalysts, CO-conversion using these three
catalysts in the 3-D printed SS microchannel microreactor was also investigated.

2. Results and Discussion

2.1. Catalyst Characterization

2.1.1. Textural Evaluation of Catalysts

The textural properties of the catalysts were evaluated using nitrogen Brunner–Emmett–Teller
(BET) physisorption analysis. Table 1 shows the BET surface area, pore volume and the average pore
diameter of all three catalysts. The surface areas of the catalysts are different depending upon the
type of silica support. While the surface area of CoRu-MCM-41 was 1025 m2/g, that of CoRu-SBA-15
and CoRu-KIT-6 was around 691 m2/g and 690 m2/g, respectively. The general trend is consistent
with that reported in the literature [48,52,53]. The pore diameter in the range of 3.2–5.3 nm was
obtained from BJH desorption plot. The pore volume was in the range of 0.77–0.92 cm3/g. Figure 1a
shows nitrogen adsorption–desorption isotherms for all the catalysts with pore size distribution of
mesoporous materials. These isotherms represent the category of Type IV isotherms which is typical
for mesoporous materials as mentioned in IUPAC classification [54]. These isotherms are classified
into three different types of regions. The initial part of isotherm is a linear increment of nitrogen
uptake at lower relative pressures (P/P0 = 0–0.2) called Type II isotherm. This is due to the adsorption
of N2 on monolayer and multilayer within the pore walls of the catalyst. For relative pressure in
the range of P/P0 = 0.2–0.4, there is an exponential increment in the isotherms which indicates the
ordered mesoporous structure of the catalysts. Especially, the steepness of CoRu-MCM-41 is sharp
when compared to the other two samples which indicate that MCM-41 support is more ordered in the
nature of all the catalysts. Finally, the third region, in the relative pressure range of P/P0 = 0.4–0.95, has
a long plateau for all the catalysts and it corresponds to the multilayer adsorption on the outer surface
of the catalyst. The hysteresis loop for the samples is associated with condensation of N2 uptake in the
interstitial voids of mesopores of the support [55]. Figure 1b shows pore size distribution obtained
from BJH desorption plots. A sharp single peak for pore size with narrow distribution is observed
for all the catalysts covering uniformly the pores with sizes in the range of 3.2 to 5.3 nm as shown
in Table 1. The pore sizes of KIT-6 support appear to be larger and wider when compared to that of
MCM-41 and SBA-15 supports. Furthermore, the pore distribution of MCM-41 is bi-modal, having
major pores distributed in the range of 2 to 3 nm and minimal pore distribution between 3–4 nm.

Table 1. Brunner–Emmett–Teller (BET) surface area, pore size, pore volume and EDX metal loadings of
synthesized catalysts.

Mesoporous Silica
Supported Catalyst with
Intended Metal Loadings

Surface Area a

(m2/g)
Pore Volume b

(cm3/g)

Pore Size c

(nm)

Metal Loadings
Obtained from

SEM-EDX (wt %)

10% Co5%Ru-MCM-41 1025 0.77 3.2 9%Co3.9%Ru-MCM-41
10% Co5%Ru-SBA-15 691 0.73 4.2 8.4%Co4.5%Ru-KIT-6

10%Co5%Ru-KIT-6 690 0.92 5.3 11.1%Co5.6%Ru-SBA-15
a = Variation range ±2%, b = Variation range ±3%, c = Variation range ±5%.
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Figure 1. (a) N2 adsorption–desorption isotherms of CoRu-S (S =MCM-41, SBA-15, KIT-6) and (b) pore
size distribution of the catalyst.

2.1.2. SEM-EDX Analysis

The metal loadings in the catalysts (wt%) and the surface morphology were obtained by SEM-EDX
analysis. Figure S1 shows the SEM-EDX images of a typical MCM-41 catalyst showing uniform
metal distribution with porous morphology. The actual and intended metal loadings are quite similar
(Table 1) and suggest that the one-pot hydrothermal synthesis is one of the best routes to prepare
mesoporous materials with uniform metal distribution. This uniformity plays a key role in the activity
of FT catalysts; it not only decreases sintering but also increases the thermal stability of the catalysts for
long-term studies.

2.1.3. Transmission Electron Microscopic (TEM) Imaging

The size of the metal particles and the structure of the mesoporous support in all catalysts were
obtained from TEM studies. The high magnification images in Figure 2 show the uniform ordered
hexagonal pores present in the support. It is also worth noting that MCM-41 support has well defined
hexagonal pores when compared to KIT-6 and SBA-15 and this is consistent with the BET surface
area and the low angle XRD studies (discussed below). A uniform metal distribution with black
dots, as shown in Figure S2, having almost circular in shape is clearly evident in the mesoporous
silica matrix.

 
Figure 2. High magnification TEM images of CoRu-S Catalysts (S = (a) MCM-41, (b) SBA-15, (c) KIT-6.

2.1.4. Powder X-Ray Diffraction (XRD) Studies of Calcined Catalysts

In order to obtain information about the structural phases of the catalysts, XRD studies were
carried out. Figure 3 shows the small angle XRD diffraction patterns for different mesoporous silica
supported catalysts. The variations of peaks are probably due to the presence of metal nanoparticles
present in the catalyst. For CoRu-MCM-41 catalyst, a sharp intense peak between 2-theta values 2–3◦
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and two broad peaks between 2-theta values 4–5.5◦ corresponds to (100), (110), and (200) reflections of
hexagonal mesoporous structure. This confirms that these catalysts are highly ordered mesoporous
in nature with no deformation of hexagonal framework even after the addition of metals and this is
consistent with the observed TEM images. For CoRu-SBA-15 catalyst, the peak between 2-theta value
1–2◦ indicates the mesoporous structure with 2D hexagonal symmetry with p6mm space group and
long range ordered mesoporous structure [56]. For CoRu-KIT-6 catalyst, the peak at 2-theta value 0.94◦
corresponds to (211) plane and two low intensity peaks between 1.5–2◦ ascribes to (420) and (332)
diffraction planes. These planes confirmed the characteristic three-dimensional nature of mesoporous
KIT-6 reported in the literature [57].

 

(a)

(b)

(c)

 

Figure 3. Low angle XRD of three bimetallic mesoporous catalysts: (a) CoRu-MCM41; (b) CoRu-SBA15;
(c) CoRu-KIT6.

The wide-angle XRD (WAXRD) analysis was carried out to determine the crystallinity of metal
oxides in different mesoporous supports. Figure 4 shows the WAXRD patterns of these samples.
The observed 2θ angles are compared with the JCPDS (Joint Committee on Powder Diffraction Standards)
database. For all catalysts, the peaks at 18.90◦ (111), 31.09◦ (220), 36.74◦ (311), 38.36◦ (222), 44.72◦
(400), 59.25◦ (511), and 65.26◦ (440) correspond to the cubic structure of Co3O4 (JCPDS-42-1467) [58,59].
The orthorhombic structure of RuO2 (JCPDS-88-0323) is consistent with the observed peaks at 28.18◦
(110), 35.27◦ (101), and 54.56◦ (211) in all the catalysts.

2.1.5. X-Ray Photoelectron Spectroscopy (XPS)

To determine the oxidation states of Co and Ru in MCM-41, KIT-6, and SBA-15, XPS studies
were performed. Figure S3 shows the XPS spectra of Si 2p and O 1s containing a single spectrum
which is centered at 104 eV and 532 eV, respectively, and confirms the presence of silicates in the
sample. Figure 5a shows the Co 2p spectra for all the samples; the Co 2p3/2, and Co 2p1/2 peaks are
clearly observed to indicate the presence of cobalt in two oxidation states in the silica matrix [60–62].
The peaks centered at 780.5 eV and 796.2 eV are associated with Co 2p3/2 and Co 2p1/2, respectively in
the MCM-41 matrix. Whereas, in the case of KIT-6, the peaks for Co 2p3/2 and Co 2p1/2 are observed at
779.6 eV and 795.8 eV, respectively. For SBA-15, the similar peaks are noticed at 779.7 eV and 794.8 eV,
respectively. It is clear from these data that the binding energy for cobalt in the MCM-41 matrix is
distinctly higher when compared to that of cobalt in KIT-6 and SBA-15. This suggests that cobalt in
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two oxidation states in MCM-41 is in a different environment from that of SBA-15 and KIT-6. This is
also consistent with temperature programmed reduction (TPR) profile showing much higher reduction
temperatures for CoRu-MCM-41 catalyst as discussed below. Similar XPS spectra for Co 2p were
observed and analyzed by Bhoware et al., [63]. Figure 5b shows the XPS spectra for the ruthenium
metal in the catalyst. The presence of Ru in the sample is confirmed by the Ru 3d spectra which
is centered almost at 284.8 eV and it is associated with the Ru 3d3/2 oxidation state [64]. However,
in contrast to cobalt, there is no significant difference in the binding energy of the Ru metal ions in
different mesoporous silica supports.

Figure 4. Wide angle XRD patterns of three bimetallic catalysts: (a) CoRu-MCM41; (b) CoRu-SBA15;
(c) CoRu-KIT6.

Figure 5. XPS spectra of metals incorporated MCM-41, KIT-6, and SBA-15: (a) Co 2p spectra and (b) Ru
3d spectra.

2.1.6. H2 Temperature Programmed Reduction (H2 TPR)

Temperature programmed reduction (TPR) is an ideal technique to analyze the reduction behavior
of metal oxides in mesoporous silica. It helps to investigate the interaction between metal and the
support by providing information on physiochemical properties of the material. All the calcined
catalysts are treated with 10%H2 to record TPR profiles for Co and Ru metal oxides shown in Figure 6.
All the samples contain well defined peaks for ruthenium at low reduction temperatures and cobalt at
much higher reduction temperatures. The TPR profiles of all the catalysts show that the ruthenium
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oxide is reduced with H2 at a relatively lower temperature between 100 ◦C and 250 ◦C with main
hydrogen consumption peaks for Ru3+ to Ru0 which is also reported by Panpranot et al. [65]. However,
the reduction behavior of Co3O4 (Co3O4 → CoO→ Co0) [66] in three samples to Co0 is remarkably
different depending on the type of support. For MCM-41, as reported by Lim et al., the small peak
centered around 310 ◦C ascribes the reduction of cobalt to CoO, while the second main peak corresponds
to the reduction of CoO to metal ions Co2+ into the silica network [67]. The last hydrogen uptake has
a peak centered almost 780 ◦C which suggests that the cobalt and the MCM-41 support have strong
interaction which is also confirmed by the binding energy obtained from XPS in Figure 5a [48,68]. This
could be due to the formation of a spinel structure as cobalt silicates [69] and consistent with the XPS
and XRD data. Unlike MCM-41, the reduction temperatures of Co inSBA-15 and KIT-6 were quite low
around 365 ◦C and 375 ◦C, respectively, confirming weaker metal interactions with SBA-15 and KIT-6
supports [53]. However, no separate three peaks were observed for the reduction of cobalt, this may be
due to the absence of silicates in SBA-15 and KIT-6 samples. The shift in the reduction peaks to the
lower temperatures can also be due to the incorporation of Ru metal in the support [70]. Although
the 5% weight of Ru is maintained in the catalyst sample, there might be a slight difference in the
actual loadings of the Ru metal as shown in EDX Table 2. Qin et al., have studied the effect of the
Ru metal on Co-SBA-15 catalyst at different loading and found a remarkable effect on the activity of
catalyst during the FT synthesis [70]. Thus, the overall interactions of metal–metal and metal–support
have a strong influence on the reducibility and reactivity of the catalysts for FT synthesis. Since the
operating temperature zone of the FT synthesis is less than 350 ◦C, the activity of the catalyst is more
dependent on the ease of reducibility of the metal oxides to pure metals (active sites) in the support.
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Figure 6. H2-TPR(temperature programmed reduction) profiles of CoRu-S (S =MCM-41, KIT-6 and
SBA-15) Catalysts.

The amount of hydrogen consumed by CoRu-MCM-41, CoRu-SBA-15, and CoRu-KIT-6 catalysts
was calculated and quantified to be 0.108, 0.05, and 0.032 mmol H2/gm, respectively in the temperature
range of 25 to 1000 ◦C. The amount of hydrogen consumed by CoRu-MCM-41 was found almost two
times more than that of CoRu-SBA-15 and 3 times more than by CoRu-KIT-6. Higher hydrogen uptake
by CoRu-MCM-41 is most likely due to the reduction of Co-silicates ~750 ◦C.

Although MCM-41 exhibits higher hydrogen consumption than other catalysts, the amount of
hydrogen adsorbed by CoRu-KIT-6 in the temperature range of 25–311 ◦C is higher when compared to
that by CoRu-MCM-41 and CoRu-SBA-15 in the same range of temperature.
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2.2. FT Reaction Mechanism

In order to have a better understanding of the effect of metal and support interaction on catalysts,
kinetic studies were carried out in the SS microchannel microreactors. The main difficulty to describe
the FT kinetics is the complexity of its mechanism and a larger number of possible chemical species
involved. Kinetic models of FT synthesis using Co based catalysts are less abundant than Fe based
catalysts in literature [71]. Most of the existing models are mainly based on power-law models where
Langmuir–Hinselwood (LH) type equations have been used by different researchers [72–76]. Although
the simple power-law expression is widely recognized in the field of catalysis, it was recognized to have
limited application in FT synthesis due to the narrow range of reaction conditions [77,78]. However,
LH type equations are widely used for prediction of rates over a wide range of reaction conditions.
As an example, Yates and Satterfield [72] worked on Co-catalyst and fitted the rate data obtained at
220–240 ◦C. They found that the rate data were best fitted with simple LH expression. Rautavuoma
and van dar Baan [79] reported the rate of reaction at 1 atm pressure and 250 ◦C. They observed that
reaction proceeds through CO dissociation and formation of -CH2- surface intermediate.

2.2.1. Reaction Mechanism

In the microchannels of the microreactor, the flow of reactants is basically laminar. The complexity
of the microchannel microreactor increases due to the parabolic type velocity profile; so, an average
velocity profile is approximated during the development of the model for the microreactor system [80].
The outlet concentrations of the limiting reactant (CO), which was related to the rate of reaction, were
calculated by an in-line GCMS. The following differential equation was used for a reactor model
defined as Equation (1):

Wcat

Fin,CO
=

∫ XCO,out

XCO,in

dXCO
−rCO

(1)

Wcat =Wt. of the catalyst
Fin,CO =Molar feed rate of CO
XCO = Conversion of CO
−rCO = Disappearance rate of CO

Equation (2), below, is used to calculate the disappearance rate of CO

− rCO =
XCOFin,CO

Wcat
(2)

The following boundary conditions (BC) were used:

W = 0; Fi =Fi(inlet)

W =Wcat; Fi = Fi(exit)

The partial pressure of the compound was calculated using the following equations:

pi =
mi∑Nc

i=1 mi
PT (3)

where pi is the partial pressure of the component, PT is the total pressure of the reactor at the inlet
(1 atm) and Nc is the total number of components. mi is the number of moles of component i.

2.2.2. Mechanism and Kinetics

In order to determine the most suitable kinetic model for a particular catalyst, all possible
combinations of FT reactions were considered and rate equations were developed based on CO
conversion. A number of Langmuir–Hinshelwood and Eley–Rideal models have been developed
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for kinetics of CO hydrogenation to hydrocarbons in different types of reactors over the past few
years [80–82]. In this study, it was assumed that the FT reactions occur only at active sites and proposed
six possible mechanisms for FT reactions to develop kinetic models in the microchannel microreactor
as shown in Table 2. In order to derive an appropriate model that describes a suitable FT equation,
we considered six cases with different elementary reaction steps for each case as shown in Table 2.

Table 2. Elementary reaction steps for Fischer–Tropsch synthesis.

Model No Elementary Reaction

FT-1
1 CO + ∗ k1�

k−1

CO ∗ K1 = k1
k−1

2 CO ∗ +H2
k→ C + D + ∗

FT-2
1 H2 + ∗ k1�

k−1

H2 ∗ K1 = k1
k−1

2 H2 ∗ +CO k→ C + D + ∗

FT-3
1 CO + ∗ k1�

k−1

CO ∗ K1 = k1
k−1

2 H2 + ∗ k2�
k−2

H2 ∗ K2 = k2
k−2

3 CO ∗ +H2 ∗ k→ C + D + 2∗

FT-4
1 CO + ∗ k1�

k−1

CO ∗ K1 = k1
k−1

2 CO ∗ +H2
k2�
k−2

COH2 ∗ K2 = k2
k−2

3 COH2∗ k→ C + D + ∗

FT-5
1 H2 + ∗ k1�

k−1

H2 ∗ K1 = k1
k−1

2 H2 ∗ +CO
k2�
k−2

COH2 ∗ K2 = k2
k−2

3 COH2∗ k→ C + D + ∗

FT-6

1 CO + ∗ k1�
k−1

CO ∗ K1 = k1
k−1

2 H2 + ∗ k2�
k−2

H2 ∗ K2 = k2
k−2

3 CO ∗ +H2 ∗ k3�
k−3

COH2 ∗ + ∗ K3 = k3
k−3

4 COH2∗ k→ C + D + ∗

In FT-1, CO is adsorbed on active site (*) of catalyst to form a CO* intermediate. Then, CO* reacts
with H2 to give the products C (hydrocarbons) and D (H2O). Similarly, H2 can be adsorbed on the
catalyst site (*) to form H2* intermediate and this intermediate subsequently reacted with CO to yield
products in the FT-2 mechanism. There are two steps of adsorption in the FT-3 mechanism. In 1st

and 2nd steps, CO and H2 both are adsorbed on catalyst active site (*) to form two intermediates (CO*
and H2*). In the last step (surface reaction), these two intermediates react with each other to give
products C and D. The FT-4 model consisted of three different steps. In the 1st step (adsorption), CO is
adsorbed on catalyst site (*) to form CO*. In 2nd step (surface reaction), the intermediate (CO*) reacts
with H2 to form another intermediate (COH2*). In the last step (desorption), the final intermediate
gave products (C and D). Like FT-4, FT-5 also consists of three different steps—adsorption, surface
reaction, and desorption. In the 1st step (adsorption), H2 is adsorbed on catalyst site (*) to form the
H2* intermediate. This intermediate reacts with CO to form another intermediate (COH2*) in the 2nd

step (surface reaction). In 3rd step, the products (C and D) are formed from the intermediate (COH2*).
In contrast to other models, FT-6 consists of four different steps. The 1st and 2nd steps are like that
of the FT-3 mechanism. The 3rd step is the surface reaction where two intermediates (CO* and H2*)
react with each other to give another intermediate COH2* and released one active site (*). In last step
(desorption), the intermediate (COH2*) yields products (C and D).
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Using the six models described above, six rate equations can be deduced for FT reactions by
considering surface reaction and rate-limiting desorption as shown in Table 3. (See Appendix A for the
rate equation derived using the FT-3 kinetic model).

Table 3. Proposed kinetic equations for Fischer–Tropsch synthesis.

Model Rate Controlling Step (RCS) Kinetic Equation

FT-1 (2) −rCO =
kK1pCOpH2
(1+K1pCO)

FT-2 (2) −rCO =
kK1pCOpH2
(1+K1pH2 )

FT-3 (3) −rCO =
kK1K2pCOpH2

(1+K1pCO+K2pH2 )
2

FT-4 (3) −rCO =
kK1K2pCOpH2

(1+K1K2pCOpH2+K1pCO)

FT-5 (3) −rCO =
kK1K2pCOpH2

(1+K1K2pCOpH2+K1pH2 )

FT-6 (4) −rCO =
kK1K2K3pCOpH2

(1+K1K2K3pCOpH2+K1pCO+K2pH2 )

All the models presented in Table 3 were verified against experimental data to obtain the
best suitable mechanism with the best fit. The models FT-1, FT-2, FT-4, and FT-5 are based on
Eley–Rideal-type mechanism. In this case, one reactant gets adsorbed and another reactant reacts
directly from the gas phase to form intermediates that yield products. Other models FT-3 and FT-6
are based on the Langmuir–Hinshelwood mechanism, which means all reactants are adsorbed on
the catalyst surface before the products are formed. The kinetic parameter (k) and equilibrium
constants (K1, K2, K3) at each temperature were evaluated by non-linear regression analysis based on
Levenberg–Marquart algorithm in POLYMATH software by minimizing the sum of squared residuals
of reaction rates [83,84]. The objective function is defined as:

F =
N∑

i=1

(rcali − rexpi
)2 (4)

where, N is the number of total observations, rcali and rexpi
are calculated from the model equation and

experimental rates at the different reaction temperatures.
The rate constants and the equilibrium constants can be related to The Arrhenius equation and

van’t Hoff laws as shown below:
ki(T) = A exp (−Eai

RT
) (5)

Ki(T) = K exp (−ΔHi
RT

) (6)

where ki and Ki are reaction and equilibrium constants, respectively. Eai and ΔHi are the apparent
activation energy and standard enthalpy change of i species.

2.3. Effect of Space Velocity on CO Conversion

The influence of the weight hourly space velocity (WHSV) on the CO conversion for three different
catalysts at 1 atm and H2/CO molar ratio 2 with error bar is shown in Figure 7a–c. The reactions
were carried out at three different temperatures (210 ◦C, 240 ◦C, and 270 ◦C). CO conversion increases
with the increase of space velocity and temperature. While CO conversion increases quickly with the
increase of space velocity at the beginning, it remains almost constant at higher space velocity as the
reaction reaches the equilibrium state. The variation of CO conversion was within 10% as observed
during these reactions.
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Figure 7. Effect of space velocity on CO conversion: (a) CoRu-MCM-41; (b) CoRu-SBA-15; (c) CoRu-KIT-6.

2.4. FT Kinetic Model

The kinetic models derived from Langmuir–Hinshelwood and Eley–Rideal mechanisms consider
elementary reactions consuming CO and H2 to produce hydrocarbons and water. Recently, the
mechanistic aspects of FT synthesis were well investigated by computational catalysis studies using
DFT-based quantum chemical models [85–87]. However, the use of Langmuir–Hinshelwood and
Eley–Rideal models facilitates understanding of the FT mechanism more easily. In this work, all the
kinetic models derived based on these mechanisms are investigated and fitted with experimental data
to check the feasibility of the proposed mechanism. The objective function (F) in Equation (4) was
utilized to measure the goodness of the model to select the best-fitted mechanism for FT synthesis.
Table 4 shows the experimental data obtained for all catalysts at 210 ◦C, 240 ◦C, and 270 ◦C.
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Table 4. Kinetic experimental data for all the catalysts.

Temperature
W/F

(Kgcat.h/kmol)

CoRu-MCM-41 CoRu-SBA-15 CoRu-KIT-6

Reaction Rate
(Kmol/Kg.h)

Conversion
(%)

Reaction Rate
(Kmol/Kg.h)

Conversion
(%)

Reaction Rate
(Kmol/Kg.h)

Conversion
(%)

210 ◦C

25.2 0.035 89.53 0.035 88.35 0.033 84.12
12.6 0.070 88.43 0.068 86.08 0.065 83.03
8.39 0.100 84.29 0.1 84.29 0.098 82.41
6.30 0.130 81.97 0.13 81.97 0.13 81.97
5.04 0.156 78.64 0.162 81.52 0.158 79.34
4.20 0.177 74.45 0.188 79.11 0.186 78.15
3.60 0.181 65.46 0.208 74.74 0.21 75.45
3.15 0.196 61.98 0.231 72.79 0.224 70.43

240 ◦C

25.2 0.036 93.09 0.037 94.43 0.034 87.39
12.6 0.071 90.09 0.071 90.36 0.067 85.27
8.39 0.105 88.84 0.01 85.18 0.101 84.79
6.30 0.127 80.14 0.013 82.07 0.126 79.63
5.04 0.153 77.34 0.157 79.24 0.154 77.48
4.20 0.160 67.23 0.182 76.32 0.176 74.02
3.60 0.176 63.42 0.209 75.25 0.201 72.35
3.15 0.187 59.02 0.218 68.76 0.224 70.44

270 ◦C

25.2 0.037 94.95 0.038 95.98 0.036 92.40
12.6 0.070 88.39 0.072 91.55 0.069 87.39
8.39 0.100 83.96 0.107 89.90 0.101 85.01
6.30 0.115 72.70 0.135 85.22 0.130 81.80
5.04 0.133 67.48 0.162 81.42 0.153 77.08
4.20 0.158 66.53 0.182 76.32 0.177 74.18
3.60 0.175 63.20 0.206 74.19 0.2 71.93
3.15 0.194 61.34 0.222 69.90 0.222 70.00

The kinetic parameters obtained for all the mechanisms for CoRu-MCM-41 are shown in Table 5.
It can be inferred from data that the value of the rate constant (k) increases with increasing temperature
with only one of the 6 mechanisms which is FT-3. Therefore, for CoRu-MCM-41, the model FT-3 is best
fitted with the kinetic data.

Table 5. Kinetic parameters obtained from proposed mechanisms for CoRu-MCM-41

Model Temperature

210 ◦C R2 240 ◦C R2 270 ◦C R2

FT-1 k = 0.872 ± 0.0037
K1 = 21.19 ± 1.79 0.88 k = 0.23 ± 0.027

K1 = 16.49 ± 7.66 0.98 k = 0.38 ± 0.118
K1 = 3.92 ± 2.46 0.98

FT-2 k = 0.87 ± 0.0037
K1 = 21.19 ± 1.79 0.88 k = 0.74 ± 0.0014

K1 = 21.19 ± 0.84 0.72 k = 0.69 ± 0.0067
K1 = 6.05 ± 0.34 0.93

FT-3
k = 1.32 ± 0.000029

K1 = 5.04 ± 0.000194
K2 = 2.877 ± 0.000468

0.97
k = 2.21 ± 0.017

K1 = 4.02 ± 0.103
K2 = 0.51 ± 0.0064

0.96
k = 3.22 ± 0.068
K1 = 1.41 ± 0.05
K2 = 0.5 ± 0.019

0.97

FT-4
k = 0.443 ± 1.69

K1 = 1.88 ± 19.53
K2 = 2.49 ± 34.08

0.98
k = 0.85 ± 0.015

K1 = 11.09 ± 0.686
K2 = 0.365 ± 0.0077

0.98
k = 2.01 ± 0.037
K1 = 3.13 ± 0.11

K2 = 0.228 ± 0.0045
0.98

FT-5
k = 0.536 ± 0.000355
K1 = 21.19 ± 0.403
K2 = 2.42 ± 0.0023

0.97
k = 0.48 ± 0.000205
K1 = 21.19 ± 0.265
K2 = 2.33 ± 0.0015

0.90
k = 0.41 ± 0.009

K1 = 0.33 ± 0.014
K2 = 11.09 ± 0.396

0.97

FT-6

k = 0.704 ± 0.0022
K1 = 0.931 ± 0.0039

K2 = 31.29 ± 3.21
K3 = 1.77 ± 0.0074

0.96

k = 0.67 ± 0.0012
K1 = 0.897 ± 0.0021
K2 = 31.29 ± 1.83

K3 = 1.69 ± 0.0041

0.87

k = 0.243 ± 0.00018
K1 = 3.14 ± 0.0052
K2 = 31.29 ± 0.76
K3 = 1.67 ± 0.0027

0.83

In order to determine the activation energy and the frequency factor from the Arrhenius equation,
the logarithm of the rate constant was plotted against the inverse of reaction temperature as shown in
Figure 8. The activation energy was determined to be 32.21 kJ/mol and the frequency factor was 4099
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kmol/KgCat.hr. (atm)2 for CoRu-MCM-41 catalyst. Table 6 shows that the rate constant increases with
the increase of reaction temperature. However, the two adsorption equilibrium constants (K1 and K2)
decrease with the increase of reaction temperature. Since adsorption is an exothermic process, the
adsorption equilibrium constant decreases with rise in temperature.

 

Figure 8. Arrhenius plot-based on Langmuir–Hinselwood (LH) model for FT synthesis over
CoRu-MCM-41 catalyst.

Table 4 shows the experimental data of the kinetic runs for CoRu-SBA-15 at 210 ◦C, 240◦C, and
270 ◦C. When the data are fit against all the kinetic models, FT-2 was the best-fitted model obtained for
CoRu-SBA-15. The kinetic parameters for all of the proposed mechanisms are shown in Table 6.

Table 6. Kinetic parameters obtained from proposed mechanisms for CoRu-SBA-15.

Model Temperature

210 ◦C R2 240 ◦C R2 270 ◦C R2

FT-1 k = 3.02 ± 0.092
K1 = 0.46 ± 0.015 0.94 k = 2.01 ± 0.059

K1 = 0.655 ± 0.021 0.94 k = 2.01 ± 0.026
K1 = 0.727 ± 0.01 0.98

FT-2
k = 9.08 ± 0.266

K1 = 0.166 ± 0.005
0.94

k = 11.09 ± 0.281
K1 = 0.118 ± 0.0033

0.95
k = 13.12 ± 0.005

K1 = 0.109 ± 0.000046
0.99

FT-3
k = 11.09 ± 0.698
K1 = 2.23 ± 0.145
K2 = 20.62 ± 1.49

0.82
k = 2.01 ± 0.043

K1 = 10.79 ± 0.285
K2 = 17.51 ± 0.536

0.79
k = 11.09 ± 0.337
K1 = 2.01 ± 0.063
K2 = 18.10 ± 0.645

0.95

FT-4
k = 11.09 ± 0.379

K1 = 0.161 ± 0.0057
K2 = 0.761 ± 0.026

0.94
k = 2.01 ± 0.0026

K1 = 0.283 ± 0.00042
K2 = 2.31 ± 0.0032

0.93
k = 2.01 ± 0.037
K1 = 3.13 ± 0.11

K2 = 0.228 ± 0.0045
0.98

FT-5
k = 2.01 ± 0.026

K1 = 0.189 ± 0.0031
K2 = 4.41 ± 0.062

0.92
k = 2.01 ± 0.0237

K1 = 0.193 ± 0.0029
K2 = 3.92 ± 0.050

0.94
k = 2.01 ± 0.032

K1 = 0.205 ± 0.0036
K2 = 3.62 ± 0.063

0.98

FT-6

k = 2.01 ± 0.037
K1 = 0.988 ± 0.021
K2 = 0.894 ± 0.031
K3 = 1.57 ± 0.032

0.90

k = 6.05 ± 0.253
K1 = 0.273 ± 0.012
K2 = 0.266 ± 0.014
K3 = 3.56 ± 0.153

0.94

k = 2.01 ± 0.018
K1 = 0.937 ± 0.0094

K2 = 2.18 ± 0.057
K3 = 1.09 ± 0.011

0.97

The activation energy and frequency factor of this catalyst were evaluated from the Arrhenius
equation by plotting the logarithm of the rate constant to the inverse of reaction temperature as shown
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in Figure 9. The activation energy was determined to be 13.39 kJ/mol and the frequency factor was
254 kmol/KgCat.hr. atm. Table 6 shows that for FT-3 mechanism, the reaction rate constant increases
with reaction temperature and adsorption equilibrium constant (K1) decreases with the increase of
reaction temperature.

Figure 9. Arrhenius plot-based on LH model for FT synthesis over CoRu-SBA-15 catalyst.

Table 4 shows the experimental data for CoRu-KIT-6 catalyst. All the models were fitted with this
experimental kinetic data and FT-6 was found to be the best fitted model for CoRu-KIT-6. The kinetic
parameters for all the proposed mechanisms are shown in Table 7 and the activation energy from
Figure 10 was determined to be 12.59 kJ/mol and the frequency factor was 39 kmol/KgCat.hr. atm.

Table 7. Kinetic parameters obtained from all the proposed mechanisms for CoRu-KIT-6.

Model Temperature

210 ◦C R2 240 ◦C R2 270 ◦C R2

FT-1 k = 2.18 ± 8.89
K1 = 0.73 ± 3.28 0.97 k = 0.79 ± 0.543

K1 = 2.13 ± 1.91 0.98 k = 1.38 ± 1.42
K1 = 1.19 ± 1.44 0.99

FT-2 k = 1.42 ± 0.00044
K1 = 11.09±0.038 0.95 k = 1.29±0.022

K1 = 11.09±2.09 0.98 k = 2.02±3.30
K1 = 1.94±8.71 0.98

FT-3
k = 11.09±0.316

K1 = 0.892±0.031
K2 = 0.279±0.013

0.96
k = 10.09±0.166

K1 = 0.882±0.018
K2 = 0.279±0.0073

0.98
k = 11.09±0.088
K1 = 1.94±0.016
K2 = 15.64±0.15

0.97

FT-4
k = 2.01±0.052

K1 = 0.122±0.0038
K2 = 7.27±0.203

0.97
k = 2.01±0.088

K1 = 1.195±0.067
K2 = 0.694±0.033

0.98
k = 2.01±0.072

K1 = 0.355±0.015
K2 = 2.29±0.089

0.99

FT-5
k = 2.01±0.051

K1 = 0.121±0.0038
K2 = 7.27±0.203

0.97
k = 1.46±0.00069
K1 = 10.08±0.055
K2 = 0.91±0.00049

0.92
k = 2.01±0.028

K1 = 0.842±0.022
K2 = 1.62±0.024

0.99

FT-6

k = 1.71±0.02
K1 = 1.39±0.02

K2 = 0.828±0.018
K3 = 1.61±0.021

0.95

k = 2.01±0.039
K1 = 1.11±0.027

K2 = 0.454±0.013
K3 = 2.21±0.048

0.98

k = 2.41±0.040
K1 = 0.91±0.017

K2 = 0.315±0.0071
K3 = 3.12±0.056

0.99
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Figure 10. Arrhenius plot-based on LH model for FT synthesis over CoRu-KIT-6 catalyst.

Based on our experimental and kinetic model data, it can be concluded that only one of the six
mechanisms for each catalyst is statistically relevant for fitting the model. The rate constant (k), for
some of the other five mechanisms, does not show an increasing trend with the increase in temperature
or remains constant, while the equilibrium constants, K1 and K2, did not show the decreasing trend
with the increase in temperature. Thus, FT-3, FT-2, and FT-6 mechanisms were considered as kinetically
relevant model equations for CoRu-MCM-41, CoRu-SBA-15, and CoRu-KIT-6, respectively.

The results from our studies in a microreactor are similar to those reported in literature. Mansouri
et al., developed a similar mechanism to estimate kinetic parameters for FT synthesis using cobalt-based
catalyst with silica support and found that the experimental data were best fitted with surface reaction
mechanism proposed based on Langmuir-Hineshelwood model and the optimal activation for the
proposed kinetic model was found to be 31.57 kJ/mol [88]. Very recently, Sonal et al., detailed
mechanistic approach for FT synthesis based on Langmuir–Hinshelwood–Hougen–Watson (LHHW)
and Eley–Rideal using Fe–Co based catalyst. They claimed that a mechanism based on the adsorption
and desorption have a satisfactory fit to the experimental data with the activation energies for
the formation of methane, paraffin and olefin to be around 70 kJ/mol, 113 kJ/mol, and 91 kJ/mol,
respectively [89]. In order to improve the efficiency of FT synthesis significantly, detailed kinetic rate
expressions were derived which is very similar to our work reported in literature for both fixed bed
reactor as well as microreactor using iron or cobalt-based catalyst [80,81,90,91]. The elementary steps
in the above studies were used to develop kinetic mechanisms considering FT reactions with and
without water gas shift (WHS) reactions occurring on the surface of the catalysts forming intermediates
with active sites. A similar approach was considered in this present study where CO*, COH2* are
assumed to form as intermediates, where * is an active site of the catalyst. From the activation energy
calculations, shown in Figures 8–10, the FT activation energy is observed in the order, CoRu-MCM-41
> CoRu-SBA-15 > CoRu-KIT-6. Almost 20 kJ/mol less activation energy was obtained for SBA-15
supported catalyst than that of MCM-41 catalyst. The activation energy of KIT-6 supported catalyst
is a bit less than that of SBA-15 supported catalyst. This reflects that activation energy depends on
metal–support interactions in different mesoporous catalysts. The variation of activity in different
mesoporous catalysts might arise due to experimental uncertainties and operating conditions [92].
In addition, the FT activation energy is sensitive to the reactor system. Sun et al., [93] reported that the
activation energy in a microchannel microreactor is smaller than that observed in a fixed bed reactor
(FBR).

Figure 11 shows the variation of the model predicted rate with the experimental rate for all
catalysts. The best fitted models i.e., FT-3, FT-2, and FT-6 for CoRu-MCM-41, CoRu-SBA-15, CoRu-KIT-6,
respectively, were chosen to plot the graph for predicted and experimental rates. The correlation
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coefficient (R2) for all cases was above or equal to 0.95 with an error band of ±15% to ±30%. This
indicates that the error between experimental and predicted values lies within the statistical permissible
limits at all reaction temperatures for all the catalysts and consistent with the mechanistic models
proposed in the literature. Moazami et al., conducted kinetic studies for FT synthesis in a fixed bed
reactor with cobalt-based catalyst over silica support and found that 60% of the results were predicted
with a relative error of less than 15%, while the rest of the proposed kinetic models has error less than
32% with confidence interval of 0.99 [94]. They also proposed a pseudo-homogenous one-dimensional
model to evaluate the kinetic performance of the catalyst and achieved less than 8% error with the
predicted data for kinetic experiments [95]. More recently, Marchese et al., performed kinetic studies
with Co-Pt/γ-Al2O3 catalyst in a lab-scale tubular reactor and reported an error band around ± 25%
with a confidence level of 0.95 stating it lies in the suitable acceptable limits with many mechanistic
models proposed in the literature [89,96–98].

(a) (b) 

(c) 

Figure 11. Experimental rate vs predicted rate for all temperature of three different catalysts:
(a) CoRu-MCM-41; (b) CoRu-SBA-15; (c) CoRu-KIT-6.
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2.5. Deactivation Studies

In order to further understand how the interaction of Co and Ru metals with different mesoporous
silica supports affects the stability of the FT catalysts, deactivation studies were performed. Figure 12
shows the deactivation rates of the catalysts tested continuously for 60 h at 240 ◦C, 1 atm, and H2:CO
ratio of 2:1. All the catalysts maintained fairly consistent CO conversion with very little fluctuation
during the first 10 h. More specifically, the catalysts maintained 65%–79% CO conversion in the first
10 h of the reaction with CoRu-KIT-6 exhibiting the highest conversion and CoRu-MCM-41, the lowest.
The activity of all the catalysts dropped by 20% after 24 h and then started to decline further. At the
end of 60 h, the activity of the CoRu-MCM-41 dropped by 70% whereas, in the case of CoRu-KIT-6 and
CoRu-SBA-15, the CO conversion decreased by 64% and 84%, respectively. Our results suggest that in
terms of stability, the support has a significant impact on FT performance. More significantly, MCM-41
and KIT-6 supports are more stable when compared to the FT stability studies with SBA-15.

Figure 12. Deactivation studies of the catalysts at T = 240 ◦C, P = 1 atm and H2:CO = 2:1.

Many deactivation mechanisms have been proposed for FT studies that include catalysts poisoning,
sintering, oxidation, the effect of water, carbon deposition and surface reconstruction [99]. The syngas
used in our studies is a mixture of ultrahigh pure 5.0 CO and H2 gases; therefore, there is very little or
no chance of catalyst deactivation due to poisoning by the gas feed at the inlet to the reactor. It was
also observed in our previous studies that the support (SiO2 vs TiO2) can enhance the stability of
the catalyst to resist deactivation [38,40]. Iglesia et al., noticed that silica supported materials are
less stable when compared to the other supports like Al2O3 [100] in their FT studies with Co-based
catalyst. They also reported that CoRu-TiO2 and CoRu-SiO2 were found to have almost the same
activation energy upon the addition of Ru to the Co catalyst; however, there were strong differences in
the deactivation rates of catalysts depending upon the support [101]. Based on our CO- conversion
studies, the ability of catalysts to withstand or retard the FT deactivation rate was in the order of
CoRu-KIT-6 > CoRu-MCM-41 > CoRu-SBA-15.
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3. Materials and Methods

3.1. Materials

The reagents used for catalysis synthesis were of analytical grade with no further purification.
Tetramethyl orthosilicate, 99% (TMOS) and ammonium hydroxide, Tetraethyl orthosilicate reagent
grade, 98% (TEOS), Pluronic acid (P123), Hydrochloric acid (HCl), Cetyltrimethylammoniumbromide
(CTAB), Co(NO3)2.6H2O, RuCl3·xH2O were purchased from Sigma Aldrich. Ethanol (anhydrous),
Butanol and acetone, ACS grade, were obtained from Fischer Scientific, Branchburg, New Jersey, USA.

3.2. Fabrication of Microreactor

The microchannel microreactor and the respective cover channel were fabricated using 3D printing
technology. Typically, the microreactor and its cover channel are designed using AutoCAD software
which is schematically shown in Figure 13. The design is based on the split and recombination principle
which has 11 microchannels of 500 μm × 500 μm × 2.4 cm as reaction zone in between them. This
stainless-steel 3D printed microreactor is assembled in a custom-built heating block with an inlet and
outlet system which facilitates the flow of syngas through the channels.

Figure 13. (a) and (b): AutoCAD design of the microreactor and cover channel (c) 3D printed reactor,
(d) SEM image of the microchannels coated with catalyst prior to FT studies.

3.3. Catalyst Synthesis and Loading

Three types of Co-Ru based nanocatalysts supported by different mesoporous silica supports i.e.,
MCM-41, SBA-15 and KIT-6 supports are used in this study. A constant metal loading of 10%Co and ~5%
Ru in weight was maintained in all preparations and this metal loading was also determined using the
amount of the precursor. Three catalysts using different mesoporous support—10%Co5%Ru-MCM-41,
10%Co5%Ru-SBA-15 and 10%Co5%Ru-KIT-6—were synthesized using the one-pot hydrothermal
procedure ( as shown below) [48]. The catalysts were labeled as CoRu-MCM-41, CoRu-SBA-15, and
CoRu-KIT-6 in this manuscript.

For the synthesis of CoRu-MCM-41, TMOS, CTAB, DI-water, and ethanol were used in a molar
ratio of 1:0.13:130:20 as described elsewhere [48]. In short, CTAB was dissolved in DI-water at 30 ◦C
to produce a clear solution. The metal precursors were dissolved in ethanol in a separate beaker.
The precursor, TMOS, which is a limiting agent for this synthesis, was added dropwise to the mixture
of the two solutions prepared previously. Ammonium hydroxide was added dropwise to precipitate
metal hydroxides in the solution, till the final pH was ~10. The precipitate was stirred for 3 h, followed
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by 18 h of aging at 65 ◦C. The precipitate was then washed with DI water till the filtrate reached a pH
of 7, finally washed with ethanol and filtered. The filtered material is air-dried for a day and then
oven-dried at 110 ◦C for 24 h. The dried catalyst is calcined at 550 ◦C for 16 h with a ramp rate of
2 ◦C/min to remove the CTAB template.

For the synthesis of CoRu-SBA-15: TEOS, CTAB, water, ethanol, pluronic acid, and hydrochloric
acid were mixed in molar ratios of 1:0.081:41:7.5:0.0168:5.981. In a typical synthesis procedure, P123
was dissolved in 2M HCl at 35 ◦C till a clear solution was obtained. Another solution was prepared by
dissolving CTAB in DI water at 35 ◦C until a homogenous mixture was produced. These two solutions
were mixed and stirred for 35 min. Ethanol containing metal precursors were added dropwise into the
solution and stirred for 30 min. Afterwards, TEOS which was limiting reagent in this procedure was
also added dropwise and stirred for 20 h at 35 ◦C. The aqueous solution was aged for 48 h at 98 ◦C
followed by air drying for 24 h. The material was then oven-dried at 110 ◦C for 24 h. Finally, the dried
material is then calcined in stepwise fashion with heating rate of 1 ◦C/min at 350 ◦C, 450 ◦C, and 550 ◦C
for 8 h each, respectively to remove CTAB and pluronic acid.

In the case of CoRu-KIT-6, TEOS, P123, HCl, DI water, and butanol were mixed in a molar ratio
of 1:0.017:1.83:195:1.31 [102]. For a typical procedure, P123 was added to HCl at 35 ◦C till a clear
solution was obtained. A separate solution was prepared with butanol containing metal precursors
and poured to the previous solution and stirred until a homogeneous solution was obtained. To this
mixture, TEOS, which was the limiting reagent, was added dropwise and stirred at 500 rpm for 24 h.
The final solution was aged for 24 h at 100 ◦C, followed by air drying for 24 h under the fume hood.
The material is oven-dried at 110 ◦C for 24 h and then calcined at 550 ◦C for 4 h, to remove P123, the
structure directing agent, SDA, with heating and cooling rates of 1 ◦C/min.

The catalyst is loaded into the microchannels of the microreactor using a PVA suspension
containing the catalyst, DI water, binder PVA (polyvinyl alcohol 98%–99% hydrolyzed MW: 31000) and
acetic acid of weight ratio 1:5:0.25:0.05. This suspension with well-dispersed catalyst was dip-coated
and dried in air and then calcined in presence of air at 400 ◦C for 2 h with heating and cooling
rates of 5 ◦C/min. Figure 13d shows the SEM image of the catalyst coated microreactor prior to the
in-situ reduction.

3.4. Catalyst Characterization

Specific surface area, pore size, pore volume and TPR studies of the catalyst were carried out using
Micromeritics, 3-Flex instrument. The Brunner–Emmett–Teller (BET) method was used to calculate
the surface area of the catalyst where an equation was obtained from adsorption isotherm in the
relative pressure range of 0.07–0.03. The surface area was calculated from adsorption isotherm in the
relative pressure range of P/P0 = 0.07–0.3 using the Brunner–Emmett–Teller (BET) equation. The total
volume per gram of catalyst was determined from the amount of N2 adsorbed at P/P0 = 1. The N2

desorption from the catalyst surface provides information about the pore size distribution using BJH
(Barret–Joyner–Halenda) plots [103]. The H2 temperature programmed reduction (TPR) analysis was
also done with the same instrument which has a TCD detector to monitor the reduction signals of the
catalyst. Around 50 mg of the catalyst was loaded into the quartz sample tube in which a stream of
10% H2/Ar at flowrate 110 mL/min was passed through and the temperature is increased to 1000 ◦C
with 10 ◦C/min ramp rate. The small and wide-angle powder x-ray diffraction (XRD) were recorded
using D8 Discover X-ray and Rigaku SmartLab X-ray diffractometers, respectively, with Cu K-alpha
radiation (wavelength = 0.15418 nm) radiation generated at 40 mA and 40 kV. The step size and time
per step used in these measurements are 0.05◦ and 3 secs/step, respectively. The crystal sizes of the
metal oxides were determined using the Scherrer equation. In the Scherrer equation below, τ stands
for the crystal size, λ is the wavelength of the Cu Kα radiation, β is the full width half maximum and θ

is the Bragg diffraction angle.

τ =
0.9λ

β ∗Cosθ
(7)
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The morphology and the size of the catalysts were analyzed using transmission electron (TEM Carl
Zeiss Libra 120) at 120 KeV and scanning electron microscopy (Zeiss Auriga FIB/FESEM). The sample
for TEM was prepared by dispersing a small quantity of catalyst in 3 mL of ethanol followed by vortex
dispersion and sonication for a few minutes. Then the suspension was drop coated on a carbon-coated
copper grid of 300 μm mesh size, followed by drying in an oven at 100 ◦C for 12 h.

The elemental composition and oxidation states of the metals were analyzed using Energy
Dispersive X-ray spectrometry (Zeiss Auriga FIB/FESEM obtained from Carl Zeiss, Oberkochen,
Germany) and oxidation states by X-ray photoelectron spectroscopy (XPS-Escalab Xi+-Thermo
Scientific obtained from Thermo Scientific, West Sussex, UK), respectively.

3.5. Fischer–Tropsch Synthesis in Microreactor and Kinetic Data Collection

An in-house LabVIEW automated experimental setup was built to carry out the FT experiments
for precise control over the operating conditions. The experimental setup is shown in Figure 14.
The flowrates of the syngas mixture which is a mixture of hydrogen and carbon monoxide were
controlled by precalibrated mass flow controllers obtained from cole parmer with flow rates ranging
from 0–1 sccm. Nitrogen was used as a carrier gas into the system and was controlled by Aalborg
mass flow controller with a maximum flow rate of 10 sccm. The upstream and downstream pressures
were continuously monitored by pressure gauges obtained from Cole–Parmer and the data are fed to
Aalborg solenoid valve from which the reaction pressure is controlled and kept constant throughout
the reaction. All these controllers are operated by LabVIEW 2018 program. The product stream is
directly fed to the GC-MS (Agilent Technologies 7890B GC and 5977 MSD). Prior to the start of the
kinetic experiments, the microreactors were reduced ex-situ in Carbolite Gero tubular furnace with
10% H2Ar. To compensate the losses while transferring the microreactor to the heating block the
microreactor containing the catalyst was reduced again in-situ for 6 h at 350 ◦C before the start of FT
reaction. The kinetic studies were performed by varying the weight hourly space velocity (WHSV =
Wcat/FCO,in, where WCat = weight of the catalyst and FCO,in =molar flow rate of CO in feed) in the
range of ~25.2–3.15 kgcat.h/kmol. The reactions were performed with syngas having a feed molar
ratio (H2/CO) of 2:1 at 210 ◦C, 240 ◦C, and 270 ◦C while the reaction pressure was maintained at 1 atm.
Based on our previous FT studies using this setup and preliminary runs, all reactions reached a steady
state after an hour at each setpoint of WHSV. Deactivation studies were also performed for all three
catalysts at 240 ◦C using syngas feed molar ration of 2:1. CO conversion was calculated based on
following equation:

XCO% =
FCO,in − FCO,out

FCO,in
× 100 (8)

Figure 14. Experimental set-up for FT synthesis in a 3-D printed stainless steel microreactor.
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4. Conclusions

Three different types of mesoporous silica supported Co-Ru based catalysts were synthesized
using the one-pot hydrothermal method and performance for FT was evaluated. These catalysts
resulted in high surface area with hexagonal ordered mesoporous structure as supported by BET, low
angle XRD and TEM studies. The interaction between the metal and different types of support has
a significant effect on the kinetic and stability studies of FT synthesis. Six mechanistic models were
developed based on the Langmuir–Hinshelwood and Eley-Radiel mechanisms. The best fitted model
for all catalysts was obtained on the basis of non-linear regression by comparing with the objective
function which is equation-7 in this paper. The proposed model FT-3 was best fitted with the kinetic
data for CoRu-MCM-41 catalyst. Whereas, FT-2 and FT-6 were well fitted with the kinetic data for
CoRu-SBA-15 and CoRu-KIT-6, respectively. CoRu-KIT-6 was found to be more active than other
catalysts with a low activation energy of 12.59 kJ/mol, whereas for CoRu-SBA-15 and CoRu-MCM-41
the activation energies are 13.39 and 32.21 kJ/mol, respectively. An average error of 5.65%, 1.76%, and
3.70% was obtained for catalysts CoRu-MCM-41, CoRu-SBA-15, CoRu-KIT-6, respectively considering
the best fitted model explained above for FT synthesis. The predicted data provided by kinetic models
were satisfactory with the experimental data. These results highlight the potential of the mechanistic FT
models as well as reaction mechanisms to further improve the performance of FT synthesis. In addition,
this information can help to design more active and selective catalysts for the optimized FT process.
Furthermore, all catalysts exhibited significant resistance to the deactivation rate following the order
CoRu-KIT-6> CoRu-MCM-41>CoRu-SBA-15. This study suggests that even if the support is of same
type, the structure of the support plays a vital role in catalyst performance for FT synthesis.
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Appendix A

Derivation of Kinetic model:
FT-3 kinetic model
Dual-site adsorption of CO and H2, the surface reaction is rate controlling step (RCS)

CO + ∗ k1�
k−1

CO ∗ K1 =
k1

k−1
(Adsorption 1) (A1)

H2 + ∗ k2�
k−2

H2 ∗ K2 =
k2

k−2
(Adsorption 2) (A2)

CO ∗ +H2 ∗ k→ C + D + 2 ∗ (Surface reaction) (RCS) (A3)

From step 1 (Adsorption 1 (rapid reaction)),
The rate of formation of CO* is,

rCO∗ = k1pCOC∗ − k−1CCO∗ (A4)
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From step 2 (Adsorption 2 (rapid reaction [89])),
The rate of formation of H2* is,

rH2∗ = k2pH2C∗ − k−2CH2∗ (A5)

From step 3 (Surface reaction 3),

− rCO = kCCO∗CH2∗ (A6)

According to pseudo steady-state hypothesis (PSSH), the rate of formation of the intermediate
is zero.

So,
rCO∗ = 0 (A7)

rH2∗ = 0 (A8)

So, putting the value of rCO∗ from Equation (A4) in Equation (A7), we have,

k1pCOC∗ − k−1CCO∗ = 0
⇒ k1pCOC∗ = k−1CCO∗
⇒ CCO∗ =

k1pCOC∗
k−1⇒ CCO∗ = K1pCOC∗

(A9)

So, putting the value of rH2∗ from Equation (A5) in Equation (A8), we have,

k2pH2C∗ − k−2CH2∗ = 0
⇒ k2pH2 C∗ = k−2CH2∗
⇒ CH2∗ =

k2pH2 C∗
k−2⇒ CH2∗ = K2pH2C∗

(A10)

Taking the values of CCO∗ and CH2∗ from Equations(A9) and (A10) and putting in Equation (A6,
we have,

− rCO = kK1K2pCOpH2 C2∗ (A11)

Making the catalyst active site balance.
Considering, the total site is,

CT = 1
⇒ (No. o f vacant sites) + (No. o f occupied sites) = 1
⇒ (C∗) + (CCO∗ + CH2∗) = 1
⇒ (C∗) + (K1pCOC∗ + K2pH2C∗) = 1
⇒ C∗(1 + K1pCO + K2pH2) = 1
⇒ C∗ = 1

(1+K1pCO+K2pH2 )

(A12)

Putting the value of C∗ from Equation (A12) in Equation (A11), we get,

⇒ −rCO =
kK1K2pCOpH2

(1 + K1pCO + K2pH2)
2 (FT− 3)

[Taking values of CCO∗ and CH2∗ from Equations (A9) and (A10)]
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