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Catalytic hydrogenation can turn CO, into hydrocarbon fuel. The development of
the catalysts for CO, hydrogenation has become important since the catalysts are critical for
selective production of more higher hydrocarbons for practical application. In this work, the
titania supported monometallic and bimetallic Fe-M (M = Co and Cu) catalysts were
synthesized and tested for CO, hydrogenation at 573 K and 1.1 MPa. Among the
monometallic catalysts (Fe, Co and Cu/TiO,), only Fe/TiO, catalyst exhibited some selectivity
to higher hydrocarbons, while Co/TiO, and Cu/TiO, catalysts were highly selective only to
CH4 and CO, respectively. The addition of a small amount of a second metal M (M= Co, Cu)
to Fe at M/(M + Fe) = 0.10 atom atom showed the synergetic promotion on the CO,
conversion and the space-time yields (STY) of hydrocarbon products. Characterization by
temperature-programmed  desorption (TPD) and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) showed that the presence of K promoter significantly
decreased the adsorption of H, which suppressed the CH, formation. On the other hand, La
addition could promote the moderately adsorbed CO, species (mainly monodentate
carbonate species), which led to the enhanced Cs-C; selectivity. The simultaneous use of La
and K promoters can tailor the H and C coverage on the catalyst surface, which plays an
important role in altering product distribution in CO, hydrogenation. Thus, incorporation of
K and La as promoter can further improve the catalyst activity and product selectivity to
higher hydrocarbons, indicating that the promoted Fe-based bimetallic catalysts are

promising for CO, hydrogenation to higher hydrocarbons.
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CHAPTER |

INTRODUCTION

1.1 Motivation

The atmospheric CO, concentration has been steadily increased from only 310
ppm since 1950 (industrial revolution) and surpassed 400 ppm for the first time in 2013
as shown in Fig. 1.1 [1]. This recent relentless rise in CO, indicates a relationship with
the burning of carbon-rich fossil fuels such as coal, natural gas and oil, which currently
represent 78 % of the world’s energy source (EIA, 2017 [2]). There is no doubt that
fossil-fuels are still relatively inexpensive energy sources and will continue to play a
significant role at least in the next decades [3]. It should be noted that the atmospheric
CO, has positive roles in the ecological system because it is a carbon source for food
and energy production, namely photosynthesis and fossil fuels. However, the increase
in carbon dioxide emission is one of the major environmental issues since a direct link
between the rise in global temperatures and CO, emission level has been reported [4,
5]. The increase of greenhouse-gas (GHG) is mainly due to the rising emissions of CO,
which represents 80% of the total emission of GHG [6].

Nowadays, scientists and environmental groups are aiming to find methods for
reducing CO, emission from industrial, transportation and social activities. Many
counties have paid much attention to low-carbon economic development; the low-
carbon economy is a general term of low-carbon industry, low-carbon technology and
low-carbon life [6]. Technological innovations are one of the most feasible ways of
reducing the GHG effect. A possible technology to mitigate the CO, emissions involves

the capturing CO, from flue gas and atmospheric air first, followed by the conversion



of CO, to synthesize the petrochemicals and petrol fuels. The CO, utilization has
become more important recently because a major advance in energy-efficient CO,
conversion could reduce both the dependence on fossil fuel and the greenhouse-gas
emissions [7-10]. The hydrogenation using hydrogen produced with renewable energy

can turn CO, into the oxygenated and hydrocarbon products [11].
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Figure 1.1 Monthly CO, concentration at Mauna Loa Observatory, Hawaii.
Measurements by the Scripps CO, program are supported by the U.S.
Department of Energy (DOE) and by Earth Networks [1].

1.2 Challenges for CO, utilization

CO; is not only a GHG but also be an important carbon source for synthesized
chemical feedstocks, materials and fuels, which should be a sustainable way in the
long term when renewable energy such as solar energy could be used for the chemical

processing. Using renewable energy in an endothermic chemical process can reduce



the need for using heat from fossil fuels combustion. It should be noted that the fossil
fuel-based electricity generators in the US have an average efficiency of only 35% and
the efficiency for automobiles are less than 20% [12]. The issues of major concern for
renewable energy are availability, energy density, efficiency and capital cost.
Development for improved energy efficiency and switching from fossil fuels toward
renewable sources could have a significant impact on CO, reduction and utilization
[13].

The energy requirements of CO, chemical conversion (include source and cost
of H, and/or other co-reactants) is the primary challenge for CO, utilization because
CO, represents as a low-value product, the energy-consuming conversion is viewed as
unfavorable and against the economics. This is principally due to the high stability of
CO,; thus, high energy substance (such as Hydrogen) or electroreductive processes are
required to turn CO, into other chemical feedstocks [9, 14, 15]. Not only the energetic
issues but the costs of CO, capture, separation, purification and transportation to user
site also be the challenges and the barriers for CO, utilization and conversion.
Hydrogen is a high energy reagent that can be used for CO, transformation. The
plausible products of CO, hydrogenation are shown in Fig. 1.2. The products from CO,
hydrogenation such as dimethyl ether (DME), methanol and hydrocarbons are
excellent for fuels and also good for transportation and storage [13]. Moreover,
alcohols and formic acid are raw materials for many chemical industries. It should be
noted that hydrogen sources for CO, hydrogenation could be produced using
renewable energy including water splitting by using electrolysis (by solar, wind, nuclear
or other renewable sources), photocatalytic, photoelectrochemical, or enzymatic

biological processes [16, 17].



co
HCOOH I CH,

N Z

HCONR, Pt CO,+H, — Hydrocarbons

CH,0OCH, Higher alcohols
CH,OH

3

Figure 1.2 Plausible products from CO, hydrogenation [13].

1.3 Catalytic hydrogenation of CO,

CO, hydrogenation has been more intensively explored due to fundamental of
catalysis, surface science, nanoscience and environmental science. Both homogeneous
and heterogeneous catalysts have been used to catalyze the hydrogenation of CO,
[18-20]. Homogeneous catalysts show acceptable activity and selectivity however the
separation and recovery are complicated. On the other hand, using heterogeneous
catalysts have advantages in stability, handling, separation, recovery and reactor
design, which prefers for commercial and large-scale production [9, 14, 19, 21-23]. The
understanding of catalytic activity, reactor innovation and reaction mechanism over
various types of catalysts for CO, hydrogenation is still being explored with an emphasis

on practical aspects.

(i) Synthesis of CO via reverse water-gas shift (RWGS) reaction
Many researchers proposed that the reverse water-gas shift reaction
(RWGS) is a key reaction of catalytic CO, hydrogenation [11, 24-26]. The RWGS

reaction is a mildly endothermic and reversible reaction as shown in Eq. (1.1).



CO, + Hy @ CO + HyO  ; AHyss ¢ = 41.2 kI/mol (1.1)

;Angg K= 286 kJ/mO[

Catalysts that active in the water gas shift (WGS) reaction are also used
in the RWGS reaction [27]. Copper-based catalysts are the most favorable for
catalytic RWGS process [22, 28-30]. RWGS reaction is an endothermic thus high
temperature would enhance the CO formation. However, the Cu-based catalyst
has poor thermal stability and using high temperature would cause the sintering of
copper nanoparticles unless modified by adding a thermal stabilizer. The addition
of a small amount of iron can improve the catalytic activity and stability of Cu/SiO,
catalyst at high temperature [31, 32]. Moreover, using potassium (K) as a promoter
on copper-based catalysts can give better catalytic activity. Potassium could create
new active sites located at the interface between K and Cu increasing the formate
(HCOO) species formation. The primary role of K,O is to provide active sites for
formate decomposition and CO, adsorption [33]. Cerium-based catalysts are also
showed excellent catalytic performance in term of activity and selectivity for the
RWGS reaction [34-36]. However, deactivation of ceria-supported catalysts is a
crucial issue due to the carbon deposition on the ceria [37].

The equilibrium of RWGS reaction can be driven to the right side by (i)
increasing the CO, concentration or H, concentration and (ii) removing water vapor
from the reactor (using membrane permeoselective to water). The reaction
mechanism of RWGS is still debated. Two main mechanisms have been proposed
[22, 38]; (i) The “redox” mechanism, CO, is first dissociatively adsorbed on reduced

metal sites (in this case is Cu®) and releases CO. Then the oxidized metal sites



(Cu,0) are reduced with H, back to reduced metal sites releasing water as shown
in Fig. 1.3 [39, 40]. (i) The associative “formate” mechanism, CO could be formed
from the decomposition of an intermediate formate species from hydrogen

associated with CO, as proposed in Fig. 1.4 [33, 41-43].

CO

S

CO, + Cu-Cu=—7——

O B HO
Cu Cu ¥-/———> Cu-Cu

Figure 1.3 Proposed redox mechanism of RWGS reaction over Cu-based catalyst

[39].

Figure 1.4 Schematic representation of the plausible associative formate

mechanism of RWGS reaction over K-Pt/mullite catalyst [41].



(ii) CO, hydrogenation to dimethyl ether

Dimethyl ether (DME) is a viable alternative fuel to diesel oil due to its
better combustion performance including high cetane number, low emissions (e.g.,
NO,, hydrocarbons and CO), and does not produce soot [44-46]. Figure 1.5 shows
road load test data comparing engine emissions using diesel and DME [44]. DME is
also considered to be used in DME-fired turbines to generate electricity. In 2010,
50% of the potential demand for DME in Asia is to be used for electricity [47].
General Electric has evaluated the power generation via DME-fired turbines. For a
700 MW combined cycle power plant, using DME produced a lower amount of NO,
and CO than using natural gas and liquid naphtha [48, 49]. Moreover, DME can be
reformed to hydrogen-rich gas at low temperatures, which can be used as fuel-cell

feeds [50-52].

V77 Diesel Baseline
B8 DME + Oxi. Catalyst

Road Load Emission and Fuel Consumption

Figure 1.5 Road load test data comparing engine emission using diesel and DME

[44].

The direct CO, hydrogenation to DME is an exothermic reversible

reaction (Eqg. (1.2)). In order to obtain DME via this direct reaction, the multi-



functional catalyst is necessary, as the reaction proceeds through the methanol
synthesis on metal-oxide sites (Eq. (1.3)) and subsequent dehydration to DME on

acid sites (Eq. (1.4)) [53-56].

2C02 + 6H2 \_—\ CH3OCH3 + 3H20 ;AH298K = -122 k.J/mOL (12)
CO, + 3H, = CH,OH + H,0 :AHoo5 ¢ = -69 kJ/mol (1.3)
2CH,OH = CH,;OCH, + H,0O :AH05 ¢ = -23 kJ/mol (1.4)

The Cu-based catalyst is commonly used for producing methanol in

DME synthesis. The acidic catalysts such as Y-Al,O; and zeolite, typically ZSM-5
and Ferrierite (FER) are used for the subsequent step which is the dehydration of
methanol to synthesized DME [57-62]. There is two proposed process for the
production of DME via CO, hydrogenation; (i) a two-step process (methanol
synthesis on a metallic catalyst and subsequent methanol dehydration on an acid
catalyst) and (i) a single-step process using a bifunctional catalyst to perform the

two steps simultaneously [55, 63-66].

(iii) CO, hydrogenation to formic acid and formates

Formic acid is widely used in many fields such as leather, rubber,
chemical textile and other industries [67]. Recent studies have shown that formic
acid has the potential to be power for fuel cells [68, 69]. Moreover, formic acid has
been considered as a hydrogen storage material by combining CO, hydrogenation
with selective formic acid decomposition [70-72]. Equation 1.5 shows the formic
acid formation via CO, hydrogenation. To shift the reaction equilibrium, the

addition of inorganic or organic base to the reaction system is necessary. The



addition of an inorganic base can generate formate which subsequently needs

strong acid to convert to formic acid [73].

CO, + H, » HCOOH :AG75 ¢ = 32.9 kKJ/mol (1.5)

The CO, hydrogenation to formic acid and formate is typically catalyzed
by organometallic complexes of transition-metal such as Ru, Rh and Ir
(homogeneous catalysts) [3, 19, 74]. The formic acid synthesis via CO,
hydrogenation is carried out in the presence of additives such as amines, KOH,
Na,COs3 and water or in the supercritical CO,, which can give high turnover numbers
of catalysts [19]. Using supercritical CO, in reaction has gained an interest since CO,
can play a dual role as both reactant and solvent [75]. There have many
advantages of using supercritical CO, in CO, hydrogenation to formic acid including
improved mass- and heat- transfer, easy to separation and high solubility of H, with
supercritical CO, [76, 77].

Both Ru and Ir complexes share the similar mechanism (Fig. 1.6), but
the only difference in the determining step. The rate-determining step for the CO,
hydrogenation with the Ru catalysts is the reaction of the aqua complex with H,.
On the other hand, the rate-determining step of Ir catalysts is the reaction between

the hydride complex and CO, [74, 75].
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Figure 1.6 Mechanisms of CO, hydrogenation to formic acid by Ru(ll) and Ir(lll) aqua

complexes under acidic conditions [74].

(iv) CO, hydrogenation to formamides

Formamides are a class of compounds widely used in organic synthesis
including the synthesis of heterocycle, pharmaceuticals, biological intermediates
and also used as Lewis base organocatalysts in hydrosilylation and other
transformation. In addition, the formyl group of formamides is a useful protecting
group of the amine functionality in peptide synthesis [78-80]. The use of CO, and
H, as formylation agents instead of CO and phosgene which are toxic compounds,
is a step toward green formylation of amines [81]. Similar to the CO, hydrogenation
to formic acid, supercritical CO, has also been applied to the formamides synthesis.

The formamides synthesis via CO, hydrogenation is shown in Eq. 1.6.

R,NH + CO, + H, = HCONR, + H,0 (1.6)

Typically, Ru complexes has been used as homogenous catalysts for

formylation of amines with CO, [19, 82, 83]. The CO, hydrogenation to formamides

is reported to accompany with a formate salt as intermediate (Fig. 1.7) [84-86]. The
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high temperatures or pressures are required for the condensation of formic acid

salts with high turnover numbers [82].

O

O H
CO, + H il Jlo pRi 211 R
9 2 %o N H N
+HNRR; H OH ® Rz -H,0 IR
2
formate salt formamide

Figure 1.7 Hydrogenation of carbon dioxide to formamides [86].

The synthesis of N,N-dimethylformamide (DMF) from CO, hydrogenation
with dimethylamine has well investigated and the catalysts with very high activities
was reported [78, 87]. Kuhlmann et. al. recently reported that an in situ formed
catalyst system for the synthesis of DMF with CO, and H, showed the promising
catalytic properties referring to its ¢ood stability and recyclability [86]. The catalyst
is based on the Ru(lll)Cls hydrate and the bidentate phosphine ligand BISBI (2,2’-
bis(diphenylphosphinomethyl)-1,1’-bi-phenyl). The catalyst was immobilized by
applying a biphasic solvent system consisting of 2-ethylhexan-1-ol as catalyst
solvent and aqueous dimethylamine (DMA) solution as both substrate supply and

extraction agent for the DMF product (Fig. 1.8).
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Figure 1.8 Basic setup of the reaction system with in situ product extraction [86].

(v) CO, hydrogenation to methanol

Methanol is a general solvent, a chemical feedstock and an alternative
fuel. As an alternative chemical feedstock, CO, has been used instead of CO and
is considered as an effective way for CO, utilization in the methanol production [9,

88]. The CO, hydrogenation to methanol is shown in Eq. 1.7.

CO, + 3H, —» CH,OH + H,0 :AHyrs ¢ = -09.5 k)/mol  (L.7)

From a thermodynamic point of view, an increase in reaction pressure

or a decrease in reaction temperature could felicitate the methanol synthesis from

CO, hydrogenation [9]. Moreover, other by-products are usually formed during the
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CO, hydrogenation, such as CO, higher alcohols and hydrocarbons [89]. Therefore,
a highly selective catalyst is required to avoid the formation of undesired products
[9, 11, 90].

The methanol synthesis from CO, hydrogenation has been typically
preformed with Cu and Pd-based catalysts [91-96]. Methanol synthesis generally
occurring at the interface of metal and oxides. In other words, CO, is adsorbed on
bare oxides and H, can dissociate on metal like Cu or Pd species [92, 96]. However,
the nature of the active metal phase at interface is still in debate. Based on X-ray
diffraction (XRD) results, it suggested that the active copper species are
predominantly present as Cu® over Cu/ZrO, [97]. On the other hand, Cu* was
proposed to be the active component of Cu/ZnO/SiO, catalyst, which was

determined by static low-energy ion scatter experiments [98]. However, Cu metal

and low valence of Cu (Cu& and Cu’) have also been suggested that it could affect
the catalytic activity of Cu-based oxide catalysts [99-102]. Hence, the electronic
and geometrical structures of the active site is the fundamental step for a catalyst
design with high activity and selectivity of CO, hydrogenation [103].

There are two proposed reaction routes for CO, hydrogenation to
methanol. First is the (i) formate pathway, where the intermediate HCOO formation
is usually considered as the rare-determining step [104-106]. On Cu sites, the
intermediate is a bidentate formate species, which is the most stable adsorbed
species; while on ZnO, a monodentate formate is an intermediate species [107,
108]. The formate pathway suggests that CO may formed as a byproduct due to
methanol decomposition [108]. The other pathway involves (ii) the formation of
CO through the RWGS (Eq.1.1) and conventional gas-to-methanol conversion

(Eq.1.8) [109, 110].
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CO + 2H, = CH,OH (1.8)

An in situ FTIR spectroscopy was carried out to identify the
intermediates during methanol synthesis over Pd/PB-Gqg,0s catalyst [111]. The
mechanism follows the formate pathway proceeding through the formation of
H,COO (dioxomethylene), CH;0 (methoxy), HCOO and CH;OH as shown in Fig. 1.9.
The outstanding activity and selectivity of Pd/[-Gq,0s catalyst are attributed to the
atomic hydrogen spillover from Pd surface to the carbonaceous species and the
moderate stability of methoxy species on Ga,0s. The density functional theory
(DFT) calculations on Cu(1 1 1) and Cu,g nanoparticles indicated that the superior
activity of Cu nanoparticles for the methanol synthesis is associated with active
corner sites and structural flexibility, which stabilize the key intermediates (H,COO,
CH,0O and HCOO) and reduce the barrier of the rate-determining steps (HCOO and

H,COO hydrogenation) [112].
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Figure 1.9 Reaction pathways for the methanol synthesis from CO,/H, over Pd/[3-
Ga,05 catalyst [13].

A simplified mechanism of methanol synthesis via CO,

hydrogenation on catalyst surface is proposed in Fig. 1.10. CO, first adsorbed on
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the ZrO, surface to form a bicarbonate species which is then hydrogenated to
produce formate intermediate species. The required H, for the formate species
formation could be provided by the spillover of adsorbed hydrogen on Cu [11,

13].

H,O

CH,OH
H, Co, H\

|
0-C-0 H. f-C- H H. H~-C—OH
I ‘ Y I

B |_4 % |z;o | o i 2o, |_4 B o, |

Figure 1.10 Proposed mechanism reaction pathway for the methanol formation

over CO, hydrogenation with Cu/ZrO, catalyst [13].

(vi) CO, hydrogenation to higher alcohols

Higher alcohols are more preferable than methanol as product of CO,
hydrogenation due to the safe transport, excellent compatibility to gasoline and
hish energy and value. CO, hydrogenation to higher alcohols could be a
combination of the RWGS reaction and subsequent the formation of higher
alcohols from syngas (CO and H,) as shown in Fig. 1.11 [22]. Hence, a catalyst that
is active for both RWGS and higher alcohols formation reaction would be suitable
for the higher alcohols synthesis via CO, hydrogenation, for example, Fe- and Rh-

based catalysts [113, 114].

CO CH,OH CH,
+H2
CO (a) CH, (a) CH,CO (a) C,H,OH

Figure 1.11 Plausible reaction mechanism of CO, hydrogenation to ethanol [13].
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Furthermore, Tominaga et al. introduced a multi-step method for CO,
hydrogenation and hydroformylation reaction [115]. Hydroformylation with CO,
proceeds in two steps; (i) CO, is first converted into CO by RWGS and further
involves in (i) hydroformylation of alkenes as shown in Fig. 1.12. Ruthenium

carbonyls are active for the process since it is capable of catalyzing both steps.

RWGSR
CO;+H, === CO+H,0
Cat. ( hydrogenation
"X CO/H, A~_-CHO H, R NA"NoH
Cat. Cat.
hydroformylation

Figure 1.12 Alcohols formation from alkenes by hydroformylation with CO, [13].

(vii) CO, hydrogenation to hydrocarbons

Carbon dioxide can be hydrogenated to hydrocarbons either by direct
or indirect routes (via synthesis gas and/or methanol intermediate formation) [116].
The active metals Fe, Ru, Co, Ni and Rh as the conventional catalyst for Fischer-
Tropsch synthesis (FTS) could also be employed for CO, hydrogenation [117, 118].
The comparative study on the hydrogenation of CO and CO, over Co and Fe
catalysts, reported that the supported iron-based catalysts showed good
performance for the CO, hydrogenation to higher hydrocarbons [119]. The synthesis
of hydrocarbons via CO, hydrogenation could be viewed as a modification of FTS,
wherein CO, s first converted to CO by reverse water-gas shift (RWGS) reaction (Eq.

1.9), then CO or CO-like intermediates are subsequently consumed in the formation
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of carbon-carbon bond building unit and hence producing hydrocarbons through
FTS (Eg. 1.10). Meanwhile, an additional reaction, namely the direct CO,
hydrogenation (Eqg. 1.11), is also proposed, but it is thought to be difficult due to

the high-energy barrier of CO, activation [11, 24-26].

CO, + H, = CO + H,0 :AHs75 « = 38 kJ/mol (1.9)
CO + 2H2 - _(CHZ)_ + HZO ;AH573K = —166 kJ/mOl (110)
CO, + 3H, = -(CH,)- + 2H,0 :AHs75 « = -128 kJ/mol (1.11)

The plausible mechanism of CO, hydrogenation over iron-based
catalyst have been proposed and shown in Fig. 1.13 [120]. CO, adsorption on metal
surface is the important step and the preliminary step for CO, hydrogenation.
Firstly, CO, is adsorbed on the metal surface and converted to CO by the RWGS
reaction. Consequently, CO intermediate is hydrogenated and transform to the

monomers.

Ha OH

0%/0 o
C N
o+ B — AL N "

O 2

Hy
[l
' \ CH,
—Tv’
\‘
H,0 ‘:;;;;;! I H,0 ’;;;;;;E;;;”;

Figure 1.13 Proposed mechanism of CO, hydrogenation over Fe-K/Y-Al,05 catalyst
[120].
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Moreover, according to recent density functional theory (DFT) study by Nie
et al., they suggested that the CO, dissociation to CO* intermediate is preferred on
Fe(100) and the kinetically favorable path changes to CO, hydrogenation to a
HCOO* intermediate when Cu was added to Fe catalyst as shown in Fig. 1.14. CH*
intermediate is found to be the most favorable monomeric species for production
of CHg and C,Hy via C-C coupling of CH* species and subsequent hydrogenation
[121]. Typically, methane is the most product for CO, hydrogenation, which is not
the desired products. The main propose of the CO, hydrogenation is to synthesize

lisht olefins and the long chain hydrocarbons as liquid fuels.

Fe(100) COOH* Cu-Fe(100) COOH*
1.16 1.36
1.00 €O 080 039 92" 106
HCOO* CO* HCOO* Co*

1.591 0.8% \1.57 1.271 0.17 \1.72
0.18 0.35

HCOOH* ==» HCO* COH* || HCOOH* ==» HCO* COH*

1.32 1.22
v VL
HCOH* HCOH*
0.13 0.32
v v
HC*+OH* HC*+OH*
(a) (b)

Figure 1.14 Reaction networks examined to identify energetically favorable Cq
species from CO» hydrogenation on (a) Fe(100) and (b) the Cu-Fe(100)
surface at 4/9 ML Cu coverage. Activation barriers are given in eV (The

networks connected with red arrows represent the preferred path for

CO5 conversion to CH*.) [121].
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Recently, our research group reported on the bimetallic promotion on the
selective CO, hydrogenation to methanol using Pd-Cu catalysts [91] and to light
hydrocarbons using Fe-based bimetallic catalysts [122]. Moreover, the addition of
promoters, such as K and Mn, on Fe-based catalysts significantly promoted the
selectivity to olefinic products and suppressed the methane formation [11, 25, 122,
123]. CO, hydrogenation to liquid fuels and highly value-added products remains
a challenging research topic. For this purpose, La as promoter was introduced in
the preparation of Fe-based bimetallic catalysts since La could enhance the
selectivity of higher hydrocarbons in FTS [124] and CO, hydrogenation [125, 126].

In addition to the active metal, the chemical and textural properties of

the support also influence the product selectivity of CO, hydrogenation. Although

Y-Al,O3 is widely used as a support due to its high surface area, TiO,is also a good
candidate as support, which showed better selectivity to higher hydrocarbon
products of CO, hydrogenation [125]. It was reported that the oxygen vacancy of
TiO, could increase bridge-type adsorbed CO,, which can be dissociated to carbon
species, thereby enhancing C-C bonds formation [127, 128].

The chain-growth probability (QU) of FTS limits the proportion of desired
fuel hydrocarbons (Cs-Cy5) according to the work by Anderson, Schulz and Flory
[129-131]. Form theoretical ASF distribution calculation using Eq. 1.12, it revealed
that the product proportion of Cs-Cys reached its maximum of 60% at a chain-
growth probability of O=0.8 (Fig. 1.15). Therefore, the highest theoretically
achievable yield of Cs-Cy5 hydrocarbon products is 60%. From recent studies, the
chain-growth probability of OL up to 0.5 could be achieved, hence the yield of

higher hydrocarbons products could be further improved [122, 132].
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W, =(n*o)n A" (1.12)

where W, is wt.% of hydrocarbons, QL is the chain-growth probability and n is the

number of C atoms.

100

—C1-C4

80 |

0 0.2 0.4 0.6 0.8
a (Chain Growth Probability)

1

Figure 1.15 Theoretical proportion of C;, C;-C; and Cs-Cy5 hydrocarbons among all

hydrocarbons formed by FTS. Calculation according to ASF
distribution equation (Eq. 1.12).
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1.4 Objectives and scope of dissertation

The objective of this research is to develop efficient catalysts for CO,
hydrogenation to higher hydrocarbons especially liquid hydrocarbons (Cs,). One
approach is to investigate the adsorption properties of CO, and H, on the TiO,-
supported catalyst surfaces with various active metal compositions. The effects of
catalyst formulations on the physical and chemical properties as well as the activity
of the catalyst were also studied.

Chapter | of this dissertation provides a review of the global challenges and
strategies for CO, utilization focusing on the catalytic hydrogenation of CO..

The experimental procedures for the catalyst preparation as well as the
catalyst evaluation on CO, hydrogenation and the various techniques used for the
characterization are given in Chapter Il.

The catalytic activities and product selectivities of the monometallic including
Fe, Co and Cu catalysts for the hydrogenation of CO, are reported in Chapter Ill. The
promotion effect of K promoter on the monometallic catalyst is also studied as well
as the textural properties of the catalysts.

In Chapter IV, the Fe-based bimetallic catalysts were studied in detail to
understand the bimetallic synergistic promotion effect on CO, hydrogenation to
hydrocarbons. The second metal; Co and Cu were incorporated with Fe catalysts to
synthesize the TiO, supported Fe-based bimetallic catalysts. The Fe-based bimetallic
catalysts (Fe-M/TiO,; M = Co or Cu) were prepared at various M/(M+Fe) atomic ratio
from 0-1 and tested for CO, hydrogenation reaction. The effect of K and La promoter
on Fe-based bimetallic catalyst is also investigated as well as the physical properties
of synthesized catalysts.

To explore the surface chemistry of the Fe-Cu bimetallic catalysts, the

temperature-programmed desorption (TPD) and diffuse reflectance Infrared Fourier
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transform spectroscopy (DRIFTS) were performed and their results are reported in
Chapter V. To clarify the effect of K and La promoter addition on the CO, and H,
adsorption, and their impact on the catalytic activity, the in situ TPD and DRIFTS
techniques was used to characterize the fresh and spent-catalysts after H, reduction
and CO, hydrogenation, respectively.

In Chapter VI, the kinetics study of catalytic CO, hydrogenation to hydrocarbons
was investigated. The ASPEN PLUS was employed to simulate the catalytic CO,
hydrogenation process with the kinetic model from the experiment data, for further
study on the reactor performance and process scale-up.

Finally, the conclusions of this dissertation and recommendations for future
work are provided in Chapter VII. The results of this research would contribute the
understanding and useful guidance to the development of Fe-based bimetallic catalyst

for catalytic CO, hydrogenation to higher hydrocarbons synthesis.
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CHAPTER Il

EXPERIMENTAL AND CHARACTERIZATION

2.1 Materials

Titania (AEROXIDE TiO, P 25) was supplied by Evonik Corporation and calcined
at 723 K for 4 h before being used. Fe(NO3)s:9H,0 (99.99%), Co(NOs),-6H,O (>98%),
KNOs (99.0%) and La(NO3);-6H,O (299.99%) were purchased from Sigma-Aldrich
Chemical Company. Cu(NO3),-2.5H,0 (298%) was purchased from Alfa-Aesar Chemical
Company. All precursors were used witout further purification. The mixed gas of 24
vol9% CO,/ 72 vol% H,/ 4 vol% Ar (purity >99.999%), H, (99.999%) and He gas (99.999%)

were supplied by Praxair Inc.

2.2 Catalyst preparation

Titania (AEROXIDE TiO, P 25) was used as support material. The unpromoted
supported Fe-based bimetallic catalysts were prepared by a wet impregnation method
using an aqueous solution containing Fe(NO3);:9H,0, Co(NOs),-6H,O and
Cu(NO3),-2.5H,0. Concentrations of Fe and co-metal (Co, Cu = M) precursors in the
solution were adjusted to obtain desired M/(Fe+M) atomic ratios (0.0-1.0 atom atom™)
while maintaining total metal (Fe+M) loading at 15 wt% (support weight basis).
Typically, 1 ¢ of support was impregnated with 4 mL of precursor solution. The
impregnated sample was dried at 363 K in a rotary evaporator for 4 h and then dried
in an oven at 383 K overnight in ambient air, followed by calcination in a furnace in

dry air of 100 mL (NTP) min™ at 673 K for 2 h (Fig. 2.1).
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Impregnation on TiO,

(Mixed nitrate solution)

l

Evaporation
(363 K, amb. Pressure for 4 h)

l

Drying
(383 K, amb. Pressure overnight)

l

Calcination
(673 K, 1 K min™ for 2 h)

Figure 2.1 Procedures for preparation of TiO, supported catalyst.

The K- and La-promoted catalysts were also prepared by a wet impregnation
method, wherein the mixed solution of KNOs; and La(NOs);-6H,O were used as
precursors. Then, mixed nitrate precursor solution was impregnated, followed by drying
and calcination at the same conditions as the unpromoted catalysts. The prepared
catalysts are denoted as “Fe-M(X)-K(Y)-La(2)/TIO,”, where X, Y and Z represent the
atomic ratios of M/(Fe+M), K/Fe and La/Fe, respectively. Total metal loading for
monometallic and bimetallic catalysts (M and M+Fe) was fixed at 15 wt%, unless
otherwise noted. Corresponding metal loadings of catalysts for different components

are summarized in Table 2.1 for clarity.
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Table 2.1 Fe, Co, Cu, K and La loadings of Fe-M(X)-K(Y)-La(2)/TiO, catalysts (M = Co

and Cu)
Loading, wt% (support weight basis)

Catalyst

Fe Co Cu K La
Unpromoted catalyst
Fe 15.0 - - - -
Co - 15.0 - - -
Cu - - 15.0 - -
Fe-Co(0.1) 13.4 1.6 - - -
Fe-Co(0.17) 124 2.6 - - -
Fe-Co(0.5) 7.3 Rl - - -
Fe-Cu(0.1) 13.3 - 1.7 - -
Fe-Cu(0.5) 7.0 - 8.0 - -
Promoted catalyst -
Fe-K(0.1) 15.0 - - 1.1 .
Fe-Co(0.1)-K(0.1) 13.4 1.6 - 0.9 -
Fe-Co(0.1)-K(0.3) 134 1.6 - 2.8 -
Fe-Cu(0.1)-K(0.05) 13.4 1.6 - 0.5 .
Fe-Cu(0.1)-K(0.1) 13.3 - 1.7 0.9 -
Fe-Cu(0.1)-K(0.2) 18n3 s 1.7 1.9 -
Fe-Cu(0.1)-K(0.3) 13.3 - 1.7 2.8 -
Fe-Cu(0.1)-K(0.05)-La(0.05) 13.3 - 1.7 0.5 1.7
Fe-Cu(0.1)-K(0.05)-La(0.1) 13.3 - 1.7 0.5 33
Fe-Cu(0.1)-K(0.05)-La(0.2) 13.3 - 1.7 0.5 6.6
Fe-Cu(0.1)-K(0.05)-La(0.3) 13.3 - 1.7 0.5 9.9
Fe-Cu(0.1)-K(0.1)-La(0.1) 13.3 - 1.7 0.9 33
Fe-Cu(0.1)-K(0.2)-La(0.1) 13.3 - 1.7 1.9 33
Fe-Cu(0.1)-K(0.3)-La(0.1) 13.3 - 1.7 2.8 3.3




26

2.3 Activity test

CO, hydrogenation was performed in a high-pressure fixed-bed reactor system
(Fig. 2.2). For each activity test, about 0.20 ¢ of the catalyst was mixed with ca. 0.48 ¢
amorphous SiO, (Davisil Grade 62, particle size = 75-250 x 10™° m) as a diluent to
maintain an aspect ratio of approximately 6.0 and then loaded in a 6 mm I.D. stainless-
steel reactor between two glass wool layers. The upper part of the bed was packed
with borosilicate glass bead as a pre-heating zone. Prior to the activity test, the
prepared catalyst was reduced under a H, (purity > 99.995) flow of 50 mL (STP) min™
at 673 K with a ramping rate of 2 K min™ for 2 h and then allowed to cool to the
hydrogenation temperature of 573 K. The feed gas, 24 vol% CO,/ 72 vol% H,/ 4 vol%
Ar (purity > 99.99995 %), was employed to pressurize the system to 1.1 MPa (GHSV =
3600 mL (STP) ¢* h'!) and regulated using mass flow controllers and a backpressure

regulator.

& =
CO,/H, 4|><l—|:|:|—|><l7 Pressure monitor
)
e ]

1
1
:
: —
MFC
. Temperature controller
1
]
1
1
1
1
]
]
1
1

—T

Electrical
furnace

— Vent

=

Backpressure
Condenser regulator

GC-FID

GC-TCD

Figure 2.2 Schematic illustration of a fixed-bed reactor system for CO, hydrogenation.
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2.4 CO, hydrogenation product analysis

For analysis of Ar, CO, CHs and CO,, an online Agilent 3000 micro Gas
Chromatography equipped with molecular sieve-type column and Plot-Q column was
used. The gas-phase hydrocarbon products (C;-C;) were analyzed using an online SRI
8610C GC equipped with flame ionization detector (GC-FID) (Porapak Q column). CO,
conversion and gas-phase product space-time yields (STY) were evaluated by the
values obtained at 16-18 h on-stream. The condition and temperature program for
both GC are described in Appendix A. Activity data reported here were based upon at
least two runs for each catalyst, and average deviations of CO, conversion and product
formation rate are 0.9% and 0.02 umol g s, respectively.

For analysis of liquid hydrocarbon products, the liquid products from CO,
hydrogenation were collected in an ice trapped condenser connected to the reactor.
The gas chromatography-mass spectrometry (GC/MS) (Agilent, 7890) with a capillary
column RTX-PAH (60 m x 0.25 mm L.D. x 0.25 Wm film thickness) and a split mode
injector (ratio 20:1) was used with ultra-high purity helium as a carrier gas. The condition

and temperature program for GC/MS are described in Appendix B.

2.5 Catalyst passivation

After CO, hydrogenation at 573 K and 1.1 MPa for 15-16 h, the catalyst was
cooled down to 298 K under 24 vol% CO,/ 72 vol% H,/ 4 vol% Ar and subsequently
passivated using 0.95 vol % O,/He (purity > 99.999%) at a flow rate of 30 mL min™
until an area of O, peak (effluent of O,) observed by Micro GC equipped with TCD
became constant. Then, the catalyst was collected from the reactor for further

characterizations, hereafter simply denoted as “spent catalyst”.
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2.6 Adsorption/Desorption of N,

The catalyst surface area (SA), pore volume (PV) and average pore diameter
(D,) were determined from N, sorption isotherms at 77 K using fully automated TriStar
Il (Micromeritics) surface area and porosity analyzer. Before analysis, all samples (ca.
0.20-0.25 g) were degassed under N, at 363 K for 1 h and 473 K for 12 h. From isotherms,
Brunauer-Emmett-Teller (BET) method was used to determine the surface area, while
Barrett-Joyner-Halenda (BJH) model was used for calculation of pore volume and

average pore diameter of the catalysts.

2.7 X-ray diffraction

XRD patterns of calcined catalysts were obtained using a PANalytical Empyrean
X-ray Diffractometer with Cu K& (A= 0.154059 nm) radiation, fixed slit incidence (0.25°
divergence, 0.5° anti-scatter, specimen length of 10 mm) and diffracted optics (0.25°
anti-scatter, 0.02 mm nickel filter). Data obtained at 45 kV and 40 mA from 20-90 (26
using a PIXcel detector with a PSD length of 3.35°(2 6), and 255 active channels. From
the relative XRD diffraction intensities corresponding to anatase (101) and rutile (110)
reflections [133], the mass fraction of rutile and anatase was calculated using Egs. 2.1
and 2.2 [134, 135].
Anatase (%) = [0.79/,/ (Iz+ 0.791,)] x 100 (2.1)
Rutile (%) = [1/[(lz + 0.7914)/1511 x 100 (2.2)
where I, and /5 are the peak intensities of (101) and (110) reflections for anatase and
rutile, respectively.

The XRD peaks of crystal plane (101) and (200) in anatase was selected to
determine the lattice parameter of TiO, supported catalysts according to Egs. 2.3 and

2.4 [136].
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Bragg’s law: Ak = A/2sin@ (2.3)

Ao = ha?+ K262 +°c? (2.4)
where di, is the distance between crystal planes of (hkd), Ais the X-ray wavelength,
@'is the diffraction angle of crystal plane (hk(), hkl is the crystal plane index, and a, b

and c are lattice parameters (a = b # ¢) of anatase.

2.8 Temperature-programmed reduction
2.8.1 Calcined catalyst

Temperature-programmed  reduction  (TPR)  experiments  were
performed at ambient pressure in a Micromeritics AutoChem 2910 using hydrogen as
a reducing agent. About 0.10 ¢ of sample was charged in a U-shaped quartz tube
reactor and held by quartz wool. Prior to the reduction program, the sample was
heated in situ to 393 K (10 K min™) under Ar (purity > 99.999%) flow (25 mL min™) for
1 h to remove adsorbed species on the sample surface. The sample was then cooled
down to 323 K, followed by switching to 4.93 vol% H,/Ar at 20 mL min'. After the
baseline was stable, the temperature program started by a ramping rate of 10 K min™
up to 1173 K and held at this temperature for 30 min. The effluent gas was cooled
down by a slush bath consisting of isopropanol and liquid N, located between a reactor
and detector to trap the water formed during the reduction process. The gas was then

analyzed using a thermal conductivity detector (TCD).

2.8.2 Pre-reduced catalyst
0.1 g of catalyst was loaded to the U-shaped quartz tube reactor and
pre-reduced in situ at 673 K (5 K min™) under H, (purity > 99.999%) flow (50 mL min™)
for 2 h. After pre-reduction step, the catalyst was cooled down to 423 K under flowing

20 mL min™ Ar (purity > 99.999%) for 30 min to remove H, gas that might be remained
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in the system. The gas was then switched to 4.93 vol% H,/Ar at 20 mL min™ and

followed the same procedures used for calcined catalysts in section 2.8.1.

2.9 Temperature-programmed desorption
2.9.1 CO,-TPD

Prior to the CO,- and H,-temperature programed desorption (TPD),
about 150 mg of catalyst was loaded in a U-shaped quartz tube reactor and pre-
reduced in situ in a H, flow (purity > 99.999%, 50 mL min™) at 673 K (5 K min™) for 2
h. For CO,-TPD, the catalyst was then purged with He (purity > 99.999%, 30 mL min™)
at 573 K for 30 min to remove the remaining H, in the reactor tube. The catalyst was
subsequently dosed with 12 vol% CO,/He (at 573 K) at a flow rate of 30 mL min™ for
1 h, followed by cooling down to room temperature. The catalyst was then purged
with 30 mL min™ He (purity > 99.999%) to remove any trace of CO, gas until CO, signal
(observed from Mass Spectrometer) became constant. The TPD experiment was
started by heating at a ramp of 10 K min™ to 1173 K under 30 mL min™ He (purity >
99.999%) flow. The desorbed gas was analyzed using a Dycor Dymaxion Mass

Spectrometer DM200M (AMETEK) (Fig. 2.3).

673 K 120 min
30 min 60 min
| \ Until CO; signal const.
| amb. Temp; v
| i H TPD prog.
P H, flow o ! o He flow | o 12 vol% CO,/He flow i He flow o
- 50 mL min 717 30 mL min 1 30 mL min 30 mL min v

Figure 2.3 Schematic illustration of CO,-TPD over Fe-Cu-K-La/TiO, catalyst.



31

2.9.2 H,-TPD
For H,-TPD, the pre-reduced catalyst was cooled down to 200 K in H,
using a slush bath of isopropanol-liquid N, mixture to prevent the desorption of
weakly-adsorbed hydrogen from the catalyst surface. Then, the catalyst was purged
with He (purity > 99.999%, 30 mL min™") until the H, signal became constant (Fig. 2.4).
The temperature program was started at around 280 K. The H,-TPD experiment was

performed by following the same procedures used for CO,-TPD.

673 K 120 min
5 K min-
amb. Temp.
i i Until H; signal const.
; 200K Y >
L H, flow ' He flow TPD prog.
o 50 mL min-! "1 30 mL min i

Figure 2.4 Schematic illustration of H,-TPD over Fe-Cu-K-La/TiO, catalyst.

2.10 In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

The adsorption states of CO, on the reduced catalysts were studied by in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) using a Thermo
Nicolet NEXUS 470 equipped with a diffuse reflectance cell (Spectra Tech) and a
mercury cadmium telluride (MCT-A) detector cooled by liquid N2 and a KBr beam
splitters. The infrared cell with a ZnSe window was employed at high temperatures.

The cell was directly connected to a gas flow system equipped with rotameter and a
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set of valves to switch and control the gas flow rate. The temperature of the catalyst
was monitored by a K-type thermocouple placed 2 mm underneath the crucible
surface.

Before the experiment, about 50 mg of the calcined catalyst was gently mixed
and ground with 50 mg of KBr powder uniformly. The mixed powder was charged into
the sample cell and then pre-reduced in situ at 523 K (10 K min™) under H, flow for 1
h, followed by flushing with N, at this temperature for 30 min. The background was
collected at this temperature after the system was stabilized for 30 min. The in situ
DRIFT spectra of the adsorbed CO, were recorded at the same temperature in a 12
vol% CO,/Ar flow and the time-on-stream (TOS) of 3, 10, 20, 60 and 120 min. The total
flow of all gases through the sample cell was kept constant at 50 mL min™.

The surface species formed during CO, hydrogenation on the spent catalysts
were also studied by DRIFTS. About 50 mg of the spent catalyst was gently mixed and
grinded with 50 mg of KBr powder. The mixed powder was then charged into the
sample holder and was purged in N, (purity > 99.999%) at 298 K for 1 h to remove any
moisture and gases, before recording the DRIFT spectrum. After that, the sample was
pre-reduced in situ at 523 K (10 K min™) under H, flow (purity > 99.999%) for 2 h, and
then cooled down to 310 K under a H, flow. The DRIFT spectrum was then recorded
after flushing the sample with N, for 30 min. These spectra were transformed to
Kubelka-Munk functions using a KBr background spectrum measured under a N, flow

at ambient temperature.

2.11 Transmission electron microscopy (TEM)

Morphologies and particle sizes were evaluated by transmission electron
microscopy (TEM; JEM-2500SE) with an accelerating voltage of 200 kV. The samples

were prepared by dispersion of prepared catalyst in ethanol under ultrasonication for
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15 min. Then, the suspension was dropped onto a 150 mesh Cu TEM grid and the
solvent was left to evaporate for overnight prior to the investigation. The EDS analysis

was analyzed by using a nominal electron beam size of 1 nm.
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CHAPTER Il

COMPARATIVE STUDY OF Fe-BASED CATALYSTS FOR CO, HYDROGENATION TO

HIGHER HYDROCARBONS

3.1 Introduction

Recently, CO, has become an attractive renewable carbon source as a nontoxic
C, building block for fuels. One processes to transform CO, to hydrocarbon fuels as
hydrogenation is of interest because hydrogen is a high-energy substance which can
be used as the reagent for CO, conversion. The conventional active metals for Fischer-
Tropsch synthesis (FTS) such as Fe, Co, Ni, Ru and Rh have been applied as a catalyst
for CO, hydrogenation to higher hydrocarbons [26, 117, 137, 138]. However, CH; was
the dominant product from CO, hydrogenation over these conventional catalysts.
Therefore, the developing of the catalysts for CO, hydrogenation has become of great
interest since these catalysts need to selectively produce more higher hydrocarbons
before use in industrial scale. The Fe-based catalyst has been reported as a promising
catalyst for CO, hydrogenation to hydrocarbons due to its high activity, low cost, and
flexible operation conditions, as well as reasonable hydrocarbon products distribution
[118, 139]. To further improve the higher hydrocarbons selectivity, the addition of
promoters is required. The addition of K and Mn promoters on Fe-based catalysts have
been reported that it significantly promoted the selectivity to olefinic products and
suppressed the methane formation [11, 25, 122, 123].

In this chapter, a comparative study on the CO, hydrogenation to higher

hydrocarbons over monometallic catalyst including Fe, Cu and Co metal. Y-Al,O5 and
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TiO, supported catalysts were synthesized and evaluated for CO, hydrogenation to
higher hydrocarbons. The activities and selectivities of these monometallic catalysts

were investigated as well by the effect of K addition.

3.2 Equilibrium conversion of CO, hydrogenation to higher hydrocarbons

Form thermodynamic point of view for CO, hydrogenation, the equilibrium CO,
conversion and product yields are dependent on temperature and pressure. In this
study, the equilibrium CO, conversion of CO, hydrogenation to higher hydrocarbons
could be estimated using Aspen HYSYS 7.1 and the system flow diagram are shown in
Fig. 3.1. For calculating the equilibrium CO, conversion, the equations (3.1) — (3.12) are
input reactions in the reactor as lines (a), (b) and (c), CHy is the most thermodynamically
stable product and C,Hg — CsHyjp were chosen as relatively stable higher hydrocarbon
products. Figure 3.2a-b showed the calculated CO, conversion at various temperatures
(Fig. 3.2a) and various pressure (Fig. 3.2b) at constant mixed feed gas molar ratio of
H,/CO, of 3. The results from ASPEN HYSYS 7.1 are presented in Table C-1

(temperature) and C-2 (pressure) of Appendix C.

Gas
product

Reactor

Liquid
product

Figure 3.1 The flow diagram using in Aspen HYSYS 7.1.
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Line (a): Reverse water-gas shift (RWGS)

CO, + H, = CO + H,0 (3.1)

Line (b): CO, hydrogenation to CO and hydrocarbons

CO, + Hy €= CO + H,0 (3.2)
CO + 3H, = CH, + H,0 (3.3)
CO + 2H, €= 1/2C,H, + H,0 (3.9)
CO + 2H, €= 1/3C;H, + H,0 (3.5)
CO + 2H, €= 1/4C,Hg + H,0 (3.6)
CO + 2H, €= 1/5CsHy0 + H,0 (3.7)

Line (c): Direct CO, hydrogenation to hydrocarbons

CO, + 4H, €= CH, + 2H,0 (3.8)
CO, + 3H, € 1/2C,H, + 2H,0 (3.9)
CO, + 3H, € 1/3C;Hs + 2H,0 (3.10)
CO, + 3H, € 1/4C;Hg + 2H,0 (3.11)

CO, + 3H, €= 1/5C4H;, + 2H,0 (3.12)
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Figure 3.2 Equilibrium CO, conversion for a molar ratio of H,/CO = 2:3 as a function of

reaction (a) temperature and (b) pressure.

According to the calculation, temperature is more pronounced effect than
pressure on the equilibrium CO, conversion. At high temperature, RWGS (line a) is more
favorable than CO, hydrogenation to hydrocarbons (line b and c¢). From
thermodynamic point of view, at low temperature, the CO, conversion by RWGS

reaction is limited due to its endothermic reaction. The exothermic FTS reaction is not
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thermodynamically limited in the temperature regime below 673 K and thus, it is
possible to achieve higher CO, conversion for the overall reaction because of the
consecutive reaction of CO formed by the RWGS reaction. Therefore, the catalysts have
to be developed that both RWGS and FTS reaction could be catalyzed. In addition,
the reaction rate of FTS should be equal or higher than that of the RWGS to overcome
the thermodynamic limitation of the RWGS reaction [125]. For the pressure effect, the
equilibrium CO, conversion of line b and ¢ (CO, hydrogenation to hydrocarbons) are
slightly increased with increasing pressure, while the RWGS is not dependent on
pressure. The optimal condition for CO, hydrogenation to hydrocarbons is 300 °C (573
K) and 1.1 MPa and this condition was also chosen as a reaction condition for research

work on CO, hydrogenation to hydrocarbons [140-142].

3.3 Support comparison

The chemical and textural properties of the support could influence the

catalyst activity. Commonly, Y-Al,Os is widely used as a support material due to its
high surface area and acid properties. A previous study on CO, hydrogenation reported
that using TiO, as support, it can give better selectivity to higher hydrocarbon [125]. It
suggested that the oxygen vacancy of TiO, could increase bridge-type adsorbed CO,,
which can be dissociated to carbon species, thereby enhancing C-C bonds formation

(127, 128].
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The effect of support material over Fe monometallic catalyst on CO, and

selectivity are presented in Table 3.1. The Y-Al,O; (PURALOX TH 100/150), TiO, (catalyst
support, Alfa Aesar) and TiO, (AEROXIDE P 25, Evonik) were chosen as support material
for Fe monometallic catalyst. Fe/Y-Al,O; catalyst gave slightly higher CO, conversion
and C,, selectivity while gave significantly higher STY of CH, compare with TiO, (P 25)
support. However, when using TiO, from Alfa Aesar as a support, it did not show any
activity although the BET surface area (Table 3.2) of this TiO, is significant higher than
TiO, (P 25). It should be noted that the TiO, (Alfa Aesar) synthesized via wet process
(using sulfur-containing precursor), still contained small amount of sulfur, unlike TiO,
(AEROXIDE P 25, Evonik) which was synthesized via dry process. When using TiO, (Alfa
Aesar) as support of Fe catalyst, the inactive phenomena possibly occur because the
sulfur can cause the poisoning on Fe catalyst [143]. This suggested that the activity of
the Fe monometallic catalysts could depend on the metal-support interaction and

surface chemical properties, rather than the textural properties of support materials.

3.4 Monometallic catalysts

The CO, hydrogenation over TiO,-supported monometallic catalysts (Fe, Co
and Cu) was performed in a fixed-bed flow reactor system at 573 K and 1.1 MPa. The
steady-state activity data was obtained after 6-8 h on stream for all catalysts as shown
in Fig. 3.3. The steady-state activities and selectivities at 16-18 h on stream of
monometallic catalysts were chosen for evaluating the catalytic activity, which are
presented in Table 3.1. Among from monometallic catalysts tested here, only Fe/TiO,

catalyst produced a significant amount of C,, hydrocarbons (selectivity = 41 mol%) as

well as high chain growth probability (0L=0.39). Riedel et al. [119] suggested that the

iron-carbide could be an active phase for the FTS leading to C,, hydrocarbon formation
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over Fe-based catalysts, and this carbide species was a prerequisite for carbon-carbon
bond formation. Co/TiO, showed a much higher CO, conversion (55%) than Fe catalyst
(16%), but CH4 was the dominant product due to the high hydrogenation ability of Co.
Such ability of Co/Al,0O5 catalyst was reported by Satthawong et al. [17]. On the other
hand, Cu/TiO, exhibited a low activity compared with Fe and Co catalysts and CO was
the primary product as expected because Cu is well-known as an active metal for
reverse water-gas shift (RWGS) [33, 144, 145]. Based on the activity of metal carbides
for CO, hydrogenation, a transition metal (Fe, Co or Ni) carbide can cleave the C-O
bonds, thereby leading to hydrocarbon formation in the subsequent hydrogenation,
whereas Cu carbide does not break these bonds [146]. It should be noted that the

active phases of the TiO,-supported monometallic catalysts remain to be clarified.
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Figure 3.3 Catalytic stability of Fe/TiO, at time on stream (TOS). Reaction conditions:
573 K, 1.1 MPa, GHSV = 3600 mL (STP) ¢* h™.
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3.5 K-promoted monometallic catalysts

To further improve CO, hydrogenation performance of heterogeneous catalysts
for CO, hydrogenation to hydrocarbons. The addition of electronic or structural
promoters have been investigated, K as a promoter of Fe-based catalysts can promote
the selectivity to olefin, long chain hydrocarbons, and also suppress the methane
formation [11, 25, 122, 147]. The effect of K promoter addition (K/Fe= 0.1 atom atom’
') to Fe monometallic catalysts is tabulated in Table.3.1. The results indicated that K
significantly suppressed CHy STY, while CO STY was increased. This suggested that K
could suppress the methanation reaction. Moreover, when the amount of K/Fe atomic

ratio was further increased to 0.3, the CHy STY was further suppressed and led to higher

chain growth probability (Q) and olefin to paraffin (O/P) ratio. Such dependence
reported by Choi et al. suggested that the addition of K could decrease H,

chemisorption capacity, while it enhanced CO, adsorption on catalyst surface [148].

For clarity, the chromatograms of gas-phase hydrocarbon product with OL and O/P are
shown in Fig. 3.4. Hence, K promoter acts a different role compared to that by the
active metal including Fe, Co and Cu, which enhanced the hydrogen coverage. To
clarify the role of K on the catalyst surface, the characterization of adsorbed species

will be investigated.



Intensity (a.u.)

b)

Intensity (a.u.)

Intensity (a.u.)

FeITiOZ
¢ |c, a=0.39
O/P =0.02
Cs
C,
Co- Ca- CA“:A C5=05 JC\S G,
0 10 20 30 40
RT (min)
Fe-K(0.1)/TiO,
C, o =0.54
O/P =0.50
C,
Cy-
C,J Cs €,
l e ey | % o
0 10 20 30 40
RT (min)
Fe-K(0.3)/TiO,
C, o =0.60
O/P =6.60
Co- Cy-
Cye
c 4= Cs-
_\JAZ A? : Ne.  aC A X
0 10 20 30 40
RT (min)

43

Figure 3.4 GC-FID chromatograms of gas-phase hydrocarbons from CO, hydrogenation

over Fe-K(X)/TiO, with different K/Fe atomic ratio. (a) X=0, (b) X=0.1 and (c)

X=0.3.
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3.6 Textural properties of monometallic catalysts

A correlation of physical properties to the catalytic activity of the monometallic
catalysts has been investigated using the N, adsorption-desorption analyses. The
textural properties of support materials and all monometallic catalysts are
summarized in Table. 3.2. According to the catalytic activity results of TiO,-supported
monometallic catalysts in Table 3.1, it suggested that there is no relation between
textural properties of the catalysts and CO, conversion. The BET surface area (SA) of
the calcined Fe/TiO, catalysts was close to that of the bare TiO, (P 25) support (44 m?
g, while SA of the monometallic Co/TiO, and Cu/TiO, catalysts was lower (36 and 35
m?g?, respectively). Upon loading the metal oxides, the pore volume (PV) and average
pore diameter (D,) were about 34% and 18% lower, respectively compared with bare
TiO, (P 25), suggesting that the small metal oxide particles could fill in the pores of

TiO, support.

Table 3.2 Physical properties of TiO, supported monometallic catalysts.

SA? PV© D’
Catalyst °
(m*g™h) (cm’¢™h) (nm)
ALOS 139 1.03 24
TiO, (Alfa)’ 112 0.34 11
TiO, (P25)° aq 0.42 35
Fe/TiO, (P25) aq 0.29 27
Co/TiO, (P25) 36 0.26 28
Cu/TiO, (P25) 35 0.28 30

® Total metal loading = 15 wt% based on support, ° BET surface area

“ BJH desorption cumulative pore volume, 4 BJH desorption average pore diameter
¢ Y-ALO; (PURALOX TH 100/150, Sasol, " TiO, (Catalyst support, Alfa Aesar).

¢ TiO, (AEROXIDE P25, Evonik)
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CHAPTER IV

Fe-BASED BIMETALLIC CATALYSTS SUPPORTED ON TiO, FOR SELECTIVE CO,

HYDROGENATION TO HYDROCARBONS

4.1 Introduction

Recently, the bimetallic promotion on the selective CO, hydrogenation to
methanol using Pd-Cu catalysts [91] and to light hydrocarbons using Fe-based
bimetallic catalysts [122, 123] have been reported. CO, hydrogenation to liquid fuels
and highly value-added products remains a challenging research topic. For this purpose
of promoter addition, such as Kand La, on Fe-based catalysts, K significantly promoted
the selectivity to olefinic products and suppressed the methane formation [11, 25,
122, 123] and La could enhance the selectivity of higher hydrocarbons in FTS [124]
and CO, hydrogenation [125, 126]. In this work, a comparative study on the CO,
hydrogenation activities and product selectivities of the titania-supported Fe-based
bimetallic catalysts was carried out. The addition of a small amount of second metal
(Co and Cu) on Fe showed the synergetic promotion on the CO, conversion and the
space-time vyields (STY) of hydrocarbon products. The incorporation of K and La as
promoters can further improve the activity and product selectivity to higher
hydrocarbons, indicating that the promoted Fe-based bimetallic catalysts are promising
for CO, hydrogenation to higher hydrocarbons.

The aims of this work are to study the CO, hydrogenation to higher
hydrocarbons (Cs,) over Fe-based bimetallic catalysts and to explore the synergetic
effect of bimetallic catalysts. TiO,-supported Fe-based bimetallic catalysts were

synthesized and evaluated for CO, hydrogenation activity, wherein Co and Cu were
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selected as the second metals. The effect of promoters, K and La, was investigated as

well by a comparative study with the unpromoted catalysts.

4.2 Characterization of TiO, supported Fe-based catalysts
4.2.1 Physical properties

The physical properties and crystalline structure parameters of calcined
catalysts are summarized in Table 4.1. The BET surface area (SA) of the calcined Fe
and Fe-Co (X = 0.1) catalysts (43-44 m? g'!) was close to that of the bare TiO, support
(44 m? g1), while SA of the Co-rich and Cu-rich Fe-M(0.5) catalysts was lower (36 and
37 m? ¢, respectively). Upon loading the metal oxides, the pore volume (PV) and
average pore diameter (D,) were about 35% and 23% lower, respectively, suggesting

that small metal oxide particles were dispersed inside the pores of TiO, support.

4.2.2 X-ray diffraction patterns
Figure. 4.1a presents the X-ray diffraction patterns of the calcined
mono- and bimetallic catalysts, as well as the bare support as benchmark. The

calcined Fe-Cu(0.1)/TiO, and Fe-Co(0.1)/TiO, showed the similar XRD patterns with the

monometallic Fe catalyst, and the diffraction peaks of polycrystalline Ol-Fe,O; [PDF
#00-001-1053] were observed centered at 33.14, 35.56 and 49.35°. Only Cu and Co-
rich bimetallic catalysts, Fe-Cu(0.5)/TiO, and Fe-Co(0.5)/TiO,, showed the peaks of Cu
and Co metal oxide, wherein the calcined Fe-Cu(0.5)/TiO, exhibited diffraction peaks
at 35.55 and 38.60° corresponding to polycrystalline CuO [PDF #00-005-0661], while
the calcined Fe-Co(0.5)/TiO, catalyst displayed diffractions at 31.29, 36.86, and 65.28°
corresponding to polycrystalline Co;Oq4 [PDF #00-042-1467]. As depicted in Fig. 4.1b,
the magnified range (60-68°) clearly illustrates the existence of polycrystalline Co
oxide. The crystallite size was determined by Scherrer equation and tabulated in Table

4.1. The polycrystalline Co oxide crystallite size of Fe-Co(0.5)/TiO, (19.4 nm) was larger
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than that of the catalysts with lower Co loading. Besides, the SA of Fe-Co(0.5)/TiO, was
lower than that of Fe-Co(0.1)/TiO,, suggesting that Co oxide particles are larger in the
former. The average size of the Ol-Fe,0; phase in the calcined Fe-Co(0.5)/TiO, was
19.2 nm which was larger than those of Fe alone and Fe-rich bimetallic (i.e., Fe-Co(X)

and Fe-Cu(X), X < 0.1) catalysts (e.g., 13.9-14.9 nm).
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From Table 4.1, the mass fractions of anatase and rutile for all catalysts
were similar to those of the bare TiO,, indicating that the TiO, phase exists regardless
of the catalyst preparation. The lattice parameter (a, b, and ¢) and cell volume of
anatase unit cell generally increased with increasing metal loading on the TiO, support
compared with the bare support. It is known that the ionic radius of Fe®*, Co®", Co**,
and Cu® (0.645, 0.610, 0.745 and 0.650 A, respectively) are larger than that of Ti%
(0.605 A) [149]. Thus, the changes of the anatase unit cell implies that the loaded
metals were incorporated into the anatase crystalline structure, thereof leading to the

unit cell distortion.
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Figure 4.1 XRD patterns of TiO, support (P25, Evonik), TiO,-supported monometallic,
Fe-Co and Fe-Cu bimetallic catalysts in the 20 ranges (a) between 20 and
70° and (b) between 60 and 68° ATIO, (anatase), O TiO, (rutile),

( (X-Fein 4 CO304 and * CuO.
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4.3 Reducibility of supported metal oxides

The TPR profiles of the calcined Fe-Co/TiO, and Fe-Cu/TiO, catalysts with
various M/(M+Fe) atomic ratios, along with the degree of reduction (DR) of the
supported metal oxides are illustrated in Fig. 4.2. The DR of the supported metal oxides
was defined as the ratio of the measured H, consumption from TPR experiment to the
theoretical H, consumption. The measured H, consumption was determined by
integrating the whole TPR profile, while the theoretical H, consumption was calculated
from the amount of H, required for the reduction of the supported Fe and Co oxides
to their metallic states according to the stoichiometry of the Eqg. 5.1 and 5.2. The

calibration of the H, consumption was done by the reduction of Ag,O powder.

Fe,0s 4+ 3H, €=  2Fe’+ 3H,0 (5.1)
CosO4 + GH, € 3Co°+ aH,0O (5.2)
CuO+H, = Cu+HO (5.3)

A calcined TiO, support material was also tested, and barely showed any major
reduction peak. For the Fe/TiO, catalyst, a broad peak with several shoulders was
observed at 659, 728, and 886 K, attributing to a stepwise reduction of Fe,Os; to Fel
through Fe;O4 and FeO [150-152]. The Co/TiO, catalyst exhibited two peaks at 621 and
792 K relating to two different oxidation states, Cos0, and CoO, of the cobalt [150,
151, 153]. The TPR profile of Fe/TiO, was significantly changed by Co addition. The
peaks at 638 and 793 K were clearly observed and accompanied by a significant
enhancement of the peak intensities, demonstrating a considerable improvement in
total degree of reduction in the Fe-Co bimetallic catalysts from only 25% (Fe/TiO,) to
93% (Fe-Co(0.5)/TiO,). Noticeably, only Fe-Co(0.5)/TiO, catalyst showed a single broad
peak centering at 925 K, suggesting the formation of Fe-rich Fe-Co alloy phase. Such

similar peak was also reported by Duvenhage and Coville [151], suggesting the
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formation of stable and hardly reduced Fe-rich phase in the synthesized bimetallic
catalyst. However, the peak of stable and hardly reduced did not appear for Fe-
Cu(0.5)/TiO, catalyst as shown in Appendix F. Moreover, If the Fe/TiO, and Co/TiO,
catalysts were prepared by physical mixing, the calculated DR for Fe-Co(0.1)/TiO,
would be 30%, which was equal to the measured DR. However, the measured DR of
Fe-Co(0.5)/TiO, catalyst was 93% which was much higher than those calculated DR
(58%) suggesting that the supported metal oxides possibly become more reducible by
the alloy formation of Fe-Co spinels [153]. The in situ H,-TPR analysis of pre-reduced
catalysts was also carried out for all Fe-containing catalysts, and the resultant profiles
are shown as well in Fig. 4.2 (red line). Apparently, H,-reduction peak was not observed
for pre-reduced catalysts, implying that the Fe-based bimetallic catalysts could be

reduced almost completely under this pretreatment condition.

DR=100%

DR=93%

DR=30%

TCD signal (a.u.)

DR=25%

373 573 773 973 173
Temp. (K)

Figure 4.2 Effect of combining Fe and Co on the H,-TPR profiles of the calcined Fe-
Co(X)/TiO, catalysts, () calcined catalysts and (-...._ ) pre-reduced

catalysts.
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4.4 CO, hydrogenation over Fe-based bimetallic catalysts

To enhance CO, hydrogenation activities for higher hydrocarbon production,

Satthawong et al. and Wang et al. [17, 154] reported on the corporation of Co and Cu

as a second metal to Y-Al,Os-supported Fe-based catalysts that found the synergetic
promotion effect on CO, conversion and product selectivity of Fe-based bimetallic
catalysts was observed. In this work, the TiO,-supported Fe-based bimetallic catalysts
(Fe-M; M = Co or Cu) with 15 wt% total metal loading (Fe + M, support weight basis)
were tested and the results are shown in Table 4.2.

Figure. 4.3 showed the synergistic promotion effect of second metal addition

to Fe-based catalysts with using both TiO, (present work) and Y-Al,O5 (previous works.
[17, 154]) as support materials. Combining Fe with the second metal (Co or Cu) on TiO,
can significantly improve the CO, conversion (from 16% to 33%) and enhance the
space-time yields (STY) of higher hydrocarbons. It can be noted that the synergistic
promotion of Fe and other metal combination can increase the C,, hydrocarbons
formation. However, comparing the promotion effect of Co and Cu over the Fe-based
bimetallic catalyst, the Fe-Co exhibited much higher promotion effect on the activity
than Fe-Cu due to the stronger hydrogenation ability of Co resulting in higher CH4 and
C,, hydrocarbons formation. According to Satthawong et al. [122], tailoring the
adsorbed hydrogen surface properties of catalyst is essential for enhancing the higher
hydrocarbon formation. Hence, combining the second metal with Fe possibly changed
the adsorption properties of catalyst surface and led to the synergistic promotion on
the activity of Fe-based bimetallic catalysts.

To verify this idea, the Fe-M/TiO, bimetallic catalyst with difference M/(M+Fe)
atomic ratios were tested and the CO, hydrogenation results are compared in Fig. 4.4.

The product selectivities of both Fe-Co/TiO, and Fe-Cu/TiO, catalysts changed with
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the varying bimetallic composition and both catalysts gave the highest C,,
hydrocarbons selectivity at M/(M+Fe) atomic ratio of 0.1 (43 and 50%, respectively)
which was also higher than the monometallic Fe catalyst (41%). A further Co addition
promoted CHg4 formation to a dominant product due to the stronger hydrogenation
ability of Co (Fig. 4.4a). Surprisingly, the Fe-Co(0.5) catalyst showed only 18% of CO,
conversion, which was lower than other Fe-Co bimetallic catalysts . However, such
negative effect was not observed for Al,Os-supported Fe-Co(0.5) catalyst (Fig. 4.3).
According to the lattice parameters (Table 4.1), the Fe and Co were possibly present
in the form of Fe-rich alloy in Fe-Co(0.5) as evidenced from the distortion of crystallite
structure, resulting in a smaller cell volume of Fe-Co(0.5) in comparison to that of Fe-

Co(0.1).

80
- B Fe-Co(X)/TiO,
Fe M(X) ® Fe-Cu(X)/TiO,
O Fe-Co(X)/Al.O3
O Fe-Cu(X)/Al, O3
60
S
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S 40
($)
N
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0 A 1 A 1 A 1 A 1 A

0 0.2 0.4 0.6 0.8 1
M/(M+Fe) atomic ratio

Figure 4.3 Effect of (red square) Co/(Co+Fe) atomic ratio and (blue circle) Cu/(Cu+Fe)
atomic ratio on CO, conversion over Fe-M(X)/TiO, catalysts (present work)
and Fe-M(X)/AL,O5 (from ref. [17, 154]). Reaction conditions: 573 K, 1.1 MPa,
GHSV = 3600 mL (STP) g* h™.
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Figure 4.4 Effect of (a) Co/(Co+Fe) atomic ratio and (b) Cu/(Cu+Fe) atomic ratio on CHy,

C,, hydrocarbons, and CO product selectivities over Fe-M(X)/TiO, (present

work) and Fe-M(X)/Al,05 (from ref. [17, 154]) catalysts. Reaction conditions:
573 K, 1.1 MPa, GHSV = 3600 mL (STP) ¢* h'.
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As aforementioned, the H,-TPR profile of Fe-Co(0.5)/TiO, catalyst exhibited a
reduction peak at 925 K (Fig. 4.2), relevant to alloy phase which was difficult to be
reduced. However, this catalyst was reduced almost completely under the pre-
treatment condition. Thus, the low activity of Fe-Co(0.5)/TiO, was possibly ascribed to
the Fe-rich alloy phase which was not quite active compared with the catalysts at
other bimetallic composition.

On the other hand, adding more Cu into Fe evidently enhanced the RWGS
reaction which exhibited a favorable production towards CO (Fig. 4.4b). However, at
the same M/(M+Fe) atomic ratio of 0.1, the Fe-Cu(0.1) catalyst gave Cs-C; hydrocarbons
STY almost 1-fold higher than Fe-Co(0.1)/TiO, catalyst (Table 4.2). Such high increase
in Cs-C; suggests that more CO in the system possibly enhanced the chance of chain-
growth reaction via FTS.

From Fig. 4.3 and 4.4 regarding to the support materials, although the surface
area of Y-ALOs; (139 m? g") is much higher than that of TiO, (44 m* g™') support, both
support materials exhibited the similar promotion effect on both CO, conversion and
product selectivity of supported Fe-based bimetallic catalysts. The Y-Al,03 supported
Fe-based bimetallic catalysts (Fe-Co/AlLOs; and Fe-Cu/Al,O;) gave highest C,,
hydrocarbons selectivity at M/(M+Fe) atomic ratio of 0.17 (44 and 53%, respectively).
On the other hand, TiO, supported Fe-based bimetallic catalysts (Fe-Co/TiO, and Fe-
Cu/TiO,) have highest C,, selectivity at 0.10 atomic ratio (43 and 50%, respectively).
However, at high Fe-Co atomic ratio of 0.5, TiO, supported catalysts could maintain
higher C,, hydrocarbons selectivity (23%) than Y-Al,O5; supported catalysts (12%). This
could possibly explain by the difference of Y-Al,O0; and TiO, support properties. The
first reason is that the CoAl,Oq4 spinel structure is easily formed on Co/Al,O5 rather than
TiO, support. The other reason is that the acid sites on Al,Os-supported catalysts may

facilitate carbon deposition [155]. However, the properties of support, Al,O3; and TiO,,
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has less influence than the combining transition metal as active phase or active site(s)
of the catalysts for the catalytic CO, hydrogenation.

The addition of a small amount of second metal (Co or Cu) to Fe catalyst
could, upon reduction, induce the formation of alloy which modify the adsorption and
activation of CO, and H,, alter the reaction pathways and thus change the selectivity
to higher hydrocarbons [122]. The DFT studies by Xiaowa Nie et al. [121, 156] indicate
that doping second metal such as Cu to Fe can alter the surface properties of the
catalyst, alter the relative kinetic barriers of different reaction pathways and lower the
kinetic barrier of the rate-determining step; thus bimetallic Fe-Cu enhances CO,
conversion by reducing the kinetic barriers, and alters the selectivity preference to
more valuable C, products from CH; on mono-metallic Fe surface. The alloy effect
may include changes in surface structure and binding energies for CO, and H, and the
reaction intermediates, thus the alloy effect could involve both electronic and

geometric factors on surface.
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4.5 CO, hydrogenation over K promoted Fe-based bimetallic catalyst

Time-on-stream (TOS) performance of promoted Fe-based bimetallic catalysts
for CO, conversion and product selectivity are illustrated in Fig. 4.5 as examples. From
the initial increase in CO, conversion with time on stream for Fe-Co(0.1)-K(0.1)/TiO, in
the first 4 h, it appears the in situ activation is required for this catalyst which includes
but is not limited to reduction of oxides of Fe and Co. On the other hand, the in situ
activation is not really needed for the Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst. Fe-M/TiO,
showed relatively stable CO, conversion and selectivities after 6-8 h on stream.
Although CO, conversion with the catalysts slishtly decreased with TOS, the decreasing

rates were less than 0.3% per hour at 16-18 h on stream.
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Figure 4.5 Catalytic stability of (a) Fe-Co(0.1)-K(0.1)/TiO, and (b) Fe-Cu(0.1)-K(0.1)-
La(0.1)/TiO, at time on stream (TOS). Reaction conditions: 573 K, 1.1 MPa,
GHSV = 3600 mL (STP) g* h™.
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The performance of Fe-M(0.1)/TiO, catalysts at various K/Fe atomic ratios was
also studied, and the corresponding results are shown in Fig. 4.6a (Fe-Co(0.1)-K(Y)/TiO,)
and Fig. 4.6b (Fe-Cu(0.1)-K(Y)/TiO,). For comparison, all Fe-based catalysts were
incorporated with K, and the K/Fe atomic ratio was initially fixed at 0.1 and 0.3 (Table
4.2). The addition of K to the metal with an atomic ratio of 0.1 can suppress the CH,
formation and promote the Cs, hydrocarbons STY. Both K promoted Fe-Co/TiO, and
Fe-Cu/TiO, catalysts exhibited the similar trends on STY of CH, and C,-C; hydrocarbons
and olefin to paraffin ratio of C,-C4 products (O/P). The K addition increased the light

olefin content (O/P of C,-C4 hydrocarbons) and improved the chain growth probability

of hydrocarbons as evidenced from the increased OL value. For clarity, the

chromatograms of gas-phase hydrocarbon product over Fe-Cu-K(X)/TiO, catalysts with

O and O/P value are shown in Appendix G. This dependence suggests that, the
presence of K can suppress the methanation and olefin hydrogenation. On the other
hand, a further increase of K/Fe up to 0.3 on both catalysts reduced the activity
towards the hydrocarbons formation (decrease in CHy, C,-C4 and Cs-C; STY) and gave
more CO (Table 4.2). Such decreased performance suggests that K could covered the
active metal of the catalyst on TiO, support. The chemisorption property towards CO,
and H, over K-promoted Fe catalysts has been reported that the K addition could
reduce the H, adsorption capacity of Fe-based catalyst while enhancing CO, adsorption
[119, 123, 147]. The K addition plays a different role compared to that of the second
metal added to Fe. K promoter is expected to enhance CO, chemisorption and
suppress H, coverage on surface.

Although, the K-promoted catalysts gave a slightly lower CO, conversion than
unpromoted ones, the promoted catalyst exhibited high selectivity towards higher

hydrocarbons especially Cs, and lower methane selectivity. From the value-added
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product point of view, the lowest methane selectivity is desired for liquid-fuel

production via CO, hydrogenation [125].
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Figure 4.6 STY of CH, and C,-C; products, and olefin to paraffin ratio (O/P) of C,-C4
products over (a) Fe-Co(0.1)-K(Y)/TiO, and (b) Fe-Cu(0.1)-K(Y)/TiO, catalysts
at various K/Fe atomic ratios. Reaction conditions: 573 K, 1.1 MPa, GHSV =

3600 mL (STP) g* h'!.
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4.6 CO, hydrogenation over La promoted Fe-based bimetallic catalyst

The performance of TiO,-supported Fe bimetallic catalysts with La addition
was also investigated. For comparison, the M/(M+Fe) and K/Fe atomic ratio of all
bimetallic catalysts were kept constant at 0.1 atom atom™ as well as the La/Fe atomic
ratio as presented in Table 4.2. Among the K-promoted bimetallic catalysts, the La-
loaded Fe-Cu catalyst showed the maximum values of both Cs, selectivity (45%) and
Cs-C7 STY (0.043 twmol ¢! s). In comparison to both K-promoted and unpromoted Fe-
Cu bimetallic catalysts, when La was added, the Cs-C; STY was improved to 0.033 and
0.043 pmol g's respectively, which were almost 2-fold higher than those on
corresponding catalysts with no La addition (0.023 and 0.028 imol g''s™, respectively).
However, this promoting effect of La was not observed on Fe-Co-K-La/TiO, catalyst.
Due to the positive effect of La on the higher hydrocarbons synthesis, a series of La-
loaded Fe-Cu(0.1)-K(0.05) catalysts were tested, and the corresponding activity

performance was depicted in Fig. 4.7.
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Figure 4.7 STY of Cs-C;, CHs and CO products over Fe-Co(0.1)-K(0.05)-La(Z)/TiO,
catalysts at various La/Fe atomic ratios. Reaction conditions: 573 K, 1.1

MPa, GHSV=3600 mL (STP) g* h™.
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The La addition clearly showed a volcano-shape trend on the Cs-C; formation
along with the varied La/Fe atomic ratio, and the maximum Cs-C; STY was achieved at
La/Fe of 0.1 atom atom™’. However, the CO formation revealed a reverse trend and
reached the minimum CO STY at La/Fe=0.1 atom atom™. Such opposite behavior
suggested that CO was likely to contribute to the synthesis of higher hydrocarbons via
CO-FTS route and/or the CO, was likely to directly convert to Cs, higher hydrocarbons
at low La/Fe atomic ratio (La/Fe<0.1 atom atom™) (see Fig. 4.8), while it hardly
showed any influence of La/Fe atomic ratio on the CH, synthesis since the La-loaded
catalyst exhibited almost identical STY and selectivity of CH4 as the non-La addition
catalyst (see Table 4.2). This similar improvement on Cs, yield and selectivity when
adding La on Fe-K/La-Al,0O5 catalyst was also reported by Nam et al. [126], suggesting
that La could enhance the in situ iron-carbide species during the CO, hydrogenation
reaction. Among the varied composition of La-loaded Fe-Cu-K/TiO, catalyst, the Fe-
Cu(0.1)-K(0.1)-La(0.1) exhibited the highest STY and Cs-C; selectivity with a low amount
of CH, Thus, such performance makes Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst a

promising catalyst for CO, hydrogenation to liquid-fuels.

H,+CO,

1
with

'
La
H2+90with

e Y
’

Crs GCs

Figure 4.8 Schematic illustration of proposed reaction route of Fe-Cu-K/TiO, catalyst

with La addition.
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4.7 Liquid hydrocarbon products

The obtained liquid products from CO, hydrogenation was also analyzed using
the Gas Chromatography-Mass Spectrometry (GC/MS). Figures 4.9 illustrates the total
ion chromatograms of liquid products from CO, hydrogenation over Fe-Cu(0.1)-K(0.1)-
La(0.1)/TiO, catalyst. The hexadecane (Ci4H14) was used for extracting the hydrocarbon
products from the liquid products from CO, hydrogenation, therefore the mass
spectrometer filament was turned off at retention time of hexadecane in order to

protect the instrument.
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Figure 4.9 GC/MS total ion chromatogram of liquid products from CO, hydrogenation
over Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst.

According to the chromatogram (Fig. 4.9), the linear hydrocarbon products
mainly from octadecane (CigHsg) to icosane (CyHgy) were observed in the liquid
product. Moreover, small amount of alcohols (mainly iso-propyl alcohol) was also

observed in the liquid products from CO, hydrogenation.



65

CHAPTER V

HIGHER HYDROCARBONS SYNTHESIS FROM CO, HYDROGENATION OVER K- AND

La-PROMOTED Fe-Cu/TiO, CATALYSTS

5.1 Introduction

Developing selective and active catalyst is crucial for CO, hydrogenation to
higher hydrocarbons especially Cs, products. The synergetic effect of the titania-
supported Fe-based bimetallic catalysts for the CO, hydrogenation is being explored
in this ongoing work. To further enhance the selectivity of the desired hydrocarbon
products, the promoters can be added to tune the surface property and optimize the
product distribution. Potassium as promoter of iron-based catalysts could increase the
selectivity to olefin and suppress the methane formation [11, 25, 122, 123]. In addition,
the addition of La as promoter could also enhance the selectivity of higher
hydrocarbons in FTS [124] and CO, hydrogenation [125, 126].

In the present study, the TiO,-supported Fe-Cu bimetallic catalysts promoted
by K and La were prepared and tested for CO, hydrogenation to higher hydrocarbon
products. These catalysts were characterized by temperature-programmed desorption
(TPD) and diffuse reflectance infrared Fourier transform (DRIFTS) to elucidate the
influence of K and La promoters on adsorption properties of CO, and H, on the Fe-
Cu/TiO, catalyst and their correlation with the product distribution.

The incorporation of K and La promoters could improve both CO,
hydrogenation activity and selectivity to higher hydrocarbons of Fe-based catalyst.
Characterization by TPD and DRIFTS showed that the presence of K promoter

significantly decreased the adsorption of H, which suppressed the CH, formation. On
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the other hand, La addition could promote the moderately adsorbed CO, species
(mainly monodentate carbonate species), resulting the enhanced Cs-C; selectivity. The
simultaneous addition of La and K promoters would tailor the H and C coverage on
the catalyst surface, which plays an important role in altering product distribution in

CO, hydrogenation.

5.2 CO, hydrogenation over Fe-Cu-K-La/TiO, catalyst

CO, hydrogenation over TiO, supported Fe-Cu bimetallic catalysts with and
without K-La promoter was performed in a fixed-bed reactor system at 573 K and 1.1
MPa. The steady-state activity and selectivity of catalysts (K/Fe atomic ratio of 0-0.3)
were obtained at 15-16 h time on stream as shown in Table 5.1. Time-on-stream (TOS)
performance of TiO, supported Fe-Cu bimetallic catalyst for CO, conversion and
product selectivity are shown in Fig. 5.1 as examples. Fe-Cu(0.1)/TiO, and Fe-Cu(0.1)-
K(0.1)/TiO, showed relatively stable CO, conversion and selectivities after 6-8 h on
stream. CO, conversion of the catalysts slightly decreased with TOS, however, the
decreasing rates were less than 0.5% per hour at 15-18 h on stream. From the initial
relatively stable in CO, conversion with time on stream, it appears that the in situ
activation is not really needed for the TiO, supported Fe-Cu bimetallic catalysts.
Furthermore, the CHy selectivity of K-promoted catalyst kept constant at low level and

did not change with time on stream.
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Figure 5.2 illustrates the catalytic performance of K-promoted Fe-Cu bimetallic
catalysts in the presence and absence of La promoter. Apparently, the addition of K
promoter inhibited the CH, formation while promoted the CO STY suggesting that K
promoter can suppress the methanation. The K addition showed a volcano-shaped
trend on the Cs-C; formation with the increasing K/Fe atomic ratio, and the maximum
Cs-C; STY value was obtained at K/Fe of 0.1 at at™. The K addition also yielded the
increased light olefin content (C,-C4) and improved the chain growth probability of
hydrocarbons as evidenced from the increased olefin to paraffin ratio (O/P) and Q.
value (Table 5.1). However, a further increase in K/Fe up to 0.3 on both catalysts,
namely with and without La, reduced the activity towards the hydrocarbon formation,
and gave more CO. Such performance suggests that K addition suppressed the
hydrogen adsorption and hydrogenation activity of the catalyst; the catalyst has low
surface area compared with the bare TiO, support (SA = 44 m?g?) suggesting that K-
oxide could cover the active site of the catalysts. The chemisorption properties of K-
promoted Fe catalysts towards CO, and H, reported in the literatures indicate that the
K addition could tune the surface H/C ratio by decreasing H, chemisorption capacity
of Fe-based catalyst while enhancing CO, adsorption [119, 123, 147]. To verify the
validity of this interpretation for Fe-Cu-K/TiO, catalyst, the CO, and H, chemisorption

analysis was conducted which is discussed in Section 5.5 and 5.6.
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Figure 5.2 Effect of K/Fe atomic ratio on STYs of Cs-C;, CH; and CO product over Fe-
Cu(0.1)-K(Y)/TIO, and  Fe-Cu(0.1)-K(Y)-La(0.1)/TiO, catalysts. Reaction
conditions: 573 K, 1.1 MPa, GHSV = 3600 mL (STP) ¢ h™.

The effect of La addition on the catalytic performance of TiO,-supported Fe
bimetallic catalysts was also investigated. For comparison, the La/Fe atomic ratio of
all Fe-Cu(0.1)-K(0.1)/TiO, catalysts was fixed at 0.1 at at™, as well as the K/Fe atomic
ratio. Among the promoted bimetallic catalysts, the La-loaded Fe-Cu-K catalyst
showed the maximum values of both Cs, selectivity and STY of Cs-C; hydrocarbons
(Table 5.1). In comparison to both K-promoted and unpromoted Fe-Cu bimetallic
catalysts, the La addition increased the Cs-C; STY to 0.045 and 0.033 Wmol g's™,
respectively, which were about 1.5-fold of those corresponding catalysts without La
addition (e.g., 0.028 and 0.023 Kmol g's™, respectively). Based on the positive effect
of La on the higher hydrocarbon synthesis, a series of La-loaded Fe-Cu-K catalysts were

tested, and corresponding activity performance is depicted in Fig. 5.2 (dotted line). The
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presence of La clearly led to a shift from CO formation toward higher hydrocarbons
(C5-C5). Such La loading-dependent behavior suggests that CO is possibly contributed
to the synthesis of higher hydrocarbons. La addition showed no influence on the CH,
synthesis since the La-loaded catalyst yielded almost identical STY and selectivity of
CH; as the Fe-Cu-K/TiO, catalyst. This La-induced catalyst improvement on Cs,
productivity from CO, hydrogenation was also found on Fe-K/La-Al,O; catalyst,
wherein La could enhance the in situ iron-carbide species during the CO,
hydrogenation reaction, which is believed as the active sites for the formation of higher
hydrocarbons in FTS and CO, hydrogenation [126].

From CO, hydrogenation using various Fe-Cu-K-La/TiO, catalysts (Fig. 5.2), the
Fe-Cu(0.1)-K(0.1)-La(0.1) gave the highest STY and selectivity to Cs-C; hydrocarbons with
the low amount of CHy, a low value-added product. Thus, such efficient Fe-Cu-K-
La/TiO, could be a promising catalyst for CO, hydrogenation to liquid-fuels. For
comparison, a series of catalysts with similar composition was also papered by varied
sequential wet impregnation including Fe-Cu/K/La, Fe-Cu/La/K, and Fe-Cu/K-La
catalysts, activity performance of which is tabulated in Table 5.1. Apparently, these
catalysts did not display any significant change of activity regarding to the different

preparation sequence.

5.3 Plausible reaction pathways of CO, hydrogenation to hydrocarbons

The plausible reaction pathway of CO, hydrogenation over promoted and
unpromoted Fe-Cu catalysts was also studied by varying the catalyst amount (0.002-
0.600 ¢) at the same reaction conditions and the total gas flow rate was 12 mL (STP)
min. The obtained selectivity-conversion data for Fe-Cu(0.1)/TiO, and Fe-Cu(0.1)-
K(0.1)-La(0.1)/TiO, are shown in Fig. 5.3a and 5.3b, respectively. At low CO, conversion

for both catalysts, CO was more selective than hydrocarbons (CH, and C,,) suggesting
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that CO, was directly converted to CO via RWGS reaction. The extrapolated trend of
C,, selectivity approached zero at 0 % of CO, conversion on unpromoted catalyst, and
the C,, selectivity increased with decreasing CO formation. Such trend suggests that
C,, products are likely produced from CO through CO-FTS pathway. However, the
RWGS reaction is not the only primary reaction of CO, conversion. Clearly, the
extrapolated trend of CHy selectivity of unpromoted Fe-Cu catalyst did not reach zero

at low CO, conversion (Fig. 5.3a) indicating the existence of the direct CO,

hydrogenation to methane,
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Figure 5.3 Selectivities to CH4, CO and C,, hydrocarbons versus CO, conversion over
(a) Fe-Cu(0.1)/TiO, and (b) Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalysts. Reaction
conditions: 573 K, 1.1 MPa, W/F=0.07-6.25 ¢ h mol™.
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namely CO, methanation. On the other hand, the CO, methanation significantly shifted
to CO methanation with the presence of K and La promoters, which was evidenced
by the increase in CH, selectivity with decreasing CO selectivity in the conversion range
examined (Fig. 5.3b). Therefore, the plausible reaction pathways of CO, hydrogenation
to hydrocarbon products are proposed in Fig. 5.4, wherein we suggest that CO and CH,
are the primary products from direct CO, conversion, while C,, hydrocarbon products
are possibly produced through CO-FTS. The presence of K and La promoters on TiO,
supported Fe-Cu bimetallic catalysts could shift CO, methanation toward CO
methanation. However, the evidence from our recent DFT study [121] indicates that
doping Cu to Fe can alter the kinetically favorable path of CO, dissociation to CO*
toward CO, hydrogenation to HCOO* intermediate. It should be noted that the direct

CO, hydrogenation to C,, hydrocarbons could not be excluded.

Methanation

a\"\O“ > C H 4

«\e“‘°“
N
H2 J= C02 /;rect HYD C2+

Figure 5.4 Proposed reaction pathways of CO, hydrogenation to hydrocarbon

products.
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5.4 Physical properties of prepared catalysts

The physical properties of calcined Fe-Cu(0.1)-K(Y)-La(2)/TiO, catalysts are
tabulated in Table 1. The BET surface area and pore volume of the calcined catalysts
decreased with the loading of K and La promoter, while the average pore diameter
was slightly reduced. The reduction in BET surface area and pore volume suggest that
the small metal oxide particles are dispersed inside the pores of the TiO, support.
Although, the K- and La-promoted Fe-Cu catalysts prepared by sequential
impregnation method showed the difference in surface area and pore volume (<
+10%), these catalysts did not display any significant change in activity performance.
Therefore, considering the relatively low BET surface area of the prepared catalysts
(36.7-41.3 m? g'1), the catalytic activity is not dependent on these physical properties.

The surface morphology of prepared catalyst was studied by using TEM-EDS
and the micrograph showed the metal dispersion of Fe/TiO,, Fe-Cu/TiO, and Fe-Cu-
K/TiO, catalysts (Fig. 5.5). The agglomeration of Fe cluster on TiO, support was
obviously found in unpromoted Fe-based catalysts (Fe/TiO, and Fe-Cu/TiO,) (Figs. 5.5d
and 5.5e). For Fe-Cu-K/TiO, catalyst, the good dispersion Fe cluster was observed (with
no agglomeration) (Fig. 5.5f). Therefore, adding K-promoter could enhance the Fe

dispersion of the TiO, supported Fe-based catalyst.
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Figure 5.5 TEM images of calcined (a) Fe/TiO,, (b) Fe-Cu(0.1)/TiO, and (c) Fe-Cu(0.1)-
K(0.1)/TiO, catalysts and its corresponding TEM-EDS images (d-f),

respectively.
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5.5 CO, adsorption property
5.5.1 CO,-TPD profiles
The CO, adsorption properties of reduced Fe-Cu(0.1)-K(Y)-La(2)/TiO,
catalysts were measured, and the resultant TPD profiles are presented in Fig. 5.6 For
the bare TiO, support as a reference, only a small amount of CO, desorption was
observed around 350-450 K, which CO, mainly originated from the monodentate
carbonate and bicarbonate species formed on the TiO, surface observed from DRIFTS
result [157, 158]. For reduced Fe-Cu catalyst, CO, desorption was clearly observed at
369 and 682 K. The signal of CO, desorption at low temperatures (350-450 K) was
remarkably enhanced by the presence of a small amount of K (Y=0.1), while the
desorption signals at higher temperatures (575-800 K) were clearly observed with the

presence of La (Z=0.1).
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[ — ' Fe-Cu-K
------- Fe-Cu-La
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Figure 5.6 Effect of K and La promoters on the CO,-TPD profiles of reduced Fe-Cu(0.1)-
K(Y)-La(Z)/TiO, catalysts.
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5.5.2 Deconvolution analysis of the CO,-TPD profiles

To investigate quantitatively the effect of K and La promoter on the
CO, adsorption properties quantitatively, the superimposed peaks in the CO,-TPD
profiles of Fe-Cu(0.1)-K(Y)-La(2)/TiO, catalysts were deconvoluted using Gaussian
functions, as depicted in Fig. 5.7. The deconvolution analysis exhibited 4 main
Gaussian peaks corresponding to 4 types of desorbed CO, species on the surface,
wherein Type |+l (desorbed below 550 K) and llI+IV (desorbed around 550-700 K)
were denoted as weakly- and moderately-adsorbed CO, species, respectively. The
quantities of different types of adsorbed CO, estimated by integrating the Gaussian

peaks are presented in Table 5.2.
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Figure 5.7 Deconvolution of CO,-TPD profiles of the reduced (a) Fe-Cu(0.1)/TiO,, (b)
Fe-Cu(0.1)-K(0.1)/TiO,, (c) Fe-Cu(0.1)-La(0.1)/TiO, and (d) Fe-Cu(0.1)-K(0.1)-

La(0.1)/TiO, catalyst, (cooo) measured TPD profile, (——) deconvoluted

peaks and (------- ) summation of the deconvoluted peaks (I-IV).
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The K addition enhanced the amount of the weakly-adsorbed CO,

species (Type I+ll) significantly from 50.7 to 108.1 Hmol g, which was almost
doubled. The K addition also increased the CO, adsorption at 593 K (Type Ill) due to
the formation of the bidentate carbonate species on potassium ferrite (K,Fe,O,) [159-
161]. On the other hand, the presence of La obviously promoted the moderately-

adsorbed CO, species especially the Type IV (676-682 K). The amount of moderately-

adsorbed CO, of La-promoted catalyst (Fe-Cu-La = 42.8 and Fe-Cu-K-La = 79.6 [Lmol

¢'!) was significantly higher than that of the catalyst without La (Fe-Cu = 14.8 and Fe-
Cu-K = 23.2 llmol ¢!). Regarding La addition, the amount of weakly-adsorbed CO,
species of the Fe-Cu-La (65.2 Llmol ¢!) was slightly higher than that of the Fe-Cu

catalyst (50.7 timol g™).

5.5.3 in situ DRIFTS analysis of reduced catalyst

The adsorption states of CO, on the reduced catalyst were also
investigated by in situ DRIFTS analysis and the interferograms as a function of
adsorption time are shown in Fig. 5.8. For the bare TiO, support (Fig. 5.8a), four IR bands
appeared at 1570, 1430, 1398, and 1345 cm’t, wherein the bands at 1570 and 1345
cm’? corresponded to monodentate carbonate, while the 1430 and 1398 cm? to
bicarbonate species [157, 158]. Similar IR bands of bicarbonate species were also
observed in the reduced Fe-Cu catalyst (Fig. 5.8b). Additional IR bands at 1672, 1630,
1243, and 1221 cm* were only observed in the spectra of K-promoted catalysts such
as Fe-Cu-K and Fe-Cu-K-La (Fig. 5.8c and 5.8d, respectively). The bands at 1672 and
1243 cm™ were attributed to bidentate carbonate species which were adsorbed on
K,Fe,Oq surface, while the bands at 1630 and 1221 cm™ confirmed the presence of
additional bicarbonate species [159-161]. In addition, the catalyst with the presence of

La showed the additional IR bands at 1500, 1390, and 1362 cm™ indicating the
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existence of monodentate carbonate on the La,O; surface would attribute to the
formation of the moderately adsorbed CO, species since the monodentate carbonate

is stable and can be decomposed at high temperature (above 673 K) [158, 162].
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Figure 5.8 Change in the DRIFT spectra of CO, adsorbed on the (a) TiO, support, (b)
reduced Fe-Cu(0.1)/TiO,, (c) reduced Fe-Cu(0.1)-K(0.1)/TiO, and (d) Fe-
Cu(0.1)-K(0.1)-La(0.1)/TiO, catalysts in the course of an adsorption time of

(bottom to top) 3, 10, 20, 60 and 120 min.



82

5.6 H, adsorption property

The H, adsorption properties of reduced Fe-Cu(0.1)-K(Y)-La(2)/TiO, catalysts
were also studied by H,-TPD, and the resultant profiles are depicted in Fig. 5.9. The
bare TiO, support as reference did not show any adsorption towards H,. The H,-TPD
profiles of unpromoted and promoted Fe-Cu catalysts mainly exhibited one peak
around 400-500 K, which indicated that the existence of atomic adsorbed hydrogen

species on the metal surface [163, 164] and quantities of adsorbed H, are presented

in Table 5.3.
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Figure 5.9 Effect of K and La promoters on the H,-TPD profiles of reduced Fe-Cu(0.1)-
K(Y)-La(Z)/TiO, catalysts.
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Table 5.3 Amount of adsorbed H, species over Fe-Cu(0.1)-K(Y)-La(2)/TiO, catalysts.

H, Adsorption
Catalyst® Temp. Amount
(K) (Lmol g?)
Fe-Cu 432 559.4
Fe-Cu-K(0.1) ara 80.7
Fe-Cu-La(0.1) 436 525.2
Fe-Cu-K(0.1)-La(0.1) 415 438.9

? Total metal loading (Cu+Fe) = 15 wt% (support weight basis), Cu/(Cu+Fe) = K/Fe =

La/Fe = 0.1 at at™.

For the presence of K promoter, the amount of weakly-adsorbed H, species
was dramatically decreased from 559 [imol ¢! for Fe-Cu catalyst to only 81 Lmol gt

for Fe-Cu-K catalyst with 86% reduction. The Fe-Cu-K-La catalyst (439 Umol g
showed a similar reduction in the amount of weakly-adsorbed H, compared with the
unpromoted catalyst with only 21% reduction. Such negative impact suggests that the
presence of K promoter can reduce the weak H, adsorption on the catalyst surface,
and this similar behavior was also reported for the K/Fe/Al,O; and Fe-Co/K/AL,O;
catalysts [123, 147]. On the other hand, the addition of La showed only a slight
suppression effect on the amount of H, adsorption. The K addition has a higher impact
on the H, adsorption property than the La addition, which might further influence the
methanation and hydrogenation reaction. The total amount of adsorbed CO, and
adsorbed H, species on Fe-Cu(0.1)-K(Y)-La(Z2)/TiO, catalysts are shown in Fig. 5.10. It is
worth noting that the correlation of adsorption properties with the catalyst activity

remains to be discussed.
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Figure 5.10 Effect of K and La promoters on the total amount of adsorbed CO, and
adsorbed H, species of reduced Fe-Cu(0.1)-K(Y)-La(Z)/TiO, catalysts.

5.7 Surface adsorbed species on the spent catalyst

The DRIFTS and TPD analysis of the spent catalyst was used to investigate the
surface adsorbed species formed during CO, hydrogenation to hydrocarbons. The
DRIFTS spectra of the spent Fe-Cu/TiO,, Fe-Cu-K/TiO, and Fe-Cu-K-La/TiO, catalysts
after flushing the sample cell with N, at ambient temperature and pressure for 1 h are

shown in Fig. 5.11a. Four major IR bands were observed at 1580, 1443, 1410 and 1367

cm'!, wherein the bands at 1580 and 1367 cm™ corresponded to the V(CO),, and V
(CO); of adsorbed formate species [158, 165]. The IR bands at 1443 and 1410 cm™ were
ascribed to the adsorbed carbonate species [157, 158, 166]. The spent catalysts were
then reduced in situ in a H, flow at 523 K for 2 h followed by flushing with N,. According
to DRIFT spectra after H, reduction (Fig. 5.11b), it found to be that the intensities of
the IR bands of adsorbed carbonate species on all spent catalysts were almost

disappeared. However, in the case of promoted catalysts, namely Fe-Cu-K/TiO, and
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Fe-Cu-K-La/TiO, catalysts, the IR bands of adsorbed formate species still being
observed. DRIDTS analysis of the spent catalysts suggested that the adsorbed formate
and carbonate species were formed on the Fe-Cu/TiO, catalyst during CO,
hydrogenation to hydrocarbons and the formatted species had a higher stability on

the K'and La-promoted Fe-Cu bimetallic catalyst than unpromoted catalyst.

a.) After N, purge at 298 K for 1 h b.) After H, reduction at 523 K for 2 h
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Figure 5.11 DRIFT spectra of the surface adsorbed species on spent Fe-Cu(0.1)-K(Y)-
La(2)/TiO, catalysts after (a) N, purge at 298 K for 1 h and then (b)
followed by H, reduction at 523 K for 2 h.

The TPD analysis of spent catalyst was also carried out to investigate the
presence of adsorbed surface species after CO, hydrogenation of Fe-Cu/TiO,, Fe-Cu-
K/TiO, and Fe-Cu-K-La/TiO, catalyst. The desorbed H,, H,O, CO and CO, were detected
by the mass spectrometer during the TPD analysis as shown in Figure. 5.12. The H,0O
signal was observed at low temperature (384 K) for all spent-catalysts due to the
originated moisture. For all catalysts, the signals of CO, and H,O appeared at the same

temperature (640 K), corresponding to the decomposition of carbonate species.
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Surprisingly, for spent-promoted catalysts (Fe-Cu-K/TiO, and Fe-Cu-K-La/TiO,), the
signal of H,, CO, CO, and H,O were only observed at the relative higher temperature
(680 K) (see Fig. 5.12b and ¢), which is also the same temperature of decomposition of
formate species and the adsorbed CO, species (Type IV) reported earlier [32, 33, 167].
It suggested that K and La promoter that enhance the adsorbed formate species on
the catalyst’s surface was found to be one of the moderately-adsorbed CO, species.
The peaks observed at higher temperature than 900 K could be attributed to the

decomposition of hydrocarbons species.
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5.8 Correlation of adsorption properties with the catalytic property

As discussed in Section 5.2, the Fe-Cu catalysts with K and La addition yielded
a significant increase in the selectivity of higher hydrocarbons (Cs,). Furthermore, the
Fe-Cu catalyst with K addition exhibited a dramatically decrease of CH,4 selectivity,
while La addition enabled a notable enhancement of Cs, hydrocarbons selectivity.
These results could be explained by the change of CO, and H, adsorption properties
as discussed in Section 3.5 and 3.6, respectively.

Figure 5.13 illustrates the relation between the Cs-C; and CO STYs and the
amount of various adsorbed CO, species identified by the CO,-TPD analysis, along with
the adsorption results on promoted and unpromoted catalysts. Evidently, for the
catalyst with K promoter, the amount of weakly-adsorbed CO, (Type I+l) was
apparently related to the CO formation rate. As reported, the existence of K could
enhance the RWGS reaction by providing additional active sites for the formation of
formate species on the catalyst surface, which was proposed as an important
intermediate for RWGS reaction [33, 123]. On the other hand, the moderately-adsorbed
CO, (Type llI+1V), closely correlated to the La incorporation, played a crucial role on
the Cs-C; STY. Thus, the single La-promoted and K-La promoted catalysts resulted the
increase in the amount of moderately-adsorbed CO, species (Type llI+IV), which could
be a key intermediate for further hydrogenation to higher hydrocarbons (Cs,). From H,-
TPD results, the weakly-bonded H, species was dramatically decreased by the
presence of K, and resulted in the suppression of CH, STY as shown in Fig. 5.14. This
dependent behavior suggests that the amount of weakly-adsorbed H, plays an

important role in the CH, formation.
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Figure 5.13 Effect of amount of desorbed CO, species on STY of Cs-C;, CHgq and CO

products over Fe-Cu(0.1)-K(Y)-La(Z)/TiO, catalysts. Reaction conditions:

573 K, 1.1 MPa, GHSV = 3600 mL (STP) g* h™.
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Figure 5.14 Effect of amount of weakly desorbed H, species on STY of Cs-C;, CHy and

CO products over Fe-Cu(0.1)-K(Y)-La(Z)/TiO, catalysts. Reaction conditions:

573 K, 1.1 MPa, GHSV = 3600 mL (STP) g* h.



90

The changes of CO, and H, adsorbed properties on the catalyst surface were
further analyzed in the form of surface H/C atomic ratios, the relation of which with

the product selectivity is shown in Fig. 5.15.
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Figure 5.15 Effect of H/C adsorbed species (atomic ratio) on selectivity of CHy, C)-Cy,
Cs, and CO products over Fe-Cu(0.1)-K(Y)-La(2)/TiO, catalysts. Reaction
conditions: 573 K, 1.1 MPa, GHSV = 3600 mL (STP) ¢ h™.

The CHy4 selectivity increased with the increasing H/C ratio, wherein a high
relative H coverage on the surface could provide more chances of methanation
reaction than C-C bond formation. Volcano-like trends of the selectivity of light
hydrocarbons (C,-C4) and higher hydrocarbons (Cs,) with the surface H/C ratio were
evidenced. However, their maximum selectivities appeared at different ranges of H/C

ratio, the Cs, selectivity was at relatively lower region and the C,-C, selectivity was at
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higher. Possibly, the C-C bond formation would be favorable at a lower range of the
H/C ratio (high C coverage), while a higher H coverage on the surface resulted in the
direct hydrogenation reaction. However, a much higher CO selectivity than other
hydrocarbon products was obtained at the lowest H/C ratio. This observation suggests
that more unconverted CO was released probably due to the higher energy barrier for
the subsequent hydrogenation [156, 168]. The addition of K and La promoter had a
significant impact on the H/C atomic ratio of adsorbed H, and CO, species on the
catalyst surface during CO, hydrogenation. As a result, the tailored H/C atomic ratio of
adsorbed species on the catalyst surface influenced the catalyst performance and the

product selectivity of CO, hydrogenation.
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5.9 Influence of temperature on the CO, hydrogenation

The Fe-Cu-K-La/TiO, catalyst were also tested at various reaction temperatures
(range of 523-623 K) as shown in Fig. 5.16 and Table 5.4. The CO, conversion and CO
selectivity increased with increasing reaction temperature, while the opposite trend
was observed for C,, selectivity. These results are consistent with the thermodynamic
equilibrium reported earlier in section 3.2. This is due to the fact that the RWGS is
more favorable at high temperature than CO, hydrogenation to hydrocarbons. From
thermodynamic point of view, the CO, conversion by RWGS reaction is limited at low
temperature due to its endothermic reaction. However, the exothermic FTS reaction

is also thermodynamically limited in this temperature range examined.

Table 5.4 Effect of temperature on CO, hydrogenation over Fe-Cu(0.1)-K(0.1)-
La(0.1)/TiO, catalyst.

Temp. CO, conv. Selectivity (C-mol %)
(K) (%) CHq Co C,,
523 17.0 12 28 60
548 21.4 14 31 55
573 22.8 13 33 54
598 253 13 49 38

623 26.3 14 69 17
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Figure 5.16 Influence of temperature on (a) CO, conv. and product selectivity for CO,

hydrogenation over Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, (experimental) and (b)

equilibrium CO, conversion (calculation).
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

(i) Comparative study of Fe-based catalysts for CO, hydrogenation to

hydrocarbons

The CO, hydrogenation over TiO,-supported monometallic (Fe, Co and Cu)
catalysts was performed in a fixed-bed flow reactor. Among the monometallic
supported on TiO, catalysts prepared, only Fe/TiO, catalyst exhibited the selectivity
to higher hydrocarbons (C,,). Although Co/TiO, catalyst gave much higher CO,
conversion (55%) than Fe catalyst (16%), CH, was the dominant product. In contrast,
Cu/TiO, catalyst produced CO as a main product, indicating its superior activity for the
RWGS. The supported Fe monometallic catalyst were also prepared with different
support material (e.g. Y-Al,03) and the results suggested that the activity of Fe
monometallic catalysts depended on the metal-support interaction and surface
chemical properties, rather than the textural properties of support materials. Moreover,
K as an effective promoter was added on Fe monometallic catalyst, that could
suppress the CH, formation and improve selectivity to higher hydrocarbons as well as

the olefins to paraffin ratio.

(i) Fe-based bimetallic catalysts supported on TiO, for selective CO,

hydrogenation to hydrocarbons

The titania-supported Fe-based bimetallic catalysts were examined for CO,

hydrogenation in a fixed-bed flow reactor. The combination of Fe and a small amount
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of second metal (Co and Cu) in TiO, supported catalysts can enhance the CO,
conversion and the formation of hydrocarbons. The results show that the space-time
yield (STY) of C,-C; hydrocarbons approached the maximum at the M/(M+Fe) = 0.1
atom atom™ for both M = Co and Cu. It is worth noting that the maximum C,-C; STY
hydrocarbons is significantly higher than those monometallic Fe/TiO,, Co/TiO, and
Cu/TiO, catalysts. A further Co addition promoted CH,; formation to a dominant
product due to the stronger hydrogenation ability of Co. On the other hand, adding
more Cu into Fe evidently enhanced the RWGS reaction which exhibited a favorable
production towards CO. However, these bimetallic Fe-Co/TiO, and Fe-Cu/TiO, still
favored the CH, formation.

The incorporation of K and La as promoters could evidently improve the yield
and selectivity to higher hydrocarbons. Adding K could suppress the CH4 formation and
also give high olefin content (C,-C4). However, an excessive K addition led to more CO
STY. On the other hand, La could significantly shift CO toward the production of Cs,
hydrocarbons, likely through CO-FTS reaction pathway, while it hardly showed any
influence of La addition on the CHy synthesis since the La-loaded catalyst exhibited
almost identical STY and selectivity of CH,4 as the non-La addition catalyst. Among all
catalyst combinations, Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst gave the highest STY of
Cs7 hydrocarbons, which is promising for the liquid-fuel production from CO,

hydrogenation.

(iii) Higher hydrocarbons synthesis from CO, hydrogenation over K- and

La- promoted Fe-Cu/TiO, catalysts

In the present work, the K- and La-promoted Fe-Cu/TiO, catalysts were found
to be promising for CO, hydrogenation to Cs, higher hydrocarbons. The incorporation

of K'and La as promoters can improve both catalyst activity for CO, hydrogenation and
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selectivity to higher hydrocarbons. The promoted catalyst (Fe-Cu-K-La/TiO,) gave
higher Cs, hydrocarbons selectivity (29 C-mol%) than the unpromoted catalyst (21 C-
mol%). Through characterization of both promoted and unpromoted catalysts by CO,-
TPD, H,-TPD and DRIFTS, the K addition can significantly reduce the amount of
chemisorbed H, species and increase chemisorbed CO, species on catalyst surface,
while La addition showed very limited influence on the amount of H, adsorption but
increased in the amount of moderately-adsorbed CO, species (Type llI+IV). Adding K
appears to correlate to the suppression of CH, formation. The presence of La in Fe-
Cu-K/TiO, catalyst enhanced the production of Cs-C; hydrocarbons, which may be in
part due to the CO hydrogenation pathway relating to the increase of the moderately
adsorbed CO, species (mainly monodentate carbonate species). Generally, the
introduction of La and K promoters is capable of turning the surface chemisorbed H/C

ratios, the variation of which appears to correlate to the product distribution evidently.

6.2 Recommendations

In this work, the Fe-Cu-K-La/TiO, exhibited the promising CO, hydrogenation
activity and product selectivity to higher hydrocarbons. A further study of catalytic CO,
hydrogenation to higher hydrocarbons, especially Cs, over heterogeneous catalysts
should be concerned with following aspects:

1. This work revealed that Fe-based bimetallic promotion effect was related to
the adsorption sites of H, and CO, species since the dispersion of active metal
particle could play a crucial role on adsorption sites. Many literatures reported
that the novel catalyst preparation including solution plasma and laser ablation
technique could control the metal particle size, the metal dispersion, the

deflect and the structure of the catalyst material. Therefore, the novel catalyst
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preparation would be of interest in developing the Fe-based catalyst for CO,
hydrogenation.

The catalytic CO, hydrogenation to higher hydrocarbons could occurred
through RWGS and FTS reaction since water was formed from both reactions.
Therefore, removing the produced water during the process could enhance the
equilibrium conversion of CO, hydrogenation. The modification of catalyst
hydrophobicity and water removing process (e.¢. membrane separation) should
be further studied.

In this work has been investigated the catalytic CO, hydrogenation using
thermal process was investigated. It is worth noting that the electrochemical
and photochemical catalytic process of CO, hydrogenation has been applied
to improve in efficiency and become a more friendly environmental issue.
Thus, the use of electrochemical and photochemical catalytic process in CO,

hydrogenation should be carried out.
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APPENDIX A

Gas Product Analysis

The gas product including Ar, CO, CH4 and CO, were analyzed online using an
Agilent 3000 micro GC with molecular sieve type column for Ar, CO, CH, and Plot-Q
column for CO,, respectively. The GC-TCD condition and temperature program used

for the analyses are described in Table A-1.

Table A-1 Condition and temperature program for micro GC analysis.

Parameters Molecular Sieve Plot Q
Carrier gas Helium Helium
Internal standard Argon Argon
Injector temperature (°C) 100 100
Column temperature (°C) 60 70
Column pressure (psi) 20 20
Sample pump (s) 10 10
Injection time (ms) 100 100

Run time (s) 300 600
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The gas-phase hydrocarbon products were analyzed online using SRI 8610C GC
(Porapak Q column) equipped with FID. The GC-FID condition and temperature

program used for the analyses are described in Table A-2.

Table A-2 Condition and temperature program for GC-FID analysis.

Parameters Molecular Sieve
Carrier gas Helium
Injector temperature (°C) 165
Detector temperature (°C) 250
Injection volume (ml) 3

Oven temperature program

Initial temperature (°C) 40
Hold time (min) 0
Ramp rate (°C min™) 5
Final temperature (°C) 100
Hold time (min) 0
Ramp rate (°C min™) 2.5
Final temperature (°C) 200
Hold time (min) 0
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APPENDIX B

Liquid Hydrocarbon Product Analysis

The liquid hydrocarbons collected from an ice cooled condenser connected
to the reactor system were analyzed after the CO, hydrogenation reaction using the
GC/MS (Agilent, 7890) with a capillary column RTX-PAH (60 m x 0.25 mm 1.D. x 0.25
Hm film thickness). The condition and temperature program for GC/MS are described

in Table B-1.

Table B-1 Condition and temperature program for GC/MS analysis.

Parameters Molecular Sieve
Carrier gas Helium
Column inlet pressure (kPa) 23
Column flow (mL min™) 0.7

Split mode injector 20:1
Total flow (mL min™) 15.2
Carrier gas flow rate (mL min™) 15.2
Injector temperature (°C) 290
Detector temperature (°C) 270
Injection volume (L) 1

Oven temperature program

Initial temperature (°C) 40
Hold time (min) 10
Ramp rate (°C min™) 5
Final temperature (°C) 120
Hold time (min) 2
Ramp rate (°C min™) a4
Final temperature (°C) 250

Hold time (min) 5
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APPENDIX C

The equilibrium CO, conversion from ASPEN HYSYS 7.1

Table C-1 Equilibrium CO, conversion at constant molar ratio (H,/CO, = 3) and various

reaction temperatures.

(a) RWGS (b) FTS (c) Direct CO,-HYD
Temp. (K) CO, conv. (%) CO, conv. (%) CO, conv. (%)
373 2.78 75.00 75.00
473 10.23 74.87 75.87
573 22.30 74.14 74.13
673 36.12 71.9 71.76
773 48.97 67.74 66.68
873 59.56 63.65 58.66
973 67.74 64.26 48.56

Table C-2 Equilibrium CO, conversion at constant molar ratio (H,/CO, = 3) and various

reaction pressures.

(a) RWGS (b) FTS (c) Direct CO,-HYD
Press. (MPa) CO, conv. (%) CO, conv. (%) CO, conv. (%)
0.10 22.22 72.20 7217
0.51 22.25 73.73 73.71
1.01 22.30 74.1 74.09
1.10 22.30 74.14 74.13
1.52 22.34 74.27 74.27
2.03 22.38 74.38 74.37
2.53 22.42 74.45 74.44

4.05 22.42 74.58 74.57
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APPENDIX D
Calculation of CO, Conversion and Product Selectivity

The catalytic CO, hydrogenation activity was obtained from GC-TCD analyses
(using Ar as an internal standard) and can be written in terms of mole percent

conversion of CO,. Calculation procedures are as follow:

(*%/ar)

CO, conversion (%) = |1-——%| x 100 (D-1)

("% ar),

n

Cco
where ( Z/Ar)in = ratio of CO, to Ar concentration at the reactor inlet

(COZ/ Ar)out = ratio of CO, to Ar concentration at the reactor outlet
Example: CO, conversion of Fe-Co(0.1)-K(0.1)-La(0.1)/TiO, catalyst
Form Table D-1: at 16 hour-on-stream; Ar area = 431342 and CO, area = 1042200
(COL/AN ot = 1042200 / 431342 = 2416
(CO,/Ar);,, can be estimated from the ratio of CO, area to Ar area measured at
1.1 MPa (ambient temperature) before CO, hydrogenation
(COL/AN ot = 3.087

Hence, CO, conversion = [1-(2.416/3.087)]x 100 = 21.7%
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Table D-1 GC-TCD data of CO, hydrogenation over Fe-Cu(0.1)-K(0.1)-La(0.1) catalyst.

TOS (h) Area
Ar CH, co co,
0.0 398981 43830 251533 958745
1.0 429489 56955 203807 1004440
2.0 445046 64519 174765 1026030
3.0 447148 67378 164505 1031730
4.0 448374 68690 163690 1030920
5.0 444311 68410 164510 1032030
6.0 442667 68122 169911 1027940
7.0 441684 67795 174226 1034790
8.0 441708 67413 182050 1032350
9.0 437076 66261 187331 1030370
10.0 430783 64754 174948 1032700
11.0 430938 64528 185100 1032000
12.0 431116 63674 194487 1028950
13.0 431254 62425 173698 1032500
14.0 431566 64261 177908 1036980
15.0 434350 67360 177908 1044920
16.0 431342 61837 175760 1042200
17.0 426581 51028 187820 1038730
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The product space-time yield (STY) was expressed in the moles of product per

weight of the catalyst per reaction time (Wmol g” s™) and can estimated as follows:

Example: CH, STY of Fe-Co(0.1)-K(0.1)-La(0.1)/TiO, catalyst
Feed gas flow rate (24 vol% CO,/ 72 vol% H,/ 4 vol% Ar) = 12 mL(STP) min™
Catalyst weight = 0.2005 ¢
Gas constant = 0.082 L at, K mol!
First the CO, flow rate is calculated;
CO, flowrate = [(Feed gas flow rate (ML(STP) min™) x 0.001 / 0.082 /

273.15 x 60) / (Catalysts weight (g) / 1000)] x 0.24

[(12 x 0.001 / 0.082 / 273.15 x 60) / (0.2005 / 1000)] x 0.24

38.48 mol kg-cat’ h'

To calculate the STY, the calibration data of Ar, CH, and CO, for GC-TCD are
required. By plotting out between gas concentration (y-axis) and area of the peak (x-
axis) and the slope will be used for qualitative calculation. From the calibration curve
of Ar, CHy and CO, (Fig. C-1), the slopes are listed below:

Slope of Ar curve =  1.2550E-05

Slope of CHq curve = 1.4011E-05

Slope of CO, curve 2.3222E-05

Form Table D-1 at 16 hour-on-stream; Ar area = 431342 and CH, area = 61837
CH4 STY = CO, flow rate x (CH, area x Slope pf CHy curve) / (Ar area x Slope of Ar
curve) / [(CO,/An);, x (Slope of CO, curve/Slope of Ar curve)]
= 38.48 x (61837 x 1.4011E-05) / ( 431342 x 1.4011E-05) / [3.087 x (2.3222E-
05 / 1.2550E-05)]
= 0.966 mol kg-cat™! h'!

= 0.268 Wmol g-cat™ s #
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Figure D-1 The calibration curve. (a) Ar, (b) CH, and (c) CO,.
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The gaseous hydrocarbons were analyzed online by GC-FID. The selectivity of
these gaseous hydrocarbons (C; — C;) was expressed in carbon mole percent (%) and

calculated as follows:.

mole,
s, (C-mol%) = x 100 (D-2)
mOleCOZ(converted)
where Si = percent product selectivity of produced
product i
mole, = mole of produced product i
mMoleco, converted) mole of converted CO,

Example: Product selectivity of Fe-Co(0.1)-K(0.1)-La(0.1)/TiO, catalyst:

From Table D-1 the CO, conversion could be calculated:

The CO, conversion @16 h = 21.73%
The CO, conversion @17 h = 21.13%
Then, molec (converteq) = (CO2 flow rate) x (%CO, conv. @16 h + %CO, conv.

@17 h) /2 / 100

(38.48) x (21.73 + 21.13) / 2 / 100

8.24 mol

From Table D-1 the CH, STY could be calculated:

The CH, STY @16 h 1.0873 mol kg-cat™ h

The CH, STY @17 h

0.9073 mol kg-cat™ h!

Then, moleCHLl = (CHySTY @16 h + CH, STY @17 h)/ 2
= (1.0873 + 0.9073)/ 2
= 0.9973 mol

Hence, from Eq. D-2 Sen, = (09973 /8.24) x 100

= 12 C-mol% #
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APPENDIX E

Calculation of Chain Growth Probability

Since CO, hydrogenation over Fe-based catalysts mostly proceeds via reverse
water-gas shift reaction followed by Fischer-Tropsch synthesis, so the hydrocarbon
product distribution generally follows an Anderson-Schulz-Flory distribution, where the
hydrocarbon chain is formed step-wise by insertion of C; intermediates with constant
growth proability (QL) [129-131]. The Anderson-Schulz-Flory distribution can be written

as the following equation,

2 N-1
w, =N1-a)’a (E-1)
2
W 2 a-o) o (E-2)
N (0
Wi, (1-a)?
ln( )=ln ——]+Ntn " (E-3)
N (04
where Wy = carbon weight fraction of hydrocarbon containing N carbon
N = carbon number
a = chain growth probability

The chain growth probability (L) can be calculated from the slope of the plot
between the carbon number (N) and natural logarithm of hydrocarbon weight fraction
to carbon number ratio (In(Wy/N)) or natural logarithm of the carbon mole fraction of

hydrocarbon containing N carbon (In M)



127

Example: Chain growth probability of gaseous product from CO, hydrogenation over
Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst
First, the area of each hydrocarbon containing N carbon from GC-FID data as
shown in Table E-1 is calculated.

Table E-1 GC-FID data of CO, hydrogenation over Fe-Cu(0.1)-K(0.1)-La(0.1) catalyst.

Component Retention time (min) Area
CH,4 0.933 767.2980
C,Hq 2683 49.3330
CoHg 3.416 401.0050
C4H, 8.233 334.1460
CyHs 8.683 274.3615
CaHs 14.700 129.2870
CaHio 15.416 333.0400
CeHio 22550 69.0730
CeHoy 23.333 256.7960
CeHie 31566 196.8835
CHyg 39.500 129.1130

Area of Cqhydrocarbon = 129.2870 + 333.0400 = 462.327 #

Carbon number (N) Area
1 767.2980
2 450.3380
3 608.5075
a 462.3270
5 325.8690
6 196.8840

7 129.1130
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The carbon weight fraction of hydrocarbon containing N carbon (W) is then calculated

by divided the area of each hydrocarbon containing N carbon with the total area.

Then, In(W/N) is calculated and plotted with carbon number (N).

Total area

Wq

= 2940.3360

= 4623270/ 2940.3360 = 0.1572

Carbon number (N) Wy W/N (n(Wy/N)
1 0.2610 0.2610 -1.3434
2 0.1532 0.0766 -2.5694
3 0.2070 0.0690 -2.6739
4 0.1572 0.0393 -3.2363
5 0.1108 0.0222 -3.8092
6 0.0670 0.0112 -4.4954
7 0.0439 0.0063 -5.0715
Total 1.0000
Carbon number (N)
0 . . . . .
(L 1 4 5 6 7

In(Wy/N)

-6

y =-0.5776x - 1.0039
R? = 0.9746

Figure E-1 ASF plot of the gaseous hydrocarbon products for the Fe-Cu(0.1)-K(0.1)-
La(0.1)/TiO, catalysts.

According to Eq. E-3, the slope of Fig. E-1 is In(QL). Then, the chain growth probability

(OL) can be calculated.

Slope

(n(QL)

-0.5776

0.56 #
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APPENDIX F

H,-TPR of Fe-Cu bimetallic catalysts
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Figure F-1 Effect of combining Fe and Cu on the H,-TPR profiles of the calcined Fe-
Cu(X)/TiO, catalysts.
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Figure G-1 GC-FID chromatograms of gas-phase hydrocarbons from CO, hydrogenation

over Fe-Cu(0.1)-K(X)/TiO, with different K/Fe atomic ratio. (a) X = 0, (b) X =

0.1 and (c) X = 0.3.
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APPENDIX H

KINETICS AND MODELLING OF Fe-BASED CATALYSTS FOR CO, HYDROGENATION
TO HIGHER HYDROCARBONS

H-1 Introduction

The catalytic CO, hydrogenation to hydrocarbon is a potential way for CO,
utilization. One limitation of using CO, as a feedstock for hydrocarbon production
concerns the high energy barrier for polymerization and the need for a source of
hydrogen. Recently, some reports suggested that the electrochemical and
photochemical catalytic CO, conversion processes continue to improve in efficiencies,
the thermal processes remain one of the few proven methods for producing high yields
of higher hydrocarbons greater than methane [24, 132, 169, 170].

According to Chapter IV and V, for CO, hydrogenation using an optimized Fe-
Cu-K-La catalyst impregnated on TiO; in a fixed-bed reactor with thermal process, CO,
conversion levels could be achieved as high as 23%. The modelling and kinetic analysis
could be applied to the further tailor catalyst properties and reactor design in effort
to facilitate greater CO, conversion. The kinetic studies should be performed on the
specific catalyst and operating conditions for process design and scale-up [24, 132].

In this study on the APPEN PLUS simulation of CO, hydrogenation, the obtained
activity results of Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst were used to modify the kinetic
parameters of Langmuir-Hinshelwood model and predict the optimal reactor size and

conditions for hydrocarbon production.
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H-2 Kinetic analysis over Fe-Cu-K-La/TiO, catalyst

The kinetic rate parameters of CO, hydrogenation over optimized Fe-Cu(0.1)-
K(0.1)-La(0.1)/TiO, catalyst were determined by varying the gas hourly space velocity
(GHSV) at constant reaction condition (573 Kand 1.1 MPa). The reactor tube was loaded
with the desired amounts of catalyst (0.002-0.600 ¢) diluted with amorphous SiO,
(Davisil Grade 62, particle size = 75-250 x 10® m) to maintain an aspect ratio of
approximately 6.0. The rates of CO, change with various inlet CO, concentration (at
about 16-18 h on stream) were used to estimate the kinetic rate parameters as shown

in Fig. F-1 and Table. F-1.
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Figure H-1 Effects of inlet CO, concentration on the reaction rate for CO,
hydrogenation over Fe-Cu(0.1)-K(0.1)-La(0.1)/TiO, catalyst at 573 K and
1.1 MPa.
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Table H-1 The experimental data of CO, hydrogenation with Fe-Cu-La-K/TiO, catalyst

for kinetics analysis.

Rate of converted CO,

GHSV |CO,| |H: ]|

Data (mol kg h'h)
(mol kg™ (mol kg?)
(Lg'h™h Experiment Calculation
1 1.20 233 700 34 2.8
2 3.58 690 2071 8.3 8.2
3 3.62 693 2078 8.9 8.3
a4 13.79 2660 7980 315 31.7
5 88.89 17144 51432 131.3 N/A
6 321.27 63121 189365 314.0 N/A

From Fig. H-1, the non-linear relationship was observed, which suggested that
the surface reaction is a rate determining step (RDS) and the rate equation of Eq. H-1

could be proposed with the following assumptions.

CO, + H, = Hydrocarbons + H,0 (F-1)

Assumptions: 1. The overall reaction is irreversible and the surface reaction is
rate determining step (RDS).
2. Only CO, is adsorbed on catalyst site since the dissociative
adsorption of H, is weak compared to CO, adsorption.

3. CO, is not dissociative adsorbed during the adsorption step.
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The elementary reactions of CO, hydrogenation to hydrocarbons are written as

adsorption step (Eq H-2) and surface reaction (Eq. H-3).

Adsorption: Keo, (H-2)
CO, + * € CO,*

k

f jon:
Surface reaction CO,™* + H, ™ Hydrocarbons + H,O + *  (RDS) (H-3)

Hence, the rate equation of CO, hydrogenation can be written based on

Langmuir-Hinshelwood model as follows [171];

kKco, |co,| [H,]

Rate. = (H-4)
co
2 (14 Keo,lco,])
k'[COZJ [H]
Rateco = (H_S)
2 (1 + Ko, [cozj)
Where k = the overall rate constant (kg mol™ h™)
KCoz = the adsorption constant of CO, (kg mol™)
[COZJ = the concentration of CO, (mol kg™)
[HZJ = the concentration of H, (mol kg’l)

The kinetic parameters were estimated from non-linear regression of
experiment data (GHSV = 1.2 - 13.8 L ¢ h™) as presented in Table. H-1. The rate

equation could be expressed as follows;

co
Rate = 1775 | €O, | [H,] (H-6)
(1 +4.22 x 10°|co,|)
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Figure H-2 shows the comparison of CO, conversion rate from the experimental

data and calculation from rate equation (Eq. H-6) at various GHSV.
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Figure H-2 The comparison of CO, conversion rate from experiment data and rate
equation (calculation) of CO, hydrogenation with Fe-Cu-La-K/TiO, catalyst
at various GHSV.

H-3 Simulation of CO, hydrogenation over Fe-Cu-K-La/TiO, catalyst

The simulation of the obtained experimental data was performed using ASPEN
PLUS 8.6. The reactor model RPLUS was chosen, which provided a rigorous simulation
of an ideal PFR. H, and CO, at the reactor inlet and carbon-containing components
CO,, CO, and C3Hg (represent hydrocarbons) at the reactor outlet. According to the
main reaction pathway, CO, was first converted to CO via the reverse water-gas shift
(RWGS) reaction (Eq. H-7) and subsequently converted to hydrocarbons via Fischer-
Tropsch synthesis (FTS) (Eg. H-8). Both Eqg. 6.7 and 6.8 were used as input reaction for

the ideal PFR. The catalyst bed dimension used in simulation was 6 cm (diameter) x
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36 cm (length) which was 1000 times the catalyst bed volume used in this
experimental (6 mm (diameter) x 36 mm (length)). The summary of kinetic parameters
from rate equation (Eq. H-6) and other necessary parameters used in the RPLUS reactor

are tabulated in Table H-2.

CO, + H, €= CO + H,0 RWGS  (H-7)

Table H-2 The values of kinetic parameters and reactor parameter values used in the

model.
Kinetic parameter Reactor parameter
k' 1775 kg mol™* h* Length 36 cm
KCOZ 4.22 x 10° kg mol™* ~ Diameter 6 .cm
E, awes 55 kJ mol™ [132] Pressure 1.1 MPa
Ep o 72 k) mol' [132]  Temperature 573 K
Bed voidage 0.5

From process flow diagram as shown in Fig. H-3, the simulation was performed
to investigate the effect of GHSV on the CO, conversion of CO, hydrogenation in fixed-
bed reactor. The GHSV (1.2 - 14 L ¢! h™) was varied by changing the catalyst weight
(52 - 600 g) at constant volume feed flow rate (720 L h™) and reaction condition (573
K and 1.1 MPa). The mixed gas molar ratio of H,/CO, was maintained constant at 3.
The 2" reactor with the same dimension was also added in series to investigate the

reactor size scale-up as shown in Fig. H-4. From the simulation results, the CO,
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conversion and the product selectivity at various GHSV are shown in Fig. H-5 and Fig.
H-6, respectively. The product distribution (stream flow rate) is also presented in the

Table H-3 (1 PFR) and Table H-4 (2 PFR in series).

B1

Figure H-3 Flow diagram of CO, hydrogenation in fixed bed reactor (1 PFR).

Figure H-4 Flow diagram of CO, hydrogenation in 2 PFR in series.
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Figure H-5 CO, conversion of experimental data, 1 PFR (calculation) and 2 PFR in series

(calculation) at various GHSV.
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According to the simulation result (Fig. H-5, Fig. H-6 and Table H-5), the CO,
conversion of both processes could reach the maximum conversion (61 and 66%) at
GHSV of 1.2 L ¢' h'. The process with two PFR in series gave slightly higher CO,
conversion (up to 4% higher) than one PFR process, while the hydrocarbons product
selectivity of 2 PFR in series was only 6% higher than that of 1 PFR. Therefore, it would
be inappropriate to double up the reactor size since the GHSV of the process have
more influence on the conversion than the reactor size. Surprisingly, when increased
the GHSV up to 7.0 L ¢' h?, the hydrocarbon selectivity from the calculated
hydrocarbon selectivity from the simulation approached 0% (no hydrocarbon was
produced) suggesting that the residence time in the reactor was not enough for the
hydrocarbon formation via FTS reaction. On the other hand, the CO could still be
produced at high GHSV level (> 7 L g'* h™) since RWGS is much faster than FTS reaction.
The model prediction suggested that the FTS reaction is the rate-controlling step for
the overall conversion of CO, to hydrocarbons.

However, when compared the CO, conversion from the simulation and the
experimental value, the calculated CO, conversion (simulation under the assumptions)
is much higher than those experimental data. It should be noted that the simulation
would be further improved by more kinetic parameters, including equilibrium constant
(Keg) of RWGS, adsorption constant (K) of CO and other gas products estimated from
more data of the realistic hydrocarbons formation. These kinetic parameters are the
keys to developing the kinetic modeling which would be useful for the scale-up of CO,

hydrogenation to commercial process in the future.
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