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Preface

Preface

In the past decades, severe climate deterioration has been induced by massive
emissions of carbon dioxide (CO.). Trapping, storing and reutilizing CO2 emissions
from industry is needed urgently to achieve global carbon neutrality. With the
development of industrialization, cars, trucks and airplanes, liquid fuel is indispensable
in human life. Converting CO> into carbon neutral liquid fuel (Cs+ hydrocarbons) is an
essential way to relieve rapid consumption of fossil fuels and high demands for carbon-
based energy resources at the same time. However, the low CO2 conversion of
photocatalysis and the short chain of the products from electrocatalysis limited their
large-scale utilization. Compared to photocatalysis and electrocatalysis, which are still
in the development stage, thermocatalytic hydrogenation of CO, has been widely
studied and commercialized due to the ultra-high efficiency and well controllability of
target products.

Generally, thermocatalytic hydrogenation of CO> generally occurs via a methanol-
mediated route (MeOH route) or a CO2 modified Fischer-Tropsch synthesis (CO2-FTS)
mechanism. For the MeOH route, CO: is first hydrogenated to methanol (MeOH). The
MeOH then is converted to hydrocarbons via some dehydration and/or coupling
reactions. Unfortunately, the catalysts for the MeOH route are expensive and the
reaction process is complicated. In the case of CO2-FTS route, COz is first reduced to
carbon monoxide (CO) by reverse water gas shift (RWGS) reaction through two widely
recognized mechanisms. The first mechanism is a redox mechanism, in which COz is
reduced by catalysts to form CO and the catalysts subsequently be reduced to produce
water (H20). The second one is a formate-intermediate mechanism, in which CO> reacts
with hydrogen (H.) directly to form formate, followed by further hydrogenation to
produce CO and H20. After the RWGS reaction, hydrocarbons can be produced by FTS
reaction. Similarly, two possible mechanisms, including direct CO dissociation
mechanism and H-assisted CO dissociation mechanism, for the FTS rection are widely

reported. In the direct CO dissociation mechanism, CO is first adsorbed and dissociated
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to *C and *O on catalyst. Then, *CHy intermediate species are formed by the reaction
of dissociated surface carbon with adsorbed surface hydrogen atoms. Simultaneously,
dissociated *O is removed by reacting with adsorbed *H and *CO to produce H,O and
CO., respectively. Finally, *CHy intermediate species are further coupled and/or
hydrogenated into hydrocarbons. As for the H-assisted CO dissociation mechanism,
FTS reaction occurs via the following elementary steps: (1) *CO reacts with *H to form
formyl (*HCO) intermediates and subsequently be further hydrogenated to
hydroxymethylene (*HCOH) intermediates; (2) *HCOH is dissociated to *OH and
*CH that ultimately form H>O and monomers (*CH), respectively; (3) coupling,
hydrogenation and dehydrogenation of *CH> into paraffins and olefins as products.

As a big challenge in CO2-FTS, researchers have been struggling in adjusting the
products distribution for a high selectivity of target products. However, CO:
hydrogenation through the CO2-FTS route generally exhibits a broad spectrum of
products that can be described as an Anderson-Schulz-Flory (ASF) model. The classical
ASF model limits the maximum selectivities of hydrocarbons. For example, the
selectivities of Co-C4 hydrocarbons, gasoline (Cs-C11), jet fuel (Cg-Ci6) and diesel (C1o-
Ca0) are restricted by 58 %, 48 %, 41 % and 40 %, respectively. Therefore, my work
focuses on developing novel catalysts to break the limitation of the ASF model and thus
increase the yield of carbon neutral liquid fuel.

According to the reaction process of CO2-FTS, both RWGS reaction and FTS
reaction play important roles in CO2 hydrogenation. In chapter 1, multi-promoters,
including potassium, manganese and titanium, were incorporated into iron catalyst for
improving CO2 hydrogenation and the influences of each promoter were investigated
in detail. Besides, the content of each component was optimized to achieve a well-
matching tandem catalysis performance between RWGS reaction and FTS reaction.
The results showed that the introduction of potassium could improve the RWGS
reaction and chain growth capacity by utilizing abundant oxygen vacancy and strong
competitive adsorption. With the further addition of manganese, more active carbides

sites with benign dispersion were detected owing to the strong interaction between
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manganese and iron species. When titanium was added, the catalytic performance of
the catalyst was improved by the stronger CO2 adsorption capacity and longer resistance
time of reactants. Therefore, the well-matching catalysis between RWGS and FTS was

achieved on the corresponding Ks/FeMnioTizo catalyst, achieving Cs+ yield as high as

1282.7 g, kg h”' ata CO, conversion of 44.9 % and maintaining a rather low by-

cat

products selectivity (9.6 % for CO, 12.8 % for CHa).

Recently, the combination of CO>-FTS catalysts with solid acidic catalysts,
especially zeolites are extensively investigated for optimizing the products selectivity
in CO2 hydrogenation. In chapter 2, a bifunctional catalyst composed of K-Fe/C and
ZSM-5 zeolite was developed and it was found to be efficiency in the production of
carbon neutral liquid fuel via simply tuning the microenvironment properties of ZSM-
5 zeolite. The catalysts were characterized by various methods, such as Brunauer-
Emmett-Teller (BET), transmission electron microscopy (TEM), X-ray diffractometer
(XRD), temperature programmed desorption (NHs-TPD), and X-ray photoelectron
spectroscopy (XPS). K-Fe/C catalyst was mainly responsible for the formation of
olefins, while ZSM-5 catalyst was mainly responsible for olefin secondary reaction,
such as aromatization, isomerization, and cracking reaction. Surface acid properties of
ZSM-5 were well regulated through different ion-exchange strategies, in which the
strong surface acid properties of ZSM-5 were eliminated with the utilization of K*-ion
exchange strategy and then it presented a high Cs+ selectivity by suppressing the light
saturated hydrocarbons formation.

Herein, two highly efficient catalysts were rationally designed and successfully
synthesized for the production of carbon neutral liquid fuels from CO2 hydrogenation
via the CO2-FTS route. This work provides new insights into the realization of global

carbon neutrality by reutilizing of CO..
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Chapter 1

Multi-promoters regulated iron catalyst with well-matching

reverse water-gas shift and chain propagation for boosting

CO:2 hydrogenation
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The well-matching catalysis between reverse water gas shift (RWGS) reaction and

chain propagation in CO2 hydrogenation was achieved on the corresponding
Ka/FeMnaoTiz catalyst, achieving Cs: yield as high as 1282.7 g,_kg' h' at CO2

conversion of 44.9 % and maintaining a rather low by-products selectivity (9.6 % for

CO, 12.8 % for CHa).
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Abstract

In chapter 1, multi-promoters, including potassium, manganese and titanium, were
incorporated into iron catalyst for improving CO> hydrogenation and the influences of
each promoter were investigated in detail. Besides, the content of each component was
optimized to achieve a well-matching tandem catalysis performance between reverse
water gas shift (RWGS) reaction and chain propagation reaction. The results showed
that the introduction of potassium could improve the RWGS reaction and chain growth
capacity by utilizing abundant oxygen vacancy, and strong competitive adsorption.
With the further addition of manganese, more active carbides sites with benign
dispersion were detected owing to the strong interaction between manganese and iron
species. When titanium was added, the catalytic performance of the catalyst was
improved by the stronger CO> adsorption capacity and longer resistance time of
reactants. Therefore, the well-matching catalysis between RWGS and chain

propagation was achieved on the corresponding Ks/FeMnigTi2o catalyst, achieving Cs.
yield as high as 1282.7 g kg h™' at CO; conversion of 44.9 % and maintaining a

rather low by-products selectivity (9.6 % for CO, 12.8 % for CHa).
Keyword: CO> hydrogenation; Iron-based catalyst; Liquid hydrocarbons; Promoters;

Well-matching catalysis.
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1.1 Introduction

Owing to the development of industrialization, the demands for carbon-based
energy resources have increased rapidly, generally from non-renewable resources such
as petroleum, and the corresponding massive emissions of carbon dioxide (CO>) bring
a lot of problems associating with greenhouse effect and ocean acidification.
Converting CO> into value-added liquid fuel or chemicals by catalytic hydrogenation
is an attractive route to dissolve this problem [1-3]. Generally, catalytic conversion of
CO- contains two reactions as follow: COz is first reduced to CO by reverse water gas
shift (RWGS) reaction (Eg. (1.1)) and subsequently be hydrogenated to hydrocarbons
via Fischer-Tropsch synthesis (FTS, Eq. (1.2)) [4,5]. Obviously, the well-matching

catalysis between RWGS and chain propagation could lead to an improved catalytic

result.
CO, +H, — CO +H,0 A, Hsrs ¢ = +38kJ /mol (1.1)
nCO + 2nH2 — CHH2n + HH20 ArH573 K= -166 kJ/mOl (12)

Among these active metals using for CO2-FTS (Fe, Co, Ni, Ru and Rh), Fe has
been widely utilized and considered as a promising active metal, due to its excellent
catalytic activity and low cost [6]. During reaction processes, iron species can be
converted into FesO4 and Fe.Cy for RWGS and chain propagation, respectively.
Unfortunately, pure Fe catalyst generally exhibits low CO. conversion and high
selectivity of methane (CH4) [4,7]. In order to improve the catalytic performance, many
electronic/structural promoters have been introduced and investigated [8-10].
Potassium (K) is usually employed to enhance alkene selectivity and inhibit the
formation of CHys, shifting the products distribution from light hydrocarbons to heavy
hydrocarbons [5]. Kim et al. [11] revealed that the addition of K promoted the formation
of vacancy sites over the surface of iron oxides and carbides, leading to the production

of long-chain hydrocarbons. Besides, more basicity sites committing to CO2 molecules
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adsorption, will be formed with the introduction of alkali K promoter. Apart from K,
manganese (Mn) was also widely used as an electronic promoter to tailor hydrocarbons
distribution. In addition to the increase of surface basicity of catalyst, it was reported
that the carburization behavior of Fe species would be increased with the addition of
alkali Mn [12]. Similar results reported by Ma et al. [13] demonstrated that the addition
of Mn brought a negative effect to the intrinsic RWGS, due to the transformation from
the RWGS-active Fe3O4 phase to the FTS-active FesC, phase. Besides, Ma et al. [14]
reported that Mn could greatly enhance the selectivity of light olefins and suppress the
formation of undesired CHs. Considering the complementary positive effects, both K
and Mn are often doped into the Fe-based catalysts as promoters at the same time.
Witoon et al. [15] studied the effect of transition metals (Cu, Mn, V, Zn or Co) on the
Fe/K-Al,O3 catalyst and found that Fe-Mn/K/Al>O3 exhibited the maximum ratio of
olefin/paraffin. It has been proved that light olefins can undergo secondary reactions
such as reinserting of CH* species or hydrogenation, which play a crucial for increasing
the selectivity of liquid hydrocarbons [16]. Although the utilization of K and Mn as
promoters in Fe-based catalysts are suitable for improving CO> hydrogenation to liquid
hydrocarbons, the catalyst still shows a relative high CO and CHj4 selectivity as reported
by Fierro et al. [17] and Willauer et al. [18] to some extent, there is still room for
improving catalytic performance by further matching RWGS and C-C coupling.

In this work, titanium (Ti) promoter was first incorporated into FeMnK catalysts
to further accelerate the RWGS and the following chain propagation, due to its excellent
CO; adsorption and chain propagation capacity [19,20]. Besides, the additive amount
of each promoter component was also tuned to obtain the optimal value. The
contribution of each promoter for the tandem reactions (RWGS and chain propagation)
has also been studied by applying various characterizations. Typically, the catalyst,
named as Ka/FeMnioTiz, was modified by three promoters with optimal contents,
correspondingly, this Ka/FeMnioTix catalyst realized the splendid catalytic
performance in the CO2 hydrogenation by regulating the well-matching catalysis

between RWGS and chain propagation.
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1.2 Experiment

1.2.1 Materials

All the reagents for the preparation of catalysts were A.R. grade without any
purification. Titanium (IV) oxide (TiOz, mixture of rutile and anatase), sodium
hydroxide (NaOH), hydrochloric acid (HCI), iron (III) nitrate nonahydrate
(Fe(NO)z-9H20), manganese (II) nitrate hexahydrate (Mn(NO3)2-H20), ammonium
carbonate ((NH4)2.CO3) and potassium nitrate (KNO3) were pursed from FUJIFILM

Wako pure chemical corporation, Japan.
1.2.2 Catalyst preparation

Before the preparation, TiO> was first pretreated by alkali via a hydrothermal
method. Next, Fe and Mn were coated by a coprecipitation method. Finally, K was
introduced by an impregnation method. All the information about this catalyst
preparation has been described detailly below.

TiO2 was first pre-treated by NaOH via a hydrothermal method. 2 g TiO2 was
dissolved in 10 M NaOH of 70 mL solution and hydrothermally treated at 130 °C for
24 h in a Teflon-lined stainless-steel autoclave. Subsequently, the precipitate was
filtered and washed with deionized water followed by 0.2 M HCI of 2 L aqueous
solution until the pH reached 1 and then washed with deionized water again until the
pH returned to neutral. The resulting solid was dried in air at 100 °C for 12 h and

denoted as Alk-TiOx.

FeMnOy-TiO- catalysts were synthesized by a co-precipitation method. In a typical
synthesis, a certain amount of Alk-TiO2, Fe(NO)s:-9H>O and Mn(NOz).-H.O was
dissolved in deionized water (100 mL) with vigorously stirring and noted as solution A.
Then, solution B containing 2M (NH4).CO3 was added into solution A drop by drop
until the pH reached 9. After that, the mixtures were stirred at room temperature for 5
h. Finally, the obtained precipitate was dried in air at 120 °C for 12 h and then calcined
in air at 550 °C for 5 h. The sample was denoted as FeMnTi.

K was introduced by a wet-impregnation method. A certain amount of KNO3 was

dissolved in deionized water (2 mL) and then 2 g FeMnTi was added. After ultrasound

5
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treatment of 30 min, the mixture was dried at 60 °C for 12 h and calcined at 550 °C for
5hin air. Before the CO2 hydrogenation reaction, all the obtained samples were pressed
into 40-60 mesh.

The final samples were denoted as Ka/FeoMncTig, in which a (0, 1, 3, 5), b (90), ¢
(0, 5, 10, 20) and d (0, 10, 20, 30) stand for the molar ratio of each component. To be
special, when the component was zero content in the catalyst, the letter representing
that component did not exist in the forum and the additive amount of corresponding
compound was zero during the preparation process. In addition, the symbol of b was
also ignored, owing to the same content in each catalyst. In order to further study the
effect of pretreatment on TiO2, Ks/FeMnioTizo-N was prepared by the same method,

using the TiO, without any pretreatment.

1.2.3 Catalyst characterization

The molar ratio of each component in the Ka/FeoMncTiq catalysts was first
determined by X-ray fluorescence (XRF) on a PW2404R (PHILIPS, Nederland).

The microstructure and elemental distributions on the surface of the catalysts were
investigated by Field Emission Scanning Electron Microscope (FE-SEM) and Energy
Dispersive Spectroscopy (EDS, JSM-IT700HR, JEOL, Japan).

The specific surface area and total pore volume were tested using an AUTOSORB-
1 equipment from Quantachrome Instruments at liquid N2 temperature (-196 °C). Prior
to test, each sample was degassed at 200 °C under vacuum conditions for 6 h.

Powder X-ray diffraction (XRD) was carried out on an Ultima IV-NS (Rigaku,
Japan) equipped with X-ray source of Cu-Ko. Scans were taken with a 2 theta range
from 10° to 80° at a speed of 2 °/min.

An ESCALAB 250 photoelectron spectrometer (Thermo Fisher Scientific, USA)
with a monochromatized microfocused Al-Ko X-ray source was used for X-ray
photoelectron spectroscopy (XPS) measurements. Charge effects of the samples were
corrected by setting the binding energy of adventitious carbon (C 1s) at 284.6 eV.

H>-temperature-programmed reduction (H2-TPR) experiments were performed on
a BELCAT II-T-SP (Microtrac mrb, USA). 50 mg sample were pretreated at 300 °C in

pure He of 30 mL/min flow rate for 2 h and then cooled to 100 °C. Subsequently, the

6
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sample was reduced with an Ar gas mixture containing 5 % Ho, at a flow rate of 30
mL/min, and the temperature was increased to 900 °C at a heating rate of 10 °C/min.
The consumption of H, was recorded by a thermal conductivity detector (TCD).

In order to clarify the surface basicity of the catalyst, CO, temperature-
programmed desorption (CO2-TPD) was measured at a BELCAT II-T-SP (Microtrac
mrb, USA). 50 mg sample was first reduced at 400 °C in pure Hz of 30 mL/min flow
rate for 2 h. After cooling to 50 °C, pure CO gas was introduced at a flow rate of 30
mL/min for 1 h, and then the physical adsorbed CO> molecules were removed by pure
He gas at a flow rate of 30 mL/min for 1 h. Finally, the temperature was increased to
400 °C at a heating rate of 10 °C/min and the desorbed CO; was recorded by TCD. The

peak area of CO, was quantitatively calibrated by employing CO2 pulses.
1.2.4 Catalyst activity evaluation

CO- hydrogenation reaction was evaluated by a stainless steel fixed-bed reactor.
Typically, 0.25 g catalyst diluted with 1 g of quartz granule was charged into the reactor
and reduced at 400 °C for 8 h by pure Hz flow (40 mLmin, atmospheric pressure).
After reduction, the reactor was cooled down to the reaction temperature and then the
reactant gas mixtures including H2/CO2/Ar (Hz2: 70.00 v%, CO>: 25.03 v%, Ar: 4.97
v%) were fed into the reactor until the pressure reached 5.0 MPa. During the CO>
hydrogenation, the gaseous products were detected by two online gas chromatographs
with thermal conductivity detector (TCD) and flame ionization detector (FID). The
liquid hydrocarbons in the effluent were collected by an ice trap containing tridecane
as solvent and analyzed by an offline gas chromatograph with a FID detector. CO>
conversion (CO2 conv.), CO selectivity (Sco), hydrocarbon distributions (Ci sel.,
excluding CO), selectivity of oxygenated products (Oxy sel., excluding CO) and space-
time yield of liquid fuels (STY of Cs+) were calculated using Egs, 1.3-1.7.

0/ _ CO2 in ~ CO2 out o
CO, conv. (C-mol%) = o x 100% (1.3)
2 in

g 0/ — CO out 0
co (C-mol%) = W x 100% (1.4)
n out
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C; sel. (C-mol%) =

Moles of C; hydrocarbons X i < 100% (1.5)
_  Moles of C; hydrocarbons x i+ Y'_, Moles of C; Oxygenated products x i
Oxy sel. (C-mol%) =
Moles of oxygenated products < 100% (1.6)
2'_; Moles of C; hydrocarbons x i + }.'_, Moles of C; Oxygenated products x i
STYony(&ng;mWH5:14Xlmmxnahx(ﬂm%—COsd)XCysd. (1.7)

Herein, CO2in, CO2 out, CO out, respectively represent the mole fraction of CO; at
the inlet, CO- at the outlet and CO at the outlet. Besides, 14, 1000 and n¢o, represent
the molar weight of CH> (14 g/mol), 1000 gram per kilogram and moles of CO>
converted by per gram of catalyst per hour, respectively. The carbon balance in the

reaction reached above 95 %.
1.3 Results

1.3.1 Textural properties of different catalysts

The surface compositions of the fresh catalysts were first tested by XRF and shown
in Table 1.1. Clearly, the actual content of each component in all the catalysts
approached the theoretical value. Besides, the morphologies of the catalysts with
different promoters were tested by FE-SEM and EDS. As depicted in Fig. 1.1 and Fig.
1.2, all the catalysts were composed by nano-spherical particles. When K was loaded
alone, it aggregated on the surface of the catalyst. However, this phenomenon was
alleviated with the addition of Mn and Ti. Therefore, the benign dispersion of each
component could be also found on the Ka/FeMn1oTix catalyst (Fig. 1.3A). Furthermore,
in order to clarify the influence of the pretreatment on TiO., the textural properties of
TiO2 with or without NaOH pretreatment were investigated. With the pretreatment of
NaOH, its crystalline phase was destroyed [21], and the microstructure was changed
from spherical to nanowire, resulting in the smaller crystalline size and larger specific
surface area (Fig. 1.4, 1.5 and Table 1.2). As a result, more TiO2 gathered over the

surface of Ks/FeMn1oTizo-N catalyst (Fig. 1.3B).

8
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Table 1.1. The composition of the catalysts from XRF results.

Catalysts composition from XRF Molar ratio of each

Catalysts (wt. %) component
K Fe Mn Ti (K/Fe/Mn/Ti)
Fe - 97.5 - - -/90/-/-
Ks/Fe 1.1 96.0 - - 1.5/90/-/-
FeMnao - 89.1 8.6 - -/90/8.8/-
FeTizo - 84.4 - 13.8 -/90/-117.2
Ka/FeMnyoTiz2o 1.2 76.1 7.8 12.8 2.0/90/9.3/17.6
FeMn1oTiz2o - 76.5 1.7 14.2 -/90/9.2/19.5
Ky/FeMnyoTiz2o 0.4 76.5 7.9 12.8 0.7/90/9.4/17.5
Ks/FeMn1oTi2o 2.3 76.3 7.8 12.4 3.9/90/9.3/17.1
Ka/FeTix 1.3 84.7 - 121 2.0/90/-/15.0
Ks/FeMnsTizo 1.3 80.4 3.7 12.1 2.1/90/4.2/15.8

Ka/FeMn2oTiz2o 1.2 67.7 15.5 12.9 2.3/90/20.9/20.0

Ks/FeMnio 1.4 88.0 9.1 - 2.0/90/9.5/-
Ka/FeMnyoTio 1.3 82.2 8.1 6.2 2.0/90/9.1/7.9
Ka/FeMnyoTizo 1.2 69.1 7.0 19.9 2.1/90/9.2/30.2

Ks/FeMnioTizo-N 1.3 745 7.5 14.6 2.3/90/9.2/20.6

Table 1.2. Texture properties of TiO2 and Alk-TiO,.

Specific surface Total pore Average pore Crystalline
Samples
area®(m?/g)  volume® (cm®g)  diameter (nm)  size ¢ (nm)
TiO2 63.3 0.48 30.0 18.3
Alk-TiO; 283.7 0.85 11.9 8.3

8The specific surface area was determined by BET method.
b The total pore volume was determined by BJH method.

¢ The crystalline size was calculated by Scherrer formula.
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Fig. 1.1. FE-SEM images of Fe (A), Ks/Fe (B), FeMnjo (C), FeTizo (D), Kz/FeMniTi2o
(E) and Ks/FeMnoTizo-N (F)

K == 5pm

Fig. 1.2. FE-SEM images and EDS mappings of Ks/Fe (A, D), K3/FeMnjo (B, E) and
Ks/FeTiy (C, F).

10
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Fig. 1.3. FE-SEM images and EDS mappings of Ks/FeMnioTizo (A) and
Ka/FeMn1oTizo-N (B).

Fig. 1.4. FE-SEM images of TiO2 (A) and Alk-TiO> (B).

11
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Fig. 1.6. N2 adsorption-desorption isotherms (A) and pore size distributions (B) of the

fresh catalysts with different promoters.
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Table 1.3. Texture properties of the fresh catalysts with different promoters.

Specific surface Total pore Average pore  Crystalline
Catalysts
area @ (m?/g) volume ® (cm®/g)  diameter (nm)  size ¢ (nm)
Fe 12.2 0.143 47.0 Y
Kas/Fe 8.5 0.131 61.7 81.2
FeMnio 29.8 0.184 24.7 34.5
FeTizo 341 0.255 29.9 42.4
Ks/FeMn1oTizo 415 0.248 24.0 28.2

8The specific surface area was determined by Brunauer-Emmett-Teller (BET) method.
b The total pore volume was determined by Barrett-Joyner-Halenda (BJH) method.

“ The crystalline size was calculated by Scherrer formula.

Table 1.4. Texture properties of the FeMnioTi20, K3/FeTiz and Kz/FeMno catalysts.

Specific surface area®  Total pore volume ® Average pore
Catalysts
(m?/g) (cm®/g) diameter (nm)
FeMn1oTiz2o 51.3 0.278 21.7
Ka/FeTixo 29.4 0.226 30.8
Ka/FeMno 29.4 0.182 26.3

4The specific surface area was determined by Brunauer-Emmett-Teller (BET) method.

b The total pore volume was determined by Barrett-Joyner-Halenda (BJH) method.

The texture properties and pore size distributions of the fresh catalysts with various
promoters were tested by N2 adsorption-desorption method, as shown in Fig. 1.6 and
Table 1.3. The adsorption-desorption isotherm of type IV was detected for all the
catalysts, indicating the existence of mesoporous structure [9]. The pure Fe catalyst
exhibited a low specific surface area (12.2 m?/g) and the pore size mainly centered at
47.0 nm. After the further addition of Mn and Ti, larger specific surface areas were
found due to the positive effect of the promoters such as an anti-sintering of iron species

with the existence of promoters [17], which could also be proved by the smaller
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crystalline sizes (Table 1.3). Meanwhile, the main pore size of FeMnio and FeTizo
(about 24.7 nm and 29.9 nm, respectively) became smaller. It should be noticed that a
peak centered around 15 nm was found on FeTizo (Fig. 1.6B), which also exited in
FeMn1oTiz, Ka/FeTix (Fig. 1.7 and Table 1.4) and Ks/FeMn1oTizo. This peak might be
considered as being provided by Alk-TiO2, due to the similar average pore diameter
(Table. 1.2). Whereas the existence of K caused a decrease in the specific surface area
and an increase in the average pore diameter of the catalysts. As shown in Fig. 1.7, the
peaks assigned to the pore smaller than 20 nm became weaker and the pore distributions
shifted to higher values at the same time. This phenomenon was consistent with many
precious studies reported by others, which attributed to the block of some pores caused
by K [22,23]. In addition, the Ka/FeMnoTizo catalyst exhibited better pore structure
because of the joint promoting effect of Mn and Ti. Generally, catalysts with complex
pore structure usually cause a relatively long diffusion distance for feeds and products,

leading to longer residence time which contributes to the higher selectivity of Cs. [24].

dV/dlog (D) (cm’/g)
v
|
|
|
v
|
|
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Fig. 1.7. The pore size distributions of the catalysts with or without K.
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Fig. 1.8. XRD patterns of the fresh (A) and spent (B) catalysts with different promoters.

XRD patterns of the fresh and spent catalysts with different promoters were
compared in Fig. 1.8 and the crystalline sizes of fresh catalysts were also shown in
Table 1.3. The diffraction peaks assigned to Fe;Oz (JCPDS, 33-0664) were detected for
all the fresh catalysts [25]. Besides, the diffraction peak at 25.3° was found on the FeTizo
and Ks/FeMn1oTigo catalysts, which could be ascribed to the anatase type TiO2 (JCPDS,
21-1272) [21]. However, no characteristic diffraction peaks associating to K and Mn
were detected, suggesting that the potassium oxides and manganese oxides were highly
dispersed, which was proved by the results of FE-SEM-EDS. Besides, smaller
crystalline sizes were found on FeMnio and FeTizo, due to the strong interaction
between Fe and Mn or Ti. As a result, the lowest crystallinity and the smallest
crystalline size, which are usually considered as signals to better dispersion, were
observed on the Ks/FeMnoTizo catalyst [25]. According to Fig. 1.8B, only the Fe
(JCPDS, 06-0696) phase was detected on the spent Fe catalyst, while the diffraction
peaks ascribed to FesO4 (JCPDS, 19-0629) and FesC, (JCPDS, 36-1248) were found
on other spent catalysts, indicating the addition of promoters were conducive to the
carbonization of iron species and the formation of RWGS reaction active sites (FesOa)

[26].
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1.3.2 Surface composition properties of different catalysts
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Fig. 1.9. XPS spectra of various fresh and spent catalysts with different promoters.

In order to confirm the surface compositions of various catalysts, XPS
characterization was performed and the results were compared in Fig. 1.9 and Table 1.5.
Binding energy of Fe 2ps» XPS spectra in the 705-716 eV range was deconvoluted into
several peaks which could be assigned to Fe** (712 eV), Fe?* (710 eV) and Fe-C (707
eV), respectively [27,28]. For C 1s XPS spectra, the peaks around 288 eV, 286 eV,
284.6 eV and 283 eV could be assigned to C-O, C=0, sp? C (C=C) and C-Fe,
respectively [29,30]. The O 1s XPS spectra could be deconvoluted into three peaks, 0%
(529 eV), which could be corresponded to the lattice oxygen species, 03~ (531 eV) and
O-on (532 eV), which could be both attributed to the surface adsorbed oxygen species
[31,32]. Obviously, the introduction of different promoters could regulate the oxygen

vacancies as well as adsorption characteristics of the catalysts (Fig. 1.9). Moreover, the
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improved surface characteristics including active sites and COy adsorption were able to

affect the effective match of RWGS and chain propagation.

Table 1.5. The content of Fe?", Fe-C, Ouadsorbed, C=C and C-Fe on the fresh and spent

catalysts with different promoters calculated by XPS.

Fresh (%)  Spent (%)

Catalysts Fe?*/ Fe?*/ Fe-C/  Oadsorbed/ C=C/  C-Fel
Fetotal Fewotal  Fetotal Ototal Chotal Cotal

Fe 33.40 66.18 9.21 52.87 73.23 0.96
Ka/Fe 63.62 69.13 4.89 76.07 71.37 1.45
FeMnio 32.70 57.28 252 66.13 17.89 47.28
FeTizo 22.95 60.68 3.43 37.92 63.59 0.90
Ka/FeMn1oTizo 42.64 5840 2.28 55.81 29.10 56.58

Compared to the results of fresh catalysts, the contents of Fe?* were increased after
CO2 hydrogenation and the peaks assignable to iron carbides were observed (Fig. 1.9
and Table 1.5), indicating that the iron species with high valence were partially
transformed into lower-valence states iron species and active carbides during the
reaction. According to Table 1.5, when K was introduced, the Fe?* contents of both
fresh and spent catalysts were increased, while lesser Fe?* was detected with the
addition of other promoters, demonstrating the existence of K was conducive to the
formation of active phases (FesO4) for RWGS reaction. Besides, the highest ratio of
Oadsorbed/ Ototal Was found on Ks/Fe, indicating the existence of abundant oxygen vacancy.
Generally, RWGS reaction was based on a redox cycle as follow: Fe®* was first reduced
to Fe?* at the H, atmosphere and then it would be oxidized by CO2 with the production
of CO. Therefore, the addition of K improved RWGS reaction of catalyst by promoting
the reduction of Fe®* to Fe?" and the formation of more oxygen vacancies which
facilitated CO2 adsorption and further reaction [5]. For another reaction (FTS) in the

CO2 hydrogenation, Tsubaki et al. [1] reported that although the content of Fe-C bond
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was increased with the addition of Co or Ni, CO2 hydrogenation over these catalysts
led to a high CHgs selectivity. In the present study, the lower ratios of Fe-C/Fetota Were
detected with the introduction of the promoters, suggesting that a low CHj selectivity
would be detected. Meanwhile, C-Fe bond also acts as an important role in the FTS
reaction. With the addition of Mn, the catalysts possessed an obviously high
concentration of C-Fe bond. Similarly, a catalyst with high concentration of C-Fe bond
was found by Guo et al. [33] and reported that the abundant content of C-Fe bond led
to a significant improvement in the FTS reaction and olefin yields. It was also proved
by Sun et al. [34] that a catalyst possessing more C-Fe bonds could exhibit a high olefin
selectivity. Besides, less C=C was found on the FeMn1o and Ks/FeMn1oTizo catalysts,
indicating that the desorption of carbon species became easy after the introduction of
Mn. As a result, more active sites would be exposed. Unfortunately, no positive effect
on the surface composition could be seen after the addition of Ti, manifesting as the
lower content of active sites on the FeTiyo catalyst. Therefore, both RWGS and FTS
reactions could be improved over the Kas/FeMnioTizo catalyst through the joint

promoting effect of K and Mn.

1.3.3 Reducibilities and CO2 adsorption capacities of different catalysts
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Fig. 1.10. H>-TPR (A) and CO-TPD (B) profiles for the catalysts with different

promoters.
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Fig. 1.11. H2-TPR profiles for the FeTizo, Ks/FeTizo, FeMnioTizo and Ks/FeMnyoTizo

catalysts.

The reduction behaviors of the catalysts with different promoters were
investigated by H>-TPR and the results were shown in Fig. 1.10A, 1.11 and Table 1.6.
Three main reduction peaks were found which could be corresponded to the reduction
of Fe2O3 to Fe304 (a), FesO4 to FeO (b) and FeO to metallic iron (c) [13]. After the
introduction of K, the area of peak a was decreased obviously, indicating the lower
content of Fe3* over the Kas/Fe catalysts, which was consisted with the results of XPS.
Besides, the Ka/Fe catalyst exhibited lower reduction temperature than that of pure Fe
catalyst, manifesting the better reducibility. By contrary, no obvious change to the
reduction of Fe2Os was found with the addition of Mn. Nevertheless, the reduction
temperatures of peak b and c shifted to lower values, indicating the improvement of the

reduction behaviors. As for Ti, although the reduction temperature of Fe,Os was
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decreased, the reduction of Fe3O4 to metallic Fe was suppressed. When K was further
incorporated into FeTizo, the reduction of Fe.Os was suppressed by regulating the
interaction between Fe and Ti, while the promotional effects of K to the reduction of
Fe304 and FeO were not influenced, which could be also proved by those of FeMn1oTizo
and Ka/FeMnioTizo catalysts (Fig. 1.11). Hence, all the three promoters showed positive
effects to the reducibilities of the catalysts via different manner, and then higher RWGS

reaction activities were realized.

Table 1.6. The reduction temperature, desorption temperature and desorbed amount of

CO; on the catalysts with different promoters from the results of Ho-TPR and CO»-TPD.

Reduction Temp. Desorption Temp.
Desorbed amount of CO>

Catalysts (°C) (°C)
a b c a b ¢ umol/g pmol/m?
Fe 430 650 731 59 - 295 10.1 0.8
Ka/Fe 411 517 653 103 113 225 121.2 14.2
FeMnig 430 607 665 101 180 291 141.4 4.7
FeTizo 417 779 - 90 173 311 179.2 5.2
Ks/FeMnioTizo 452 595 705 103 158 258 229.8 55

As shown in Fig. 1.10B and Table 1.6, the surface basicities of reduced catalysts
with different promoters were tested by CO.-TPD. The desorption peaks lower than
200 °C could be corresponded to the desorption of physical adsorbed (weak) CO2 on
iron (a) and the promoter (b), whereas the peak (c) centered at relatively higher
temperature was attributed to the desorption of bridge-bond adsorptive form CO> [35].
Among these catalysts, the lowest desorbed amount of CO, was detected on the pure
Fe catalyst (10.1 pumol/g). With the addition of promoters, Ka/Fe, FeMnio and FeTizo
all exhibited more basic sites, and the highest desorbed amount of CO2 was found on
the Ka/FeMn1oTix catalyst (229.8 umol/g) due to the synergistic effect of the three

promoters. It has been reported that the better CO, adsorption capacity generally led to
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an enhancement on the catalytic activity in CO2 hydrogenation [36]. On the other hand,
the initial CO> desorption temperature of Ka/Fe was lower than that of others, indicating
that the CO> adsorbed on the Ka/Fe catalyst was more active. Hence, the Ks/Fe catalyst
would exhibit higher RWGS activity and higher selectivity of CO. This speculation was

verified by the reaction results described below.
1.3.4 Catalytic performances of different catalysts in the CO2 hydrogenation
1.3.4.1 The effects of different promoters on catalytic performances

The catalytic performances of the iron-based catalysts modified by different
promoters in CO2 hydrogenation were investigated and shown in Table 1.7. It could be
observed that pure Fe catalyst exhibited a rather low CO conversion (13.6 %), a high

CHa selectivity (46.8 %), and small amount of olefin.

Table 1.7. Catalytic performances of the catalysts with different promoters in CO>

hydrogenation ®.

CO2 Seo Products selectivity (%) STY of Css

Catalyst conv. o/p®

1 -1
(%) (%) CHs Cy-Cs GCs+ Oxy (gfuelkgcath )

Fe 136 142 468 360 114 58 46.1 0.22

Ks/Fe 184 456 16.2 341 441 56 153.8 2.84

FeMnao 288 49 350 395 200 55 183.7 0.43

FeTizo 244 84 408 393 155 44 116.5 0.30

Ks/FeMnyoTio 349 97 92 272 510 126 556.0 2.68

2 Reaction conditions: 320 °C, 5.0 MPa, GHSV = 24000 mLgh, Ho/CO2/Ar = 70.00
v%/25.03 v%/4.97 v%.
b O/P means the ratio of olefin (C2+) to paraffin (Cz+).

Previously, it had been reported by Khangale et al. [3] and Ying et al. [22] that the

competitive adsorption of Hz and CO2 occurred on the surface of the catalysts,
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indicating that less Hz could participate in the reaction with the large amount of CO>
adsorption. As shown in Table 1.6, the Ks/Fe catalyst possessed more basic sites in per
unit of specific surface area (14.2 pmol/m?) than that of other catalysts, resulting in the
higher selectivity of Cs+, as well as higher yield of olefin. Besides, with the addition of
K, more Fe?* and oxygen vacancies were formed and then led to the enhancement of
the RWGS reaction, achieving a high CO selectivity (45.6 %). However, the low iron
carbides content resulted in the accumulation of CO-intermediates and the
improvement of CO conversion was not obvious. Compared to the pure Fe catalyst,
although a significant increase of oxygen vacancy was found on the FeMnj catalyst
(Table 1.5, Oads/Ototal from 52.87 % to 66.13 %, C-Fe/Ciotal from 0.96 % to 47.28 %),
these abundant FTS reaction active sites, provided by a large amount of C-Fe bond,
could lead to the rapid consumption of CO. As a result, the lowest CO selectivity (4.9 %)
and higher CO, conversion (28.8 %) were detected on FeMnio. According to the
previous study, the addition of Mn was beneficial to the production of light olefin,
which plays an important role for the following chain propagation [37]. Therefore,
FeMnz1o showed higher selectivity of Cs+ (20.0 %) than that of pure Fe catalyst, which
was ascribed to the well dispersion of active sites and the smaller crystalline size. In
addition, the better catalytic performance than pure Fe catalyst was observed after the
addition of Ti, although fewer active species was detected on FeTiyx (Table 1.5).
Fortunately, outstanding CO> adsorption capacity and smaller pore size resulted from
Ti led to the fact that more CO: involved in the reaction and the residence time of the
reactants was extended. Therefore, both higher CO2 conversion (24.4 %) and Cs-

selectivity (15.5 %) were found on the FeTixg catalyst.

22



Chapter 1

[9)]
o

—®— CO, conversion —®  CO selectivity —4— CH, selectivity

B
(6
1

N
o
|

w
(&)
1

w
o
1

N
[&)]
1

C_, selectivity = 50.0 %

10 = 2

N
o
|

Conversion and selectivity (%)
o
|

(8]
1

0 5 10 15 20 25 30 35 40 45 50
Time-on-stream (h)

Fig. 1.12. Stability test of the Kz/FeMnioTizo catalysts in CO2 hydrogenation under the

conditions as follow: 320 °C, 5.0 MPa, GHSV = 24000 mLg'h™!, H»/CO,/Ar = 70.00
v%/25.03 v%/4.97 v%.

According to the above discussion, each promoter improved the catalytic
performance over the iron-based catalyst via different aspects. During the process of
CO2 hydrogenation, CO. was first converted to CO through the RWGS reaction,
followed by subsequent hydrogenation of CO to hydrocarbons via FTS. Therefore, the
CO2 conversion and products distributions of the catalyst cannot be optimized
simultaneously just by improving only one of these two steps. When K was
incorporated alone as an efficient promoter for RWGS, a large amount of CO was
accumulated. Similarly, although the addition of Mn increased the content and exposure
of FTS-active sites, CO> conversion was limited owing to the lower activity of RWGS
reaction. As a result, the Ks/FeMnyo catalyst exhibited better catalytic performance due
to the synergetic effects between K and Mn (Table 1.8). In addition, CO2 conversion

and Cs+ selectivity were further improved with the incorporation of Ti. More
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importantly, the rather low CHjs selectivity (9.2 %) and ultra-high STY of Cs+ (556.0

keg! h') were achieved over the Ka/FeMnioTiz catalyst due to the synergistic

gfuel cat

effects of the multi-promoters, suggesting the well-matching tandem catalysis between
the RWGS and chain propagation. Besides, the stability test of the Ks/FeMnioTizo
catalyst was conducted for 50 h and the results were shown in Fig. 1.12. Obviously,
CO- conversion and products distributions remained stable during the whole period,
indicating that the Ks/FeMnioTizo catalyst could exhibit a well potential industrial

application.
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Table 1.8. The catalytic performances of the Kz/FeMnioTi20-N catalyst and Kz/FeMnioTi2o catalysts with different contents of each promoter in

CO; hydrogenation ?.

Products selectivity (%) STY of Cs+
Catalyst COzconv. (%)  Sco (%) o/P®

CHa Co-Cs Cs+ Oxy (ko)
Ka/FeMn1oTizo-N 30.8 13.7 10.7 29.1 43.5 16.7 388.5 3.28
FeMnioTizo 304 4.6 31.3 39.5 23.8 5.4 231.3 0.55
K1/FeMn1oTiz2o 32.9 8.6 15.6 32.7 33.4 18.3 336.8 1.36
Ks/FeMn1oTizo 36.2 9.1 9.7 27.8 50.3 12.2 555.5 3.40
Ka/FeTix 32.9 11.8 125 34.4 46.9 6.2 456.0 3.76
Ka/FeMnsTizo 33.9 9.9 10.0 30.5 50.7 8.8 520.2 2.99
Ka/FeMnzoTizo 33.3 11.5 10.1 28.6 50.3 11.0 497.1 2.39
Ks/FeMn1o 29.2 16.9 9.2 27.9 50.1 12.8 408.4 3.05
Ka/FeMn1oTi1o 324 10.9 9.2 26.2 50.1 14.5 486.1 2.60
Ks/FeMn1oTizo 31.7 12.1 12.5 32.7 44.7 10.1 418.0 2.90

2 Reaction conditions: 320 °C, 5.0 MPa, GHSV = 24000 mLgh, Ho/CO2/Ar = 70.00 v%/25.03 v%/4.97 v%.

b O/P means the ratio of olefin (C2+) to paraffin (Co-).
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1.3.4.2 The effects of promoter content on catalytic performances
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Fig. 1.13. The catalytic performances of the Ka/FeMn1oTi2o with different contents of
K (A), Mn (B), Ti (C) and the Ks/FeMn1oTi2o-N catalyst prepared by TiO> without
pretreatment (D) in CO2 hydrogenation under the conditions as follow: 320 °C, 5.0 MPa,
GHSV = 24000 mLg*h™, Ho/CO2/Ar = 70.00 v%/25.03 v%/4.97 v%.

The effects of promoter content in the Ks/FeMnioTix catalyst during CO>
hydrogenation were compared in Fig. 1.13 and Table 1.8. Obviously, FeMn1oTixo
showed high CHjs selectivity (31.3 %) before the introduction of K (Fig. 1.13A). As
discussed above, the main effect of K was the improvement of RWGS reaction and the
stronger competitive adsorption between CO. and H. Therefore, more olefin was
produced, and higher CO> conversion was found with the increase of K content. When

the molar ratio of K/Fe was 3/90, the catalyst showed better catalytic performance.
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Besides, Ks/FeMn1oTiz (Table 1.8) showed lower CO selectivity and higher CHa
selectivity than that of Ka/FeMn1oTixo (Table 1.7), which could be explained as the fact
that the further increase of K content made the iron ions be stabilized at low oxidation
state thus restraining their oxidation by CO> and the production of CO, and then led to
more CHa [5].

As depicted in Table 1.8, the Ks/FeTiz catalyst exhibited a high value of O/P (3.76)
due to the strong competitive adsorption and excellent pore structure, which was
provided by K and Ti, respectively. With the further incorporation of Mn into Ka/FeTizo,
although the olefin yield of the catalyst might be increased owing to abundant C-Fe
bonds, the secondary reactions from light olefin to long-chain hydrocarbons were
apparently promoted at the same time [16]. As a result, higher Cs. selectivity and lower
value of O/P were observed. Meanwhile, both CO selectivity and CH4 selectivity were
decreased and CO- conversion was improved (Fig. 1.13B) over Ka/FeMnTizg catalysts
with the suitable increase of Mn content. This phenomenon could be ascribed to the
improvement of dispersion and chain propagation, and the related catalyst reached the
optimal performance with the ratio of 10/90 (Mn/Fe). Undesirably, when excessive Mn
was added, the original balance was destroyed, which was also reported by Fierro et al.
[9] and Wang et al. [38] that only a small doping amount of Mn strongly promoted the
CO- hydrogenation and the active sites would be covered by the excessive amorphous
Mn oxides, meanwhile, the contact between reactant and active sites would be
prevented.

A similar result was found on the Ka/FeMn1oTig catalysts. When the content of Ti
was 20, the Ka/FeMn1oTizo showed the best performance including CO, conversion and
hydrocarbon distributions (Fig. 1.13C). Because Ti could only enhance the exposure of
active sites and extent the residence time, the total amounts of active sites would be
reduced with the further introduction of Ti, resulting in the depravation of the catalytic
performance. In addition, the effect of the pretreatment on TiO2 was additively

investigated. As shown in Fig. 1.13D, the Ks/FeMn1oTi2o-N exhibited worse catalytic
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performance due to the poorer dispersion of TiO than Alk-TiO., which was proved by
the results of FE-SEM.

The existence of each promoter showed various promotional effects on CO>
catalytic performance. As for this catalyst system applying for CO2 hydrogenation, the
best balance between RWGS and chain propagation was achieved when the molar ratio

of K/Fe/Mn/Ti was 3/90/10/20 as in Table 1.7 and 1.8.
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Table 1.9. The catalytic performances of the Ks/FeMn1oTizo catalyst under various conditions.

Temperature Pressure GHSV Products selectivity (%) STY of Cs+
. ! CO2 conv. (%) Sco (%) 1.1 o/mp?
(°C) (MPa)  (mLg'h™) CH: CaCi GCsi Oxy  (@ekeyh™)
320 5.0 24000 34.9 9.7 9.2 27.2 51.0 12.6 556.0 2.68
320 4.0 24000 31.2 12.0 10.0 28.4 49.4 12.2 455.0 3.48
320 3.0 24000 30.7 14.5 10.4 31.7 47.9 10.0 422.4 4.27
320 2.0 24000 28.4 17.9 11.4 36.4 47.1 51 368.9 5.19
300 5.0 24000 27.2 13.2 12.3 33.3 47.9 6.5 379.7 2.51
320 5.0 24000 34.9 9.7 9.2 27.2 51.0 12.6 556.0 2.68
340 5.0 24000 40.4 9.0 10.6 29.1 51.0 9.3 629.1 3.27
360 5.0 24000 46.7 9.7 11.7 27.1 50.6 10.6 716.9 4.05
380 5.0 24000 47.9 10.5 12.5 26.8 40.8 19.9 587.2 437
320 5.0 2400 36.9 55 6.5 19.2 58.7 15.6 68.7 1.46
320 5.0 6000 36.4 9.6 9.0 24.8 56.2 10.0 159.7 2.61
320 5.0 24000 34.9 9.7 9.2 27.2 51.0 12.6 556.0 2.68
320 5.0 48000 32.7 12.4 10.9 30.5 48.0 10.6 922.7 2.91
320 5.0 120000 24.7 26.6 14.8 38.3 43.8 3.1 1330.8 3.39
360 5.0 48000 449 9.6 12.8 30.7 47.0 9.5 1282.7 5.45

2 O/P means the ratio of olefin (C>-) to paraffin (C2+)

29



Chapter 1

1.3.4.3 The effects of reaction conditions on catalytic performances

In order to obtain the best catalytic performance, the Ks/FeMn1gTizo catalyst was
tested under various conditions and the results were shown in Fig. 1.14 and Table 1.9.
As the reaction pressure decreased from 5.0 MPa to 2.0 MPa, the CO2 conversion
decreased from 34.9 % to 28.4 % (Fig. 1.14A). At the same time, its chain growth
capacity was weakened, resulting in the increase of CO selectivity and the decrease of
Cs+ selectivity. The influence of reaction temperature had also been investigated (Fig.
1.14B). About 6 % enhancement of CO> conversion and no obvious change of Cs.
selectivity were noted with the increase of only 20 °C until 360 °C, and an outstanding
STY of Cs+ was found at 360 °C. When the reaction temperature was further increased
from 360 °C to 380 °C, a significantly decrease of Cs. selectivity (9.8 %) and an
inconspicuous increase of CO2 conversion (1.2 %) were observed. Meanwhile, the
effects of space velocity were also studied (Fig. 1.14C). With the increase of space
velocity, all the parameters of the catalyst got worse except the STY of Cs+. When the
space velocity was increased to 120000 mLg™th, the resistance time of the reactants
was decreased obviously, resulting in the high undesired CO (26.6 %) and CHa4 (14.8 %)
selectivity, along with lesser secondary reaction. After the consideration of above three

factors, the Ka/FeMn1oTiz was tested at 360 °C and 5.0 MPa with a space velocity of
48000 mLg*h® (Table 1.9), achieving a splendid STY of Cs: (1282.7 g, kg’ h™') with

relative low selectivity of CO (9.6 %) and CHa (12.8 %).

Many means can be tailored for increasing long-chain hydrocarbons selectivity in
CO: hydrogenation [39]. Compared to various iron-based catalysts in previous studies
as listed in Table 1.10, the Ks/FeMn1oTi2o catalyst exhibited the highest selectivity of
Cs+ (58.7 %), due to the remarkable chain growth capacity. Besides, significantly low
selectivity of CO and CH4 was found, indicating the well-tuned tandem catalysis

between RWGS and chain propagation. As a result, ultra-high STY of Cs+ (1282.7

kg h™!) than that of others was achieved.

gfuel cat
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Fig. 1.14. The catalytic performances of the Ks/FeMn1oTi2o catalyst under various conditions: pressure (A), temperature (B), space velocity (C) in

CO- hydrogenation (H2/CO2/Ar = 70.00 v%/25.03 v%/4.97 v%).
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Table 1.10. Comparison of catalytic performances over various catalysts in CO2 hydrogenation.

Temperature  Pressure GHSV ~ CO,conv. Sco Hydrocarbon distributions (%) ~ STY of Cs+
Catalyst Reference
(°C) (MPa) (mLg*h™) (%) (%) CHa C2-Cy Cor  (Zuukeih™)
Ks/FeMn1oTi2o 320 5.0 2400 36.9 55 6.5 19.2 58.7 68.7 This study
Ks/FeMn1oTi2o 360 5.0 48000 44.9 9.6 12.8 30.7 47.0 1282.7 This study
FeMnNa 340 2.0 12000 35.0 18.1 13.1 38.7 48.2 259.1 [13]
FeK/MPC 350 2.5 2000 52.4 5.3 24.4 40.5 35.1 54.4 [25]
FeAlOx-5 330 3.5 4000 36.8 7.2 12.1 30.1 57.8 123.4 [40]
Fe-K/Al203 300 1.0 2000 27.5 11.6 13.0 36.2 50.8 38.6 [41]
CuFe0»-12 300 1.0 1800 18.1 31.9 3.9 35.8 60.3 20.9 [42]

92.6Fe7.4K 300 2.5 560 41.7 6.0 11.0 29.5 59.5 20.4 [43]
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1.4 Conclusion

In summary, iron-based catalysts modified by multi-promoters, including K, Mn
and Ti, were prepared by combining co-precipitation method and impregnation method.
Compared to pure Fe catalyst, abundant Fe?* and oxygen vacancy, as well as strong
competitive adsorption between CO; and Hz, were found with the addition of K,
contributing to the supervisor RWGS reaction activity and chain growth capacity.
However, high chain propagation reaction activity, provided by plentiful C-Fe bonds,
was observed with the incorporation of Mn promoter. The introduction of Mn and Ti
caused the decrease of crystalline size and promoted the CO, adsorption capacity.
Meanwhile, Ti provided excellent pore structure, resulting in the long resistance time
of CO reactants. Hence, after the optimization of each promoter content, an
outstanding promotional tandem catalysis effect on RWGS and chain propagation was
achieved with the assistant of the synergistic effect resulted from the three simultaneous
promoters above. As a result, the Ks/FeMnioTizo catalyst possessed low CO and CH4
selectivity, as well as rather high selectivity of Cs+. At the same time, ultra-high STY
of Cs+ than that of other iron-based catalysts was achieved. The results in the present
study provided a new insight for the improvement of industrial catalyst via tailoring the

balance between RWGS and chain propagation with the help of multi-promoters.
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Chapter 2

Boosting liquid hydrocarbons selectivity from CO:
hydrogenation by facilely tailoring surface acid properties of

zeolite via a modified Fischer-Tropsch synthesis

Modified FTS process for CO, hydrogenation to liquid hydrocarbons

rasesasases. Acid proper[jes feaneneaeeg

Light saturated
W hydrocarbons i

The catalytic performance of CO2 hydrogenation to liquid fuels over a bifunctional
catalyst can be efficiently enhanced via simply tuning the microenvironment properties

of ZSM-5 zeolite.
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Abstract

Catalytic conversion of greenhouse CO: into valuable chemicals or fuels is highly
attractive in terms of sustainable development. The chemical inertness of CO:>
molecules and high kinetic barriers for C-C propagation hinder its efficient utilization.
In chapter 2, a bifunctional catalyst composed of K-Fe/C and zeolite that efficiently
produced liquid fuels via simply tuning the microenvironment properties of ZSM-5
zeolite was reported. The catalysts were characterized by Brunauer-Emmett-Teller
(BET), transmission electron microscopy (TEM), X-ray diffractometer (XRD),
temperature programmed desorption (NH3-TPD), X-ray photoelectron spectroscopy
(XPS). K-Fe/C catalyst was mainly responsible for the formation of olefins, while
ZSM-5 catalyst was mainly responsible for olefin secondary reaction, such as
aromatization, isomerization, and cracking reaction. Surface acid properties of ZSM-5
could be well regulated through different ion-exchange strategies (such as NH**, K*,
Na*, Mg?*, Cu?*, Cs*, La®", Ce*" and Mn?"), in which the strong surface acid properties
of ZSM-5 were eliminated with the utilization of K*-ion exchange strategy and then it
presented a high C5+ selectivity by suppressing the light saturated hydrocarbons
formation. This work provided new insights or facile catalyst treatment for the efficient
production of liquid fuels from CO: hydrogenation via tuning surface
microenvironment properties of ZSM-5 zeolite.

Keyword: CO: hydrogenation; Bifunctional catalysts; Zeolites; Heterogeneous

catalysis; lon exchange.
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2.1 Introduction

The increasing prominence of environmental problems, such as the global
warming, ocean acidification, etc., compels scientists to quest appropriate routes to
convert CO; into commodity chemicals or fuels [1-5]. The chemical inertness of CO>
molecules and high kinetic barriers for C-C propagation are two major difficulties in
the efficient utilization of CO2 conversion [6]. Up till present moment, the main
catalytic utilization of CO2, occurring on metallic catalysts or composite catalysts,
proceeds via methanol intermediates system or a modified Fischer—Tropsch (F-T)
synthesis system [6-8]. As for methanol-mediated process, methanol is first synthesized
over methanol catalysts, and then transformed into target products by a series of
reactions including dehydration, oligomerization, isomerization, hydrogenation, etc. In
the case of a modified F-T process, CO is first generated via reverse water gas shift
(RWGS) reaction and then further converted to the target products through chain
propagation. Iron-based catalysts are widely used in this process in terms of having two
kinds of active sites for RWGS (FesO4) and chain propagation ability (FexCy),
respectively.

Owing to the convenient transportation, storage and high-density energy, the
transformation of CO> feedstocks to liquid fuels (Cs+ hydrocarbons) is a promising
means [9-13]. Previously, in order to increase heavy hydrocarbon selectivity, promoters
(structural or/and electronic promoters) doping or special structure precursor have been
considered [10, 14-17]. Conventional Zn structural promoter and alkaline electronic
promoters (especially K and Na) were widely used to improve CO; adsorption behavior
and active carbide content [14, 18-20]. Electron donating from alkaline promoters to Fe
species is beneficial for the formation of electro-rich carbides, presenting a low energy
barrier for CO disassociation in addition to stabilize Fe-C bond [18, 21]. Besides, Chio
et al. adopted delafossite-CuFeQO> as the catalyst precursor for efficiently converting
CO2 molecules into liquid fuels (Cs+) with a high selectivity of 65% [10]. Facile

reduction of iron oxide species and selective carburization contribute to the formation

40



Chapter 2

of H&gg iron carbide (FesC>), which is crucial for the chain propagation behavior [10].
Similarly, a particular spinel-like structure catalyst (ZnFe>Os) can also achieve an
improved heavy hydrocarbon selectivity [14, 19, 22]. It is worth noting that recently He
et al. discovered an alloy catalyst (Cos/MnOyx nanocatalyst) achieving high liquid
hydrocarbon selectivity of 53.2% [13]. For this process, CO; first adsorbed on the
catalyst and was subsequently reduced into CH, monomer and CHj species, via CO,%",
—CH20H, HCOO, and/or CH30O™ intermediates instead of CO intermediates [13].
Considering the ASF distribution limitation that the selectivity of Cs. product is
less than 53% (a=0.7) [6], bifunctional systems have also been intensively investigated
for overcoming this challenge [9, 11]. More recently, composite catalysts have indeed
shown excellent catalytic selectivity to produce olefins, aromatics and fuels due to the
valid synergetic catalysis among different active sites [9, 11, 23-28]. Gao et al.
constructed a bifunctional catalyst composed of partially reduced In.O3 and HZSM-5
that could directly convert CO- into liquid fuels with an excellent selectivity for value-
added products [11]. Thereinto, the oxygen vacancies on the In2Oz surface play a crucial
role for activating CO> to form methanol intermediates [11, 29, 30]. By contrast, Wei
et al. designed composite catalysts comprising of Na modified iron catalyst (Na-FezO4)
and zeolite catalysts for selective formation of gasoline-range hydrocarbons or
isoparaffins from CO> hydrogenation [9, 31]. This multifunctional catalyst possessing
three types of active sites (Fe3Oa, FesC, and acid sites), can sequentially cooperatively
catalyze CO» to CO, CO to alkenes, and alkenes to funded liquid fuels. Clearly, the
effective matching manner of different active sites is the prerequisite to achieve this
goal [9, 11]. Compared to powder-mixing and dual bed manner, granule-mixing is a
suitable proximity to exert benign performance. However, as for a methanol-mediated
process over bifunctional systems, one problem that cannot be ignored is the high CO
by-product selectivity (generally higher than 45%) [11, 25, 32]. Afterwards, Tan et al.
made the target hydrocarbon exhibit a high selectivity, while the selectivity of CO was
less than 5% over a In,03/ZrO.&SAPO hybrid catalyst by optimizing reaction

condition [33]. Since zeolite catalysts can directly participate in the catalytic reaction
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process, it is obvious that the CO> hydrogenation process (i.e. activity and products
distribution) can be influenced or regulated by controlling the acidity and pore size of
zeolite. Zhang et al. found that the introduction of a small amount of Zn into ZSM-5 by
ion-exchange can promote aromatics formation [26]. In addition, the surface acidity of
the zeolite can be tailored by coating modification strategy to further improve catalytic
performance [23, 32]. Although many efforts have been made for CO2 hydrogenation,
the regulation of zeolite acidity has not received enough attention. The systematic and
detailed investigation of zeolite properties is helpful to understand the influence of
composite catalyst on the CO2 hydrogenation process.

Herein, multi-functional catalysts comprising of K-Fe/C and ZSM-5 were adopted
for CO2 hydrogenation to liquid fuels. The microenvironment properties of ZSM-5
were efficiently tuned by treating direct ion-exchange strategy and alkaline solution to
adjust surface acid properties and pore size. Through the direct ion-exchange (K*) of
ZSM-5, the catalytic performances over composite catalysts were improved obviously,
in which Cs selectivity increased from 39.9% to 70.1% at a CO2 conversion of 36.2%.
For the multi-functional catalysts, ameliorative catalytic performances could be
achieved by simply tuning the microenvironment properties of ZSM-5 zeolite, and it

provided a new insight for the design of efficient composite catalysts for CO. fixation.
2.2 Experiment

2.2.1 Catalyst preparation

Fe/C catalyst was fabricated by hydrothermal synthesis. In brief, 5 g glucose
(CeH1206) and 6 g iron nitrate (Fe(NOs)3-9H20) were dispersed in the deionized water
solution. Subsequently, the solution was transformed into a 100 mL capacity Teflon-
lined stainless-steel autoclave. It was treated at 150 °C for 24 h to obtain Fe/C catalyst.
The detailed processes can also be found elsewhere [20]. The catalytic performance of
reference Fe/C catalyst has a lot of room for improvement, thus it is necessary to modify

Fe/C catalyst with suitable promoter. K* promoter from K>CO3 was selected to further
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regulate Fe/C. Typically, Fe/C is physically mixed with K.CO3 and then was granulated
20 to 40 mesh, marked as K-Fe/C. Thereinto, the loading of K amount equals 6 wt %.
Parent H-ZSM-5 zeolite (Si/Al,=24) was purchased from Tosoh corporation. Prior
to treatment, H-ZSM-5 was calcinated at 550 °C to remove adsorbed water molecules.
Afterwards, H-ZSM-5 (1.0g) without alkali solution treatment, was directly treated by
one of the nitrate solutions of K*, Na*, Cu?*, Mn?*, Mg?*, Ce**, La%*, or Cs* (100 mL,
0.2 mol/L) at 80 °C for 12 h. The filtered zeolites were washed several times with
deionized water, and then it was calcined at 550 °C for 5 h. Finally, the obtained
products were labelled as X-ZSM-5, in which X stands for the exchanged ion. To
further demonstrate the promotional effects, a secondary ion exchange strategy was
adopted. Specifically, X-ZSM-5 obtained above was treated with same steps by NH4*
solution again to obtain H-ZSM-5*. As for a composite catalyst, it was prepared by
simple physical mixing method. For each composite catalyst, Fe-based catalyst of 0.25¢g

(20-40 mesh) was mixed with zeolite of 0.75g (20-40 mesh).
2.2.2 Catalyst characterization

The N2 physisorption was performed on a NOVA 2200e surface area & pore size
analyzer. Prior to texts, the samples were degassed at 200 °C under vacuum conditions
for 6 h.

The X-ray diffraction (XRD) spectra were performed on an X-ray diffractometer
(Rigaku RINT 2400 X-ray diffractometer) with Cu-Ka radiation (40 kV and 40 mA).

Transmission electron microscopes (TEM) were conducted using a HITACHI H-
7650 microscope at an accelerating voltage of 120.0 kV.

X-ray photoelectron spectroscopy (XPS) analysis was conducted on a Thermo
Fisher Scientific ESCALAB 250Xi multifunctional X-ray photoelectron spectroscopy
instrument.

The acidic properties (NH3-TPD) of the as-prepared catalysts were measured by
using a BELCAT-II-T-SP characterization apparatus. A certain amount of sample (ca.

50 mg) was first reduced at 400 °C in Hz gas flow (30 mL/min) for 2 h. After reduction,
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the temperature of the solid was decreased to 50 °C in He gas flow (30 mL/min). 10
vol % NHa/Ar gas mixture was then introduced into the reactor for 1 h. Then He was
introduced into the reactor to remove gas phase NHs. The NH3-TPD trace was recorded

from 50 to 900 °C with a heating rate of 10 °C /min.
2.2.3 Catalyst activity evaluation

CO: hydrogenation process was evaluated in a fixed-bed reactor with an inner
diameter of 6 mm. As-prepared composite catalyst of 1.0 g was in situ reduced at 400 °C
for 10 h using pure H> flow (40 mL/min, atmospheric pressure). When the temperature
dropped to 320 °C, the reactant gas mixture CO2/H2/Ar (27.10 v%, H2: 67.58 v%, Ar:
5.32 v%) was fed into the reactor. At the same time, the pressure rose to 2.0 MPa. CO>
conversion and CO selectivity were analyzed by an online gas chromatograph (GC)
using a thermal conductivity detector (TCD, GC Science 320). The light hydrocarbons
were analyzed by an online GC with a flame ionization detector (FID, GC Science
390B). N-octane (Cs) as solvent was equipped to capture the heavy hydrocarbons in the
effluents, and the products were analyzed by an off-line GC using an FID. CO- conv.,

Sco and C; sel. were calculated by the same methods with chapter 1.

2.3 Results

2.3.1 Chemical state of K-Fe/C catalyst

Generally, the phase composition of iron-based catalyst plays critical roles for
catalyzing CO2 hydrogenation. Thus, to reveal the nature of reaction process, K-Fe/C
catalyst was studied in detail. As shown in Fig. 2.1, spent K-Fe/C contained nanosized
Fe species with an average size of 25 nm. As depicted in high resolution transmission
electron microscopy (HR-TEM), two kinds of iron species were detected namely Fe3O4
and FesC,. Fe30s, as a highly active phase for RWGS reaction [9], promotes the CO>
molecules into CO intermediates. The existence of FesC> as crucial active phase makes
the chain propagation to form hydrocarbons [9, 20]. Meanwhile, the rate-limiting step

of CO2 hydrogenation over a Fe-based catalyst is the chain growth. In addition, chain
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growth, to some extent, can pull the RWGS reaction. On the contrary, a high content of
Fe304 species is not conducive to CO2 conversion and high hydrocarbon selectivity.
Thus, a moderately high ratio of FesC» to FesOs helps to increase the selectivity of Cs.
productivity. X-ray photoelectron spectroscopy (XPS) was also applied to investigate
the phase composition. As previously reported, the binding energies located at around
711.4, 710.3, and 708.5 eV in the Fe2p spectrum are corresponding to Fe''', Fe'!, and
Fe-C [20]. Clearly, with the introduction of reaction gas, Fe-C bonds are formed, which
are of importance for C-C coupling. Besides, X-ray diffraction (XRD) measurements
of as-prepared and spent catalyst are depicted in Fig. 2.1c. As for the as-prepared
catalyst, the main phase is humboldtine (FeC.04-2H>0 species, JCPDS 23-0293),
which is similar to our previous report [34, 35]. After reaction, humboldtine precursor
is converted into two main iron species (Fe3Os and FesC>), which is according to the
results of HR-TEM. K promoter is not detected owing to the low content or well
dispersion. The utilization of K promoter generally promotes carbide formation for
improving chain propagation ability. Meanwhile, the existence of K promoter also
suppresses secondary hydrogenation of primary olefins [20], which is beneficial for the

formation of alkenes.
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Fig. 2.1. (a) HR-TEM images and (b) Fe2p XPS spectra of spent K-Fe/C; (c) XRD
patterns of as-prepared and spent K-Fe/C.
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2.3.2 Tunable surface acid properties of ZSM-5 catalyst
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Fig. 2.2. BET and pore size distribution of parent H-ZSM-5, K-ZSM-5, H-ZSM-5*.

Table 2.1. Textural properties of zeolites with different treatments.

ABETa Aextb Amicrob VmesoC Vmicrod
Sample

(m?/g) (m?/g) (m?/g) (cm®(g) (cm®/g)
H-ZSM-5 15 292 0.02 0.16
K-ZSM-5 12 264 0.02 0.15
H-ZSM-5* 23 299 0.08 0.17

4 Surface area evaluated BET method.

b Surface area evaluated by the t-pot method.

¢ Mesopore volume evaluated by the BJH method.

d Micropore volume evaluated by the HK method
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Fig. 2.3. XRD patterns of parent H-ZSM-5, K-ZSM-5, H-ZSM-5*,

The surface acid properties of ZSM-5 zeolite are crucial factors for regulating
catalytic performance. Thus, the N2 adsorption/desorption isotherms of zeolites after
various ion treatments were first measured at 77K. According to Fig. 2.2 and Table 2.1,
the surface area as well as pore structure of zeolite with various ion treatments changed
slightly, indicating that the density change of acid sites on zeolite surface was only
related to the acid content. XRD patterns also indicated that different zeolites presented
a benign crystal structure (Fig. 2.3). And on this basis, NH3-TPD profiles for H-ZSM-
5, K-ZSM-5, and H-ZSM-5* zeolites were depicted in Fig. 2.4. As seen, there were two
distinct desorption peaks of NHs, one of which desorption peaks of NH3 at temperature

higher than 300 °C could be corresponded to the strong interaction between NHs
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molecules and acid sites, and another one at temperature lower 300 °C could be
attributed to the weak interaction or/and physical NHz adsorption [36-38]. Visibly,
different ion exchange strategies significantly changed the acid content of zeolite. As
for a typical H-ZSM-5 zeolite, two distinct desorption peaks existed. However, for
ZSM-5 zeolite with K*-ion exchange, characteristic desorption peak at temperature
higher than 300 °C almost disappeared, indicating that no strong acid sites existed in
K-ZSM-5. When K-ZSM-5 was treated by NH4" to recover H-type ZSM-5, the
desorption peak after 300 °C appeared again, indicating that the ion type was closely

related to the surface acidity.

H-ZSM-5
S
L) K-ZSM-5
=
5
,
Q
=
H-ZSM-5*
100 200 300 400 500 600 700

Temperature (°C)

Fig. 2.4. NHs-TPD profiles of as-prepared H-ZSM-5, K-ZSM-5, and H-ZSM-5* zeolite.
H-ZSM-5* represents the H-type ZSM-5 obtained by the first exchange of K* and then

the exchange of NH4* again.
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Fig. 2.5. NHs-TPD profiles of different zeolites with varied ion-exchange strategies.

Table 2.2. The ratio of weak acid to strong acid determined by NHs-TPD results.

Catalysts The ratio of weak acid to strong acid
H-ZSM-5 1.1
K-ZSM-5 >100.0
Na-ZSM-5 4.2
Mg-ZSM-5 1.3
Mn-ZSM-5 1.2
Cu-ZSM-5 1.2
Cs-ZSM-5 1.1
La-ZSM-5 1.3

Ce-ZSM-5 1.1
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In order to further reveal the effects of direct metal ion exchange strategy on the
surface acid properties of ZSM-5, different metal ions (La®**, Na*, Cu?*, Mn?*, Mg?*,
Ce®', and Cs*) were adopted. As drawn in Fig. 2.5, the surface acidity of ZSM-5
changed obviously after different ion exchange treatments. In terms of Na'-ion
exchange treatment, the strong surface acid of ZSM-5 (above 300 °C) was decreased,
but not as significantly as that of K-ZSM-5. By contrary, the desorption peak intensities
of ZSM-5 zeolite treated by Cs*-ion solution decreased obviously in addition to
exhibiting the same acidic desorption range. Similarly, unlike the other catalysts, the
crystal diffraction intensity of Cs-ZSM-5 is also reduced (Fig. 2.6). Meanwhile, the
ratios of weak acid to strong acid of ZSM-5 were summarized in Table 2.2. As
compared, strong acid can be visibly eliminated with the treatment of K* or Na* ion,
especially K*. On the rest of the metal ions, the ratio between the strong and weak acids
did not change significantly. Obviously, the acid content of ZSM-5 can be well

regulated by different ion-exchange strategies.

e - Na-ZSM-5
Mg-ZSM-5

i
.k
‘I l.# - . Mn-ZSM-5
i
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W Cs-ZSM-5
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Fig. 2.6 XRD patterns of different zeolites with varied ion-exchange treatments.

Intensity (a.u.)
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2.3.3 Impacts of surface acid microenvironment of ZSM-5 catalyst

Catalytic performance is presented in Fig. 2.7. As seen, K-Fe/C catalyst exhibited
a typical ASF distribution, in which CHa selectivity was 15.3%, C,-C4 selectivity was
43.9%, and Cs. selectivity was 40.7% at CO> conversion of 35.6% (Table 2.3 and
Figure 2.8). Meanwhile, main products were olefins, indicating that K modified Fe/C
catalyst exhibited a benign selectivity for olefins formation. In particular, CO>
molecules were catalyzed into CO intermediates over FesOs active sites, followed by
carbon chain propagation over FesC; active sites. Compared to the results from K-Fe/C,
reaction products were evidently influenced with the utilization of H-ZSM-5 (acid sites),
especially olefins selectivity. Except that the selectivity of CH4 (11.1%) was decreased,
C2-C4 products were changed from olefins (37.9 % for C,™-C47) to saturated
hydrocarbons (47.9 % for C2°-C.%). In addition, C2+ olefins approaching 70.0%
selectivity were converted into aromatics and saturated hydrocarbons (Figure 2.7 and
2.8). Thereinto, the hydrocarbon products in gasoline-range were mainly isomeric
hydrocarbons and aromatic hydrocarbons. By contrast, hydrocarbon products
distribution was further shifted toward heavy hydrocarbons from light alkanes (C3-Ca
products) on K-Fe/C+K-ZSM-5 (Fig. 2.7a). The results revealed that K*-ion exchange
for ZSM-5 was beneficial for the formation of liquid hydrocarbons, approaching 70.1%
from the original 39.9% (K-Fe/C+K-ZSM-5 vs. K-Fe/C+H-ZSM-5). According to
hydrocarbon products distribution, it could be found that light hydrocarbons selectivity
(Cs-C4) was suppressed and heavy hydrocarbons (Cs.) increased obviously (Fig. 2.7a,
K-Fe/C+H-ZSM-5). To further verify the promotional effects driven by K'-ion
exchange, sequential exchange strategy (H-type ZSM-5—K-type ZSM-5—H-type
ZSM-5) was used to obtain H-ZSM-5* zeolite. As expected, the catalytic behavior on
K-Fe/C+H-ZSM-5* deteriorated obviously, and its reaction performance was close to
that of the original composite catalyst (K-Fe/C+H-ZSM-5). Apparently, different ion-
exchange strategies could significantly affect the selectivity of catalytic products by
regulating surface acid properties of ZSM-5. On the contrary, CO> conversion and CO

selectivity rely on K-Fe/C catalyst rather than zeolites regardless of ion exchange. To
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further explore the impacts of ion exchange, various cations were adopted to adjust
catalytic performance (Fig. 2.7b). As illustrated, the catalyst with Na*-ion exchange
exhibited a similar performance to the catalyst with K*-ion exchange modification. Css+
selectivity was around at 52% over a catalyst in which the zeolite was treated by one

from Mg, Mn, Cu, or Ce ion, which was a little higher than that of K-Fe/C+La-ZSM-5.

s
%\Xre:1’5\“,.,.,.,.,.,,,,.,',','
ol 0O 10 20 30 40 50 60 70 80 90 100
«°

Fig. 2.7. (a) Catalytic performance of different catalysts (K-Fe/C; K-Fe/C+H-ZSM-5;
K-Fe/C+K-ZSM-5; K-Fe/C+H-ZSM-5*, H-ZSM-5* stands for K-ZSM-5 treated by
NH4* ion-exchange again); (b) Hydrocarbon selectivity over different bifunctional
catalysts with various ion-exchange strategies. Reaction conditions: mass ratio of K-
Fe/C to zeolite = 1/3, 2.0 MPa, 320 °C, 1200 mLgh? (4800 mLgh? for K-Fe/C),

H,/CO; = 2.5. C2-C4° means paraffins, and C2-C4~ means olefins.

52



Chapter 2

—
Q
~
N
V
—
(o)
~
N
V

[ | Aromatics
B 1so-Paraffins

[ ] Olefins
B Paraffins

24 ] I |so-Paraffins
[ ] Olefins
B Paraffins

N
—
N N
- N

-
oo

Hydrocarbon sel. (%)
> © B o ® -
Hydrocarbon sel. (%)
333

RN
(&)
=5
(&)

o W o O
o W o ©

b 2 46 8 10121161820 0 2 4 6 8101214161820
Carbon number Carbon number

27 (
[ Aromatics [ ] Aromatics
B 1so-Paraffins B 1so-Paraffins
[ ] Olefins

[ ] Olefins
B Paraffins B Paraffins

(C

~
Q.

~
N
\l

N
EaN
N
S

- = N
g 00 -
- = N
g 0 -

Hydrocarbon sel. (%)
N

Hydrocarbon sel. (%)
N

o W o O
o W o

0246 8101214161820 0246 8101214161820
Carbon number Carbon number

Fig. 2.8. Detailed hydrocarbons distribution over bifunctional catalysts with different
ion-exchange strategies for zeolites. (a) K-Fe/C, (b) K-Fe/C+H-ZSM-5, (c) K-Fe/C+K-
ZSM-5, (d) K-Fe/C+H-ZSM-5*, Reaction conditions: mass ratio of K-Fe/C to zeolite
=1/3, 2.0 MPa, 320 °C, 1200 mLg™*h* (4800 mLg*h for K-Fe/C), H2/CO; = 2.5.
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Table 2.3. Catalytic performance of CO2 hydrogenation over different composite

catalysts. 2
CO, Conv. CO Sel. Hydrocarbons (%) Olefins
Catalysts .

(%) (%) CHas Ca4 Cs.  Sel. (%)
K-Fe/C 35.6 20.9 15.3 43.9 40.8 70.0
K-Fe/C-H-ZSM-5 37.2 18.1 11.1 49.0 39.9 1.3
K-Fe/C-K-ZSM-5 345 18.8 11.0 18.9 70.1 3.5
K-Fe/C-H-ZSM-5* 33.7 18.3 12.1 38.0 49.9 04

4 Reaction conditions: mass ratio of K-Fe/C to zeolite = 1/3, 2.0 MPa, 320 °C, 1200
mLg*h? (4800 mLg?*h? for K-Fe/C), H/CO, = 2.5.

b Olefins Sel. (%) represents olefins selectivity in whole hydrocarbons.

With the utilization of H-ZSM-5 zeolite, the reaction products were mainly light
saturated hydrocarbons (Cs-C4) and heavy aromatic hydrocarbons (Cs-C12). Different
from K-Fe/C+H-ZSM-5 composite catalyst, Cs-Cs4 hydrocarbon selectivity was
decreased evidently while the selectivity of gasoline (Cs-Ci12) was increased
dramatically over a K-Fe/C+K-ZSM-5 composite catalyst. Combined with Fig. 2.4 and
Fig. 2.7a, it could be easily concluded that the catalytic performance was obviously
affected by the acid types of zeolite. With the utilization of H-ZSM-5, alkene
intermediates underwent oligomerization, isomerization and aromatization at strong
acid sites and weak acid sites, and mainly by the over-cracking reaction process to
produce Cs3-Cs saturated hydrocarbons. When the K-ZSM-5 was used, alkene
intermediates could also undergo oligomerization, isomerization and aromatization
reaction at weak acid sites. Mainly isomerization and aromatization reaction occurred
rather than over-cracking reaction process. It was obvious that the presence of strong
surface acid sites significantly inhibited the formation of high carbon products in this

composite catalytic system. Similarly, the selectivity of liquid hydrocarbons was
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improved due to the apparent weakening of surface strong acids by Na*-ion exchange.
Although the exchange of other metal ions could change the surface acidity, the relative
content of acid-base sites was not changed significantly, thus the catalytic performance
was not significantly improved. It was worth noting that because Cs*-ion exchange
significantly reduced the surface acid sites, the olefin intermediates still existed
obviously, which indicated that the surface acid sites were the key active sites for the
secondary reaction of olefin to liquid fuels. These findings confirmed that the selectivity
of liquid hydrocarbon products from CO2 hydrogenation could be well regulated by

simply tuning zeolite acid types.

2.3.4 Impacts of contact manner and catalytic stability

120 .
3 HlcH, [Cc,c’ llcc Ilc,
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Fig. 2.9 Effects of contacting manner on catalytic performance. Reaction conditions:

mass ratio of K-Fe/C to zeolite = 1/3, 2.0 MPa, 320 °C, 1200 mLg*h, Ho/CO, = 2.5.
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Previously, the contacting manner of different active sites in composite catalysts
has been reported to exert obvious influence on catalytic activity [9, 11]. Based on this
consideration, the contacting manner between F-T catalyst and ZSM-5 catalyst was
studied, as shown in Fig. 2.9. When K-Fe/C catalyst and K-ZSM-5 were integrated by
powder mixing, the closest proximity between different active sites turned out to be
detrimental, exhibiting a low Cs+ selectivity. This phenomenon might be attributed to
that the acidic sites poisoned the alkali K promoter on the K-Fe/C catalyst. By contrary,
for a composite catalyst integrated by granule mixing, the distance between active sites
was enlarged, and the alkene intermediates formed on K-Fe/C underwent isomerization,
aromatization, and oligomerization, presenting a rather high liquid hydrocarbons
selectivity (70.1%). With regard to dual-bed configuration, the distance got rather larger,
and the catalytic performance was similar to that of a composite catalyst integrated by
granule-mixing. These findings indicate that the appropriate distance between different

active sites was a crucial role to achieve excellent performance.
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Fig. 2.10 Catalytic stability of K-Fe/C+K-ZSM-5 catalyst. Reaction conditions: mass

o

ratio of K-Fe/C to zeolite = 1/3, 2.0 MPa, 320 °C, 1200 mLgh?, H,/CO, = 2.5.
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Catalytic stability of the composite catalyst with granule-mixing was investigated
and depicted in Fig. 2.10. As seen, the catalyst was able to exhibit a good stability
during the initial 40 h. Liquid hydrocarbons selectivity maintained at 70%, and CO;
conversion as well as un-desired CO byproduct almost kept unchanged. As the reaction
time increased from 40 to 50 h, the selectivity of liquid hydrocarbons was decreased
slightly, while a high selectivity was still maintained. It indicated that the composite
catalyst comprising of K-Fe/C and K-ZSM-5 is a promising catalyst for efficiently
catalyzing CO> hydrogenation to liquid fuels.

2.3.5 Mechanism analysis on the effect of surface acid properties to catalytic
performance

Modified FTS process for CO, hydrogenation to liquid hydrocarbons

grasessasanes Acid properﬁes

AR . L/ghf saturated
: co ARonas | X hydrocarbons
9 ’ @ o ' : Strong :

L L LL L LI

v

.............................

Fig. 2.11 Reaction scheme for CO2 hydrogenation process regulated by surface acid

properties.

The effect of surface acid properties on catalytic performance was depicted in Fig.
2.11. CO; feedstock molecules first undergo a conventional F-T synthesis process on
the K-Fe/C catalyst to form alkenes (FesOs sites for RWGS, followed by FesC, for
chain propagation) [39]. The generated alkenes initiate secondary reactions over an acid
site of ZSM-5, such as oligomerization, isomerization and aromatization [9, 40, 41].
However, the presence of strong acidity of zeolites is able to cause the over-cracking

of hydrocarbon products, leading to high selectivity of undesirable light saturated
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hydrocarbons (C»-4) [38, 42]. Correspondingly, with the utilization of K*-ion exchange
strategy, the surface strong acid sites are eliminated, which promote the formation of
liquid fuels. By contrary, for parent ZSM-5 without any modification, the strong acid
sites result in the formation of light saturated hydrocarbons. Thus, facilely regulating
surface acid properties of ZSM-5 via a simple ion exchange is a promising means for

improving CO» hydrogenation performance.
2.4 Conclusion

CO2 molecules are converted to CO through RWGS reaction over iron oxides, and
then abundant primary alkenes are synthesized by the means of FTS process over iron
carbide species. The formed alkenes initiate secondary reactions such as isomerization,
oligomerization hydrogenation and aromatization reaction over acid sites of ZSM-5,
which can be well regulated by ion exchange. The existence of strong acid sites
promotes the formation of light products while the existence of weak acid sites
facilitates the production of heavy gasoline product. More importantly, alkali K or Na
ions, especially K* ions, are effective in reducing surface strong acids, boosting up Cs+
hydrocarbon selectivity. These findings provide new insights for the liquid fuels
production from CO hydrogenation over composite catalysts by facilely regulating

surface acid properties of zeolite.
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Summary

Against the backdrop of the global warming and ocean acidification, carbon
neutrality becomes the common goal of all mankind. Being an integral part for
achieving global carbon neutrality, the reutilization of CO, recently attracts much
attention. Among various techniques, catalytic hydrogenating CO> into carbon neutral
liquid fuels via a modified CO,-FTS route is a promising and powerful way to reduce
the consumption of fossil fuels and simultaneously solve the environmental problems.
In this route, Fe-based catalysts, which are regarded as conventional FTS catalysts, have
been extensively used. Unfortunately, pure Fe catalyst generally exhibits low CO-
conversion and high selectivity of undesirable products. Therefore, many efforts have
been focused on optimizing preparation method and composition of the catalysts, as
well as reaction conditions, for clarifying the relationship between excellent catalytic
performances and reaction mechanisms. As discussed in the current thesis, various
promoters, including K, Mn, Ti and acidic zeolites, have been incorporated into Fe
catalyst for breaking the limitation of ASF model and improving the yield of Cs.
hydrocarbons.

In chapter 1, multi-promoters were incorporated into Fe catalyst by co-
precipitation method and impregnation method. After the addition of K, competitive
adsorption of Hz and CO was enhanced, resulting in that less H> could participate in
the reaction, which is beneficial to the chain growth of hydrocarbons. Besides, more
Fe2* and oxygen vacancies formed, leading to the excellent activity of RWGS reaction.
Therefore, the Ka/Fe catalyst showed high selectivities of CO and Cs+. As for Mn
modified catalysts, the formation of iron carbides (active sites for FTS) was promoted
by the interaction between Mn and Fe, resulting in the rapid consumption of CO (low
CO selectivity). With the addition of Ti, CO2 adsorption ability and pore structure of
catalysts were promoted, leading to the high CO2 conversion and Cs.: selectivity. In
order to further regulate the relationship between RWGS and FTS, the contents of each

promoter were regulated. The results showed that addition of excessive promoter led to
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the suppression of Fe oxidation-reduction (K) and the decreased of total active metal
content (Mn and Ti). As a result, the well-matching catalysis between RWGS and FTS
was achieved over the Kas/FesoMnioTizo catalyst with an excellent stability for 50 h.

After regulating the reaction conditions, an ultra-high yield of Cs:+ hydrocarbons
(1282.7 g, kg h') was achieved.

In chapter 2, modified ZSM-5 zeolites were employed to regulate the
hydrocarbons distribution of a traditional K-Fe/C catalyst. The physical-chemical
properties of K-Fe/C catalyst were firstly studied by various characterizations and
found that the active sites for both RWGS (Fez04) and FTS (FesC>) reactions could be
converted from FeC204-2H20 during CO. hydrogenation. Then, different metal ions
(K*, La**, Na', Cu?, Mn?", Mg?, Ce*, and Cs") were adopted to tune the
microenvironment properties of H-ZSM-5 by ion-exchange strategy. Obviously, the
pore structure and crystal structure were changed slightly. Differently, the surface acid
properties of ZSM-5 were successfully regulated by different ion-exchange strategies,
especially K-ZSM-5. Strong acid was visibly eliminated with the treatment of K*. Due
to the weakened strong acids, alkene intermediates mainly underwent oligomerization,
isomerization and aromatization (K-ZSM-5) rather than over-cracking reaction process
(H-ZSM-5), resulting in the high selectivity of Cs+ hydrocarbons. As for other ion-
exchanged ZSM-5 zeolites, various catalytic performances were found, indicating that
the selectivity of Cs+ hydrocarbons could be well regulated by simply tuning zeolite
acid types. In addition, the contacting manner between FTS catalyst (K-Fe/C) and
zeolite catalyst (K-ZSM-5) was studied. When the composite catalyst was integrated
by granule mixing, the suitable distance between active sites promoted the formation
of Cs+ hydrocarbons, presenting a high Cs. selectivity of 70.1 % and a well stability of
50 h.

These findings provide new insights in the modification measure of catalysts for
the carbon neutral liquid fuel production from CO> hydrogenation, including regulating
the relationship between RWGS and FTS reaction, and tuning the surface acidity of

catalysts. Meanwhile, these work pushes the process of global carbon neutrality forward.
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