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Abstract

Abstract

Novel bifunctional Fischer-Tropsch (FT) catalyst®rev developed for the selective
production of gasoline-range 4€C;;) hydrocarbons from syngas. These catalysts are
constituted by ruthenium or cobalt nanoparticled emesoporous zeolites. Our results reveal
that heavier hydrocarbons form on metal nanopesdjcl while hydrocarbon
hydrocracking/isomerization occurs on the Brgnsted sites of the catalysts. The zeolite
mesoporosity contributes to suppressing formatibrighter (G—-C,) hydrocarbons. The
selectivity of G—Cj;1 hydrocarbons could reach 65-70% with a high rafiesoparaffins to
n-paraffins, markedly higher than the maximum vdl#5%) expected from the theory.

The pore size effects, the effect of support chalmsomposition and sodium addition
effect on the performance of iron catalysts in higinperature FT synthesis were also
investigated in this thesis. It was found that éairgjon oxide crystallites in large pore silicas
were much easier to transform to iron carbides #maaller FgO3 crystallites in smaller pore
supports. Higher FT reaction rates, better olediedivities were observed over iron catalysts
supported by large pore silicas with higher coneitn of iron carbide active phase. Iron
catalysts supported on carbon nanotubes (CNT) atidated carbon showed very high
activity in FT synthesis. This phenomenon was laited to the formation of stable
nanocomposites of iron carbide and magnetite. Tteraction of Na with the catalysts
strongly depends on the amount of added Na anddiyplee support. The strong interaction

of Fe and Na promoter leads to higher olefin saligt

Keywords: Fischer-Tropsch synthesis; bifunctional, mesopordaite; pore size effect; Na
promoter; support effect; gasoline-range hydrocasbtower olefin
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Résumé

Résumé

Des catalyseurs Fischer-Tropsch bifonctionnelsébétmis en ceuvre pour la production
sélective d’hydrocarbures s€C;; a partir du gaz de synthése. Ces catalyseurs t@nt €
constitués de nanoparticules métalliques de rutinérou de cobalt, ainsi que déoifithes
mésoporeuses. Nos résultats démontrent que laesgnthhydrocarbures lourds implique des
nanoparticules métalliques, tandis que les réastidthydrocraquage/isomérisation se
produisent sur les sites acides Bronsted de cedysatirs. La mésoporosité des zéolithes
contribue de facon trés importante a la supprestgoia formation d’hydrocarbures légers. La
sélectivité en hydrocarbures-C;; atteint 65-70% avec un rapport iso-paraffines/rafimes
tres élevé, beaucoup plus important que celui ppadila théorie (~45%).

Les effets de la taille des pores, de la compasitiimique du support et de I'ajout de
sodium sur les performances des catalyseurs adeafee pour la synthese Fischer-Tropsch a
haute température ont été aussi étudiés dansticeéste. Nous avons découvert que les grosses
cristallites d’'oxyde de fer situées dans les ptaeges de silice sont beaucoup plus faciles a
transformer en nanoparticules de carbure de felagupetits cristallites F©; dans les pores
étroits du support. Des vitesses de réaction Fisbtopsch plus importantes, de meilleures
sélectivités en oléfines ont été observées swdtgyseurs a base de fer, a pores plus larges,
supportés par les silices. Des catalyseurs a lmafer dupportés par des nanotubes de carbone
et du charbon actif ont présenté des activitéséi@gees dans la réaction Fischer-Tropsch. Ce
phénomene a été attribué a la formation de nanoasiteg stables de carbure de fer et de
magnétite. Linteraction entre le sodium et le betaur dépend fortement du taux du
promoteur et du type de support catalytique. Uneraction forte entre le fer et le sodium
dans les catalyseurs promus nous a permis d’obtisrsélectivités plus importantes en

oléfines.
Mots-Clefs: syntheése Fischer-Tropsch; catalyseurs bifonctianregolithe mesoporeux; effet

de la taille de pores; promoteur sodium; effet dpp®rt; hydrocarbures de coupe essence;

oléfines légers
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Preface

Preface

Fischer-Tropsch (FT) synthesis is a key reactiorthie utilization of non-petroleum
carbon resources, such as coal, nature gas, shaleamd biomass, for the sustainable
production of clean liquid fuels and other valuablemicals from synthesis gas (syngas, a
mixture of H and CO). The primary product of FT reaction followthe
Anderson—-Schulz—Flory (ASF) distribution becausé¢hef polymerization mechanism, which
restricts the selectivity of desired products. &wldy control is always one of the hot topics
in this area. In this thesis, the story unfoldsoadmg to two plotlines: (1) design of
bifunctional catalysts which integrated CO hydragien metals and acidic zeolites, with the
target to transform syngas into gasoline fractiothvhigh selectivity; (2) the effects of
support, support pore size and Na promoter in teghperature Fischer-Tropsch synthesis
over iron catalysts.

To transform syngas into gasoline-range hydrocabweith high selectivity, catalytic
behaviors of mesoporous beta zeolite supportedaRalysts were investigated in Chapter 3.
Compared with conventional oxide-supported cata)yRiu/H-meso-beta exhibited a 67.2%
selectivity of G.11 hydrocarbons with mainly isoparaffins, which waaam higher than that
of maximum 45% predicted from ASF distribution. Bsged acid sites provided by beta
zeolite were supposed to be the active sites fackong and isomerization of long-chain
hydrocarbons. Bifunctional catalysts consisting R nanoparticles and Brgnsted acids
showed high activity in both CO hydrogenation amthexadecane hydrocracking. The
introduction of mesopores could significantly suggs the Ciland G4 selectivity.

Furthermore, in Chapter 4 we focus on Co/meso-4zeaktalyst which has potential
industrial applications. Over oxide-supported Cdalyats, the product distribution of
Fischer-Tropsch reaction was wide and unseleclile. employment of H-form zeolites as
the support decreased the selectivity tg,Cydrocarbons and increased those t0,,C
isoparaffins. A 50.7% selectivity ofsG; fraction was obtained over Co/H-ZSM-5(18) catalyst
By desilication method through NaOH treatment, a@eseof mesoporous ZSM-5 with
different mesoporous structure were prepared. Qopeticles with an average particle size
of 8 - 10 nm are integrated into the mesoporous ZSNimilar to the Ru/H-meso-Beta
catalyst, with the introduction of the mesoporousicure, Co/H-meso-ZSM-5 catalyst

significantly reduced the selectivity of light hgaiarbons and increased thg;Cselectivity
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in Fischer-Tropsch reaction. Over Co/H-meso-ZSM&M catalyst which was pretreated
with NaOH solution of 0.5 M concentration.G selectivity could reach as high as 70.1%
with Ciso/C, ratio of 2.3. By careful characterizations, we @aded that a sufficient amount
of Brgnsted acid sites was necessary for hydroargand isomerization. The introduction of
mesopores could effectively inhibit excessive chnagkso as to decrease the Gelectivity
and increase 5, selectivity in the final product of FT reaction.

Chapter 5 addresses the effect of support pors size¢he structure and performance of
iron catalysts supported by mesoporous silicasgh temperature Fischer-Tropsch synthesis.
A combination of characterization techniques shotinad the size of supported iron particles
was controlled by silica pore sizes. The largen iparticles were localized in large pore
supports. Iron carbidization with carbon monoxidsuited in preferential formation of Hagg
iron carbide f-FesC,). The extent of iron carbidization was stronglfeafed by silica pore
diameters. Larger iron oxide crystallites in lapme supports were much easier to carbidize
than smaller iron oxide counterparts in small pguwpports. Higher Fischer-Tropsch reaction
rates, higher olefin andsCselectivity were observed over iron catalysts suigal by large
pore catalysts with higher concentration of irorbade active phase.

Chapter 6 and chapter 7 studied the effect of supgoed sodium addition in the
supported iron catalysts for FT synthesis in higmgerature. Iron phase composition and
dispersion in both calcined and activated catalygtse strongly affected by the support.
Hematite was the major iron phase in calcined asilsupported catalysts, while carbon
supported counterparts contain magnetite. Ironlysatasupported on carbon nanotubes and
activated carbon showed highest activity in Fis€frepsch, which could be attributed to the
formation of composites of iron carbide and reslidoagnetite. The interaction of Na with the
catalysts strongly depends on the amount of addedrd type of the support. In the case of
alumina, the effect of Na over catalytic properiesveak due to the strong interaction with
support. Over silica and CMK-3 iron oxide interagtgh Na with formation of inactive
mixed oxides but with partial suppression of hydnmoation activity and high olefin/paraffin
ratio over rest carbide. The strong interactiorCofT with Fe results in formation of stable
carbide but with strong effect of Na which resuittghe high contribution of olefins for short
and long chain hydrocarbons. Excessive Na additimuld result in a decline in CO

conversion.
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Chapter 1. Literature Review

Chapter 1. Literature Review

1.1 General Introduction

Energy is the most important fundamental elementshtiman development and even
survival [1]. The category of energy is broad, sumh fossil energy, nuclear, wind,
hydroenergy and solar. In a variety of fossil egeal is the most important industrial raw
materials and primary energy, especially as thecsoof liquid fuels [2]. Although new
energy is developing fast, the world-wide demandlifuid fuels is stilling increasing [3].
The need for liquid fuels will never completely gavay and liquid fuels are very difficult to
substitute [4]. BP Global predicts that liquid fsielemand will increase by 19 Mb/d, and total
consumption will increase to 109 Mb/d (Figure 1i¥x12035 [5]. The increment mainly comes
from China, India and the Middle East. Howevenedoent years, high oil prices, the depletion
of oil reserves, concerns about energy securitiereeenvironmental situation have prompted
scientists to develop other resources such as bmahass, natural gas to replace petroleum
resources [6-8].

Mb/d Mb/d
120 25 .
uIndia
m Middle East
190 ‘ mOhies 2.0 w China
20 m Middle East
) 1.5
60 = India
- m China 1.0
40 AN '
/ = US
0.5
0 0.0 e
19656 2000 20356 2010- 2015- 2015- 2025- 2030-

2015 2020 2025 2030 2035
Figure 1-1 Worldwide liquid fuel demand by region and fiveay increments.[5]

Similar to liquid fuels, lower olefins are also yefiundamental chemicals, which are
primarily used for production of plastics, fibemdrugs [9, 10]. In the past decade, the
production of light olefins has been growing rapidiith an increase of 4-5% every year and
in 2010 the global yield reached 210 million todd][ Up to now, the traditional way to

produce them is thermal or catalytic cracking af@eum fractions [12, 13]. For the coming

9
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petroleum depletion, new alternative routes areerative to produce light olefins from other

carbon resources such as coal, biomass or natsdldg, 15].

1.2 Liquid Fuel and Lower Olefins Produced via FischerTropsch synthesis

Most liquid fuels in widespread use are derivedmfréossil fuels. Some common
properties of liquid fuels are that they are easyransport and store, excellent combustion
performance, easy to use for all engineering agptins and home use [16]. There are
numerous ways to produce liquid fuel from non-pewon carbon resources, such as
direct/indirect coal to liquid (CTL), gas to liquithethanol and dimethyl ether (GTL) [17-20].
Most of these ways need to transform carbon-commgimaterials into syngas (a mixture of
H, and CO) as platform molecules. Many of above-nometil processes have proven
technology, demonstration projects or small-scabelppction, and can be commercialized on a
large scale. Recently, developing biomass-basetiadedf preparing liquid fuels was also
supposed to be highly importance [21-24].

The famous methanol-to-olefins process (MTO) hanlkeveloped and commercialized
in China recently [25]. The methanol resource iis throcess comes from coal by CTL
technology. Actually the lower olefins could be ®wsized directly from syngas (FTO
process), and this route has been considered fog than 50 years [15]. However, the olefin
selectivity cannot meet the requirements of indaistation. Many efforts have been devoted

to improve this process to replace the conventipetrbleum route [15, 26-28].

1.2.1 Brief introduction of Fischer-Tropsch synthesis

In 1922, German scientists Franz Fischer and Haops€h firstly discovered that at
high temperature and pressure (673 K, >100 baphatic oxygenated hydrocarbons can be
synthesized over alkaline iron catalyst. This pssc@as then called synthol process. In 1923,
they found that when using Fe/ZnO and Celizrcatalysts, long-chain hydrocarbons are the
main products of CO hydrogenation. In 1926, Framzcher and Hans Tropsch firstly
published articles about the preparation of hydtomas from synthesis gas (syngas, a
mixture of B and CO), then, this reaction became known as tkeh&r-Tropsch (FT)
synthesis reaction [29, 30].

FT synthesis is an important process which carstoam natural gas, coal, biomass and
other carbon resources into liquid fuels, lowerfinke and other chemicals [31]. Compared

with petroleum resources, there are more reserfvesab and methane. Base on consumption
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of the fossil energy in 2012, BP Global predictedttthe reserve of petroleum could last for
52.9 years, while for natural gas and coal are 86109 years respectively [32]. Biomass is
a source of renewable energy that can be convertediquid fuels [23]. As the reactant of
FT reaction, syngas can be abundantly produced tbégms reforming of methane and
gasification of coal, biomass. Besides gasoline diedel which can be directly used, the
long-chain waxes in FT products are available thhohighly selective hydrocracking into
gasoline, kerosene, diesel, and lubricant [33addition, the FT products are free of sulphur,
nitrogen, aromatic compounds and other toxic swiost typically found in petroleum
products, which is especially true for FT diesethwa very high cetane number [34, 35].
According to the different sources of raw materi#th® above processes are known as CTL
(Coal-To-Liquids), GTL (Gas-To-Liquids) and BTL @nass-To-Liquids) [24], and CTL and

GTL process has been already industrialized [36].

1.2.2 World-wide development of FT synthesis

With a history of 90 years, commercial interestd egsearch effort about FT synthesis
fluctuates with oil prices and political conflici87]. During World War IlI, due to cutting of
oil supply, Germany synthesized a large amountawisportation fuel from country's vast coal
resources. A few decades later, South Africa iracestignificant research and construction
projects in the FT process during its 1970s-198Dsmbargo. Besides, the world-wide oil
crisis has prompted scientists to develop new t@olges to synthesize transportation fuels,
lower olefins and chemicals, including FT synthg&8]. Figure 1-2 shows the variation
tendency of academic papers about FT synthesighenthternational crude oil prices from
2002 to 2013. It is clear that oil price is risiygpr by year, except a slump in 2008 because of
international financial crisis, and now maintainsaeound 100 $/barrel. During this period of
time, the passion of academic research about Fihaesis also increases persistently, and
academic papers increased from 140 in 2002 torb2P13.

In the past decade, some countries such as ChohahanU.S. with large reserves of
natural and shale gas or coal are taking the leath® research and development of direct
processes for the production of-Clower olefins to ensure a reliable supply of thbstk

chemicals and to achieve independence from oil nsga5].
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Figure 1-2 Number of papers related to "Fischer-Tropschinfiyeb of Science VS annual oil

price from US Energy Information Administration.

Figure 1-3 shows world-wide FT plants in operatmmunder construction in 2012.
Distribution of FT plants show a strong regionahcter, often located on coal-rich or
natural gas-rich country or region such as the Midithst, China, South Africa, and Malaysia.
In addition, some developed countries such as thieetl States, Japan, and ltaly are also
developing FT technology and built up projects ateeain scale [38]. South Africa has the
mature and applicable FT technology. In 1955, ¢@eled synthetic oil plant (Sasol-I) using
precipitated iron catalyst reached a capacity 0008®pd. 1980 and 1982, Sasol has
successively built Sasol-Il and Sasol-1ll coal-lthsgnthetic oil plants using high temperature
fluidized bed technology. After nearly 60 yearsdefzelopment, now Sasol can produce 170
000 bpd of liquid fuels and other chemicals throtggcher Tropsch technology, occupying
more than 40% domestic market share of liquid f{@&. With the development of coal and
natural gas, more FT factories are built or planmed 993, Shell started running its FT plant
to produce hydrocarbons fuels from natural gas maysia. The technology is based on
cobalt-based catalyst and fixed bed reactor wittaacity of 12 500 bpd. The 34 000 bpd
Oryx GTL plant based on the Sasol Slurry Phaseillaist (SPD) process started to produce
mainly diesel fuel and naphtha as a byproduct aaiGGa 2006. In addition, BP Global and
Exxon Mobil also kept concerns about FT proces# Ipilbt plants. It can be said that FT
technology has finally come to the stage of fuldsc industry and worldwide
commercialization [29]. The Fischer-Tropsch manufang capacity has now reached 400
000 bpd [24].
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Figure 1-3 Worldwide FT plants in operation or under constinn. (From Total, 2012)

1.3 Mechanism of FT reaction and remaining challenges

1.3.1 Mechanism and characteristics of FT reaction

The first stage of FT synthesis is CO adsorptioth iermation of a surface bound “C1
monomer”. This monomer then undergoes polymerigadiothe surface to form long chain
hydrocarbons [40-42]. The kinetics of the polymatisn are controlled by a balance of C1
addition (propagation) versus chain termination ].[4Bigure 1-4 shows a transient
visualization of CO hydrogenation and chain growthcess, including Hdissociation, CO
dissociation, methane generationCHyeneration and so on.

FT synthesis is a heterogeneous process whichsterai many elementary reactions.
Table 1-1 shows the main reactions. Depending areince of the catalyst and operating
conditions, the probability of each reaction idafiént [44, 45]. The product of FT synthesis
is also complicated, including light hydrocarbonses paraffinic waxes, olefins, and
oxygenates. [3]. Some FT catalyst has high reagtof the water-gas-shift reaction (WGS)
which can adjust MCO ratio, but lead to C{formation [46]. Boudouard reaction will form
carbon deposits on the surface of the catalyst whiay deactivate the catalysts. During
activation and reaction process, active metals mgay through oxidation, reduction,
carbidization process [29]. The olefins could belregenated into paraffins. Olefins and

paraffins are widely supposed to be primary proslo€t=T synthesis.
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€O dissociation

Figure 1-4. Scheme for hydrogenation of CO on transition hettalyst, download from
website of Institute for Complex Molecular SysteiBsdhoven University of Technology

(green: transition metal atoms, black: carbon ateuah, oxygen atom, white: hydrogen atom).

Table 1-1 Major Overall Reactions in the Fischer—TropschtBgsis [44].

Main reactions

1. Paraffin (& + 1)H, + nCO — CyHzp+2 + NH0O
2. Olefin AH; + nCO — CyHzn + NH20

3. WGS reaction CO+4# — CO+H;
Sidereactions

4. Alcohols 2H; + nCO — CHzn+ 0 + (- 1)H,O

5. Catalyst oxidation/reduction  (a), + yH, < yH,O +xM
(b) MOy +yCO == yCO, +xM
(€) My+ yH,O == yH, + M,Oy

6. Bulk carbide formation yC +xM — M,C,

7. Boudouard reaction 2CoO C+CQO

Specific mechanism of FT synthesis is very complexarly stage, a dozen mechanisms
and models of FT reaction based on different catadystems have beed proposed [47, 48],
four of them are widely accepted: carbide mechanisiydroxycarbene intermediate
mechanism, CO insertion mechanism and multiplespatéchanism. All of these mechanisms
have evidence to support them, but contradictotg édso exist for all of them [47]. Four

classical mechanisms are briefly summarized indabl. No matter what kind of mechanism
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assumed, there are always six elementary readeps £37]:

(1) Adsorption of reactant

(2) Chain initiation

(3) Chain growth

(4) Chain termination

(5) Product desorption

(6) Readsorption and further reaction

In most cases, steps 2 through 4 are accuratetyided by the Anderson-Schulz-Flory
(ASF) kinetics model [49]. This model assumes fHBS is an ideal aggregation reaction in
which there is one single growth probability factorUsing equation can be represented as
Mn = (1 - ) «"% Mn is the mole fractions of hydrocarbons withcarbon numbers. In
conventional FT process, C-C chain growth is affidcby ASF distribution with wide
distribution of hydrocarbon productsfCgg). The selectivity of desired products is restudcte
by ASF distribution, such as maximum selectivity@f;; gasoline-range is 45%, fori£o
diesel-range is 26% and forErange is 55%. How to break the ASF product digtrdn,
and selectively synthesize hydrocarbon productkimwé specific range of carbon carbons, is

one of the hot topics and frontier researches isyfthesis [31, 50-52].

1.3.2 Catalysts for FT synthesis

The most common FT catalysts are group VIII metalgh as Co, Ru, Ni and Fe (or
their carbides and nitrides) [44, 53]. And theisjions in the periodic table of the elements
are showed in Figure 1-5. Vannice compared thesitr activity and selectivity of transition
metals supported oprAl,O3 at temperatures between 240-280 °C and at 1 Har If5was
found that that the activity for methanation followihe order of Ru>Fe>Ni>Co>Rh>Pd>Pt>Ir,
whereas the average molecular weight of the prodémtows the order of
Ru>Fe>Co>Rh>Ni>Ir>Pt>Pd. Figure 1-5 also lists tledative prices and FT activity of
various transition metals. Nickel catalyst is oftdrosen for methanation reaction due to its
stronger hydrogenation ability. Rh catalysts igahle for preparation of oxygenates. Cu, Ag
and Au could be used as promoters for FT catalyts.Co, and Ru are the most common
catalysts for FT synthesis [44], in which Ru iseoftused as a promoter or for fundamental
research due to its high price. Fe is economicaiisactive and highly abundant, favouring
the production of olefins and oxygenates. Altho@yhis more expensive than Fe, Co has a
good selectivity to paraffins, and low selectivity olefins and oxygen. Co is also more

resistant to deactivation [17, 45, 55].
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Figure 1-5. Relevant metals as catalysts for the Fischersogynthesis and their reduction

promoters.[53]

Currently there are two FT operating modes [46, B6yh temperature (300-35)
conditions using Fe catalyst is used for the pradoaf synthetic gasoline and lower olefins
(HTFT process). The low temperature (200-28) process using Fe catalysts or Co catalysts
is used for synthesis of heavier hydrocarbons, knas/LTFT process. Fe catalyst is available
for large-scale use for its low prices. Most ofniroatalysts are prepared by precipitation
method. The Fe catalysts modified by alkali metatehbeen used in industry for many years
[37]. Fe catalyst can not only produce paraffiniaexwin LTFT process, but also produce
gasoline, naphtha and light olefins in HTFT procésm catalyst is very active toward WGS
reaction in contrast to most cobalt-based and Redd T catalysts. Co catalysts produce
much methane at high temperatures, so it is jusd @ low temperature LTFT process with
better one-way conversion. It is generally accepitet metallic cobalt is the active phase for
FT reaction [57, 58]. Hence, smaller metallic cajlges should display a higher activity per
unit mass of catalytically active material [53]. Wiever, it was recently observed that the
intrinsic catalytic activity decreases with deciegsaverage crystallite size (<6 nm) of the
cobalt crystallites [59, 60]. SKAI,O3, TiO, and carbon materials are often used as supports
for Co catalyst, and cobalt nitrate and cobalt @&eetire the most common precursors for
preparation of FT catalysts [29]. A variety of praters such as Pt, Ru, Re and Zr, are usually
introduced to improve reduction degree and Co dsspe [61, 62].
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1.3.3 Challenge for catalysts for Fischer-Tropsch synthes

Liquid fuel is the main desired product of FT sydis [63]. Ideal catalysts for FT
synthesis should have good stability and high selgc towards liquid fuels [64]. As
mentioned in section 1.3.1, the chain growth ofpfd@ducts follows the ASF distribution with
a wide carbon number distribution i(gg), selectivity to gasoline-range or diesel-range
hydrocarbons is restricted. Improving the seletstiof hydrocarbons to desired fraction is one
of challenges in this field [31, 41]. The convenab FT process firstly converts syngas into
long-chain hydrocarbons, and then through hydrd@ngc and isomerization process,
paraffinic hydrocarbons are transformed into ligdrdction [35, 65, 66]. So one-step
transformation of syngas into liquid distillatesdt great industrial interest and promising
research topics, which can reduce the complexifyTofechnology [67, 68].

In order to secure their supply 0t-G olefins, many countries are motivated to develop
catalysts and processes for the production of theg®rtant commodity chemicals from
non-petroleum resource [15, 69, 70]. FT synthestwides a flexibile route to utilize the
no-petroleum resource, in spite of the FT syntheisdisplays lower ethylene and propylene
yield up to now. The design of effective iron-basedalysts for the selective production of
light olefins involves several factors [15]:

» The selection of a support that enables the foomatif the active phase and its

intimate contact with the chemical promoters.

» The adequate choice of promoters to increase tleetsgty to light olefins and
minimize methaneproduction.

» The use of preparation methods that allow obtainenghomogeneous spatial
distribution of iron-containing particles with naw size distribution in the optimum
size range.

» The selection of optimum process conditions to méze the catalyst life without

compromising product selectivity.

1.4 Selectivity Control

1.4.1 Some key factors affecting selectivity in FT reaabin

FT synthesis is very complex catalytic process.id&ss the model of reactors and
operating conditions, many factors affect the taldyg and catalytic activity of FT reaction

[51, 71-73]. These factors include the type of vactmetals, chemical status of metals,
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supports effect, use of promoters, size effectrorenvironment of active sites, and so on.

First, the distribution of products depends ondbgve metal. Co and Ru catalysts are
suitable for producing long-chain hydrocarbons walmost no oxygenates byproduct. Fe
catalyst with appropriate additives (mainly K, Gwdavin) can be used to synthesize gasoline
and naphtha at high temperatures, or long-chairrdowrdbons at lower temperatures. In
addition, the reaction products also contain carsidle amounts of lower olefins and
oxygenates [37, 45, 50, 53].

Second, the chemical state of active metals haspact on the catalytic activity and
product selectivity [47, 74-76]. With variance ypés of catalysts, preparation method and
reaction conditions, active metals for FT reactrmoay be in its oxidic state, metallic or
carbided state. For example, metallic cobalt appssed to be active phase for FT reaction
[29]. Optimum Co catalysts should have high colwalhcentration and site density for
producing G hydrocarbons [57]. Co catalyst with low reductidegree showed low CO
conversion and high Ctelectivity [29]. On the contrary, it is recentlgported that cobalt
oxide supported on Ticould contain active sites for FT synthesis [Dihg et al. [78, 79]
found that the generation of &b in Co/AC catalyst decreased the activity in Facten.
While Co/AC showed low selectivity towards hydrdmams and high C;g alcohols
selectivity (39%) with LgOs; promotion. The authors concluded that the synicgedfects
between metallic Co and € could promote the transformation of syngas imtotzols.

For iron catalysts, iron carbides are believed @cabtive phase for CO hydrogenation
[80-82]. However, even after many recent detailearacterization studies, the exact identity
of the active phase remains controversial [37].d®danet al. [83] studied the influence of the
intermediate iron species on the activity and gl in the FT synthesis (Figure 1-6). They
prepared two glassy carbon with low (22g1) and high (292 fig™) surface areas, denoted
as C(l.s) and C(h.s), respectively, to support feugh incipient wetness impregnation.
Before reduction with B only FeO, was found in these catalysts, but with differesitigle
size distributions. Only large K@, particles was found in Fe/C(l.s), while two tymés=e;0,
particles was found over Fe/C(h.s). All the;®g particles over Fe/C(l.s) were reduced to
a-Fe whereas Fe/C(h.s) catalyst showed lower resluadegree. After the FT reaction, all
a-Fe phases were carburized injeFe;C, on Fe/C(l.s) whereas the presence of the
intermediate reduction species of iron on Fe/C(hls)l to the formation of a
non-stoichiometric carbide (“O”carbide), less stalvhore active and more selective towards
olefins thany-FeC, carbide. The authors concluded that it is not eorent to reduce

completely the iron to metallic state, since thieages leads only to non-optimglFe;C,
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carbide during the FTS.
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Figure 1-6. Schematic representation of the different stefleviied by each solid to reach the

structure of the “working” catalyst at the steastate.[83]

Promoters play important roles in tuning the FTduat selectivity [84-86]. For example,
alkaline promoters are necessary for Fe catalystppress Cldselectivity and increasesC
selectivity [87, 88]. Fe catalysts with suitablentant of alkali metals can increase CO
conversion and olefins content in.£hydrocarbons [15]. It is stated that alkali metal

increases electron density of iron catalysts byrggnalonation into the conduction band of
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iron, thereby favours dissociation of the C-O bémdorm iron carbides and undesired carbon
deposits [86]. Iglesia et al. [87-89] found tha #ctivity of Fe and Fe-Zn catalysts increased
significantly by addition of K and Cu promoters, ialh facilitated the reduction and
carbidization of Fe catalysts. Torres Galvis e{@l.report that with promotion of sulfur plus
sodium, iron catalysts supported @l,O3 and carbon nanofibers showed 60% selectivity
towards G4 lower olefins (Figure 1-7). The addition of sodiwand sulfur promoters limits
the extent of the hydrogenation reaction, thus mgging the thermodynamically favored
methane formation [69]. In addition, high reactitemperature (340-35{C) is not favorable
for the chain growth, leading to a higher./{&electivity [15, 90]. Jiao et al. [91] using ddwsi
functional theory (DFT) method and experimentaldgtuevealed that potassium promoter
(K20) could stabilize the high-index and much morévadiacets such as Fe(211) and Fe(310)
to be the energetically favored facets. As thelgsttainder high pressure atmosphere may

undergo complex reconstruction [81], more studiesn@cessary in that field.
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Figure 1-7. C,.4 olefin selectivity of different catalysts promoteith Na and S.[69]

Supports are typically used to disperse reactivaalsie which also influence the
selectivity of FT product [9, 67, 92]. SiOAI,Os, and TiQ and other oxide materials with
high surface area are usually chosen as suppotte ¢fT catalyst [29, 58]. Ohtsuka et al. [93]
found that the mesoporous structure of Co/MCM-4i @o/SBA-15 is beneficial for the
generation of g.o0 hydrocarbons in FT synthesis. Osa et al. [94-3&duSiC as support for
Co catalysts, and found that the catalysts displageecellent catalytic stability, highsC
selectivity and high diesel-fraction selelctiviBesides oxide supports, carbon materials such
as activated carbon (AC), carbon nanotube (CNTharaspheres (CS), carbon nanofibers
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(CNF) and ordered mesoporous carbon have beenagsadbports for FT syntheisis [97, 98].
Qiao et al. [99] synthesized highly dispersed ioxide nanoparticles embedded in carbon
spheres (Fe@C spheres, Figure 1-8) by a hydrotheromgdrolysis—carbonization process
afforded a catalyst with a high fraction of ironrlmdes after reduction and a high-C;»
selectivity. Recently carbon materials have até@cattention as novel supports for FT
synthesis. Sun et al. [100, 101] reported that @talgsts supported on nitrogen-doped
mesoporous carbon material (NMC) displayed highmecsic activity than its analogue
without nitrogen-doping. The nitrogen-doping faeiled the reduction of Co species. Hu et al.
[27] prepared nitrogen-doped carbon nanotubes (NCA&$Tsupport for iron catalyst. The
nitrogen-doping is beneficial for anchoring Fe spe@nd increasing support basicity, thus
enhancing the CO adsorption and inhibiting the sdaoy hydrogenation in FT reactions. The

selectivity of G_4 olefins can reach as high as 46.7%.
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Figure 1-8 TEM images of ground F®,@C spheres at different magnifications and FTS
performance after reaction for 70 h.

The size of active phase is also a key factor emp#rformance of FT catalyst. Iglesia et
al. [57, 75, 102] summarized the studies about iZe affect using Sig) Al,O; and TiQ as
supports. It was found that in the range of 9-20@inCo size, the CO turnover frequency
(TOF) was independent with Co size. Due to strongraction between the support and small
Co nanoparticles which is hard to reduce, the @e sffect in the smaller range is difficult to
acquire. Bezemer et al. [59, 60] chose carbon rilaersf (CNF) as support which was weakly
interacted with Co nanoparticles, and studied tbesi2e effect in the range of 2.6-27 nm
(Figure 1-9a). It was found that the TOF first m&sed with increasing Co size from 2.6 nm
up to about 8 nm, and then remained almost unclaawgh further increases in Co size. The

Cs' selectivity first increased with the Co particigesfrom 2.6 to around 8 nm, and then
21
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remained unchanged or increased slightly. Torrdsgi$at al. [82] also studied the effect of
iron carbide size in the range of 2-7 nm in FT kgsts (Figure 1-9b). It was found that at 20
bar the TORc and TORu4 (corresponding to the CO converted into hydrocasband Chj)
decreased with the iron carbide size increasingn ffonm to 7 nm, while the TQE did not
change in this range. Kang et al. [103] reporteddffect of Ru size on FT catalytic behavior
of the RU/CNT catalysts, which exhibited highy.Go selectivity. Under reaction conditions of
T=533 K, P=20 bar and#0O=1, CO conversions over the Ru/CNT catalysth wiean Ru
sizes of 2.3-10 nm changed only slightly in thegerof 25-35%, whereas the product
selectivity varied significantly. On changing theam size of Ru particles from 2.3 to 10.2 nm,
both the G and the Gy.oo selectivities passed through maxima, and the aptirRu size was
7-8 nm. Carballo et al. [104] also found that FT8hwRu-based catalysts is a highly
structure-sensitive reaction when Ru<10 nm. In tihisge, the CO TOF increases as the

particle size increases, reaching a constant Jalueu particles larger than 10 nm.
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Figure 1-9. (a) The influence of cobalt particle size onTi@&F and G selectivity [59, 105].
Reaction conditions: T=483 K, P=35 bap/€G0=2. (b) Apparent turnover frequencies (TOF) as
a function of iron carbide size (TOS =1 h). TRand TOk:. correspond to the CO
conversion to hydrocarbons and conversiongoh@drocarbons, respectively [82]. Reaction
conditions: T= 613 K, P=20 bariCO=1.

Besides, the microenvironments of active phase leageeat impact on activity and
selectivity of FT catalysts [31, 70, 80, 106]. Tastcal. [107] reported that compared with Co
nanoparticles located outside the molecular sithe,Co nanoparticles confined in faujasite
super cage show the high'Gelectivity. Bao et al. [80] compared the perfonee of iron
catalysts inside the CNT and outside the CNT withilar FeO; size (Fe-out-CNT and
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Fe-in-CNT). It was found that the f&&; particles inside the CNT are easier to reducesThu
Fe-in-CNT showed higher CO conversion angd €electivity. In situ XRD study shows that
during the reaction Fe-in-CNT catalyst containgghkr percentage of iron carbide. Generally,

iron carbide is supposed to active sites for FTitsssis [37].

1.4.2 Non-ASF product distributions by secondary reactios

Most of the studies about FT synthesis focus omeaming the € selectivity. To
improve the selectivity of middle distillate in Fdyntheisis requires new strategies [108].
Product distribution of FT synthesis is restricted the mechanism of polymerization,
hydrocarbon products is unselective. However, iteigorted that the distribution of FTS
product often deviates from ASF distribution [LO8pvak et al. [73] and Kuipers et al. [109]
considered that the secondary reactions were t@somneof product distribution deviations,
such asa-olefin reinsertion, hydrogenation, hydrogenolysisd cracking reaction. The
selectivity of FT products could be tuned therefoyehese secondary reactions. Bhelefin
reinsertion reaction can increase the selectivitylomg-chain hydrocarbons [110, 111].
Hydrogenolysis reaction led to rising the seletyivof middle distillate product[112]. The
hydrogenation reaction can terminate the chain tiroeaction oin-alkanes [113]. Cracking
reaction (from acid sites) will convert the longagh hydrocarbons into short-chain

hydrocarbons [41].
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Figure 1-1Q Fits to the total product yield of 50 nm Co paes on a flat Si@Qwafer, the black

full line was added from ref[113].
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Based on Co/Si© catalyst, Kuipers [109] confirmed that the convemal CO
hydrogenation catalysts could couple the functibmemsertion, hydrogenolysis, reinsertion
& hydrogenolysis for tuning the selectivity of Fynshesis (Figure 1-10). Experimental
results showed that the reinsertion reaction dsekdhe selectivity of hydrocarbons with
around 15 carbon numbers and increased thé $lectivity. Gs hydrocarbons can be
transformed into G.i6 fraction and Chll by hydrogenolysis reaction, and the selectivity of
other G; hydrocarbons did not change. Lafyatis and Folé#]lised theoretical calculations
based on diffusivity matrice and hydrogenolysisctmfirm that the €1, selectivity of FT

product can reach as high as 80%, however, it wasxperimentally confirmed.

CO+H, o
e ® Cs-Cy4
- =
Co or Ru Acid sites
nanoparticle

Secondary reactions W@c?/r i
CO hydrogenation  (isomerization & cracking) GO@-{V C10-Coo
Figure 1-11 Schematic illustration of the strategy for usangifunctional catalytic system with

CO hydrogenation and hydrocarbon hydrocracking/estaation functions.

The current commerial FT technology uses two-stag¢hod: CO hydrogenation for
long-chain hydrocarbons and hydrocracking by aeitlgsts [66, 112]. Bifunctional catalyst
which integrates CO hydrogenation metal and sadid aould be used for FT reactions to
realize the direct conversion of syngas intg{@asoline paroducts (Figure 1-11) [67, 115]. It
was comfirmed that such catalysts had highiGelectivity about 50% in FT synthesis [50,
67, 108, 116], which is slightly higher than thexinaum 45% predicited by ASF distribution.
Kang et al. [103] prepared Ru catalysts supportedNTs with mild acidity, it was found
that the pretreatment of CNTs with concentrated BINCcrucial for obtaining higher 1620
selectivity. The NHB-TPD studies suggested that pretreatment with cdreted HNQ led to
the generation of acid sites on the CNT surfacdse @cidities may correspond to the
oxygen-containing functional groups generated an dtrfaces of CNTs after pretreatment
with HNOs. The G;* selectivity of Ru/CNTs was lower, thus the authgpsculated that the
mild acidity may enhance the hydrocracking ef'Gydrocarbons.

Fujimoto and Tsubaki's group [52, 68, 115, 117-1@&hducted a systematic research of

bifunctional FT catalysts which combined acid malac sieves with CO hydrogenation
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metal for producing gasoline-range hydrocarbon® ddmbination modes are divided into 3
categories (Figure 1-12): using a dual-bed reactmnfiguration with an acidic zeolite
downstream from a conventional FT catalyst (Figdrd2a); using a hybrid catalyst
containing both components (Figure 1-12b), so syr@a be directly transformed inte.&
hydrocarbons with good selectivity owing to theatgtic function of acidic zeolite in the
hydrocracking/isomerization reactions. To furthecrease the efficiency of the tandem
reactions, Tsubaki and coworker successfully desiga kind of core-shell-structured
bifunctional catalyst (Figure 1-12c). ConventioRal catalysts such as Coi8l; and Co/SiQ
were used as core. Acidic molecular sieves sudi-bsta and H-ZSM-5 were coated on the
outer layer of conventional FT catalysts. This kioidhybrid catalysts showed promising
performances for the conversion of syngas intodsaffins. The selelctivity towardssG
selective can reach as high as 60%-65% with masdparaffins. However, the catalyst
showed high CHselectivity. Methane is an undesired product ofskifithesis. For example,
the Co/AbOs;@H-beta catalyst displayed a 15% selectivity to,C322]. This may be due to
strong acidity of molecular sieve and mass tramsébion limitation of long micropores in

zeolite.

(a) Syngas (b)  Syngas (c) Syngas

Zeolite %m¢§

membrane

FTS catalyst

Co catalyst
{Co/SiO, or

Co/AlLO,)

Zealite+ FTS catalyst

Zeolite

!

Cs-Cyy C-Cyy Cs-Chy

Figure 1-12 Representative bifunctional FT catalytic syste(ayDual-bed reactor
configuration, (b) hybrid catalyst, (c) core—shstilictured catalyst.[31]

1.4.3 Introduction of hydrocracking catalysts

Solid acid catalysis involves the largest amountscatalysts used and the largest

economical effort in the oil refining and chemiaadiustry [126]. Solid acid catalyst is very
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effective for cracking and isomerization reactioAsidic molecular sieves are known as
typical solid acid catalysts [127]. Hydrocrackingactions are normally operated in the
temperature range of 623-713 K using solid acidalgats. At such temperatures,
incorporation of a (de)hydrogenation function i@ acidic catalyst is the key to enhance
catalyst activity and stability. Conventionallyetfde)hydrogenation function is introduced by
a metal, supported on the solid acid catalyst @4b2) [127]. Integration of different metals
and acidic supports could regulate the hydrocrackactivity., Amorphous AlOs-SiO,
composite was the most extensive used crackindysatia early stage, then replaced by
zeolite [128]. Besides the metals in Table 1-2,F@and Ru of active FT metals also possess
the ability of hydrogenation [129].

Table 1-2 Various (de)hydrogenation and acid functionsyafrbcracking catalysts.[127]

Hydrogenation function Acidic function (support)

Increasing Ni/Mo Al O,
Hydrogenation Ni/W Al,Oy/halogen Increasing
Power Pt/Pd Si0,/Al, 054 Acidity
v , v
Zeolites

Low-S conditions

Hydrocracking and hydroisomerization reactions hawailar reaction intermediates.
The catalysts all consist of acidic component ardk)i{ydrogenation component.
Hydrocracking process is often accompanied with msgzation reaction [130].
Hydrocracking reaction follows the carbocation natbm. The reaction steps of
hydrocracking oh-alkane are shown in Figure 1-13:

(a) Dehydrogenation of absonmptalkane on active metals;

(b) Desorption ofi-alkene, then, diffuse to the acidic sites;

(c) Then-alkene converts into carbocation on a protonid;aci

(d) Isomerization of carbocation into stable bratthtructure;

(e) B-scission of branched carbocation irgo-olefin and new smaller carbocation;

() New carbocation losts one proton and becomesnol

(g) Hydrogenation oblefins or olefin diffusion to protonic acid sitésr successive

hydrocracking.
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Figure 1-13 Hydrocracking reaction mechanism for a represmet&aydrocarbon.[131]

1.4.4 Application of novel mesoporous zeolites in catalis

The elementary building units of zeolites are Si&hd AIQ, tetrahedra. Adjacent
tetrahedra are linked at their corners via a commwygen atom, and this results in an
inorganic macromolecule with a structurally distiribree-dimensional framework [132].
Zeolite crystals with intricate micropores, stroagdity, and redox sites have been widely
used as heterogeneous catalysts in the petrocHeamdafine chemical industries [133].
Besides the number and strength of active sitezeolite, the mass transfer efficiency of
zeolite also strongly affects the catalytic perfanoe [126, 134-136]. In the case of catalytic
conversion of hydrocarbons by zeolites, when tke sif hydrocarbon molecular is close to
pore size of zeolite, the diffusion efficiency wduwdffect the catalytic reaction. The diffusion
of tightly fitting molecules into the micropores akolites, referred as “configurational
diffusion”, is often the rate-limiting step of atalzed reaction. While the pore size of
catalyst is larger than that of molecule, the diffity drops sharply to orders of the
Knudsen-diffusion and molecular-diffusion regimes.

The microporous structure of zeolites not only egek certain large molecules, such as
paraffinic hydrocarbons, from accessing the adites that are located within the micropores
of a zeolite, but they also impose significantulfbnal limitations to molecules that can only
tightly fit within the pores [137]. To address thtemplication, the class of mesoporous
zeolites (sometimes called hierarchical zeolitegs wieveloped, in which a secondary
network of mesopores is coupled to the intrinsicropores, aimed to reduce access and

diffusion limitations [138-143]. In addition, mowid sites are exposed to large molecules
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[144, 145]. Compared with mesoporous materials sashMCM-41 and SBA-15, the

mesoporous zeolites have better hydrothermal gtahiid more strong acid sites [138]. Most

of the papers about mesoporous zeolites focus @miparation methods, and few studies

have addressed application of mesoporous zeolitesatalysis. Recently, more and more

research groups and companies are conducting stadinesoporous zeolites [139, 146].

E) Molecular Knudsen
] ®° P o ] ®° @ . [ 0, o,
L ] L ] a “ (Y O
@ 99 e, 0 9@ 009 %9
- o 9 o @
: [ ]
? L ; O.; @ “ .. ) ’ " 5 [} =
L ] ] L]
o L K E. (kd mol")
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n
(2]
E 100
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1016 Molecular Knudsen
1 1 | |
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1000 100 10 1 04
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Figure 1-14 a) Schematic representation of the effect of gare on the diffusion of large (red)

and small (black) molecules, b) Effects of porentkter on molecular diffusivity) and of the

energy of activationHa) on diffusion.[126, 134]

Christensen et al. [147] summaries and categorthes catalytic studies utilizing

hierarchical zeolites that have been reported tigh@igure 1-15). Alkylation, isomerization

and cracking reactions follow the mechanism of ceation, and Brgnsted acid sites are

supposed to be the active sites. The introductionesopores is benificial for exposing more

acid sites which faciliates the diffusing of reagehus, mesoporous zeolites showed better

activity for these three reactions. Meanwhile, Wign&om improved mass transfer

performance, the content of carbon deposition dse®® and the stability of catalyst was

prolonged. Introduction of the mesoporous structoog only promotes the activity of

catalysts, but also increases the selectivityrgelamolecular products.
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Figure 1-15 Overview of the different reaction classes ararttain effect of mesoporous

zeolites, based on ref [147].

1.4.5 Preparation method of mesoporous zeolite

In the past decade, much progress has been make synthesis, characterization, and
application of mesoporous zeolites [137, 140, 188}1Generally, these methods can be
classified into two categories: “Top-Down” or pastathetic modification method
(destructive method) and “Bottom-Up” or primary #ygses method (constructive method),
which mostly involve the use of templates [137].pA20own method is based chemical
modification of zeolite, which is easy to operatel aeproduce. However, the crystallinity of
zeolite decreases to some extent due to struotlepse. The feature of Bottom-Up method is
the use of templates, from the raw materials tstrant mesoporous structure in zeolite. But
the template is expensive and difficult to synthesi

Desilication with alkaline solution is one of thgical Top-Down methods to generate
mesopores in zeolite. Ramirez et al. [138, 153] t®fhduct systematic studies about the
desilication process and mechanism. Aluminium ianfework positions directs the
preferential extraction of framework Si upon alkalitreatment of MFI zeolites, leading to
controlled mesopores formation [153]. The presefdeamework Al plays a key role in the
mechanism of mesopores formation in MFI zeoliteated with alkaline solution. The high
concentration of Al in the MFI zeolite frameworki/// <15) prevents Si from being extracted,

and thus limited mesopores formation is obtainedil®highly siliceous zeolites (Si/Ab0)
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show excessive and unselective Si dissolution,imggith creation of relatively large pores. A
framework Si/Al ratio of 25-50 (Figure 1-16) wastiopal for obtaining substantial mesopores

and generally preserved Al centers [155].

Al prevents Si
extraction

SiAl <15 Hanean i Limited
H mesopore
formation
® Aluminium
Silicon
: : Optimal Si/Al
: . range
SilAl ~ 25-50 ﬂ
H Mesopores in the
range 5-20 nm
Excessive Si
dissolution
SUAI > 200 MeOH,

Large meso-
and macropores

Figure 1-16 The influence of the Si/Al ratio on the desilicattreatment of MFI zeolites in

NaOH solution and the associated mechanism offpomgation.[155]

1.4.6 Application of mesoporous zeolite in FT synthesis

Although many progresses have been made in pregpar@soporous zeolites, few papers
concerned the application of mesoporous zeolitésTisynthesis. Pereira et al [156] reported
that the mesostructured beta zeolite-supporteditc(f®o) catalyst increased the FT activity,
and also showed a low selectivity to methane aadaWwest olefin/paraffin ratio. At the same
time, Wang et al. [157] has used mesoporous ZShHe&dted as meso-ZSM-5) prepared by a
simple alkaline treatment method, that is, treatthgSM-5 in aqueous solutions of NaOH
with appropriate concentrations, to fabricate bitional FT catalysts. Characterization by Ar
adsorption and TEM clarified that the mesoporousMZs prepared by this technique
contained both micropores with a size of about MB§ which is typical for ZSM-5, and
mesopores with sizes ranging from about 3 to 1ZFigure 1-17). The meso-ZSM-5 samples
with different sizes of mesopores have been utlizier FT synthesis. Ruthenium
nanoparticles were loaded onto meso-ZSM-5 with higuction degree. TEM studies
showed that the mean sizes of Ru nanoparticlehaeset samples were almost the same,

ranging from 6.5 to 7.2 nm.
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Figure 1-17. TEM micrographs of H-ZSM-5 pretreated by NaOHhndifferent concentrations:
(@) 0, (b) 0.1 M, (c) 0.3 M, (d) 0.5 M, (e) 1.0 i) 1.5 M.

Catalytic studies showed that the use of meso-ZSksfad of conventional H-ZSM-5
for the loading of Ru nanopatrticles significantgcdeased the selectivities to £ahd G-C,
and increased that to;&C;1 hydrocarbons (Figure 1-18). The selectivity alepehded on the
concentration of NaOH used for the preparation afsorZSM-5. At an appropriate
concentration of NaOH (1.0 M), the selectivity of-Ci; selectivity increased to about 80%,
which was markedly higher than that expected fromMASF distribution (maximum ~45%).
CO conversion also increased when meso-ZSM-5 wead iursstead of HZSM-5, probably
owing to enhanced mass transport. Tag'C, ratio was maintained at approximately 2.5-2.7
in Cs-C11 which means that the main products in tBedg; range are iso-paraffins.
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Figure 1-18 (a) Selectivity of Ru catalysts loaded on mesd4Zbprepared by treating
H-ZSM-5 with different concentrations of NaOH, (®P conversion an@is/C,. Reaction
conditions: catalyst 0.5 g,,HCO=1.0, temperature 533 K, pressure 20 bars, flotalrate 20
mLmin™, time on stream 12 h.
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Recently, Sartipi et al. [158-161] prepared sermdscobalt catalysts supported on
mesoporous zeolites to tune the @, hydrocarbons selectivity. It was found that the o§
meso-H-ZSM-5 to replace H-ZSM-5 as the supportdorparticles decreased the selectivity
to CH, and increased that to;&C;1 hydrocarbons, although the degrees of changes negre
so significant relative to those of Ru-based catalyThe selectivity to CHdecreased from
21% for Co/H-ZSM-5 to 18% for Co/meso-H-ZSM-5 arthtt to G—Cy; hydrocarbons
increased from 50 to 58% at the same time undefotlmving reaction conditionsf=513 K,
P=1.5 MPa, H/ICO=2. The selectivity improvement over the Co/mEisBSM-5 catalyst
could be attributed to enhanced diffusion of bathctants and products. However, these
catalysts displayed higher methane selectivity twimay be caused by direct hydrogenation
of CO by lower coordinated cobalt sites or hydramgsis.

1.4.7 Strategies for increasing lower olefins selectivityn FT synthesis

It is sometimes assumed that the olefins are thmeapy products of the synthesis, and
that the paraffins could be formed therefrom byssgient hydrogenation [113]. Bulk iron
catalysts are typically used for the olefin produrectvia FT synthesis [9]. It is well known that
addition of alkali to iron causes an increase ithitbea-alkene selectivity and the average
carbon number of produced hydrocarbons [86, 162].oider to shift the the product
selectivity to lower hydrocarbons, higher tempematand low pressure is efficient [15].
Promotional effects of alkali metals have been @&xld in terms of modification of the local
electron density of the active transition metald1664], and through blockage of sites [165].
However, the alkali promoters may enhance the W&&tion and the basicity of the
promoter appears to be the determining factorHerrate of catalyst deactivation and on the
secondary hydrogenation of ethane [88, 166]. THk lban catalysts are also mechanically
unstable when the reaction is performed at highptature. So supported iron catalyst are
believed to be more suitable for FTO process [9, B6rres Galvis et al. [9] used series of
supported iron catalysts for the production of lowkefins by FT synthesis. It was found that
the properties of supports and a trace of impwripiy a key role on the lower olefins
selectivity. The best catalyst has been achievedobybining the use of a weakly interactive
support (CNF andi-Al,O3) with the homogenous distribution of iron carbiuEnoparticles
modified with Na and S (Figure 1-19). The.fZelectivity could reach as high as 61%, which
is significantly higher than in other reports. Themarkable differences in the catalytic
performances of both Fe/CNF and &&1,0; compared to the other catalysts present an

excellent opportunity to investigate and compare #ttive phases of these catalysts to
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understand the contribution of the different ir@amlade species to CO conversion and product
selectivity [69].

g,abiﬁty

addition
\ \ N

Selectivity
Figure 1-19 Design strategy for the development of FTO catal{69]

1.5 The Objectives and Research Methods of this Thesis

1.5.1 From bifunctional Ru-based catalyst to Co-based catyst

Although ruthenium is expensive, it has the besviég and chain-growth ability in FT
reaction [45]. So ruthenium is suitable for fundamaé research [45, 125]. Cobalt catalysts
have similar chain-growth ability and activity inl Feaction, but much lower price than
ruthenium (Figure 1-5). World-demanded transpastatiuel is the main product of FT
synthsis [63]. To develop bifunctional Co-based alyests with high selectivity to
gasoline-range hydrocarbons is therefore promind=T plants. Compared with Fe-based
catalysts, the price of cobalt is relatively highBEnerefore utilization of active cobalt is the
primary issue considered in the design of the gsttaDe jong et al. [59, 167] indicated that
the maximum activity of cobalt catalysts can becheal, when the metal particle size is
regulated in the range of 6-8 nm with narrow dmttion. Cobalt nitrate is usually used as
precursor of Co catalysts. However, supported ¢abadles prepared from nitrates generally
display relatively large particle sizes [168], atetomposition cobalt precursors will result in
a strong metal-support interaction favoring therfation of the less reducible cobalt silicate
or cobalt aluminate [67, 74]. Designed of Co/mesolite catalyst with high activity and high
Cs.11 selectivity is challenging.
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1.5.2 Design of Co/meso-zeolite catalyst with high perfonance

In the early reports, cobalt species were simplgreggnated onto the surface of zeolites
with poor dispersion (Figure 1-20a). These catalpsbduced much CHn FT product, and
Cs.11 selectivity could reach about 50-60% [50, 169,]1T0®/zeolite catalysts with core-shell
structure (Figure 1-20b) improved the crackingog#incy. The G1; selectivity could be
further increased to 60-65%, but still with highesativity to lower hydrocarbons [68, 122,
123]. The membrane (thicknesspm scale) effect of the coating, however, resultsnass
transport resistances, lowering the productivitgidAsites on zeolites and CO hydrogenation
metals are not in intimate contact with each ofta&d]. In this thesis, we plan to use acidic
mesoporous zeolites as catalyst support to dispmrisalt nanoparticles (Figure 1-20c). By
overcoming the transportation limitations, we wodlkde to further increase the s&

selelctivity.

(a) . ~ (b) }

4 ;e ®
¢ ! &
» zcaa < &
4044 ¥ o i
44884 . + o
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tige

Micropore-supported Core-shell Mesopore-confined
Figure 1-20 Schematic representation of three bifuntionadlgats coupled with metal
nanoparticles and acid zeolites.

1.5.3 The effect of catalysts pore size and sodium promion

The pore size effect for supported cobalt catalystse well investigated by several
groups [172-175]. It was found that the dispersaod reduction degree of supported cobalt
species strongly depended on the pore size of sigppthus affecting the catalytic
performance of FT synthesis. However, most of thdiss about iron catalysts address bulk
systems, because of low iron cost. Even so, suggadn catalysts showed better mechanical
stability than bulk iron catalysts, especially iigth temperature [9]. Many porous materials
such as CNT, SBA-15y-Al, 03, MCM-41 and zeolites, were used as supports fon ir
catalysts [176-179]. To our knowledge, the effe€tsopport and its porosity on FT
performance of iron catalyst remains unclear inlitegature. In this thesis, we address the
effects of pore size on the structure of iron speend catalytic behavior in FT synthesis of
iron catalysts supported by mesoporous silicash Batriodic and commercial mesoporous
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silicas are used as catalytic supports.

Then, the effect of sodium addition over differéypies of supports with iron has been
studied. Different types of promoters have beerppsed in the literature to increase the
selectivity to olefins like sodium [180, 181], psstum [87], zinc [88], copper [88], vanadium
[182], and sulfur [90, 183]. Sodium has been fotmbtle one of the most effective promoters.
Addition of it leads to significant increase of thkefin to paraffin ratio, WGS activity and
decrease methane selectivity [180, 181, 184]. Tfexteof sodium is usually explained by
decrease of the strength of C-O bonds in the pecesen Na increasing the coverage of
dissociated CO on the surface [86, 90, 181, 186jvéver, these studies are mostly based on
bulk iron catalyst, and it is still not clear thae of support in the effect of promoter over iron
catalyst. In this thesis, we chose three typicaipsuts CNT, SiQandy-Al,Os; to load iron
catalysts with different amount of sodium. A kinflavdered mesoporous carbon (CMK-3)
with large surface area was also synthesized agosuipWe aim to have a deeper
understanding about effect of sodium addition odéferent supported iron catalysts,
especially how the sodium affect the activation dwébr, metal-support interaction and

product selectivity in FT synthesis.

1.6 Outline of the Thesis

This thesis consists of eight chapters as follows:

Chapter 1 summarizes the development of FT techyadmd FT catalysts. Analysis of
literature suggests that selectivity control of pfioduct is a promising and challenging
research field. Most of publications focus on dep@lg catalysts for improving £C
selectivity in FT synthesis. Construction of biftional FT catalysts may break ASF
distribution by secondary reactions. Very few stsdaddress the pore size effect on the
supported iron catalysts, and also the generatiocegs of active iron phase.

Chapter 2 introduces the methods of catalyst patjoar, catalytic evaluation and
characterization.

Chapter 3 focuses on design of mesoporous betédezeapported Ru catalysts fog.G
isoparaffin. Compared to ZSM-5, beta zeolite possedetter isomerization activity. This
study aims to enhance the secondary hydrocrackesagtion to further increase the
iso-paraffins content in the FT products.

Chapter 4 is based the results of Chapter 3. Thpmteffect for Co catalysts is firstly

investigated. Then, much effort has been made épgre uniform Co nanoparticles and
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mesoporous ZSM-5 with high density of Bronsted agide contribution of mesopores and
acid sites are discussed in details.

In chapter 5, we study the pore size effect of sujgpl iron catalysts. Series of ordered
mesoporous silica supports were synthesized, andtdmmercial silicas were also used. The
supported iron catalysts with pore diameters frorto 50 nm were characterized in this
chapter at different stages of their preparatiativation and reaction using a wide range of
techniques: BET, XRD, HTPR, in-situ magnetic measurements, Mossbauetrggeopy.

In chapter 6, we discuss the effect of support. tidshe previous papers have reported
characterization and catalytic data obtained withn icatalysts prepared using only one
support. This makes difficult a direct comparisibatween iron catalysts supported on
different materials. This chapter is aimed at &§arg this point. In this chapter, iron catalysts
for FT synthesis on carbon supports (active card@klK-3 and carbon nanotubes) at
different stages of preparation and activationcampared with silica supported counterparts
(amorphous silica and SBA-15).

In chapter 7, the sodium effect for iron catalystgpported on different supports is
investigated. Sodium is regarded as an effectivempter for iron catalysts used in FT
synthesis. However, most of papers studied the ibofkcatalysts, and the information about
sodium effect on different supported iron catalyistsvery limited. The sodium effect on
activation behavior and olefin selectivity is dissad in this chapter.

Chapter 8 gives general conclusion and draws petigps of this work.
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2.1 Catalyst preparation

2.1.1 Preparation of mesoporous beta zeolite

H-beta zeolite with a Si/Al ratio of 27 was purckddrom Nankai University Catalyst
Co. The meso-beta was prepared by treating thet&l-being NaOH aqueous solutions
(Figure 2-1). Typically, H-beta powders (4.0 g) eadded into NaOH aqueous solutions (100
mL) with different concentrations in a range of ®@7 mol dri (M). Then, the suspension
was heated to 343 K and stirred for 1 h. After edalown to room temperature, the solid was
recovered by filtration, followed by washing thoghly with deionized water. The recovered
solid sample was dried at 373 K for 8 h and cattimeair at 573 K for 3 h. The sample thus
obtained is denoted as meso-betd; wherex is the concentration of NaOH. Our inductively
coupled plasma mass spectrometry (ICP-MS) analgsiggested that Naions were
exchanged into the cationic sites in the meso-bEtas, the meso-betd samples were
further exchanged into their NHforms by adding the meso-betst powders into Ni#NO;
aqueous solution (1.0 M). After the ion-exchange,golid product was obtained by filtration,
followed by washing, drying and calcination at 823for 6 h. The obtained sample was
denoted as H-meso-beth}, wherex is the concentration of NaOH used for H-beta zeoli

treatment.

[
v
‘-J'
NaOH solution
Microporous zeolite Mesoporous zeolite

Figure 2-1 Diagram of introduction of mesopores into thenmporous zeolite by desilication

2.1.2 Preparation of mesoporous ZSM-5 zeolite

ZSM-5 was synthesized by the hydrothermal methadraing to a recipe reported by
Ryoo and co-workers [1]. Typically, 2.0 g sodiunurainate, 28.0 g tetrapropylammonium
bromide (TPABr) and 8.0 g NaOH were first dissolvedl350 g HO, and the mixture was

43

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015

Ph.D Thesis of USTL and XMU

stirred vigorously for 2 h. Then, 85.7 g tetraetinifiosilicate (TEOS) was added into the
mixture. After being stirred for another 2 h at méemperature, the obtained homogeneous
mixture was transferred into a Teflon tube, whichswplaced in a stainless-steel autoclave.
The hydrothermal synthesis was carried out at 448itk a rotation speed of 50 rpm for 3
days. The solid product was obtained by centrifiogatfollowed by washing with deionized
water and drying at 373 K in air. The powdery sampas calcined at 823 K in air for 6 h to
obtain Na-ZSM-5.

The mesoporous ZSM-5 was prepared by treating 8r&3M-5 using NaOH aqueous
solutions with different concentrations (desilicatitreatment). Typically, 4.0 g Na-ZSM-5
powder was added into 40 mL NaOH aqueous solutibasferent concentrations in a range
of 0.1-1.2 mol drif (M), the suspension was then heated to 343 K imddsat 343 K for 1 h.
After being cooled to room temperature, the solaswecovered by filtration, followed by
washing thoroughly with deionized water. The recedesolid sample was further dried at
393 K for 12 h. The Na-type samples were exchamggedtheir H-type forms by the typical
ion-exchange method using a 1.0 mol HMH,NO;s aqueous solution. The exchanging
procedure may be performed for several times tr #ite H-exchange degree. The obtained
sample was thoroughly washed, followed by calcoratn air at 823 K for 6 h. The ZSM-5
samples with different Hexchange degrees were prepared by a similar iohagxe

technique.

2.1.3 Preparation of silica supports with different porediameters

Five periodic mesoporous silicas and two commersititas were used as catalytic
supports. The silicas are labeled ag $iherex indicates the average silica pore size in nm.
The pore sizes in mesoporous silicas are displaydable 1. The Si2.8 sample (MCM-41
type) was synthesized using a procedure report&eirj2]. Synthesis of this material started
with  mixing 1 g of 28% NHRHOH solution and 21 g of 25% solution of
cetyltrimethylammonium chloride (CTMACI). Then 5¢Btetramethylammonium hydroxide
pentahydrate (TMAOH), 5.6 g of fumed silica and41d.of deionized water were added to
the solution. The mixture was stirred for 30 mimen, kept at 353 K for 48 h. The resulting
gel was filtered and washed with water and ethahtoé final product was dried at 353 K for
24 h and then carefully calcined in flowing nitrog®r 5 hours at 773 K and in flowing air
823 K with a ramp 1 K mih

The Si5.2, Si7.2, Si7.7 and Si9.2 samples (SBAypg)t with different pore sizes were
prepared using triblock copolymer P123 ¢gRID;,0EO,, Mn ca. 5800, Aldrich, 43546-5) as a
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soft template. The pore sizes of these silicas wemed by tuning the hydrothermal
temperature, concentration of HCl and additionwélsng agent [2-4]. For the synthesis of
Si5.2, Si7.2 and Si7.7 silicas, firstly 6 g of P1&®olymer was dispersed in 45 g of water
and 180 g of 2 M HCI under stirring at 313 K. Afimsmplete dissolving P123, 12.75 g of
tetraethylorthosilicate (TEOS) were added to thieiten. The mixture was kept at 313 K
under stirring for 24 h to obtain a uniform solutioThe solution was transferred into a
hermetically closed polypropylene flask and kepamoven for 48 h at 323 K (Si5.2), 353 K
(Si7.2) and 373 K (Si7.7) respectively. The gel washed with distilled water, dried at 353
K for 24 h, and subsequently calcined with a flolvar at 823 K for 6 h. The rate of
temperature ramping was 1 K rifinTo synthesize Si9.2 silica, dimethylformamide (B
was used as swelling agent. Firstly, 90 g of DMBY & of water, and 180 g of 4 M HCI were
mixed in a glass flask under stirring. Then 12 gRdf23 was dispersed in the resulting
solution under stirring at 313 K. After completssblving of P123, 24 g of TEOS were added.
The mixture was kept at 313 K under stirring for2#b obtain a uniform solution. Then the
solution was transferred into a hermetically clopetypropylene flask and kept in an oven at
373 K for 48 h. The gel was washed, dried and gattusing the same procedure as for other
SBA-15 type silicas. Sil7.5 and Si50 samples wdlgdr pores were commercial silicas:
CARIACT Q-10 and Aerosil 200.

2.1.4 Preparation of carbon supports

The synthesis of CMK-3 (Figure 2-2) was carried actording to Ref. [5]. Briefly, 5 g
of SBA-15 was added to a solution obtained by d@sg 6.25 g of sucrose and 0.7 g of
H.SO, in 25 g of HO. The mixture was transferred to a drying ovenddr at 373 K, and
followed by increasing the oven temperature to K38r 6 h. After dissolving additional 4 g
of sucrose, 0.45 g of 30, and 25 g of HO, the mixture was treated again at 373 K and 433
K using the same drying oven. The carbonization egmspleted by pyrolysis with heating to
typically 1173 K under Bflow. The obtained carbon-silica composite washeastwice with
1 M NaOH solution (solid-to-liquid ratio 1:100) 868 K to remove the silica template. The
template-free carbon material was filtered, washétd deionized water and dried at 393 K
overnight. The synthesized CMK-3 was treated wit hitric acid solution at 323 K for 2 h
to remove residual sodium.

Multi-wall carbon nanotubes (CNT, purity 95%, outer diameter 20 - 30 nm) prepared
by chemical vapor deposition (CVD) were purchasecthfthe Chengdu Limited Company of
Organic Chemistry (CCOC) in China. Before usingy r@dNTs were refluxed for 16 h in
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concentrated HNEX65 wt. %) at 393 K in an oil bath to to removeaaphous carbon and the
remaining Ni catalyst. Then, the mixture was fétgrand washed with distilled water

thoroughly until neutral pH was reached, followgddoying at 373 K overnight.

SBA-15 template SBA-15/Carbon OMC CMK-3 Fe/CMK-3

Figure 2-2. Synthesis procedure of ordered mesoporous cahdsupported iron catalysts

2.1.5 Preparation of supported Ru catalysts

The supported Ru catalysts were prepared by anegngtion method. Briefly, the
meso-betadM or H-meso-betadM sample was added into a Ry@lgueous solution, and the
suspension was stirred for 8 h, followed by restmgl5 h. After evaporation to dryness at
343 K, the solid product was further dried at 323irKvacuum overnight, followed by
calcination in air at 573 K for 3 h. The catalysasiinally reduced in fgas flow at 573 K
for 3 h. The loading of Ru in each catalyst wasdbat 3.0 wt%.

2.1.6 Preparation of supported Co catalysts

The supported Co catalysts were prepared by anegnation method with a fixed
loading of 8.0 wt% Co. Briefly, a stoichiometric aomt of Co(NQ), agueous solution was
added into 2.0 g zeolite support under stirringeAévaporation to dryness at 343 K, the solid
Co(NGs)./zeolite composite was carefully treated undeow fof 5 vol% NO/Ar gas flow at
673 K for 3 h to obtain homogeneously distributesd @noparticles [6, 7]. The catalyst was

then reduced in Hgas flow at 673 K for 6 h before reaction.

2.1.7 Preparation of supported Fe catalysts

The supported iron catalysts were prepared by ieiipvetness impregnation of silicas
with aqueous solutions of hydrous iron nitrate (N&©3)3:9 H,O). The dosage of aqueous
solution was based on the total pore volume caledldy N physical adsorption. The
concentrations of the impregnating solutions wetlewutated to obtain 10 wt. % irons in the
final catalysts. The catalysts are labelegfsSk, wherey indicates iron content (in wt. %) in
the catalyst and stands for support pore size (in nm). After impragpn the catalysts were
dried overnight in an oven at 373 K. Then they wealeined in air flow at 673 K for 6 h with
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a 1 K min' temperature ramping. The 20FeSil7.5 catalyst watsired using two
consecutive impregnations. The catalyst was calciae 673 K in air flow between the
impregnations.

The Fe/SiQ, Fe/ALO;, FE/CNT, Fe/CMK-3 catalysts were also preparedngoipient
wetness impregnation of the relevant support witheaus solutions of hydrous iron nitrate
(Fe(NGy)3'9H.0). The concentrations of the impregnating solgiomre calculated to obtain
10 wt. % iron in the final catalysts. After impregion the catalysts were dried overnight in
an oven at 393 K. Then they were calcined in a@/$K, Fe/ALO3) or N, flow (Fe/CNT,
Fe/CMK-3) at 673 K for 6 h with 1 K mihtemperature ramping.

The sodium promoted catalysts was prepared by qubsé impregnation of calcined
catalyst with aqueous solution of X0;. The catalysts have been subsequently calcined in
N, flow at 673 K for 6 h. The amount of Na in the gd@s was calculated to have the molar
ratio of Na to Fe 0.1, 0.3 and 0.5. The samplesadreled as Fe/SK(X), wherex indicates the
molar ratio of Na to Fe.

2.2 Evaluation of Catalytic Performance

2.2.1 Equipment for evaluation of Ru and Co catalysts

FT synthesis was performed in a fixed-bed stainttesl reactor (Figure 2-3) with an
inner diameter of 7.0 mm. The catalyst (typicallg®g) was first placed in the middle of the
reactor between quartz wool plugs. The Co catalgst pretreated in pure;ijas flow (flow
rate = 60 mL mift) at 673 K (for Ru catalysts at 573 K) prior toaten. After the reactor
was cooled to 373 K, a syngas (flow rate = 20 mbiwith a H/CO ratio of 1/1 was
introduced into the reactor. The pressure of thegay was typically regulated to 2.0 MPa.
Argon with a concentration of 4.0 vol% in the COswased as an internal standard for the
calculation of CO conversion. The reaction waststaby raising the temperature to the
desired reaction temperature (Co catalysts at 58B&KRu catalysts at 533 K). The products
were analyzed by gas chromatography. The selgctiats calculated on a molar carbon basis.
Carbon balances were all about 95-100%, and catgdgtformances typically after 12 h of
reaction were used for discussion.

A TDX-01 packed column is connected to a TCD detetd separate Ar, CHCO and
CO; gas. In order to analyze all the hydrocarbonsran b dypass line from the reactor to the

GC oven is heated to 533K to evaporate all the doahbon products, and the split and
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pressure reduction of reaction gas is carried gt beedle valve. The separation and analysis
of hydrocarbons is conducted by a Pona capillatynon linked to a FID detector. Most of

the long-chain hydrocarbons are collected in the trap.

>—§I— Vent

\ Cold trap

\/

A
TDX-01 Pona
TCD detcector FID detcector .

A Filter 2inch [>x] Globe valve ﬁ Mass flow controller » Pressure regulater @b Automatic ten way valve

A

1 3 way linker ™J Non-return valve W) Temperature indicator Pressure indicator l;l Needle valve

Figure 2-3. Schematic diagram of device for Fischer-Tropsgtitesis ana-hexadecane

hydrocracking.

2.2.2 Equipment for evaluation of n-hexadecane hydrocracking

Hydrocracking ofn-hexadecane is conducted on the same equipmehi{Tfoeaction in
section 2.2.1. The Co catalyst was pretreated ia pkigas flow (flow rate = 60 mL mif) at
673 K (for Ru catalysts at 573 K) prior to reactidter the reactor was cooled to 373 K,
high pressure H(40 - 60 mL mift) was introduced into the reactor. The pressure was
typically set to 2.0 MPa. When the temperature veased to set pointy-hexadecane was
introduced by a Lab Alliance Series Ill pump. Arsa$yof hydrocarbons was processed with a
FID detector connected to a Pona capillary column.

2.2.3 Equipment for catalytic evaluation of Fe catalysts

Carbon monoxide hydrogenation was carried out an REALCAT platform in a
Flowrence® high-throughput unit (Avantium, Figured4p equipped with 16 parallel
milli-fixed-bed reactors (@ = 2 mm) [8] operating at a total pressure of 2@sp&73 K,
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H,/CO= 2.1 molar ratio and GHSV in the range 8.4383 g' h™. The FT tests have been
conducted in the same unit at 573 K, 20 bars antlow with GHSV = 0.75 L  h’. The

catalyst loading was 50 mg per reactor. Prior te tatalytic test all the samples were
activated in a flow of CO at atmospheric pressuneng) 10 h at 623 K for 10 h. During the
activation step, the temperature ramp was 3 K'miifter the activation, the catalysts were

cooled down to 453 K and a flow of premixed syngas gradually introduced through the

catalysts. When pressure attained 20 bar, the tetype was slowly increased to 573 K.

Gaseous reaction products were analyzed by onda®& chromatography. Analysis of

permanent gases was performed using a Moleculae S&umn and a thermal conductivity

detector. Carbon dioxide and;-C, hydrocarbons were separated in a PPQ column and

analyzed by a thermoconductivity detector@, hydrocarbons were analyzed using CP-Sil5

column and a flame-ionization detector. High-molacweight products were collected at

atmospheric pressure in vials heated at 353 K.Cineon monoxide contained 5% of helium,

which was used as an internal standard for caloglatarbon monoxide conversion. The

reaction rates were defined as the number of maigSO converted per hour per mole of

catalyst (mol mgk® h%). The product selectivity (S) was reported asphecentage of CO

converted into a given product and is expressechdoon basis.

© 2015 Tous droits réservés.

16 Manifolds

Reaction

Total 16
Reactors

On-line Analysis

Trace GC (FID) Compact GC (TCD)
With CP-Sil5 5A zeolite and PPQ

C1-Ci12 N,/CO0/co,/He/
C1-C4

49

G/L Separation
}o Back Pressure Valve

Heated Zones

- Sample Valve

Off-line Analysis

Wax Analysis (FID)

Figure 2-4. Avantium’s parallel fixed bed 16-reactors systems

doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015

Ph.D Thesis of USTL and XMU

2.3 Analysis of Reaction Products

Hereinafter A means the area of peak exported from, G@neans calibration factorn
means moles of product (based on carbon atom mojaggans carbon number aBaneans

selectivity. Before reaction, the area ratio of &Qfor CO/He) is firstly calculated, so the CO
conversion during reaction can be calculated uBigation 2-1.

CO(Conv,)%: (1_ AinitiaIAr / AeactionAr )* loo% (Equation 2_1)

AinitiaICO / AeactionCO

The inlet rate of internal standard gas (Ar or lejontrolled by MFC. So the generation
rate of CH and CQ can be calculated by Equation 2-2 and Equationr@spectively, and
there selectivity can be also calculated by Equa?i@d and Equation 2-5.

_ Acta/ fena,

n i -
Ney, IR Ar (Equation 2-2)

_ Aco:/ fecoz,

== “7¥%n i -
Neo, IR ae (Equation 2-3)

Nco:
SCOZ - Nco* CO(conv % " 100% (Equation 2-4)
_ NCcHa4 " 0 .
SCH“ 100% (Equation 2-5)

Nco®* CO(conv)%— Nca

FID is a carbon counting device [9]. CorrelatedhwifH,, the generation rate and
selectivity of other hydrocarbons can be calculabyd Equation 2-6 and Equation 2-7
respectively.

_ ACj * .
N, = A New, (Equation 2-6)
CH4
_ Nci

i * 1000 Equation 2-7
SCJ Nco* CQOconvy% — Nce (Equation 2-7)

Carbon balance was calculated by Equation 2-8.

max

Nco: + Z Ng

Chalance= = *100% Equation 2-8
e Nco LCO(conv.)% ( a )

For the experiment oh-hexadecane hydrocracking, the selectivity of pobdand

cracking conversion are calculated by Equationa®&® Equation 2-10.
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S =——*100% (Equation 2-9)

Cye(convs= 5——* 100% (Equation 2-10)

Z ACj
j=1

2.4 Catalyst Characterization

2.4.1 X-ray diffraction

Powder X-ray diffraction patterns were recorded ebysiemens D5000 diffractometer using
Cu(Ka) (A = 0.1538 nmjadiation at room temperature, 0.02° step size2amdtep time. The average
crystallite size of F€; Fe,O, and FgC, were calculated according to Scherrer’s equatl@j. [Prior
to the characterization of activated samples, & serall amount of @was introduced in the flowing
N2 (1% G in N,) for passivation of the samples before they weraaved out from the reactor at
room temperature. Crystallite phases were detedriiyecomparing the diffraction patterns with those
in the standard powder XRD files (JCPDS) publisbedhe International Center for Diffraction Data.

The relative crystallinity of zeolitic samples wealculated by comparing the areas of

feature diffraction peaks with respect to the pakeiveta and H-ZSM-5 zeolite [11].

2.4.2 Transmission electron microscopy images

Transmission electron microscopy (TEM) images efshmples were obtained on a FEI
Tecnai G 20 S-Twin microscope. The samples were preparedifegtly dipping a copper
400 microscope grids covered with carbon film iotrasonic suspension of the powder in
ethanol. The metal particle histograms obtainedgusnore than 150 detected iron particles

from the TEM images.

2.4.3 Hydrogen temperature-programmed reduction

The reducibility of the catalysts was studied bydiogen temperature-programmed
reduction (H-TPR). The H-TPR was carried out on AutoChem Il 2920 apparéfigure 2-5)
from Micromeritics using 0.05 g of the sample ind. % H,/Ar stream (50 cfimin™). The
temperature was increased from room temperatutel 18 K at a rate of 10 K min The

consumption of Hwas followed by a TCD detector.
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Figure 2-5. Picture ofMicromeritics AutoChem Il 2920 apparatus and the-igaute chart.

2.4.4 Temperature-programmed desorption of CQ

For TPD of CQ has been conducted over Micromeritics AutoChe20R0 instrument
connected to a ThermoStar GSD301 T2 mass speceom@0 mg of the catalyst after CO
pretreatment has been loaded in a quartz reactiopratreated with a He flow at 623 K for 60
min. The adsorption of COwas performed with 10% CfMHe for 60 min at 373 K. After
purging with pure He, raising the temperature fr8#8 K to 1073 K with a 10 K mih
ramping. CQ was detected with MS using the signal m/e = 44.

2.4.5 Temperature-programmed desorption of NH;

NH3-TPD measurements were performed by a MicromeritagoChemll 2920
instrument. Typically, the sample was pretreatea@ iquartz reactor with an,®e gas (20
vol% O,) at 673 K for 1 h, followed by purge with high-tyrHelium. The adsorption of
NH3; was performed at 373 K in an MHe mixture (10 vol% NH3) for 1 h, and TPD was
performed in Helium flow by raising the temperattoel073 K at a rate of 10 K min

2.4.6 Temperature-programmed oxidation

Temperature-programmed oxidation (TPO) measuremeats also performed on the
Micromeritics AutoChem2920 Il instrument. The cgsalafter catalytic reactions was first
pretreated in pure He gas flow at 673 K for 0.5lmen, TPO was performed by switching the
He flowto an @-He (1 vol.%Q) flow after the temperature was decreased to 373h¢
temperature was raised to 1073 K at a rate of b@irk, and the formed CQwas detected by

the mass spectrometer with signals of m/e =44.
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2.4.7 Pulse oxidation

The reduction degree of Co catalysts was measuyethd pulse oxidation method.
Typically, the calcined sample was placed in themesapparatus as used for the THPR
experiments. After reduction with pure Bt 673 K for 6 h, the gas was switched into puee H
and the sample was kept in He at 673 K for 1 hib@Gated pulses of £&He (20 vol% Q)
were then added into the continuous He flow urdifurther consumption of Qwvas detected
by the thermal conductivity detector located dowewin of the reactor. The amount of O
consumed was calculated from the known pulse volureeperature, pressure, and the
number of pulses. The extent of reduction was taled by assuming the stoichiometric
reoxidation of C8to Cq0, [12].

2.4.8 Surface area and pore size distribution

The BET surface area and pore size distributiom@soporous silicas were measured
using N adsorption-desorption at 77 K. Prior to the expents, the samples were outgassed
at 523 K for 3 h. The isotherms were measured usiklicrometrics ASAP 2010 system. The
total pore volume (TPV) was calculated from the amtoof vapor adsorbed at a relative
pressure close to unity assuming that the poreél@ with the condensate in liquid state.
The pore size distribution curves were calculateainf the desorption branches of the
isotherms using Barrett—Joyner—Halenda (BJH) foanfiiB].

2.4.9 In situ magnetic characterization

Ar . Precisious
Gas Vibrator | vibrations
Ho inlet stabilizer
—®— control | Gasinlet ,-L
Oy system
Pt-PtRh
Thermocouple
Other | A Temperature
Gases o 3 programmer || ADC
Magnet Magnet
Power | =g 0 0 9
supply N N | S

Magnetization
detection system

Field
control Cooling
system liquid .Ilr . Gas outlet Qutlet gas
source analysers

Figure 2-6. Experimental setup for in situ magnetization nieasients.
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The magnetic properties of catalysts were invesyain situ using a Foner
vibrating-sample magnetometer [14, 15] with 20 nagalyst loading (Figure 2-6). The
magnetometer was calibrated by using 1 mg of pwetaliic Fe before each experiment. First,
under the 15 mL mihfeed of pure CO, the sample was heated to 200ifiCar6.6 °C mirt
ramping and kept for 10 min, then sequentially @éeab 350 °C with a 4.7 °C mirramping
and kept for 120 min. After activation, the CO flavas switched to Ar to remove any CO
that had adsorbed onto the catalysts and the samwgdecooled to the room temperature.
During the whole process of heat treatment, theecof magnetization was recorded by the
magnetometer in the magnetic field of 3 KOe. Thimgmetic field might be insufficient to
reach saturation magnetization in particular foaken superparamagnetic iron particles. Our
estimation gives incertitude of 10 °C in the cahtiadn of the Curie temperature if the
saturation magnetization has not been completdiyeaed. In addition, the CCsignal was
recorded by a selective IR detector or using a repsstrometer.

The magnetic method is particularly suitable fovestigation of the formation and
evolution of different iron phases in the supporitalysts. Several iron phases have
paramagnetic, ferromagnetic, antiferromagnetic esrihagnetic properties. The magnetic
properties of iron compounds are briefly discusdedow. Further information about
magnetism and magnetic method is available fromcdéztl publications [14-21].

Ferromagnetism corresponds to parallel couplingpafinetic moments in the solids and
results in a very high magnetic susceptibility. ifartomagnetics are materials with
antiparallel equal magnetic moments in differeyefs. As a result, the magnetic moments
cancel and the antiferromagnetic sample does n@ &y significant magnetic susceptibility.
Ferrimagnetics are solids with non-equal antiparathagnetic moments. The magnetic
moment in this case does not cancel and the sabdahmagnetic moment corresponding to
the direction of the most important magnetic momerthe layer. The magnetic phenomena
are temperature dependent. Curie’s temperaturesmmnds to the loss of ferromagnetism or
ferrimagnetism; the resulting solid becomes parareig at higher temperatures. The
antiferromagnetics becomes paramagnetic at temypesaligher than the Neel temperature.

The magnetic properties, Curie and Neel temperatwe iron compounds are
summarized in Table 2-1. Hematite-Fe,Os3) is an antiferromagnetics below its Neel
temperature (682 °C). It becomes paramagneticgitehitemperatures. The Morin transition
of hematite (T= -13°C) corresponds to the reorgation of the magnetic structure, which
may show very weak ferromagnetism above this teatper. Maghemitey(FeO3;) and

magnetite (F¢,) are ferrimagnetic. Maghemite is not stable atréaction temperatures. In
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the reducing atmosphere during heating, maghenate readily convert to magnetite.
Metallic iron and iron carbides are ferromagnetic.

Table 2-1 Magnetic properties of iron compounds.

Compound Properties (room temperature) Curie or Nektemperatures

a-Fe,0; (hematite) Antiferromagnetic with very week ferragnatisms 682 °C

y-F&,0; (maghemite) Ferrimagnetic 470 to 695 °C
(unstable from 250°C)

FeO4 (magnetite) Ferrimagnetic 585 °C

FeO (wustite) Paramagnetic (antiferromagnetic bélmel temperature) -73°C

Metallic Fe Ferromagnetic 770 °C

X-F&C, (Hagg carbide) Ferromagnetic 205-256 °C

Hexagonak-FeC Ferromagnetic 380 °C

Pseudo-hexagonatFe, -C Ferromagnetic 450 °C

Orthorhombid®-Fe,C Ferromagnetic 208 °C

(cementite)

2.4.10Mdssbauer spectrometry

Samples after reaction were characterized by tressgon MGssbauer spectrometry (TMS). TMS
allows identification and quantification of iron d&l phases. Mdssbauer spectra were recorded at
room temperaturein the +12 mm § range using alGBq source of 57Co in rhodium matrix,
MdssbaueMR360 constant acceleration driving unit and DFGL2@ital function generator, a Nal
(TI) scintillation detector, a 102¢hultichannel analyser. The experimental MOossbapectsa were
analysed using a least square computer fit assuilnomgntzian peak shapes;Fe as reference.
Hyperfine parameters such as hyperfine field (H§Qmer shift (IS) or quadrupole splitting (QS),
which are the characteristics of each iron envireminwere calculated with respectotd-e spectrum
referenceThese hyperfine parameters were compared to wHdse;© [22, 23],x-Fe&C; [24,

25], e-Fe oC [22, 23], FeOy [23], FeOs, Fes04[22, 23].

2.4.11H, chemisorption measurements

H, chemisorption measurements were carried out withcaomeritics ASAP 2020 C instrument
to calculate the Co dispersi@h (%). Before each measurement, the sample waseddoc 6 h in
flowing H, at 673 K at a heating rate of 5 K mirAfter reduction, the samples were evacuatedat th
temperature for 30 min to desorb any. Fihen, the temperature was cooled down to 423rKlLfh.
The H-adsorption isotherms and Co dispersion were medsair 423 K, using the classical method
recommended by Reuel and Bartholomew [25, 26]. A€o ratios at zero pressure were found by

extrapolating the linear part of the isotherm. @ktons were made using the total amount of
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adsorbed hydrogen corrected with reduction degremsored by © pulse oxidation and a
stoichiometry of one hydrogen atom per cobalt srfatom. ThusD = 1.17X/Wf, whereX denotes
total H, uptake in micromoles per gram of catalyst measatetP?3 K,W denotes weight percentage
of cobalt, and denotes fraction of cobalt reduced to the met&drdéned from @ pulse oxidation.
Average crystallite diameters (in nanometer) weakewated fromD (%) assuming spherical metal
crystallites of uniform diameter d with a site dénsf 14.6 atom nif for supported cobalt crystallites
and 11.2 atoms nfnfor unsupported cobalt crystallites. Thus for supgd cobalt catalysts, = 6.59
s/D (%) = 96D (%), wheres denotes site density in atoms firand D (%) denotes percentage

dispersion [25, 6].

2.4.12Infrared spectroscopy analysis

Fourier transform infrared (FT-IR) studies of adat pyridine were performed with a
Nicolet 6700 instrument equipped with an MCT dededFigure 2-7). The sample was
pressed into a self-supported wafer and placed im-@itu IR cell. After pretreatment under
vacuum at 673 K for 30 min, the sample was coabed?3 K, then, pyridine was adsorbed at
423 K on the sample for a sufficient time. FT-IResppa were recorded after gaseous or
weakly adsorbed pyridine molecules were removeeuvaguation at 423 K.

Ex-situ IR spectra of silica and alumina supporesemecorded with a Nicolet Protégé
460 FT-IR spectrometer at 4 ¢noptical resolution. Prior to the measurements,cétalysts

were pressed with KBr in the discs.

Cooling Gas
vacuum watergut mout

A
| | IThermaI couple | | {
?Sample holder

IR window L and sample disc

A A
N2in AN ) N2in
Gasin Cooling waterin

Figure 2-7. Schematic diagram of high temperature in sitaéR

2.4.13Elemental analysis

Zeolitic samples were firstly digested with 1 mLH#F acid in a Teflon vessel. Then, the
vessel was heated to 423 K to evaporate the silictime form of Sik. The residual solid was
further dissolve with 1mL of concentrated Hp®olution, and diluted with 4 wt% HCI

aqueous solution in the volumetric flask. ICP-OHEftalgses were performed on a Thermo
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Electron IRIS Intrepid Il XSP instrument to obtdine A" content. Before making the
solution, the zeolitic samples were calcined at B28r 6 h. The constitution of zeolite can
be roughly considered aSiO,yAl, O3, so based on Al content, Si content can be cdtxuila

metrically.

2.4.14%"Al MAS NMR

2’Al MAS NMR experiments were conducted on a Variarfinity plus AS400
spectrometer (Varian Inc.) operated with frequeatyl04.26 MHz, pulse width at 0,
radiofrequency field strength at 50 G, pulse delay.5 s, spinning rate at 7 kHz, and with
85,000 scans. The samples used fat MAS NMR measurements did not undergo hydration

preliminarily.
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Chapter 3. Mesoporous Beta Zeolite-Supported
Ruthenium Nanoparticles for Selective Conversion of

Synthesis Gas to 6 C,; Isoparaffins

e\\s ycs-cﬁisoparafﬁns

&
& & &
7 = -
® & ® & &
Ru/meso-beta

Abstract: Mesoporous beta (meso-beta) zeolites prepared by post-treatment of H-beta zeolite
with NaOH aqueous solution were studied as supports of Ru catalysts for Fischer-Tropsch (FT)
synthesis. The size and volume of the mesopores increased with the concentration of NaOH. A
further ion-exchange of the meso-beta with NH4-NO3 followed by calcination, forming H-meso-beta,
could recover the Brgnsted acidity. The use of H-meso-beta instead of H-beta as the support for
FT synthesis decreased the selectivities to CH, and heavier hydrocarbons (C1,") and increased
that to Cs-Cy; hydrocarbons. The Cs-Cy; selectivity depended on the concentration of NaOH used
for meso-beta preparation. Under an optimum NaOH concentration, a Cs-Cy; selectivity of 67%,
significantly higher than the maximum expected from Anderson-Schulz-Flory distribution (~45%),
was attained with a ratio of isoparaffins to n-paraffins being 3.9. The mesoporosity and unique
acidity of the meso-beta probably contribute to the selective hydrocracking of the primary heavier

hydrocarbons formed on Ru nanoparticles into gasoline-range liquid fuels.

This Chapter is based on the following publication:
Kang Cheng, Jincan Kang, Shuiwang Huang, Zhenya @mghong Zhang,* Jiansheng Ding,
Weiqgi Hua, Yinchuan Lou, Weiping Deng, Ye WangCS Catalysi® (2012 441-449.
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3.1 Introduction

Hierarchical zeolites containing both microporesd anesopores (Figure 3-1) have
attracted much attention as a new type of promisatglytic materials in recent years [1-10].
These materials combine the advantages of the otowal microporous zeolites, which
possess acidic catalytic functions and shape-setedeatures and are stable at high
temperatures because of the crystalline structaresthe mesoporous materials with efficient
mass transport [11-13]. Mesoporous zeolites haveodstrated improved performances in
several catalytic reactions, particularly the azadalyzed reactions. For examples, the activity
and selectivity for the alkylation of benzene tbytenzene or cumene were increased by
using mesoporous ZSM-5 or mesoporous mordeniteadsof conventional H-ZSM-5 and
mordenite [14-16]. Mesoporous Y or mesoporous ZSkkdlites exhibited improved product
distributions or enhanced activity and stability fbe hydrocracking of heavy hydrocarbons
[17-19]. Mesoporous beta zeolite-supported Pd sbaduwegher catalytic performances in the
deep hydrogenation of aromatics [20]. The pres@fcaesopores in ZSM-5 suppressed the

catalyst deactivation in the conversion of methaadiydrocarbons [21].

Micropore  Micropore + Mesopore  Mesopore

Figure 3-1 Schematic diagram of mesoporous zeolite (fromtéefight: microporous zeolite,

mesoporous zeolite and ordered mesoporous material)

Fischer-Tropsch (FT) synthesis, i.e., the conversibsynthesis gas (syngas, CO 3 H
to hydrocarbons, is a crucial step in the indireahsformation of non-petroleum carbon
resources such as natural gas, coal and biomasduels such as gasoline and diesel or
chemicals such as lower olefins. Because of thieajjldemand for a decreased dependence on
petroleum, FT synthesis has received renewed Bitene recent years [22-27].

One of biggest challenges in FT synthesis is thiecgeity control. Over most
conventional FT catalysts, the products follow Amelerson-Schulz-Flory (ASF) distribution,
and such a distribution is unselective for middigtitiate products [27, 28]. For example, the

maximum selectivities to $3C,; (gasoline-range) and,&£Cy (diesel-range) hydrocarbons are
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~45% and ~30%, respectively. The development of gpe of catalysts with higher
selectivity to middle-distillate products is a dealging research target [27, 29, 30]. It is
known that the combination of an acid catalystjdgily a zeolite, with a conventional FT
catalyst or an FT active metal into a bifunctiocatalyst system may increase the selectivity
to gasoline-range hydrocarbons [31-33]. Over subtiuactional catalyst system, the primary
linear hydrocarbons formed on the FT active metay mndergo several secondary reactions
(e.g., isomerization of the linear hydrocarbongjrbgracking of heavier hydrocarbons, and
oligomerizations of light olefins) on the acid sile the bifunctional catalyst system, the
acidic zeolite can be packed in a separate reactarseparate layer in the downstream of the
FT catalyst [31, 32, 34], and can also be mixedhwlie conventional FT catalyst to form a
hybrid catalyst [31, 32, 34-36]. To further improthe efficiency of the bifunctional hybrid
catalyst, Tsubaki and co-workers [37-41] develoed intriguing core-shell structured
catalyst system containing a conventional FT catdly.g., Co/Si@or Co/ALOs3) as the core
and a zeolite membrane as the shell, completelyprssping the formation of ;&
hydrocarbons. However, the selectivity of £bver these bifunctional catalyst systems is
usually high, exceeding 13% in most cases. Thidebeved to arise from the slow
transportation of the products inside the long opores of zeolites, where the acid sites are
located, and the strong acidity of the H-form zesli The high selectivities to Gldnd light
(C,-Cy) alkanes resulting from the over-cracking are lyigindesirable for FT synthesis.

It is expected that the use of mesoporous zedliteflace the conventional microporous
zeolite may avoid the over-cracking because ofitifgroved mass transport, decreasing the
selectivities to Chl and G-C4 light alkanes. However, there has been no reporthe
utilization of mesoporous zeolites for FT synthedisfore our work. In a recent
communication [42], we have demonstrated for thest fitime that a mesoporous
ZSM-5-supported Ru catalyst can catalyze the cawerof syngas to £Cy; hydrocarbons
with a very high selectivity (~80%). H-beta is aksfticient for the secondary reactions when
it is combined with a conventional FT catalyst [83]. The acid strength of H-beta is weaker
than that of H-ZSM-5 [44], but H-beta zeolite isttbe for isomerization reaction [45, 46],
which may further increase the selectivity of isgfiéns in FT reaction. The studies on the
mesoporous beta zeolite are quite limited as coeth& the mesoporous ZSM-5 zeolite
[1-10, 20, 47]. Here, we report our detailed stadia the characterizations of the mesoporous
beta (meso-beta) zeolite prepared by desilicatibH-deta in alkaline medium and the
utilization of the meso-beta as the support of Rualgsts for FT synthesis. The effects of the

mesoporosity and the acidity of the meso-beta dalyt& performances, particularly the
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product selectivity, for FT synthesis will be dissed to gain insights into the key to the

rational design of new FT catalysts with controlprdduct selectivities.

3.2 Result and Discussion

3.2.1 Structure of Mesoporous Beta Zeolites

Only a few papers have been devoted to studyingniasoporous beta zeolite prepared
by alkaline-treatment method [47], although thexistemany reports on the alkaline-treated
hierarchical ZSM-5 [2, 3, 5, 6, 10]. The XRD patigfor our H-meso-beta samples prepared
by desilication method with different concentragasf NaOH aqueous solutions at 343 K are
shown in Figure 3-2. The comparison of the XRD gra§ for series of samples confirmed
that the crystalline structure of beta zeolite wastained for these samples prepared with
suitable concentrations of NaOH. When the conceatraof NaOH exceeded 0.15 M, the
intensities of the two diffraction peaks &t 20of 7.7° and 22.4°, which are characteristic of the
crystalline beta zeolite, decreased significamthplying the partial collapse of the crystalline
structure under the treatment with higher concéntra of NaOH. Groen et al. [47] found the

damage in crystalline structure of beta zeolithigher temperaturesX 338 K) at a fixed

concentration of NaOH (0.2 M).

Neso—beta—O.S M(31)

A\Mbeta-o.'& M(57)

H-meso-beta-0.15 M(69)

H-meso-beta-0.05 M(98)

Intensity /a.u.

H-beta(100)

10 20 30 40 50 60 I 70
260 /degree

Figure 3-2 XRD patterns for series of H-meso-beta sampésgted with different
concentration of NaOH solution, the number in theeptheses after each sample denotes the

relative crystallinity (%) compared with H-beta.
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The porous properties of the samples were studyelirtphysisorption at 87 K. Figure
3-3 shows the adsorption-desorption isotherms cdoafeta samples together with H-beta
zeolite. The H-beta exhibits the type-I isothernhjch is typical of microporous zeolites [9].
The pore size distribution for this sample in the&engporous region evaluated by the HK
method showed a maximum at 0.67 nm (Figure 3-4bjctwis typical for the beta zeolite.
The treatment of H-beta with NaOH aqueous soluticanssed the appearance of hysteresis
loop (Figure 3-3), indicating the generation of oEwes.

Volume absorbed /cm® g

) J05 - |® 0.05
Tep : o H-meso-beta-0.5 M
e 000 €
k) H-meso-beta-0.3 M = H-meso-beta-0.3 M
o £
g H-meso-beta-0.15 M S H-meso-beta-0.15 M
= S =
o
> H-meso-beta-0.1 M ; H-meso-beta-0.1 M
g OO —0-H 5 -1}
S H-meso-beta-0.05M | & H-meso-beta-0.05 M
H-beta H-beta
L | ' l L ' L A J L 'l l L l 1 l L ] L
060810121416‘1820 5 10 15 200 25 30
Pore diameter /nm Pore diameter /nm

Figure 3-4. Pore size distribution for H-meso-beta sampleselkas H-beta: (a) microporous
region by HK method and (b) mesoporous region by Biethod.

According to the analysis by the BJH method, theepdiameter in the mesoporous
region for the meso-beta sample had a narrow kligtan when the concentration of NaOH
did not exceed 0.15 M (Figure 3-4b). For the H-miesta-0.30 M and the H-meso-beta-0.50
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M samples, the pore diameter distribution becantaively broader. The mean diameter of
mesopores depended on the concentration of NaO#Hi faseH-meso-beta preparation; the
higher concentration of NaOH resulted in the largige of mesopores. The pore diameters
and the pore volumes in the microporous and mesogaregions for meso-beta samples are
summarized in Table 3-1. With increasing the cotregion of NaOH used for the preparation
of meso-beta samples, the pore volume in the micoys regionmicro) decreased and that
in the mesoporous regionVfesd increased significantly. These results suggeat the
alkaline treatment is effective for generating thesoporosity in the beta zeolite, forming

hierarchical mesoporous beta zeolites.

Table 3-1 Textural properties of H-meso-beta samples pezphy desilication.

: b C d € T
S|/A| S3ET Smeso Vmicro Vmeso Dmicro Dmescg

Samples

g ratic® (m*g’) (m°gh) (cm’g?) (ecm’g’) (hm) (nm)
H-beta 27 626 20 021 0005 o064 -
H-meso-beta-0.05 M 24 599 53 020 0033 060 3.4

H-meso-beta-0.1 M 22 683 121 0.17 0.10 0.62 4.1
H-meso-beta-0.15M 21 671 170 0.15 0.12 0.61 4.4
H-meso-beta-0.3 M 20 642 302 0.13 0.32 0.60 5.2
H-meso-beta-0.5M 19 575 213 0.12 0.41 0.60 7.4

2 Sj/Al molar ratio measured by ICP-OESBET surface ared Mesoporous surface area
evaluated by the t-plot methdtPore volume for micropores evaluated byttpéot method®
Pore volume for mesopores evaluated by the BJH adeth Mean pore diameter for
micropores estimated by the HK meth8tllean pore diameter for mesopores evaluated by
the BJH method.

TEM was further used to investigate the mesoporositour H-meso-beta samples.
Figure 3-5 presents TEM images of the meso-betditegoprepared using different
concentrations of NaOH. These TEM images furthédenced the generation of mesopores
in the crystalline beta zeolite for the meso-betm@es. The collapse of the zeolite crystal
under a higher concentration of NaOH solution (paldrly 0.7 M) could also be observed
from the TEM images.

It is accepted that the alkaline treatment resultethe desilication rather dealumination

from the framework of zeolites [2, 5, 6, 10, 47urQCP-MS measurements reveal that the
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Si/Al ratio in the meso-beta sample is lower thlaat in the parent beta zeolite (Table 3-1),
confirming that silicon atoms have mainly been reetbfrom the framework of beta zeolite

during the treatment by NaOH aqueous solutions.

Figure 3-5. TEM images for H-meso-betd samples: (a) none, (b) 0.05M, (c) 0.1M, (d)
0.15M, (e) 0.3M, (f) 0.5M.

3.2.2 Acidity of Mesoporous Beta Zeolites

In aluminosilicate-type zeolites, silicon atom istlae 4+ oxidation state at tetrahedral
positions on the framework while the coordinatiygen atoms are in the oxidation state -2.
Globally this leads to neutral Si@ tetrahedra. Upon substitution of silicon atoms by
aluminum atoms with a*harge in the framework, the formal charge ondbeesponding
tetrahedra changes from neutral to These negative framework charges are balanced by
extra-framework metal cations or hydroxyl protonstiing weak Lewis acids site or strong
Brognsted acid sites, respectively [46, 48]. Thegdrdxyl groups are commonly donated
structural or bridging OH groups, where the Bretisieid sites comes from. The Brgnsted

acid sites can transform into Lewis acid sites @lyydiration reaction (Figure 3-6).

H
(a) (l) (b)
N NS
St Al Sit Al
/' N\ /\ /N /\

Figure 3-6. Schematic representation of different types af attes in zeolite.
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The acidities of both the meso-beta and the H-nbeta- series of samples were
investigated by NBTPD. Figure 3-7 shows that the parent H-beta etehitwo NH;
desorption peaks at ~463 and ~630 K. The H-typéteawsually exhibits two Nkldesorption
peaks; the lower-temperature peak at <500 K maseadiiom the weakly held (probably
hydrogen-bonded) NfHmolecules, while the higher-temperature peak @adsigned to the
desorption of NH molecules chemisorbed on the Brgnsted acid s#®sH0]. As shown in
Figure 3-7, when NaOH concentration is not morentbal5 M, the NBFTPD peaks of
H-meso-beta is similar with the H-beta, suggesthmag the type and amount of acid sites is
similar. Further increasing the NaOH concentratianses a larger low-temperature peak and
a smaller high temperature peak. The reason ishightconcentrated NaOH solution makes
zeolite structure collapse [51]. So the Nitesorption peak at low temperature increased. The
collapse of framework also reduces the number efftamework aluminum in beta zeolite
(decreasing Brgnsted acid sites), so that the; tisorption peak at high temperature
decreases.

H-beta

H-meso-beta-0.05 M

H-meso-beta-0.1

Intensity /a.u.

. 1 o 1 o 1 ., 1 . 1 .
400 500 600 700 800 900 1000
Temperature /K

Figure 3-7. NHs;-TPD profiles for H-meso-betavl samples prepared by desilication.

For the H-meso-beta series of samples, our ICP-NM#ysis uncovered that the Na/Al
ratio was about 0.1, indicating that ~90% of Kesidual cations were exchanged into protons.
In general, Figure 3-7 shows that the H-meso-baties of samples display a NHesorption
peak at >615 K, which is close to that observedtiier H-beta and can be ascribed to the
Brgnsted acid sites. This observation indicatesttiteeH-meso-beta series of samples possess

strong Bransted acidity.
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Figure 3-8 Pyridine-adsorbed FT-IR spectra:(a) H-beta, (bhéko-beta-0.05 M, (c)
H-meso-beta-0.15 M, and (d) H-meso-beta-0.3 M.

To gain further information about the nature of #wdity in these samples, we have
performed FT-IR studies of adsorbed pyridine fathiié-meso-beta series of samples. Figure
3-8 shows that there are three distinct preak$iénselected range. The band at 1455 cm
could be attributed to the Lewis acidity, and tlamdb at 1543 is attributable to the Brgnsted
acid sites [50]. The IR band at 1490 teould stem from both Brgnsted acid and Lewis acid
sites [50]. Brgnsted acid sites are supposed tachee sites for isomerization and cracking
[48, 52].

3.2.3 Characterizations of Mesoporous Beta Zeolite-Suppded Ru Catalysts

Ru is in its oxidic state after calcination in §53]. Figure 3-9 shows the HPR
profiles for the calcined Ru catalysts loaded opidgl H-meso-beta samples beforg H
reduction. All these supported Ru samples displayethgle reduction peak at 455-464 K.
The effect of the mesoporosity of the support ardduction behavior was insignificant. We
have calculated the degree of reduction of Ru sgefdr each catalyst by quantifying the
H,-TPR result. The degrees of reduction of Ru@®metallic Ru evaluated from,;H PR for
the Ru/H-meso-beta samples are summarized in T&2leIn most cases, the degree of
reduction exceeded 85% at 573 K, which has beerogexb for the reduction of catalyst
during the catalyst preparation. Thus, metallic gauticles are the predominant Ru species
over all our catalysts after,Heduction. There is nottonsumption peak at high temperature,
which indicates the easier reductive behavior of datalysts compared with Co or Fe

catalysts supported on alumina or silicas.
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Figure 3-9. H,-TPR profiles for the Ru/H-meso-betit samples after calcination, the number

=

in the parentheses after each sample denotesdhetien degree (%).

The mean size of Ru particles over each samplemessured by TEM. Figures 3-10
shows the typical TEM images for Ru catalysts laade typical H-meso-beta samples. The
Ru particle size distributions derived by countir2)0 Ru nanoparticles in these samples are
also displayed in Figures 3-10 and table 3-2. Qwest catalysts, the Ru particles were
distributed in the range of 4-12 nm, and the maxamealocated in 6-8 nm. The mean sizes of
Ru nanopatrticles over these catalysts were si@il&r5-7.3 nm (Table 3-2).

20 20
@ (b)

d=55nm

20

d=7.2nm (C)) d="73nm

Percentage /%
Percentage/ %
Percentage /%
Percentage /%
5
T

0 4 8 12 16 20 Q 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20

Particle size /nm Particle size mm Particle size /nm Particle size /nm

Figure 3-10 TEM micrographs: (a) Ru/H-beta, (b) Ru/H-mesaab@tl5 M, (c)
Ru/H-meso-beta-0.3 M, and (d) Ru/H-meso-beta-0.5 M.

We have also measured the dispersion of Ru nandparbver the H-meso-beta series
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of samples as well as H-beta by the-®} titration method [54], and the results are
summarized in Table 3-2. The values of Ru dispassiover these catalysts were also quite
similar (0.19-0.26). From the values of Ru dispmrsthe mean size (d) of Ru particles can be
roughly estimated by using the following relatioipshd (nm) = 1.32D, whereD is the

dispersion of Ru particles [55]. The mean sizeRwihanoparticles estimated from the values
of Ru dispersions for these catalysts are alsedish table 3-2. The mean sizes of Ru

obtained from Ru dispersion and those from TEMcargsistent with each other.

Table 3-2 Properties of Ru/meso-beta and Ru/H-meso-beta &t

Catalyst reduction degree r'nean Ru Ru dispersioh r.nean Ru
at573 K (%)  sizé (nm) sizé' (nm)
Ru/H-beta 83 5.5 0.26 5.1
Ru/H-meso-beta-0.05 M 96 n.d. 0.25 53
Ru/H-meso-beta-0.1 M 90 6.9 0.23 5.7
Ru/H-meso-beta-0.15 M 90 7.2 0.22 6.0
Ru/H-meso-beta-0.3 M 94 7.3 0.19 6.9
Ru/H-meso-beta-0.5 M 86 7.2 0.22 6.0

2 Calculated from H2-TPR. Evaluated from TEM image§ Measured from H2-O2 titration.

d Calculated from the following relationship: paltisize (nm) = 1.32/dispersion.[55]

3.2.4 Catalytic Behaviors of H-meso-beta Supported Ru Calysts for FT Synthesis

In the present work, we have selected Ru as theeatietal for FT synthesis. In spite of
the higher price of Ru as compared to Co and Fepd®ed catalysts are suitable for
fundamental research to obtain clear-cut infornrmatibout the effect of the support because
Ru precursors can be easily reduced td Rad the size of Ruparticles can be easily
controlled over different supports.

Before discussing the catalytic behaviors of H-resta-supported Ru catalysts, we
have compared the performances of Ru nanopartmdeled on several types of microporous
zeolites as well as on conventional metal oxidepeugs. As shown in Table 3-3, the
distribution of products was rather broad, and mmerable amounts of heavier {g)
hydrocarbons were produced over metal oxide-sup@dru catalysts. The employment of a
H-form zeolite as the support decreased the seigcto C-;, and increased that tosC;;

hydrocarbons, the gasoline-range liquid fuels. Tdt® of isoparaffins ta-paraffins in the
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range of G-C;; (denoted a£Cis/C,), an indicator of the quality of gasoline, alsearigased
over the zeolite-supported Ru catalysts. This carattributed to the secondary reactions,
including hydrocracking and isomerization of thenary hydrocarbons, over the acid sites in
the H-form zeolites [31, 32]. However, the selatyivo CH, or G-C4 (mainly alkanes) also
became significantly higher over these zeolite-sugal catalysts as compared to those over
the Ru/SiQ and Ru/A}O; catalysts. Among these catalysts, the Ru/H-betabdgd the
highest selectivity to £Cy; and a relative highe2is/C,, value.

Table 3-3 Catalytic Performances of Ru Loaded on Severalrdpiorous Zeolites as Well as
Metal Oxides for FT SyntheSis

CO conv. hydrocarbon selectivity (%)
catalyst Co/C.
(%) CH, Caa Cs11 Cx12

Ru/SIG 32 6.8 10 25 57 0.42
Ru/Al,O3 40 3.1 6.8 22 68 0.53
Ru/TiO, 20 14 36 26 25 1.1
Ru/H-mordenite (12) 31 11 18 52 19 1.8
Ru/H-beta (27) 24 14 21 58 6.9 3.3
Ru/H-MCM-22 (30) 22 10 35 54 0 4.1
Ru/H-ZSM-5 (26) 25 15 37 47 0.7 2.7

4 Reaction conditionsV = 0.5 g, H/CO = 1/1,P = 2 MPa,F = 20 cmi/min, T = 533 K, time
on stream = 12 K Ru loading is 3.0 wt% in each catalyst; the numibethe parenthesis
denotes the Si/Al ratié.The molar ratio of isoparaffins teparaffins in the range ofs€C1..

Although it is still difficult to rationalize theifferences in catalytic behaviors among Ru
catalysts loaded on different zeolites with différporous structures, it seems that the acidity
is a key factor in determining the product disttion. The NH-TPD profiles for the
microporous zeolites listed in Table 3-3 are shawhigure 3-11. All these zeolites exhibited
two NH; desorption peaks except for H-mordenite, whichpldiged a broad peak. As
described previously, the higher-temperature pgattributable to the Brgnsted acidity in the
H-form zeolite. Thus, the strength of the acidifytliese zeolites increases in the following

sequence: H-mordenite < H-beta H-MCM-22 < H-ZSM-5. With increasing the strength o
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the acidity, the selectivity to,¢ decreases, but the selectivity to G arrives at a maximum
over the Ru catalyst loaded on H-beta with a medstrangth of acidity. The tendency in
Table 3-3 indicates that the stronger acidity aflite may cause over-cracking, leading to

higher selectivity to lighter (i.e.,€C4) hydrocarbons.

5 H-ZSM-5
o
c
2
a H-MCM-22
fa]
w
Q
o
Im /\w
=
H-mordenite]
| PR WU N UR N N

400 500 600 700 800 900
Temperature /K

Figure 3-11 NH3-TPD profiles for several zeolites.

Figure 3-12 shows the catalytic performances ofcRialysts loaded on H-meso-beta
samples prepared by treating H-beta with differemcentrations of NaOH, followed by
NH;" exchanging and calcination. The use of H-meso-bestead of H-beta (NaOH
concentration = 0 M in Figure 11) as the supporRofdecreased the selectivity of £Hror
examples, the selectivity of GHiecreased from 14% over the Ru/H-beta to 11% a@h 7
over the Ru/H-meso-beta-0.1 M and the Ru/H-mesa-0€t5 M catalysts, respectively. The
selectivity to G, also declined when the H-meso-beta-0.1 M and theedo-beta-0.15 M
were used. A further increase in the concentratioNaOH to 0.3 M increased the selectivity
to Ci2" again. Thus, the highest selectivity te-C; hydrocarbons for this series of catalysts
was attained over the Ru/H-meso-beta-0.15 M catdlyg%). CO conversion increased
gradually with increasing the concentration of Na@bked for H-meso-beta preparation
(Figure 3-12b). Th€is/C, ratio for Ru/H-meso-beta-0.15 catalyst could reasfnigh as 3.9,
which is significantly higher than other report€9[340, 56]. Our characterizations have
clarified that the reduction degree of Ru specras the mean sizes of Ru particle are similar
over these catalysts (Table 3-2). Moreover, thdites of the H-meso-beta series of samples

were also similar and were comparable to the H-ggtaures 3-7 and 3-8). Thus, these results
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allow us to consider that the differences in catalgehaviors among the catalysts in Figure
3-12 mainly result from the difference in the mesmgity of the support. We propose that the
mesoporosity in the H-meso-beta can enhance the treassport, contributing to the higher
CO conversion and the lower GBelectivity. The presence of mesoporosity can efdwance
the accessibility of primary products, i.e., thenelr hydrocarbons, formed on Ru
nanoparticles to the acid sites. This resultedvindecrease in the selectivity of,Cby using
H-meso-beta-0.1 M and H-meso-beta-0.15 M to repthbeta (Figure 3-12a).

(@) 100 e (b) %0 °
44
80 40t
£ S 1
:E' 60 - Csi1 = 30 2
> 5 ]
B o =
/] =
g “oF g 20 o4
sk C.. 10 Jo2
CH,
0 0 1 1 1 1 0.0
0 01 015 03 0.0 0.1 0.2 0.3
NaOH conc. /M NaOH conc. /M

Figure 3-12 Catalytic performances of the Ru/H-rAlesta-xM catalysts: (a) product selectivity;
(b) CO conversionCisd/C,, andC,/C,, in Cs.11. Reaction conditiondV= 0.5 g, H/CO = 1/1P
=2 MPa,F =20 cm3/minT = 533 K, time on stream =12 h.

3.2.5Performance ofn-hexadecane hydrocarcking over Ru/H-meso-beta catadts

In order to verify whether the Ru/H-meso-b&b-catalysts can crack-G, products, we
performedn-hexadecane hydrocracking. Although it is alreaeorted that the molecular
sieve can promoted secondary cracking reactionntoease the gasoline fraction in FT
product, there is no direct experimental proof émfem this hypothesis. In this section,
hydrocracking oh-hexadecane was conducted over Ru/H-mesoxthéthHunctional catalyst,
with the same temperature and pressure used foe&dion. As shown in Table 3-4, under
the selected reaction conditiong;hexadecane was almost completely cracked over
Ru/H-meso-betaM catalyst. G-C4 and G-Cy; hydrocarbons are the main cracking product.
The G-C, selectivity over Ru/H-beta catalyst is slightlygher, which may be caused by
successive cracking of long-chain hydrocarbons .[5RUI/H-meso-beta-0.15M catalyst
possesses the highest-C;; selectivity, which is consistent with its FT pearfaance. There

are almost no -C;5 hydrocarbons in the cracking products over théseet catalysts, and
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Cs-Cy11 hydrocarbons consist of mainly isoparaffins. Weenthat the hydrocracking reaction
did not produce Ck which is consistent with carbocation mechanistalgaed by Brgnsted
acid sites [58]. Ru/H-beta (no mesopores) catatygiws higher CH selectivity in FT
reaction. Low methane selectivity was observedtlom same catalyst in n-hexadecane
hydrocracking. Vervloet et al. [59, 60] reporteck tdiffusion rate of K and CO in the
microporous zeolite pore. Hydrogen diffuses fadtemn CO, then, the localized high
concentration of Hwould promote the direct hydrogenation of Ghto CH,. Apparently this

does not occur during n-hexadecane hydrocracking.

Table 3-4 Catalytic behaviors of Ru/H-meso-bedd-catalysts with different porous structures

for hydrocracking of-hexadecan.

Catalyst n-CigHss  Hydrocarbon selectivity / (mol%) F:iSJCn
conv. / % CH, Cou Cs11 Cizis M Con
Ru/H-beta 97.8 0.5 31.1 65.9 2.5 3.6
Ru/H-meso-beta-0.15M 100 0.6 30.3 69.1 0 3.8
Ru/H-meso-beta-0.3M  95.7 0.9 28.2 65.9 5.0 3.2

2Reaction conditions: catalyst 0.5 g, feedndfiexadecane 0.045 ml/minflow rate of B
30mL min, P = 2 Mpa,T = 533 K, time on stream 12 h.

3.3 Conclusion

Two series of mesoporous beta zeolites were suatlggsrepared by a simple alkaline
post-treatment method. The size and volume of nmaespdepended on the concentration of
NaOH used for post-treatment. The higher conceaatraif NaOH led to the generation of
mesopores with larger sizes and volumes, but tlystalline structure of beta zeolite
underwent partial collapse under treatment in Na@¢lieous solutions with higher
concentrations. The H-meso-beta series of samfiksian-exchange with NH followed by
calcination displayed Brgnsted acidity similar hattof H-beta. Ru/H-beta showed relatively
higher selectivity to €&C;; hydrocarbons as compared to Ru/H-mordenite, RuGmMvR2,
and Ru/H-ZSM-5 possibly because of the medium-gtteBrgnsted acidity of H-beta zeolite.
The use of H-meso-beta prepared using a propereatmation of NaOH €0.15 M) instead
of H-beta as the support of Ru decreased the seles to both CH and heavier

hydrocarbons (§') and increased that tosi; hydrocarbons. CO conversion was also

73

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015
Ph.D Thesis of Université Lille 1 and XMU

increased, and the ratio of isoparaffingparaffins kept at > 3. A 67% selectivity tg-Ci1
hydrocarbons with a ratio of isoparaffinsrigparaffins being 3.9 could be attained over the
Ru/H-meso-beta-0.15 M catalyst. The mesoporosityl dhe unique acidity of the
H-meso-beta sample are proposed to contribute dosétective hydrocracking of heavier

hydrocarbons to £C;; hydrocarbons.
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Chapter 4. Selective Transformation of Syngas into
Gasoline-Range Hydrocarbons over Mesoporous

H-ZSM-5-Supported Cobalt Nanoparticles

AN, AN

Iso-paraffins

EECNIlEl Bifunctional Catalyst Fuels

Abstract: We have demonstrated that bifunctional Fischer-Tropsch (FT) catalysts, which couple
the uniform-sized Co nanoparticles for CO hydrogenation and the mesoporous zeolites for
hydrocracking/isomerization reactions, are promising for the direct production of gasoline-range
(Cs-11) hydrocarbons from syngas. Our results reveal that the strong Brgnsted acidity functions for
the hydrocracking/isomerization of the heavier hydrocarbons formed on Co nanopatrticles, while
the mesoporosity contributes to suppressing the formation of lighter (C,-4) hydrocarbons. The
selectivity of Cs-13 hydrocarbons could reach ~70% with a ratio of isoparaffins to n-paraffins of ~2.3
over our catalyst, markedly higher than the maximum value (~45%) expected from the
Anderson-Schulz-Flory distribution. Using n-hexadecane as a model molecule, we have clarified
that both the acidity and mesoporosity play key roles in controlling the hydrocracking reactions,

contributing to the improved product selectivity in FT synthesis.

This Chapter is based on the following publication:
Kang Cheng, Lei Zhang, Jincan Kang, Xiaobo Penggliong Zhang,* and Ye WangChem.
Eur. J, (2014, DOI: 10.1002/chem.201405277. (inside cover paper
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4.1 Introduction

The products of FT synthesis usually follow the Arsbn-Schulz-Flory (ASF)
distribution over conventional catalysts [13]. Suploduct distributions are broad and
unselective towards the middle-distillate produgikjch are generally the desired products
such as gasoline £Gq), diesel (Go-20, and jet fuels (g1¢. For example, according to the
ASF distribution, the maximum selectivity of gasalirange hydrocarbons is ~45%. In the
current FT technology, the widely distributed hychdoon products must be further refined in
the second stage by hydrotreating (including hyddng and isomerization) to produce
high-quality fuels [14, 15]. As compared to thiglincost and energy-consuming two-stage
process, the direct production of liquid fuels with the high-pressure Hplants for
hydrotreatment would make the FT process more cbtivee However, the selectivity
control for the production of narrowly distributedddle-distillate products is one of the most
difficult challenges in FT synthesis.

How to improve the selectivity to -G hydrocarbons is the main focus in most of the
recent studies concerning FT product selectiv[iie$l, 16]. The development of FT catalysts
that can directly break the ASF distribution is attractive but difficult challenge and has
recently become a hot research direction [17-2@]. plrticular, the construction of
bifunctional FT catalysts containing a componentG® hydrogenation to g hydrocarbons
(primary reaction) and that for hydrocracking/isoiza&tion (secondary reaction) to produce
middle-distillate hydrocarbons has attracted mutdnéon in recent years [16, 21].

Hierarchical zeolites containing both microporesl anesopores, which combine the
advantages of crystalline zeolites (possessinggtacidity and high stability) and amorphous
mesoporous materials (possessing efficient masssgoatation), have attracted much
attention in catalysis in recent years [38-43]pérticular, hierarchical zeolites have shown
improved catalytic performances in many acid-cadlyreactions involving larger molecules
such as the hydrocracking of heavier hydrocarb®dhs. introduction of hierarchical porosity
could not only enhance the activity and stability blso may improve the product selectivity
during the hydrocracking reactions. For example, Joag et al. demonstrated that, as
compared to the conventional microporous Y zeohtdyierarchical Y zeolite-supported Pt
catalyst can provide higher selectivity toward nheddistillate hydrocarbons including
kerosene and diesel, while the selectivity towagttér hydrocarbons becomes lower during
the hydrocracking of squalane (brancheg @kane) [44]. A previous study in our group

shows that Ru nanoparticles supported on carbootnbes (CNTs) show excellent selectivity
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for Cy0-20 hydrocarbons [21]. The acidic groups on the s@rfacCNTs may play a key role in
the mild hydrocracking of G; products into diesel-range hydrocarbons. Sumnmeyitine
available researches, we consider that combiningrekary hydrocracking reaction can tune
the selelctivity of liquid fuels in FT reaction (fire 4-1). Certainly, we expect that the
hierarchical zeolites would be suitable for the staunction of bifunctional FT catalysts with

controllable secondary reactions.

Iso-paraffins W . n-paraffins

Gasoline-range .Syngas Diesel-range
o AAAAANANA

Y vy T AR

Weak acids

’ Hydrogenation metal @j\*@ Acid sites

Figure 4-1 Concept of designing bifunctional catalysts fasgline-range and diesel-range

hydrocarbons from syngas.

So far, only limited studies have utilized mesopsraeolites for FT synthesis [45-52].
In our previous work, we investigated the catalyggformances of Ru nanoparticles loaded
on mesoporous ZSM-5 and mesoporous beta zeolitdsfoand that the selectivities toward
Cs-11 hydrocarbons over these catalysts could reachO%8-8vhich were much higher than
those over other bifunctional catalysts reporteddte [45, 46]. However, the high cost and
the low availability of Ru would hinder its industirscale application. Recently, Kapteijn and
co-workers reported a series of studies on theofiseesoporous zeolite-supported cobalt
catalysts for FT synthesis. They obtained an eragpng G-1; selectivity of ~60%, which
was higher than that expected from the ASF distiobu[48-52]. However, the selectivity to
CH, was still unfavorably high (~15%) [19]. Deeper damental studies on the effects of
mesoporosity and acidity as well as the state ame sf Co nanoparticles on product
selectivity are needed.

Herein, we present our comprehensive studies onfahegcation and utilization of

mesoporous ZSM-5 with tunable mesopores sizes @ddias for FT synthesis. In our work,
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we attempt to prepare bifunctional catalysts comtgi uniform-sized Co nanoparticles and
mesoporous ZSM-5 with changeable mesopores sizasidities to disentangle the effects of
different factors. In addition to FT synthesis, tmgrocracking ofn-hexadecane, a model

molecule of heavier hydrocarbons, will also be stigated to provide deeper insights into the

formations of different-range products over theibdtional catalysts.

4.2 Results and Discussion

4.2.1 Support effect of Co-based catalysts for FT synthes

This section examines the performance of cobadtlysts supported on various supports
for FT reaction. It was reported that the suppottanly determined the number of active site,
but also influenced selectivity of FT products [#B]. The supports can be generally
categorized into three classes: (1) oxide suppdi® and y-Al,Os, (2) Silicalite-1 with
micro-porous structure and mesoporous silica n@tge6BA-15, (3) molecular sieves with
different topologies. Due to different chemical quosition and crystal structure, these

materials show different acidic properties.

Table 4-1 Catalytic performances of various supported Galgsts for FT synthesf8.

CO conv. Hydrocarbon Selectivity (%) Ciso/Ch

catalyst
1% CHy, Cou Csar  Ci220 G inCs.11

ColSiQ 43.7 6.5 9.6 258 292 289 0.1
Cok-Al,03 22.2 9.5 214 429 216 46 03
Co/Silicalite-1 43.4 116 13.0 313 330 112 0.6
Co/SBA-15 40.9 7.1 157 442 293 37 0.2
Co/NaY 20.5 9.5 124 429 313 39 06
Co/HY 23.7 9.4 148 434 293 30 1.0
Co/USY 17.5 8.6 16.0 432 290 33 1.0
Co/H-MCM-22 38.7 148 178 485 186 03 21
Co/H-beta(25¥' 25.9 238 229 494 46 01 22
Co/H-ZSM-5(18}" 17.2 204 232 507 5.6 0.1 1.9

l{Reaction condition: catalystsy = 0.5 g, H/CO = 1/1,P = 2 MPa,F = 20 mL min", T =

513 K, time on stream = 12 f.the value in the parentheses is Si/Al ratio.
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Silicalite-1 and SBA-15 are considered as a wea#t ac acid-free support [43]. As
showed in Table 4-1, catalysts using S&0d Silicalite-1 as supports dispaly high actiahd
wider distribution of hydrocarbon products, close the ASF distribution, with high
selectivity towards G-o0and C,; hydrocarbons. The-Al,O3 supported catalyst shows lower
CO conversion, probably due to the generation wihaate during thermal treatment (strong
interaction between Co angtAl,O3) which is very hard to reduce [7]. The product
distribution of Coy-Al,O3 is also wider but with higher G and G_1; selectivity compared to
Co/SiQ, presumably caused by the weak acidity-@f ,O; material. When using SBA-15 as
the support, catalyst shows high selectivity towaf@.;; and G.,o middle distillates.
Ohtsuka et al. [54] also observed that Co catabggported on SBA-15 or MCM-41 showed
high selectivity of Go.o0 hydrocarbons in FT reaction.

It is interesting that when using molecular sieasssupports, the product distribution
shifts to middle distillates, especially the.f£hydrocarbons. Co catalysts supported on Y-type
zeolites with intermediate acidic strength (NaY, Bt USY) produce mainlysG; and G220
hydrocarbons. While using stronger acidic molecsiaves as supports, the selectivity of
Cs.11 hydrocarbons increases to 49.4% and 50.7% for ®efid and Co/H-ZSM-5,
respectively, which exceeds the maximum 45% caledldrom the ASF distribution. In
addition, the ratio ofso-paraffin to n-paraffin in G.11 hydrocarbons for molecular sieves
supported catalysts is higher than for weaker aawdinon-acidic catalysts. In general, FT
product distribution is strongly affected by theditees of support. Strong acidic molecular
sieve supported catalysts can produce maindy; @ydrocarbons with branched chains.
However, these acidic catalysts also produce, @ad G4 hydrocarbons which are not
desired in FT synthesis. Suppressing the generafidight hydrocarbons is challenging in
this area.

NH3-TPD profiles for every supports are showed in Fegd-2. Higher desorption
temperature represents the stronger acidic strerggtd the amount of acidic sites is
proportional to the area of corresponding peakssiA®swvn in Figure 4-2, Si0and SBA-15
materials are non-acidic, and BlHesorption peaks of Silicalite-1 apeAl,O3; are lower and
smaller. NaY, HY and USY show larger peak areaoiw temperature. H-MCM-22, H-beta
(25) and H-ZSM-5 (18) obviously has two distincake, and the high temperature peak is
caused by Brgnsted acid sites [55]. A. Auroux[56hsidered that Brgnsted acidity in
molecular sieves is caused by framework aluminaofding to the adsorption strength of of
NH3, a scale of acidic order was given: Silicalite-INaY < HY (2.4) < H-beta (10) <
H-ZSM-5 (14) < USY [56]. This order is consistenittwour NH;-TPD results. The only
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difference is USY zeolite which may be caused lgydliferent Si/Al ratio of USY zeolite or

different preparation method [57].
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4.2.2 Structural properties of mesoporous ZSM-5

Figure 4-2 NHs-TPD profiles for different supports.

The mesoporous ZSM-5 samples with different mespsizes have been synthesized

by post-treatment of the crystalline Na-ZSM-5 watlSi/Al ratio of 18 using NaOH aqueous

solutions with different concentrations at 343 Klldwed by ion-exchange to transform the

Na-form to H-form samples. The proton-exchangedmasnare denoted as H-meso-ZSM-5-

M, wherex represents the concentration of NaOH aqueousiaolused for post-treatment.

Figure 4-3 shows the typical transmission electnunroscopy (TEM) images of the

H-meso-ZSM-5 samples thus obtained. The ZSM-5 alystynthesized in our laboratory

possessed sheet-like morphology, which may be lmealefo the mass transportation [58].

Figure 4-3 clearly shows that the post-treatmenbgudNaOH aqueous solutions with

concentrations= 0.3 M can lead to the generation of mesopores th&eZSM-5 crystals.

The size of mesopores became larger upon an imcieabe concentration of NaOH. From

the high-resolution TEM (HRTEM) images (insets iigufe 4-3), we could observe the

crystalline fringes in H-ZSM-5, indicating the highystallinity of this sample. The crystalline

fringes could also be seen in the H-meso-ZSkivbseries of samples but were interrupted

by the mesopores, in particular for the sample gneggpusing a higher concentration of NaOH.

This observation suggests that the crystallinecaire of ZSM-5 can be sustained after the

post-treatment, but the generated mesopores matestthe length of the ordered structure.
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Figure 4-3. TEM micrographs: a) H-ZSM-5, b) H-meso-ZSM-5-81¢c) H-meso-ZSM-5-0.3
M, d) H-meso-ZSM-5-0.5 M, e) H-meso-ZSM-5-0.8 MddhH-meso-ZSM-5-1.2 M. The
insets are the HRTEM images in the selected area.

We also investigated the change in the crystalitnecture after the post-treatment by
X-ray diffraction (XRD) in Figure 4-4. The resulevealed that all the diffraction peaks
belonging to crystalline ZSM-5 could be observedtfe H-meso-ZSM-5, but the intensities
of the peaks decreased significantly when the aanaton of NaOH used for post-treatment
exceeded 0.5 M. This suggests that the crystaBimmecture has been sustained for the
H-meso-ZSM-5¢M samples although the long-ordered regularity ei@ses whem exceeds

0.5. This agrees well with the above TEM results.
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Figure 4-4. XRD patterns of the H-meso-ZSMxBA series of samples. The number in the

parentheses after each sample denotes the retagstallinity with respect to H-ZSM-5.

The pore structure was further characterized bypAysisorption technique. The Ar

adsorption-desorption isotherms (Figure 4-5) shbet the H-ZSM-5 exhibits the type |

isotherm, which is typical of microporous zeolit®]. The treatment of H-ZSM-5 with

NaOH aqueous solutions changed the isotherms fyga I gradually into type IV and a

hysteresis loop appeared, indicating the generafiomesopores [59].
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Figure 4-5. a) Argon adsorption-desorption isotherms anddog gize distributions evaluated
by the BJH method for the H-meso-ZSM-5-x M samples.
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By using the Barrett-Joyner-Halenda (BJH) methode wave evaluated the
pore-diameter distributions in mesoporous region tlee H-meso-ZSM-5M samples.
Relatively narrow pore-diameter distributions weteserved for the samples with<x 0.5
(Figure 4-5b). The size of mesopores depended ercancentration of NaOH; the higher
concentration of NaOH resulted in the larger sikenesopores. The surface areas and pore
volumes of the H-meso-ZSM-8M samples were also evaluated from the Ar phystsmmp
With an increase in the concentration of NaOH usegbost-treatment, the micropore surface
area and micropore volume, which were estimatedhieyt-plot method [60], decreased,
whereas the mesopores surface area and mesopduesevestimated by the BJH method
increased (Table 4-2). This indicates that someropores have been transformed into
mesopores [61]. Our inductively coupled plasmaeagbtemission spectroscopy (ICP-OES)
measurements revealed that the Si/Al ratio in thed$o0-ZSM-5 samples became lower than
that in the parent ZSM-5 (Table 4-2). This suggésts the Si atoms have been removed from
the framework of ZSM-5 zeolite during the treatmbgtNaOH aqueous solutions and the

desilication is mainly responsible for the genematf mesopores in the microporous ZSM-5
crystals.

Table 4-2 Textural properties of H-ZSM-5 and H-meso-ZSM-Bbt series of samples.

H-meso-ZSM Si/Al Ser” Smicr” Smeso’ Viotal Vmico o Vimess:  Dmicro” meso”
-5-xM ratio”  [m’g’] [m*g"] [m*g’] [em’gY] [emg] [em®g?] [nm]  [nm]

0 18 34 304 29 018 013 004 049 -

0.3 14 38 262 98 022 011 012 050 45
0.5 14 383 252 153 029 011 019 050 58
0.8 12 387 225 168 040 009 032 050 9.9
1.0 10 372 128 252 050 005 045 048 138

' measured from ICP-OES' BET surface aread” Syico and Vimicro denote micropore surface area and
micropore volume, respectively, evaluated by thsot method. Sheso and Vineso denote mesopores
surface area and mesopores volume, respectiveljyated by the BJH methofl! Total pore volume!”

Mean diameter of micropores evaluated by the HKkhoet® Mean diameter of mesopores evaluated by
the BJH method.

4.2.3 Acidities of mesoporous ZSM-5

The acid properties of the H-meso-ZSM-5-x M samplesre investigated by the
ammonia temperature-programmed desorption 3(NPD). Figure 4-6a shows that the
H-meso-ZSM-5 samples exhibit two NHIesorption peaks at ~500 K and ~750 K. The
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lower-temperature and higher-temperature desorppeaks could be ascribed to the
hydrogen-bonded NHmolecules and the NHmolecules chemisorbed on the Brgnsted acid

sites, respectively [62, 63].

H-meso-ZSM-5-xM
a) —
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Figure 4-6. a) NH-TPD profiles and b) pyridine-adsorbed FT-IR specfior the
H-meso-ZSM-5xM samples prepared by post-treatment of ZSM-5 widiiferent

concentrations of NaOH solution.

It is generally accepted that the Brgnsted acid plays a predominant role in the
hydrocracking and isomerization reactions, whicly nmxolve the carbocation intermediates
[64, 65]. Thus, we have estimated the density @nBted acid sites over the H-meso-ZSM-5
samples. The density of Brgnsted acid sites deedeagadually with increasing the
mesopores size or the concentration of NaOH usegdst-treatment (Figure 4-6a). Our
ICP-OES analysis confirmed that almost no" Nemained in the H-meso-ZSM-5 samples,
indicating that almost all the Naations were exchanged into protons. The decrigate
density of Brgnsted acid sites may be related ¢octrange of a part of framework Al into
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extra-framework Al species during the desilicatmocess [62]. This was confirmed by our
2’Al magic-angle spinning nuclear magnetic resongfiéd MAS NMR) spectroscopic study.
2’Al MAS NMR spectra of the HZSM-5 H-meso-ZSMx® samples are shown in Figure 4-7.
For all the samples, there are two bands: onentered at 55 ppm and the other is at 0 ppm.
The former is attributed to the framework aluminamd the latter is associated with the
non-framework aluminum [66]. For H-meso-ZSMxBI samples, the intensity of the band
corresponding to the non-framework aluminum incedadue to partial collapse of ZSM-5
structure.

The quantification of Figure 4-6a suggests thar@ayamately 60% of Brgnsted acid sites
are sustained after the treatment using a 0.5 MHNaQueous solution. Pyridine-adsorbed
Fourier-transform infrared (FT-IR) spectroscopicdsés were performed to gain further
information on the acid property of the H-meso-ZSMamples. Figure 4-6b shows that the
H-meso-ZSM-5 samples exhibit IR bands at 1455 @md 1543 cm, which can be ascribed
to the Lewis and the Brgnsted acid sites, respaygti67-69]. The IR band observed at 1490
cm® resulted from both Brensted and Lewis acid sitesr these catalysts. As compared to
that for H-ZSM-5, the intensity of the band at 158" for the H-meso-ZSM-5 became
lower, while that at 1455 cfhbecame higher. This corresponds well to thesNAD result
and also suggests that a part of framework Al atbege migrated to the extra-framework
position, leading to the decrease in the densitBrainsted acid sites and the simultaneous

increase in the density of Lewis acid sites.

H-ZSM-5

H-meso-ZSM-5-0.5M

Intensity /a.u.

H-meso-ZSM-5-1.0M

120 90 60 30 0 -30 -60
5(ppm)
Figure 4-7. 2’Al MAS NMR spectra for the H-meso-ZSM-5-x M serigfssamples.
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4.2.4 Preparation of zeolites with different Brgnsted aal densities

To gain insights into the effect of acidity withoctnsidering the influence of porous
properties, we have prepared a series of mesopd@®Ms5 samples by treating microporous
ZSM-5 with a 0.5 M NaOH aqueous solution (denotednaeso-ZSM-5-0.5M) but with
different H'-exchanging degrees and thus different aciditié4s-TWPD results showed that the
intensity of the desorption peak at ~750 K beloggmthe Brgnsted acid sites increased with
an increase in the Hexchanging degree (Figure 4-8a), confirming ttezdase in the density
of Brgnsted acid sites (Table 4-3). This was furthgported by the pyridine-adsorbed FT-IR
studies. The IR band at 1543 trascribed to the Bransted acid sites increased avith
increase in the Hexchanging degree (Figure 4-8b). An IR band a#ldd#i* was observed
for the sample with Naremaining at the cation-exchange site due to titeraction of
pyridine with Nd, which is a weak Lewis acid. For comparison, weehalso prepared
microporous ZSM-5 with different Hexchanging degrees. From the NFPD results
(Figure 4-9), we have evaluated the densities ehBted acid sites for these samples and the

results are also displayed in Table 4-3.

Table 4-3 Density of Brgnsted acid sites over ZSM-5 andapesous ZSM-5 samples with
different H-exchanging degrees

Sample H'-exchanging degre®ensity of Brgnste
[%] acid site¥! [mmol g*]

meso-ZSM-5-0.5 M 0 0
meso-ZSM-5-0.5M 6.9 0.02
meso-ZSM-5-0.5 M 48 0.14
meso-ZSM-5-0.5 M 62 0.18
meso-ZSM-5-0.5 M 100 0.29

ZSM-5 0 0

ZSM-5 10 0.05

ZSM-5 33 0.16

ZSM-5 60 0.29

ZSM-5 100 0.48

@ Evaluated from NgTPD.
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Figure 4-8 a) NH-TPD profiles and b) pyridine-adsorbed FT-IR speedbr the
meso-ZSM-5-0.5 M samples with different-elxchanging degrees.
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Figure 4-9. a) NH-TPD profiles and b) pyridine-adsorbed FT-IR spgétr ZSM-5 samples
with different H-exchanging degrees.

4.2.5Preparation of Co nanopatrticles loaded on ZSM-5 andnesoporous ZSM-5

It is well known that metallic Co is the active gkdor FT synthesis [7-12]. The size of
Co patrticles is a key parameter determining thelgiit performance of supported Co
catalysts. It is accepted that Co nanoparticlel wimean diameter of 6-10 nm are favorable
for the production of &5 hydrocarbon in FT synthesis [70]. In the caseusing a
microporous zeolite as the support, it is diffictdtdisperse the Co particles in such a size
range because the surface area of a zeolite idyniosited inside the micropores [50]. Thus,
we have first investigated the possibility to pmep@SM-5-supported Co particles with

narrow size distributions.
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Figure 4-10 TEM micrographs and the corresponding Co parside distributions for the
Co/H-ZSM-5 prepared by thermal treatment of theNEay)./H-ZSM-5 composite under
different atmospheres. (a) stagnant air at 673Kf{l¢wing air at 673 K, (c) 5% NO/Ar at 673
K, (d) 5% NO/Ar at 573 K.

We prepared H-ZSM-5-supported Co catalysts by glsinmpregnation method using
Co(NG;), as the precursor. We found that the control ofdtmosphere for the subsequent
thermal treatment is crucial for obtaining Co naatiples with narrow size distributions. The
thermal treatment of the Co(NJ@H-ZSM-5 composite in stagnant air or air flow riésd in
inhomogeneous supported Co patrticles. On the dtaed, the thermal treatment in NO/Ar
flow led to the relatively homogeneous size disttibn of Co nanoparticles (Figure 4-10).
The mean size of Co patrticles also became smallemin) by adopting the thermal treatment
in NO/Ar flow at 573 K. Our observation is in agmeent with that reported by the Utrecht
group [71, 72], who demonstrated that the impragnabf Ni(NOs), or Co(NQ), into
mesoporous Si§) followed by thermal treatment in a gas flow camtag NO, led to the
formation of uniform-sized Ni or Co nanoparticl@e controlled thermal decomposition of
nitrates under NO was proposed to be responsibliéonarrow size distribution.

We adopted the same thermal treatment under N@Athe preparation of mesoporous
ZSM-5-supported Co catalysts. Co nanoparticles wigpersed in these samples relatively
homogeneously (Figure 4-11). The size distributioh€o particles in these catalysts derived
by counting more than 200 Co particles were naiffable 4-4). It is of interest that the mean
sizes of Co particles in the H-meso-ZSMd4- samples with different mesopores sizes are

quite similar, locating in a range of 7.7-10.5 nirhe mean size of Co particles in such a range
is believed to be beneficial for FT synthesis [70].
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Figure 4-11 TEM micrographs of Co nanopatrticles loaded on ésmZSM-5-x M series of
catalysts. a) Co/H-ZSM-5, b) Co/H-meso-ZSM-5-0.1dyICo/H-meso-ZSM-5-0.3 M, d)
Co/H-meso0-ZSM-5-0.5 M, e) Co/H-meso-ZSM-5-0.8 MCBH/H-meso-ZSM-5-1.2 M.
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Figure 4-12 H,-TPR profiles for the Co/H-meso-ZSM»5M sample before Hreduction. (a)
Co/H-ZSM-5, (b) Co/H-meso0-ZSM-5-0.1 M, (c¢) Co/H-mesSM-5-0.3 M, (d)

Co/H-meso0-ZSM-5-0.5 M and (e) Co/H-meso-ZSM-5-1.0 M

The reduction degree of Co species and cobalt digpeover the Co/H-meso-ZSM-5
samples were characterized by the pulse oxidatohtlae H chemisorption techniques. As
displayed in Table 4-4, the reduction degree ofs@ecies decreased as the concentration of
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NaOH used for post-treatment or the mesoporesisizeased. Our studies already indicated
that a small part of framework Al species movedextra-framework positions during the
NaOH treatment or desilication process (Figure .4¥hHe cobalt precursors would strongly
interact with these extra-framework Al species, #ngs became difficult to be reduced. The
decrease in the reducibility was also confirmedh®yH-temperature-programmed reduction
(H2-TPR) results, which showed that the fraction o tiigh-temperature reduction peak
(>900 K) increased with increasing the concentratdd NaOH for post-treatment (Figure
4-12). The retardation of the reduction due togdtreng interaction between Co species and
Al species was also observed by other groups asdowaposed to be due to the formation of
cobalt aluminate species [73].

We have evaluated the Co dispersion by measurimgutiount of Bl chemisorption on
our catalysts. The Co dispersions for these cdtalysre quite similar, located in a range of
0.074-0.099. From the value of Co dispersion, vee astimated the size of Co particles by
using a simple reciprocal relationship between piagticle size and the dispersion for
spherical particles, Co size = 0.96/dispersion. Témults displayed in Table 4-4 further
suggest that the sizes of Co particles in the GuAdo-ZSM-5xM series of catalysts are

quite similar.

Table 4-4 Properties of cobalt species over the Co/H-meSht5b-x M series of catalysts

Sample Mean Co siZ  Reduction degré® Co dispersioff Co sizé” [nm]
[nm] [%]

Co/H-ZSM-5 9.5+3.1 75.2 0.074 12.9
Co/H-meso0-ZSM-5-0.1 M 10.5%+2.5 63.8 0.081 11.9
Co/H-meso0-ZSM-5-0.3 M 8.1+2.0 59.5 0.081 10.8
Co/H-meso-ZSM-5-05 M  8.4£1.8 50.5 0.099 9.7
Co/H-meso-ZSM-5-0.8 M 8.7£1.8 43.9 0.094 10.2
Co/H-meso0-ZSM-5-1.0 M 7.8+2.2 42.7 0.093 10.3
Co/H-meso-ZSM-5-1.2 M 7.7£2.0 38.1 0.097 9.9

2l Obtained from TEM.™ Evaluated by the pulse oxidation methdd. Measured by the H
chemisorption methodf! Estimated by the equation: Co size = 0.96 /dispers
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Figure 4-13 TEM micrographs and the corresponding Co parside distributions for the
Co/ZSM-5 catalysts with different Hexchanging degrees. Hxchanging degree: (a) 100%, (b)
60%, (c) 33%, (d) 10%, (e) O.

We also loaded Co nanoparticles onto the ZSM-5medgo-ZSM-5-0.5 M samples with
different H-exchanging degrees. For these catalysts, the sipes of Co particles estimated
from TEM measurements were quite similar in a raof&.4-10.5 nm (Table 4-5, Figures
4-13 and 4-14), which were suitable for FT synthesi

Figure 4-14 TEM micrographs and the corresponding Co parside distributions for the
Co/meso-ZSM-5-0.5 M catalysts with different-eixchanging degrees. Hxchanging degree:
(a) 100%, (b) 62%, (c) 48%, (d) 6.9%, (e) O.
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The reduction degrees of Co species for the Co/BZ3dries of catalysts were 75-88%,
while those for the Co/meso-ZSM-5-0.5 M series afatysts were 50-66%. The lower
reduction degrees of Co species in the latter sefi€atalysts are probably due to the strong
interaction of Co species with the extra-framewArlspecies existing in these catalysts. It is
quite interesting that the reduction degree of @eckes and the Co particle size do not
depend on the Hexchanging degree or the content of Nathe catalysts. It was reported
that the presence of alkali metal ions in the Ceeldacatalysts may decrease the reducibility
of Co species because of the strong interactioBmépecies with the alkali metal ions, and
thus the alkali metal ion may work as a poison ofdatalysts for FT synthesis [7, 9]. Over
our catalysts, the interaction between Co speaidsNg should be weak because Nans
are located in the cation-exchange positions ingidesmall micropores, whereas Co species

responsible for FT synthesis should be mostly letautside the small micropores.

Table 4-5 Properties of cobalt species over the Co/ZSMries@and the Co/meso-ZSM-5-0.5

M series of catalysts with different Héxchanging degrees.

Sample H*-exchanging Reduction degré®[%]  Mean Co siz& [nm]
degree [%]

Co/ZSM-5 0 88 9.1£1.8
Co/ZSM-5 10 85 9.3£2.4
Co/ZSM-5 34 83 10+1.7
Co/ZSM-5 60 80 10£2.4
Co/ZSM-5 100 75 9.543.1
Co/meso-ZSM-5-0.5 M 0 64 9.0+2.4
Co/meso-ZSM-5-05 M 6.9 66 8.8£2.1
Co/meso-ZSM-5-0.5 M 48 49 9.4+£1.4
Co/meso-ZSM-5-05 M 62 50 10.5+2.1
Co/meso-ZSM-5-0.5 M 100 51 8.4+1.8

2l Evaluated by the pulse oxidation meth8dObtained from TEM measurements.

4.2.6 Catalytic behaviors of Co/ZSM-5 and Co/meso-ZSM-5dr FT synthesis

First, we compared the catalytic performances efGo/H-ZSM-5 catalysts prepared by
thermally treating the Co(NéR/H-ZSM-5 composite under different atmospheres. As
compared to that by thermal treatment under stagueaor air flow, the catalyst prepared by
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thermal treatment under NO/Ar flow provided sigedintly higher CO conversions (Table
4-6). The combination of this observation with &M result (Figure 4-10) indicates that the
catalysts with narrowly distributed and smalleresizof Co particles possess higher CO
conversion activities. Nevertheless, the produtgctwities over these catalysts were quite
similar; the selectivities to G; and Gy-0 hydrocarbons were lower and those tgiC
hydrocarbons were ~50%, slightly higher than theximam value expected from the ASF
distribution (~45%). It can be expected that;£ hydrocarbons undergo hydrocracking
reactions, increasing thesG; selectivity over these catalysts. However, thedslity to
lighter (G-4) hydrocarbons, which were unfavorable in FT sysifhijewas too high over the
Co/H-ZSM-5 catalysts. The GHind G-, selectivities were 20-22% and 21-23%, respectively
These results indicate that the size of Co pagtioker the H-ZSM-5 in the range of 9.5-20

nm can affect the CO conversion but does not saarifly affect the product selectivity.

Table 4-6 Catalytic performances of Co/H-ZSM-5 preparedh®rmal treatment of
Co(NQy),/H-ZSM-5 composite under different atmosphbtes

Hydrocarbon selectivity /% i&/Cn

Atmosphere for thermal )
COconv./%  CH, Co-a GCsa1 Cioz Cof in Cs-11

treatment

0
Stagnant air at 673 K 17 20 23 51 5.6 0.1 19
Air flow at 673 K 23 20 21 51 6.8 0.7 1.9
5% NO/Ar flow at 673 K 32 20 22 49 8.0 0.9 1.7
5% NO/Ar flow at 573 K 31 22 22 50 5.9 0.2 1.8

[ Reaction conditions: catalyst, 0.5 g#/€O = 1.0; temperature, 513 K; pressure, 2 MPa]j tlmw rate,
20 mL miri*; time on stream, 12 h, Carbon balance is 95-100%.

Then, we investigated the catalytic performance<of nanoparticles loaded on the
H-meso-ZSM-5xM series of samples with different sizes of mesepofhe mean sizes of Co
nanoparticles over these catalysts were similaf-10.5 nm). Figure 4-15 shows that the
introduction of mesopores significantly changes phaeduct distributions; the selectivity to
the lighter (G-5) hydrocarbons decreased and that te;{Chydrocarbons increased
significantly by using the H-meso-ZSM-% € 0.1-1.2 in Figure 4-15) to replace H-ZSM»5 (
= 0). For example, the selectivity to CHecreased from 22% over the Co/H-ZSM-5 to 7.7%
over the Co/H-meso-ZSM-5-0.5 M € 0.5) catalyst and thesG; selectivity increased from
50% to 70% at the same time. The selectivity o, @ydrocarbons also decreased from 22%
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to 15%, while that to heavier (&) hydrocarbons kept low (<8%). A further increasexi

value (NaOH concentration) increased the selegtitat heavier hydrocarbons possibly
because of the decreased acidity (Figure 4-6). ,Thiuis highest selectivity to sG;
hydrocarbons for this series of catalysts was rathiover the Co/H-meso-ZSM-5-0.5 M
catalyst. The ratio of isoparaffins teparaffins in G-;; hydrocarbons, denoted &3/C,,
over this catalyst was 2.3. It is of interest tif@ Co/H-meso-ZSM-5-0.5 M catalyst also
exhibits a higher CO conversion than the Co/H-ZSkkély because of the enhanced mass
transportation in the catalyst with mesopores. Tumther increase in the& value rather

decreased the CO conversion possibly due to theease in the reduction degree of Co

species.
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Figure 4-15 Catalytic performances of the Co/H-meso-ZSM-%esenf catalysts for FT
synthesis. a) product selectivity. b) CO conversindCis/C,. Reaction conditionsh/= 0.5 g,
H,/CO = 1/1,P = 2 MPaF = 20 mL min*, T = 513 K, time on stream = 12 h.

It is noteworthy that, although the@; selectivity of 70% obtained in this work is lower
than that obtained over the mesoporous zeoliteestggh Ru catalysts in our previous work
[45, 46], this value is better than the Co-basddnictional catalysts reported to date [17-20].
We have examined the stability of the Co/H-meso-ZsB5 M catalyst. CO conversion and
Cs-11 selectivity only decreased slightly with prolongithe time on stream (Figure 4-16).
The CO conversion of 36% ands-&; selectivity of 65% could be obtained after 107fh o
reaction. These results suggest that our mesopoZ@i-5-supported Co catalyst is

promising for the selective synthesis @f {z hydrocarbons from syngas.
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Figure 4-16 Changes of catalytic performances with time o@ash over the

Co/H-meso-ZSM-5-0.5 M catalyst.

It is of fundamental importance to clarify the kéctors determining the catalytic
behaviors, in particular the product selectivity, & bifunctional catalyst. As described above,
we have clarified that the mean sizes of Co padicver our catalysts are in the range of
7.7-10.5 nm. In such a range, we could excludentheence of the size of Co particles on the
product selectivity. The result in Figure 4-15 sesjg that the presence of mesopores
remarkably increases the selectivity te-{z hydrocarbons by suppressing the formation of
CH, and G-4 alkanes. However, as displayed in Figure 4-6dtesity of the strong Brgnsted
acidity of the H-meso-ZSM-%M samples gradually decreased accompanying with the
presence of mesopores. The decrease in aciditysmagress the over-cracking of heavier
hydrocarbons, resulting in the decrease in thecteiy to lighter hydrocarbons. Thus, it is
necessary to unravel the contribution of the preserfi mesoporosity or the decreased acidity
to suppressing the formation of the lighter hydrboas.

4.2.7 Catalyst deactivation

Deactivation is an important problem for Co cately3he main reasons of deactivation
include poisoning of active sites, sintering, carlteposition, carbonization, oxidation of
metallic cobalt, strong interaction between cobalt supports, reconstruction of catalyst and
so on [74-77]. A. Martinez et al. [78] studied theactivation behavior of Co/zeolite catalysts
in FT reaction systematically. It was found thatboa deposition on catalysts surface cause
lower catalytic activity angso-paraffin content. The amount of carbon deposiimmeases in
the following order HZSM-5 < HMOR < HBeta < USY. F€0/HZSM-5 catalyst with
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narrow micropores, the catalyst pores contain mdsthig-chain hydrocarbons. For cobalt
catalysts supported on molecular sieve supports laitger micropores, carbon deposition
mainly consists of aromatic hydrocarbons with durady and triple ring. Carbon deposition
can cover Brgnsted acidic sites, but also can ipgrelted due to subsequent hydrogenation
reaction. So over Co/HZSM-5 catalysts, 80% of Btethsacid sites are still available after
reaction [78].

The TEM mapping images for Co/H-meso-ZSM-5-0.5Mabatt after reaction of 107 h
is shown in Figure 4-17. It is clear that theraascobalt agglomerates observed. The statistics
of Co nanoparticles shows that the average colaaticfe size increases from 8.4 £ 1.8 nm
(fresh) to 9.6 £ 2.7 nm (after reaction). As FTatéan is a strongly exothermic reaction, Co
nanoparticles are prone to reconstruct or agglomerahich is a major cause of catalyst
deactivation. The dark-field TEM images and mapmhgobalt elements also confirmed that
Co nanoparticles are well dispersed in the H-meSht5-0.5M crystallites. ZSM-5 zeolite
consists of Si, Al and O elements. It is also ckbat the three elements are well dispersed

without enrichment.

: HAADF (C)

Figure 4-17. Micrographs of Co/H-meso-ZSM-5-0.5M catalyst afeaction for 107 h: (a)
TEM image, (b) HAADF-TEM image, (c, d, e, f) TEM-BEOmages of cobalt, aluminum,

silicon and oxygen, respectively.

98

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015

Chapter 4 Gasoline-Range Hydrocarbons over Co/H-m&#64-Z Catalysts

(b)

Intensity of CO, signal

(@)

1 1 I I I I I
400 500 600 700 800 900 1000

Temperature /K

Figure 4-18 O,-TPO profiles recorded by mass spectrum for Co/lavgSM-5-0.5M catalys:
(a) fresh and after reaction for (b) 12 h and (&) b.

O,-TPO technique can be used to analyze carbon depwsithe surface of the catalyst
[79]. Figure 4-18 shows that there is no carbontammation on catalyst surface (no £0
signal) for fresh Co/H-meso-ZSM-5-0.5M catalyst. WHor the catalysts after 107 h and 12
h reaction, two obvious C(peaks are observed in the range of 400 — 800 & tfza 107 h
signal is stronger. Low temperature £€)gnal may be caused by the combustion of adsorbed
carbon on the surface of metallic cobalt particMetallic nanoparticles could catalyze the
combustion reaction. High temperature signal maypedrom the aromatic hydrocarbons or
waxes in the pores of molecular sieve [80, 81]. TEM and the @TPO results show that

the main reasons for catalyst deactivation incleaml@alt sintering and carbon deposition.

4.2.8 The effect of Brgnsted acid densities on hydrocarlmoselectivity

To disentangle the roles of the decreased acidity the enhanced mesoporosity in
improving the G-;; selectivity over the mesoporous H-ZSM-5-suppor@al catalysts, we
have investigated the catalytic behaviors of ZSMAS meso-ZSM-5-0.5 M catalysts with
different H'-exchange degrees or different densities of Bransted sites.
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Figure 4-19 Catalytic performances of the Co/ZSM-5 catalysts different H-exchanging

degrees for FT synthesis. a) Product selectiv)tqz® conversion an@isy/C..

Figure 4-19 shows that, upon decreasing tHeexthange degree or the density of
Bronsted acidity, the selectivity to Gknd G-, hydrocarbons can really be decreased to
some extent, but the selectivity to;-G hydrocarbons cannot be increased significantly.
Actually, Figure 4-19 shows that the-G selectivity varies between 40-50% with changing
the H'-exchange degree. Instead, the selectivity tg Bydrocarbons increased significantly
with decreasing the Hexchanging degree. The CO conversion was kepB8@%; whereas
the ratio of n-paraffins toiso-paraffins decreased from 1.8 to 0.9 with decrepdime
H*-exchanging degree from 100% to 0. All these ressiiggest that the decrease in the
density of Brgnsted acid sites can suppress theobsatking and isomerization reactions as
expected. However, the selectivity tos-G hydrocarbons cannot be enhanced by

systematically regulating the acidity of the Co/ZSNeries of catalysts without mesopores.
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Figure 4-20 Catalytic performances of the Co/meso-ZSM-5-0.6atalysts with different
H*-exchange degrees for FT synthesis. a) Produattsédg b) CO conversion an@isy/Cy.

Figure 4-20 displays the catalytic behaviors of @@meso-ZSM-5-0.5 M series of
catalysts with the same mesopores size (~6 nmjifiatent H-exchange degrees or acidities.
CO conversion changed only slightly over this seé catalysts. It is of interest that the
selectivities to Chland G-4 hydrocarbons do not vary significantly for thisiee of catalysts
with different acidities. The increase in thé-ekchanging degree or the density of Bragnsted
acid sites increased thes G selectivity at the expense of-{; selectivity. The ratio of
iso-paraffins ton-paraffins increased from 1.0 to 2.3 with incregsihe H-exchanging
degree from 0 to 100%. In other words, in the pregseof mesopores, the increase in the
density of Brgnsted acid sites enhanced the hyackiorg and isomerization of heavier
hydrocarbons selectively intosG; hydrocarbons without forming additional ¢ldnd G-4
alkanes. On the other hand, the increase in thadBed acidity for the Co/ZSM-5 series of
catalysts without mesopores by increasing tfieexthanging degree caused the significant
increase in the CHand G-,4 selectivities but not the G, selectivity (Figure 4-19). These

results clearly indicate that the presence of mesgity mainly contributes to the high &
selectivity of the Co/H-meso-ZSM-5 catalysts.
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4.2.9 Catalytic behaviors ofn-hexadecane hydrocracking

The results described above indicate that the noeespy plays a key role in
suppressing the formation of lighter hydrocarbond anhancing the ;1 selectivity. To
understand deeply the roles of the acidity and ritesoporosity, we have performed the
hydrocracking reactions using-hexadecane as a model molecule of heaviet 1§C
hydrocarbons under the reaction conditions simdathose used for FT synthesis. For both
the Co/ZSM-5 and Co/meso-ZSM-5 series of catalyseshydrocracking reaction could take
place and conversion ofC;¢Ha4 increased with increasing the 4dxchanging degree or the
density of Brgnsted acid sites (Table 4-7). At #aene time, the ratio ako-paraffins to
n-paraffins in G-1; hydrocarbons@s/Cy) increased significantly from 0.1 or 0.2 to 0.8104.
These observations confirm that the Brgnsted adids splay crucial roles in the
hydrocracking and isomerization reactions.

It should be noted that the product selectivityalepended on the density of Brgnsted
acidity. For the catalysts with higher densitieBofinsted acidity (the Hexchanging degree
= 33% for Co/ZSM-5 and= 48% for Co/meso-ZSM-5-0.5 M), the major productsrev
C,-11 hydrocarbons, whereas L5 hydrocarbons and CHwere formed with higher
selectivities over the catalysts with lower dewesitof Brgnsted acidity. We believe that this is
because of the different reaction mechanisms. k@isolid acid-supported metal catalysts, it
is generally accepted that the hydrocracking reactollows the bifunctional sequential
mechanism [36, 83]. In brief, n-alkane (her€16H34) undergoes dehydrogenation on metal
sites over a bifunctional catalyst, and then thefimlc products could be adsorbed on
Bregnsted acid sites, forming carbocations, whicluldandergo isomerization and C-C bond
scission to provide shorter branched and lineaaffias as the final products [36, 83, 84]. On
the other hand, over the supported metal catalygtsless or no acidity, the reaction may
follow the metal-catalyzed hydrogenolysis mechani86) 85, 86]. The C-C cleavage during
the metal-catalyzed hydrogenolysis of paraffinsallguoccurs at the terminal C-C bond,
producing CH and the remaining moiety. This can explain thénbigelectivities of Cldand
Ci2-15 hydrocarbons during the conversionme€,6H34 over the catalysts with smaller or no
Brognsted acid sites. Nevertheless, the converbmsCi¢Hz4 over the catalysts with lower
densities of Brgnsted acid sites were lower. Thiscates that the hydrogenolysis activity is
not as high as the hydrocracking activity catalybgdthe bifunctional catalyst. Thus, the
effect of the hydrogenolysis on the product selggtiin FT synthesis should not be very
significant. Actually, the selectivity of CHover the Co/meso-ZSM-5-0.5 M catalyst with a
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H*-exchange degree of 0 (Co/pure*Marm mesoporous zeolite) showed a slightly higher
CH, selectivity than the corresponding catalyst withigher H-exchange degree (Figure
4-20a).

Figure 4-21 shows the product distributions mhexadecane hydrocracking for
Co/H-ZSM-5, Co-H-meso-ZSM-5-0.5M and Co-H-meso-ZSM-5M, respectively. It is
interesting that the product distributions for thieatalysts are different. There are mogg C
hydrocarbons in the cracking product of Co/H-ZSMahich may be caused by secondary
cracking of long-chain hydrocarbons in the long armatrow micropores [36, 44]. The
distribution shifts to middle distillates when mpeces are introduced. High content of
iso-paraffins was also observed in these acidic cstsly

Table 4-7. Hydrocracking of n-hexadecane over Co/ZSM-5 aofin@so-ZSM-5-0.5 M series
of catalysts with different Hexchanging degreé@.

Hydrocarbon selectivity [%6] Cis/Ch

Catalysf! n-CygHs4 cONV. [%]
CH,4 Coa Cs.11 Ci2.15

Co/ZSM-5 (0) 3.6 8.4 19 31 42 0.1
Co/ZSM-5 (10) 17 7.6 20 37 3 0.2
Co/ZSM-5 (33) 33 13 37 53 90 05
Co/ZSM-5 (60) 53 0 42 57 16 05
Co/ZSM-5 (100) 73 0.5 41 57 2.2 0.8
Co/meso-ZSM-5-0.5 M (0) 7.5 17 2.7 3.6 77 0.2
Co/meso-ZSM-5-0.5 M (6.9) 12 6.6 22 30 42 0.2
Co/meso-ZSM-5-0.5 M (48) 56 2.1 29 50 18 0.9
Co/meso-ZSM-5-0.5 M (62) 66 1.3 29 54 16 1.0
Co/meso-ZSM-5-0.5 M (100) 79 1.1 25 67 7.0 14

? Reaction conditions: catalyst, 0.50 g/iiC,¢Hs4 (Molar ratio) = 50F(H,) = 60 mL min’; P = 2 MPa:T
=513 K. The number in the parenthesis denotes thexghanging degree.

A significant point in our work is that, we founlat the presence of mesoporosity could
alter the product distributions in the hydrocrackimf n-Ci¢Hss over the Brensted
acidity-bearing bifunctional catalysts. As displdyia Table 4-7, for the Co/ZSM-5 series of
catalysts, upon increasing the density of Brgnsetl sites, the selectivity to .4
hydrocarbons increased to 41-42%. The highesh Gelectivity for this series of catalyst was

103

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015
Ph.D Thesis of Université Lille 1 and XMU

limited to ~57%. On the other hand, for the Co/m&Sd1-5-0.5 M series of catalysts, with
increasing the density of Brgnsted acid sitesCihg selectivity was not higher than 30%, and
thus, the @11 selectivity could reach ~70%. The hierarchicalgusr system is proposed to
accelerate the mass transportation of the hydrkitrg@roducts from the micropores and this
can suppress the formation of lighter hydrocarbaostributing to the enhancement in the
selectivity to middle-distillate (§217) products. This conclusion is essentially in agreet
with that reported by de Jong et al. for the hydaoking of squalane [44]. However, our
present work further extends this idea of seletstiteining to FT synthesis.
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Figure 4-21 Product distribution ofhexadecane hydrocracking for Co/H-meso-ZSMvb-

treated with different concentration of NaOH sadutin-C,6H3zs conversion is 73 - 83%).

4.3 Discussion on the roles of acidity and mesoporosity

We found that the use of H-meso-ZSM-5 instead aditronal microporous H-ZSM-5
significantly suppressed the formation of unfavtegal;-, hydrocarbons. Our work has
clarified that, while the Brgnsted acid sites asponsible for the hydrocracking of primary
heavier hydrocarbons, the mesoporous structuremkblbo-ZSM-5 contributes to suppressing
the formation of Cl and G-4 hydrocarbons, leading to the high-G selectivity. Here, we
briefly discuss the roles of mesoporosity and #gidi tuning the product selectivity in FT
synthesis.

First, our results obtained from the hydrocrackuiag-C;6Hs4 indicate that the diffusion
limitation due to the long microporous channel ofZBM-5 may cause the repeated
hydrocracking, leading to the higheg-¢selectivity over the Co/H-ZSM-5 catalyst. The use
of H-meso-ZSM-5-supported Co catalyst significantdgcreased the .G selectivity and
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enhanced the 45; selectivity in the hydrocracking af-C;gHs4 by accelerating the mass
transportation. These results allow us to conclimdg the lower €, selectivity over the
Co/H-meso-ZSM-5 catalyst in the FT synthesis isseduby the suppressed over-cracking of
the primary heavier hydrocarbons formed on Co nartages.

Second, it should be noted that the Co/H-ZSM-5 gltbwiuch higher Cliselectivity
than the Co/H-meso-ZSM-5 catalyst. However, almost CH, was produced in the
hydrocracking of n-hexadecane over both catalysts. Sartipi et alorteg that the
hydrocracking of n-hexane did not produce Giter Co catalysts loaded on H-ZSM-5 and
mesoporous H-ZSM-5 [49]. Therefore, we propose €idf is mainly formed by the direct
hydrogenation of CO or the C1 intermediates overcatalysts. It is known that a higher £H
selectivity may be obtained over a catalyst comigirsmall Co particles or Co species with
lower reducibility [70, 87]. However, the mean sizég Co nanoparticles in our catalysts with
and without mesopores were similar (7.7-10.5 nmjl the H chemisorption measurements
also indicated similar mean sizes of Co nanopasioh these catalysts. Thus, we speculate
that it is not the difference in Co particles bthey factors may cause the difference in,CH
selectivity.

Many studies have demonstrated that the small pofesupport may increase GH
selectivity and proposed that the higher,Gdlectivity results from the highept€O ratio in
the vicinity of the active metal due to the difisilimitation by the small pores, since the
transportation of CO is much lower than that of H7-12, 48-51, 88, 89]. The mesoporous
structure of the Co/H-meso-ZSM-5 catalyst couldvpre the locally higher MCO ratio on
Co surfaces due to the enhanced mass transportdfioreover, we speculate that the
Brgnsted acid sites near the Co particles may plap a role in the formation of CH
especially for the Co/H-ZSM-5 catalyst with the fd#ion limitation, since both the
Co/Na-ZSM-5 and the Co/H-meso-ZSM-5 catalysts ekidwer CH, selectivities. Several
studies have reported the enhancement of hydragenagactions in the presence of strong
Bregnsted acidity [90, 91]. The Brgnsted acid sitghthpromote the hydrogenation of the C1
intermediates into CHby decreasing the energy barriers [91]. Thus, @hbanced mass
transportation and the decreased density of Brdrated sites for the Co/H-meso-ZSM-5
catalyst may both contribute to the lower Lldelectivity. Further experimental and
computational studies are still needed to clatify tletailed mechanism for the formation of

CH, over the zeolite-based catalysts.
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4.4 Conclusions

A series of mesoporous ZSM-5 samples with tunaldeapores sizes were successfully
synthesized by a simple alkaline desilication méthbhe size and volume of mesopores
increased with increasing the concentration of NaGs¢d for desilication, while the
crystalline structure of ZSM-5 could be sustainadar controlled concentrations of NaOH. A
part of Al species were removed from the frameworlextra-framework positions, and this
decreased the Brgnsted acidity of thefétrm samples. The density of Brgnsted acid sites
could be regulated by changing thé-ékchanging degree. While the conventional thermal
treatment of the Co(N§)/H-ZSM-5 composite in stagnant or flow air causkee formation
of inhomogeneous Co particles, the thermal treatrimeNO/Ar gas flow resulted in narrow
size distribution of Co particles. Using this thatmtreatment method, we obtained
uniform-sized Co particles over ZSM-5 and mesopsr@sM-5 samples with different
mesopores sizes or acidities.

We demonstrated that the use of mesoporous H-ZSNstead of the conventional
microporous H-ZSM-5 significantly increased theesélvity to G-;; hydrocarbons by
suppressing the formation of the lighter (Céhd G-4) hydrocarbons. Through systematic
studies using catalysts with tuned mesoporosity Brahsted acidity, we clarified that the
presence of mesoporosity mainly contributed to eegging the formation of lighter
hydrocarbons, while the Brgnsted acidity was regufor the hydrocracking of heavier<(g)
hydrocarbons. A 70% selectivity tosG; hydrocarbons with a ratio ako-paraffins to
n-paraffins being 2.3 could be attained from syngaer the Co/H-meso-ZSM-5-0.5 M
catalyst. Usingi-hexadecane as a model molecule of heavier hydronar we confirmed the
role of Brgnsted acidity in the hydrocracking/isoination reactions and the role of
mesoporosity in determining the product selectividyr present work points out that the
uniform Co nanoparticles with optimized sizes lahads mesoporous zeolites with strong
Brgnsted acidity and tuned mesoporosity are promisiatalysts for the production of

gasoline-range hydrocarbons from syngas.
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Abstract: This chapter addresses the effect of support pore sizes on the structure and

performance of iron catalysts supported by mesoporous silicas in high temperature
Fischer-Tropsch synthesis. A combination of characterization techniques showed that the size of
supported iron particles was controlled by silica pore sizes. The larger iron particles were localized
in large pore supports.

Iron carbidization with carbon monoxide resulted in preferential formation of Hagg iron carbide
(x-FesC,). The extent of iron carbidization was strongly affected by silica pore diameters. Larger
iron oxide crystallites in large pore supports were much easier to carbidize than smaller iron oxide
counterparts in small pore supports. Higher Fischer-Tropsch reaction rates, higher olefin and Cs"
selectivity were observed over iron catalysts supported by large pore catalysts. High dispersion of
iron oxide in small pore silicas was not favorable for carbon monoxide hydrogenation because of
poor iron carbidization and reducibility. Higher concentration of iron carbide active phase results in
better catalytic performance of iron catalysts supported by large pore silicas in Fischer-Tropsch

synthesis.
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5.1 Introduction

Light olefins are important intermediates in cheshiand petrochemical industries for
manufacturing polymers, plastics, textiles and aols [1-3]. In the industry, olefins are
currently produced by steam cracking of petroleuactfons or by recovery from fluid
catalytic cracking [4]. In these processes, olefmr® obtained as by-side products;
consequently the selectivity to specific olefingather low. Alternatively, light olefins can be
obtained using MTO (methanol-to-olefins) or SDT@n@as via dimethyl ether to olefins)
technologies [5-8], which involve conversion of heatol or dimethyl ether into olefins on
zeolite catalysts. Methanol and dimethyl ethertfase processes are obtained from syngas
via the following reactions: CO + 2H CH;OH or 2CO + 4H = CH;-O-CHz+H,O. High
cost and catalyst deactivation are major drawbatk4TO or SDTO technologies.

Both cobalt and iron catalysts are used for FTlssis at industrial scale [9]. Cobalt
catalysts usually operate in a narrow temperatamge. They are the catalysts of choice for
synthesis of middle distillates and long chain logadrbons. Iron catalysts are more flexible.
They produce paraffins at lower temperature, whlifins and alcohols are major products
on iron catalysts at higher temperatures [10]. Tihaye several advantages for olefin
synthesis such as higher selectivity, low methanadictivity, availability, low price and lower
sensitivity to poisons [1]. Iron catalysts could &kso efficient for utilization of syngas
produced from coal and biomass which have lowerrdgeh content (MCO < 2). The
literature shows a general consensus [1-3] that abivity of iron catalysts in high
temperature FT synthesis can be principally attebuo iron carbides. Indeed, under the
reaction conditions, iron catalysts undergo “setfamization” [11]; different iron species
gradually transform in iron carbides in the preseoiccarbon monoxide and hydrogen.

Iron can be used for FT synthesis in both bulk aangported catalysts [2]. Bulk iron
catalysts however could become mechanically instabider the conditions of catalyst
activation [12] or high temperature FT synthesis The production of fine particles may lead
to plugging the reactor equipment and thus couldpiicate the efficient use of fluidized bed
technology for this highly exothermic reaction. $aging iron species on a porous support
leads to better mechanical stability, more effitiese of the active phase, and could result in
a higher catalytic activity. The most importanteradf the support is to maintain highly
dispersed iron in carburized state during Fischrep3ch synthesis. The supports for iron
catalysts are mostly limited to SiOAI,O3, TiO,, carbon materials and mixed $i@l,0;3

oxides including zeolites [13]. It is commonly apted that support chemical composition
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may have a strong impact on FT catalytic perforregidg. It could be expected that strong
interacting supports could provide better catalybecause of stabilization of higher iron

dispersion. On other hand, strong interaction betweon and support can lead to hardly
reducible iron-support mixed compounds (e.g. alat@nor silicate). These mixed iron

support compounds are also very difficult to redacéo carbidize. They do not generate any
active sites for high temperature FT synthesis J@}- On other hand, weak interacting

support (e.g. activated carbon) may exhibit rapghativation which can be due to iron

sintering, formation of graphitic carbon and otheenomena [17, 18].

In addition to the chemical composition of the sappthe support porosity could also
affect the catalytic performance of supported irspecies. Unfortunately, very few
information is available in the literature aboug tffect of support texture on the structure of
supported iron catalysts. Previously, the effectcafalyst pore size on FT synthesis was
principally assessed for bulk iron catalysts. Asder[19] and coworkers in 1950s attributed
the influence of pore size on the catalytic acfivf fused iron catalysts to mass transport
phenomena. More recently, the effect of intra-pletipore-diffusion limitations on the
productivity of fused iron catalysts was evaluabgdPost [20] and Bukur [21, 22] in a more
guantitative manner. Davis [23] and Coville [24mdified and characterized the role of
catalyst porosity on mass transfer in FT syntheges promoted bulk iron catalysts prepared
by precipitation. Note that relatively large graiosbulk iron catalysts were used in those
works.

MCM-41 and SBA-15 discovered in 1990s are period@soporous silicas with narrow
pore size distribution and tunable pore sizes m rdlinge from 2 nm to 30 nm [25-28].
Because of relatively narrow pore size distribusiomesoporous silicas are considered as
model supports, which allow evaluation of the dffgicpore sizes on the catalytic behavior of
supported catalysts. Previously, both mesoporouws @mmercial silicas were used for
evaluation of pore size effects on the structurd aatalytic performance of cobalt FT
catalysts [29-34]. Important information about ughce of support texture on the structure of
cobalt species in mesoporous silicas was obtai@edalt dispersion, cobalt reducibility in
mesoporous silicas and catalytic performance wiiaently controlled by the support pore
sizes.

In contrast to the supported cobalt catalysts, ¥enyreports have addressed so far iron
FT catalysts supported by silica mesoporous mageiano [35] and coworkers studied two
silica supported iron catalysts, the first catalyas supported by SBA-15, the second one was

supported by MCM-41. The higher activity of the SBB catalyst with larger iron particles
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was attributed to “structural sensitivity” of FTralhesis at nanoscale range. Kim [36] and
coworkers observed that catalytic performance ai ratalysts supported by SBA-15 in low
temperature FT synthesis depended on the quartigluminum present in silica. They
suggested that the presence of aluminum mighitteiliron carbide formation.

The present work focuses on influence of suppottute on the structure and catalytic
performance of iron catalysts for high temperattifesynthesis. The catalysts supported by
periodic mesoporous and commercial silica with@alrrange of pore diameters from 2 to 50
nm were characterized in this work at differentgeta of their preparation, activation and
reaction using a wide range of techniques: BET, XR®-TPR, in-situ magnetic
measurements, transmission Mdssbauer spectrostiopcatalytic performance of supported
iron catalysts was evaluated in fixed bed micret@s including a Flowrence

high-throughput unit (Avantium®) under typical catmohs of high temperature FT synthesis.

5.2 Results and discussion

5.2.1 Support Porosity

Figures 5-1 and 5-2 show the nitrogen adsorptisogeion isotherms and
corresponding pore-diameter distributions calcdaieing BJH method for the mesoporous
silicas. The BET surface area, total pore volune @rerage pore diameter are given in Table
5-1.

3000

4~ 2500

2000

1500

1000

500

Volume Adsorbed(cm’g

0.0 0.2 0.4 0.6 0.8 1.0
P/Po

Figure 5-1 Isotherms of nitrogen adsorption-desorption osaeperous silicas
The Si2.8 sample exhibit an IV-type isotherm acocwdo Brunauer and coworkers [37]
without hysteresis and with a sudden increase sorpdion at P/P= 0.3. This isotherm

corresponds to the filling with nitrogen of narronesopores. The Si2.8 silica has a very large
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surface area (>1000w?) and relatively narrow mesopores (2.8 nm calcdlatsing the
BJH method). The observed isotherms and adsorgiroperties of the Si2.8 silica are

consistent with previous results for MCM-41-typetengls [25, 36].

12 - Si2.8 ‘

[ee]
T

N
T

dV /dlogD (cm’g'nm™)

1 10 100
Pore diameter (nm)
Figure 5-2 BJH pore size distribution curves calculated fratmogen desorption isotherms for

mesoporous silicas

As expected for SBA-15, nitrogen adsorption isatierof the Si5.2, Si7.2, Si7.7 and
Si9.2 silicas are of 1V type with H1 type reversililysteresis [38, 39]. The H1 type hysteresis
is usually attributed to filling and emptying ofliryder pores of rather constant cross section
[40]. The BET surface of SBA-15 is slightly lowdran for MCM-41 and varies between 550
and 1000 rh g*. Very small micropore volume was calculated insthenaterials using the
t-plot method. This suggests that the silicas donpaincipally mesopores (Table 5-1). The
inflection point in desorption curve is relatedataiameter in the mesopores range. The BJH
pore size distribution curves suggest variationpofe sizes from 2.8 nm to 50 nm as a
function of silica synthesis conditions. The BJHvas (Figure 5-2) show very narrow pore
size distributions characteristic of SBA-15 matstidhey also indicate that the pore size in
SBA-15 can be efficiently controlled by the synisgsrocedure in the range from 5.2 to 9.2
nm (Table 5-1).

Commercial silicas had much lower surface area8-8® nf g*) than MCM-41 and
SBA-15 materials. The average pore size was howewech larger: 17.5 and 50 nm for
Sil7.5 (CARIACT Q-10) and Si50 (Aerosil 200) resipesly. Note that the commercial
silicas had much broader pore size distributiovesicompared to the MCM-41 and SBA-15
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periodic mesoporous silicas.

Table 5-1 Adsorption properties of mesoporous silica sufgor

Sample Seer Sniere. Sexter Viotal Vinicro: Drmeso
[m*gY  [m?°g"] [m’gY]  [em’g’] [ecm’g’]  [nm]
Si2.8 1198.0 3143  883.7 1.23 0 2.8
Si5.2 549.4 1812  368.2 0.71 0.03 5.2
Si7.2 651.8 1775  474.3 0.96 0.02 7.2
Si7.7 10455 1629  882.6 1.39 0.06 7.7
Si9.2 884.9 4.9 880. 0  1.53 0 9.2
Si17.5 3071 248 282.3 1.31 0.01 17.5
Si50 1888  39.5 149.3 0.49 0 50

4 BET surface area.

P Micropore area evaluated by the t-plot method.

¢ External Surface area calculated by SBET - Smicro.

94 Adsorption branch of Nat the P/= 0.99 signal point..

® Pore volume for micropores evaluated by the t-piethod.

" Most probable pore size from the curve of BJH earv

5.2.21Iron species in mesoporous silicas

The XRD patterns of calcined iron catalysts supabidn different mesoporous silicas
are shown in Figure 5-3a. The broad peak obserte® a= 20 - 25° corresponds to
amorphous silica. All the studied calcined catalysthibit the presence afFe,0O; (hematite).
The magnetic measurements did not detect any magtieh of the calcined samples. The
width of the FeO; XRD peaks is strongly affected by the pore sizesilica. The XRD
patterns were very broad for the 10FeSi2.8 smak patalyst. This indicates relatively small
size of iron oxide crystallites. An increase in @aizes silicas results in narrowing XRD
peaks and respectively in larger sizes of(zecrystallites. The sizes of K@; crystallites
calculated using Scherer equation are displayedable 5-2. Figure 5-4 clearly shows a
correlation between the pore diameter angOgerystallites size. The E@; crystallite size
increases with an increase in silica pore diamater larger F€3 crystallites are located in
larger pore materials. A correlation between iortigig size and pore diameter suggests that

the oxide crystallites might be mostly localizedsilica pores. Some deviations between the
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sizes of iron oxide and catalyst pore diameters lbandue to both the non-spherical
morphology of iron oxide crystallites and limitai® of the XRD. The similar phenomenon
was previously observed [29, 33] for silica supedrtcobalt catalysts prepared using
impregnation from the nitrate solutions. Small d¢ains between the sizes of iron oxide and
catalyst pore diameters can be due to both thespbgerical morphology of iron oxide

crystallites and limitations of the XRD. The Scleerequation may overestimate [41] the
crystallite size, very small cobalt particles coblel missed by XRD because of significant

XRD line broadening, while the crystallites may ptdelongated shape inside the silica pores

[33].

b
10FeSi2.8
10FeSi5.2 ey

3 S 10FeSi7.2
& < "
z z 10FeSi7.7
wn
£ § 10FeSi9.2
= 10FeSi9.2 =
= - 10FeSi17.5
Hlmiet oottty
oFe,0, 10BeSIL7.S -FeC, 10FeSi50
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Figure 5-3. XRD patterns of iron catalysts after calcinatiorair (a) and activation in carbon

monoxide (b)
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Figure 5-4. FeO; crystallite size versus pore diameters in siligap®rts
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Table 5-2 Properties of iron catalysts supported on mesaysosilicas

Fe,0Os size from XRD Iron carbide size after

Sample Pore size /nm
/nm reaction from TEM /nm

10FeSi2.8 2.8 Very small 4.5
10FeSi5.2 5.2 7.2 10.5
10FeSi7.2 7.2 9.4 13.1
10FeSi7.7 7.7 13.1 15.7
10FeSi9.2 9.2 11.6 14.3
10FeSil7.5 17.5 15.7 17.8
10FeSi50 50 13.8 21.9

Figure 5-5 shows HTPR profiles measured on silica supported iromlgats. The TPR
profiles exhibit several hydrogen consumption pe&ks iron catalysts, these TPR peaks can

be attributed either to the reduction of differgoh species or for the same iron species, these

peaks can correspond to different reduction step€;—Fe;0,—~FeO—Fe.

10Fe/Si2.8
10Fe/Si5.2
ms_w_.z/\f\\/

10Fe/Si50
] ] ] ] ] ] ] ]
300 400 500 600 700 800 900 1000 1100

Temperature /K

Intensity /a.u.

Figure 5-5. H,-TPR curves of iron catalysts supported on mesasosdicas

In agreement with previous reports [14, 15], the temperature peaks at 623 — 653 K
was attributed to the reduction of hematite, (b to magnetite (F€,). The formation of
metallic iron phase probably corresponds to the pB&k at 973 K. It was shown earlier [14,
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42] that the reduction of magnetite to iron metajphase via formation of wustite (FeO)
occurs at temperature higher than 843 K. In agreeméth report [43], a very broad
unresolved TPR peak situated at 1173 K could bebattd to the reduction of hardly
reducible iron silicate which can form via reactiohsmall iron oxide particles with silica.
Interestingly, the peak area of this high tempeeatliPR peak and correspondingly the
concentration of iron silicate species depend beaspore size. The fraction of iron silicate is
much higher in 10FeSi2.8 with narrow pores thathalarge pore catalysts. This can be due
to a stronger interaction of smaller iron oxide tigg#s with silica which can facilitate
formation of iron silicate [16]. This suggestionasnsistent with previous reports about the
effect of the metal oxide crystallite sizes on rhetticate formation in other silica supported
catalysts. A higher fraction of metal silicate speds usually detected in the silica catalysts
containing smaller metal oxide particles. Largerepoatalysts show a less intense peak at
1173 K and a much lower concentration of iron atiéc A very high intensity of the peak at
973 K is also observed in the iron catalysts suggoby larger pore silicas which may
correspond to the formation of metallic iron. Thaction of metallic ion seems to be lower in
smaller pore silicas compared to the large poralysts.

Iron catalysts for FT synthesis can be activatédeeiin hydrogen, syngas or carbon
monoxide. Our experiments performed with 20FeSil3howed a beneficial effect of
activation in carbon monoxide on the catalytic parfance compared to the activation in
hydrogen; the results are discussed in a greatail die section 4.5.3. That was the reason
why all silica supported catalysts in this paperenactivated in carbon monoxide prior to the
catalytic tests. The catalysts after activatiorpume carbon monoxide were characterized by
both in-situ and ex-situ techniques; for ex-sitaratterization the catalysts were passivated
in 1% G in Na.

The ex-situ XRD patterns obtained with iron catyactivated in pure carbon monoxide
at 523 K for 10 h are shown in Figures 5-3b and Bk patterns exhibit several peaks tat 2
= 40-50° which correspond to iron carbide speclé® intensities of these peaks were more
significant on the large pore catalysts, which ¢aties higher fraction of iron carbides. These
peaks were very broad especially in smaller pdreasi The significant width of these peaks
is indicative of smaller sizes of iron carbide ¢ajiges in these supports. This is consistent
with XRD data for the calcined catalysts. It cantberefore suggested that carbidization of
small iron oxide particles leads to smaller irombade crystallites. Thus, iron dispersion in

silica supported catalysts is principally affecbgdsilica pore sizes.
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Figure 5-6. XRD patterns of iron carbides in the activateddgpore 10FeSi50 catalyst
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Figure 5-7. TEM images of spent iron catalysts supporteditiardnt silicas: 10FeSi2.8 (a),
10FeSi5.2 (b), 10FeSi7.2 (c), 10FeSi9.2 (d), 10F&Si(e) and 10FeSi50.

The TEM images of carbidized catalysts after catahictivation and FT catalytic tests
are displayed in Figure 5-7. The TEM images confithe effect of pore size on the
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dispersion of iron carbide in spent silica suppbréatalysts. More dispersed iron carbide
species were observed in smaller pore supports.midan size of iron carbide particles was
calculated from TEM data by counting more than p@fiicles with a standard deviation. The
size of iron carbide patrticles in the spent catalgseadily increases from 4.5 nm in 10FeSi2.8
silica to 21.9 nm in 10FeSi50 (Table 5-2) whichinsline with the increase in silica pore

diameter. Iron particles seem to be protected fsortering during catalyst pretreatments such
as carbidization. Moreover, even catalyst exposufeT reaction conditions did not result in

major alternations of iron dispersion. In additidtime porous structure of SBA-15 materials
can be clearly seen in the TEM images of the spatdlysts (Figure 5-7). This suggests
relative stability of SBA-15 porous matrix in theéepence of high temperature and high

pressure of syngas and FT reaction products.

5.2.3 Magnetic characterization of iron carbides

The identification of iron carbide phases howeveuld only be performed for larger
pore catalysts which exhibit relatively distinct RRpeaks of iron carbide phases (Figure 5-6).
A comparison of the XRD peaks of the activated lgatawith iron carbide reference
compounds indicates the presence of eith€e;C, or e-FeC in the activated catalysts
(Figure 5-3b). Note that XRD characterization ngakcludes the presence é@fFe;C or
Fe,Cs. Due to a significant broadening of carbide XRRkze the unambiguous identification

of specificy-Fe;C, or e-FeC carbide phases seems rather challenging in snpalte silicas.

Table 5-3 Magnetic properties of iron catalysts supportedn@esoporous silicas

Magnetization

. Iron carbide size after
Intensity after

Catalysts o /% Iron time Yield /

10°s*t activation (emu/) reaction from TEM /nm
10FeSi28 O 0 0.5 4.5
10FeSi9.2 154 5.8 5.0 14.3
10FeSil7.5 285 10.7 9.3 17.8

@ The value obtained after the activated samplebnppto 318 K under Ar.

More detailed information about type and concemmabf iron carbides in activated
silica supported iron catalysts were obtained fiarsitu magnetic measurements performed
under the flow of carbon monoxide. Three cataly€i5eSi2.8, 10FeSi9.2 and 10FeSil7.5

with gradient catalytic activity (Table 5-3) wermested to obtain the correlation between iron
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carbides and catalytic performance in FT synthddisre was no magnetization observed for
10FeSi2.8 catalyst during CO activation which awmwn no catalytic activity in FT
synthesis. Figure 5-8 shows variation of magnetimatvith temperature during catalyst
activation in CO for the 10FeSi9.2 and 10FeSilatalgsts. The treatment of supported iron
catalysts in carbon monoxide results in an incréageagnetization starting from 473 K. The
increase in magnetization also coincides with petida of CQ which can be probably due
to the reduction of iron oxides [44], iron carb@ion and carbon monoxide
disproportionation:

3Fe0; + CO — 2Feg0,4 + CO,

5Fg0, + 32CO — 3FegC; + 26CQ,

2CO—~CO+C.
(@) s- 120 (b) 10 ~25
4 8 I 20
g g 3 2
S o = 2
o 3 S g 6 |- I
~ Qo .
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© = = XS,
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Figure 5-8. Variation of catalyst magnetization and £f@rmation rate with temperature during
the activation in presence of CO over 10FeSi9.2u(a) 10FeSil17.5 (b).

The magnetization of 10FeSil7.5 decreases howevreatemperature reaching 553 K
(581 K for 10FeSi9.2 catalyst). The decrease inmatigation at higher temperatures could be
due to the disordering of magnetic domains aftechag the Curie temperature for the
ferromagnetic phases present in the catalyst. Coedpwith 10FeSi9.2, the 10FeSil7.5
catalyst displayed higher G@eneration rate and intensity of magnetizatiore firtflection
point of magnetization curve of 10FeSil7.5 was &seer than that of 10FeSi9.2 (500 K VS
520 K), which means 10FeSil7.5 catalyst is easiaratbidize. Several iron ferromagnetic
compounds may exist in the catalysts: iron carbidesallic iron and magnetite (¥&y). The

Curie temperature for these compounds is given ahlel 5-4. Note that a decrease in
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magnetization to zero at temperatures higher tfénk5 (581 K for 10FeSi9.2 catalyst) rules
out the presence of any noticeable concentratibmaetallic iron, magnetite or hexagonal
e-Fe,C carbide. All these compounds have relatively Hyirie temperature. 10FeSi2.8 did
not exhibit any measureable magnetization aftevaobn in CO. This suggests very low

concentration of all ferromagnetic iron phasesia sample.
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Figure 5-9. Temperature dependence of magnetizadmn(10FeSi9.2 (a) and 10FeSil17.5 (b)
during cooling. The catalysts which were pretreatétd carbon monoxide p=1 atm at 360°
for 2 h.

For a more accurate identification of iron ferromeiic species using their Curie
temperature, the temperature after the cataly#ticiaation was decreased with continuous
in-situ measurement of the magnetization. The tesale shown in Figure 5-9. The Curie
temperature was evaluated from the first derivab¥e¢he variation of magnetization with
temperature. Both 10FeSi9.2 and 10FeSil7.5 catekysbited the presence of HagdeC,
iron carbide, which had the Curie temperature a 5816 K. Besides of-F&C,, an
additional ferromagnetic phase with the Curie terapge at 396 K was detected in
10FeSi9.2 sample. This phase cannot be attribotedy of iron carbides; indeed, all known
iron carbides do not have Curie temperature inrdmge (Table 2-1). In the present work, this
phase was tentatively attributed to non-stoichisimetarbon species containing small
amounts of iron atoms. More accurate identificatidrthis phase requires however further
investigations.

In addition to the identification of iron ferromagfic phases, the magnetic method
provided important information about concentratodrthese phases in the activated catalysts.
Since iron carbides are the only ferromagnetic @hags the activated silica supported
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catalysts, the saturation magnetization can beectl their concentration. Thus, the extent
of carbidization can be estimated from the magredia. The results shown in Table 5-3 are
indicative of higher magnetization of silica sugedriron catalysts with larger pores. These
catalysts had the same iron content. Higher mazatein observed in larger pore silicas
suggests therefore a higher extent of iron carbtohn. It appears that carbidization depends
on the silica pore sizes. The larger iron oxiddiplas could be converted into iron carbides

easier than smaller counterparts.

Table 5-4 Mossbauer spectra parameters of the spent sdiedysts

Sample  Iron HF IS /mm QS/mm& Relative Phase quantification /%
sites T st area /%

10FeSi9.2 FC () 21.40 0.1618 -0.1182 8.5 FeC: 14.1+£2%
FeC (I) - 0.2485 O 5.6 y-FesCy: 35.9+2%
)(a—)F&,Cz 18.16 0.1713 -0.0489 14.7 e-Fe, ,C:10.6+2%
+~FeC, 21.50 0.2880 0.0552 g1p  OXides: 39.4£2%
(1N (17.9% F& +12.1%
e-Fe,C 18.07 0.3037 0.0552 10.6 FeOy + 9.4%Fg0,)
Fe** - 0.2919 0.8750 17.9
FelOy 15.46 0.2485 0.0552 12.1
FeO, 48.52 0.5586 0.0708 9.4

10FeS|175F@C(I) ..... DR YT T A X SRt
FeC (I) - 0.359 0 11 1-FesCy: 58.4+2%
v-F&Cz, 18.66 0.207 -0.006 25.7 e-Fey,C: 12.7+2%
® Oxides: 17.2+2%
vFeCx  22.09 0.266 0.014 32.7
(I (11.3% FgO, + 5.9%
e-Fe.C 17.28 0.150  0.020 127 FeOy)
FeOy 13.55 0.367 -0.071 11.3
FeO, 48.23 0.275 -0.449 5.9

The in situ magnetization data showing influence siica pore size on iron
magnetization are also consistent with the resofitdMossbauer spectroscopy. Figure 5-10
displays transmission Md&ssbauer spectra measuredth® 10FeSi9.2 and 10FeSil7.5
catalysts after carbidization. The results of gitative MGssbauer spectra decomposition are
given in Table 5-4. The shape of Méssbauer spestrather different for these two samples.

For the small pore sample, the Mdssbauer spectsuoonstituted by contributions mostly
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from iron oxides with a smaller fraction of ironrbales, while for larger pore catalysts, the
Mdssbauer spectroscopy is indicative of highertioacof carbide species. Interestingly for
both catalysts, Mdssbauer spectroscopy suggesty-thaC, is the dominant iron carbide

phase among all iron carbides present in the cdtalhe contribution of other iron carbide
phases to the Mossbauer spectrum is relatively Towe. uncovered preferential formation of
H&gg iron carbides during carbidization of suppditen FT catalysts is also consistent with
the results of XRD characterization and in paracwiith the in situ magnetic measurements.
This finding is also in agreement with previousaep [3, 12, 14, 22].

Thus, the characterization results suggest thaalicined silica supported iron catalysts,
the size of iron oxide crystallites is principalgontrolled by silica pore sizes; larger
crystallites are detected in larger pore catalyBtsaddition, smaller pore supports may
contain barely reducible iron oxide-silica suppaiked compounds (e.g. iron silicate), which
were detected in these catalysts by a high tempergbeak in BTPR profiles. The
pretreatment of silica supported iron catalystwitire carbon monoxide leads to formation
of mostlyy-FesC; iron carbide. Similar to iron oxide species, higinen carbide dispersion is
observed in smaller pore silicas. The extent aif icarbidization also depends on silica pore
size. Large iron particles can be carbidized to ¢Hé&gn carbide much more easily than
smaller iron oxide crystallites in smaller pore [sofis.
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Figure 5-10 Mdssbauer spectra of the spent silica supportedcatalysts: (a) 10FeSi9.2 and
10FeSil17.5.
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5.2.4FT performance of iron catalysts supported by mesagrous silicas

Activation procedure is an important step in thesigie of iron FT catalysts. The
activation atmosphere strongly affects both thévitgtand selectivity of iron FT catalysts.
Previous works [22, 44-49] have mostly focuseshendctivation of bulk iron catalysts, while
much fewer information is available for the suppdrtounterparts. Analysis of the literature
data also suggests that the optimized activati@meguture could be dependent on catalyst
structure and should be optimized for a given gataln order to evaluate the influence of
catalyst activation procedure on the catalytic genfince of silica supported catalysts, two
activation procedures were tested and comparefdisnwtork. The first activation procedure
involves catalyst activation in hydrogen, while $exond one includes catalyst activation in
pure carbon monoxide. The catalytic performancalte®btained after these two activation
procedures are shown in Figure 5-11 and Table 5-5.

100

80 -

Activation with CO

60 |-

40

CO convertion (%)

Activation with H2

20 |-

0 10 20 30 40 50 60
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Figure 5-11 Carbon monoxide conversion versus time on-striearf0FeSi50 catalyst

activated in hydrogen and in carbon monoxide

After catalyst activation in carbon monoxide follesvby exposure to syngas, a short
transient period of about 5 h was observed. Therelatively high carbon monoxide
conversion of 80% was observed and this convensias stable with time on stream for at
least 60 h (GHSV= 3.600 NL'gh™). In contrast to activation in carbon monoxidenach
lower carbon monoxide conversion was observed utidesame conditions on the catalyst
activated in hydrogen (Figure 5-11). Interestindty; the hydrogen-activated sample, the

carbon monoxide conversion gradually increased timtle on steam. The observed increase

126

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015

Chapter 5. Pore Size Effects for Supported Iron @stisl

in the reaction rate can be due to the modificabbrine catalyst structure which can be
assigned to gradual carbidization of iron speciBsis interpretation is consistent with
previous reports by Niemantsverdriet [50, 51] whimilzuted the low initial activity of iron

catalysts activated in hydrogen to a competitiotwben bulk carbidization and hydrocarbon

synthesis or a slow activation of the catalystaef

Table 5-5 Effect of activation in lland CO on the catalytic performance of 20FeSi50

Activation Xco CO, CH selectivity (%C mol) olefin/parafin
gas (%) selec.(%) CH, GC,-C;; C,rCi, Co MNCG

CO 76.9 32.1 249 258 44.0 265 14

H> 516 29.9 348 201 422 23.0 1.0

Reaction conditions: tubular flow fixed-bed readidy = 8 mm); catalyst, 1.0 g; SiC, 5.0 g,
Ho/CO = 2.1; GHSV=3.6 NL¢h™; T = 573 K;P = 20 bar; time on stream, 60 h.

Note that catalyst activation of iron catalystscarbon monoxide seems to lead to a
higher FT reaction rate. The FT reaction rates esged as FTY and selectivity measured
after 60 h on stream on the 20FeSil7.5 catalysvadet in pure carbon monoxide and
hydrogen are shown in Table 5-6. Though the seigctior these two experiments can be
compared only qualitatively, one can notice sliglitigher olefins to paraffins ratio observed
after activation in carbon monoxide relative to #utivation in hydrogen. Thus, activation in
carbon monoxide produces more active silica supdoiron catalysts for carbon monoxide
hydrogenation than catalyst activation in hydrogeith a possible small effect on the
hydrocarbon selectivities.

Catalyst activation in CO was chosen thereforédigwork for FT catalytic tests of silica
supported iron catalysts using a high throughpawFénce unit. The results of catalytic tests
conducted at GHSV=16.2 NL'gh™" at 573 K and HICO = 2.1 and total pressure of 20 bar
are shown in Table 5-6 and in Figure 5-12. Dependin the catalyst, carbon monoxide
conversion varied from 0 to 35%. Figure 5-12 digpla plot of reaction rate expressed as
iron time vyield (FTY) versus pore size in mesoparailicas. The FTY reaction rates are
strongly affected by the pore size in mesoporolisasi Very low catalytic performance was
observed for the 10FeSi2.8 small pore supportedlysit Then, the catalytic activity
increases as a function of catalyst pore diamdtee general trend is that much higher

catalytic activity was observed on larger porepsuts.
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Table 5-6 Catalytic performance of iron catalysts suppodedilicas with different pore

sizes?

Iron time CO CH selectivity (%C mol)  olef/para
1%  Yield /10%s* selec./% CH,; C,-C,- C»C, Cs* inCyCy

@)
O

Catalysts

10FeSi2.8 0 0 - - - - - -

10FeSi5.2 194 6.5 8.5 18.3 13.1 33.9 451 0.6
10FeSi7.2 23.2 8.7 9.1 18.0 12.9 33.6 455 0.6
10FeSi7.7 25.7 9.6 10.2 18.8 12.9 316 46.6 0.7
10FeSi9.2 154 5.2 7.4 21.1 13.8 324 43.8 0.74
10FeSil7.5 28.5 9.6 11.9 15.3 17.0 29.3 52.7 1.39
10FeSi50 33.8 114 13.9 155 15.6 28.7 53.8 1.2

2 Flowrence high throughput unit #£0O = 2.1; GHSV = 16.2 NLth™, T = 573 K,P = 20

bar; time on stream, 60 h.
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Figure 5-12 Effect of silica pore size on the iron time y®ld(FTY) (a) and &C, olefin to
paraffin ratio and € selectivity (b) in FT synthesis.
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The reaction selectivity is also affected by theepgize in the supports. Lower methane
selectivity and higher £ selectivities were observed on larger pore supp@w increase in
pore size is also beneficial for olefin selectivijt comparable conversion levels (around
25%), the olefin to paraffin ratio was about 1.2-ih large pore catalysts compared to 0.6-0.7
smaller pore counterparts. The observed differadlgtic performance of large pore and
small pore iron catalysts can be attributed todHierent catalyst structure. The effects of
pore size on the catalyst structure and cataly@réopmance of silica supported iron catalysts

are discussed in the following paragraphs.

5.2.5Discussion of pore size effects on silica support@dn catalysts

The interest in mesoporous silicas as molding agémt metal oxide and metallic
nanoparticles is principally due to the silcas hiyrface area, tunable narrow pore size
distribution and chemical stability of these solilecapsulation in silica pores often leads to
nanoparticles with the particle size distributiohieh is controlled by the porous structure of
silica. This approach can be also used for thegdesf highly efficient nanoreactors with
defined nanopatrticle size.

Several routes have been previously explored [3Ptd prepare catalysts with desired
dispersion of the active phase via its molding witthe silica matrix. The precursors of
nanoparticles can be introduced to the silica pereer during the synthesis of mesoporous
solids or using post-synthesis methods such adirggadnd impregnation. Each of these
preparation routes has its advantages and drawb&uksltaneous “single-pot” synthesis of
mesoporous matrix and nanoparticles usually ensurésrm nanopatrticle distribution inside
the porous matrix. At the same time, a strong aaon between silica and nanoparticles
during the synthesis could result in mixed metalpsut compounds (e.g. metal silicates) and
thus could reduce the quantity of encapsulated patioles. Grafting is typically used for
deposition of relatively small amounts of activeaph, whereas the efficient catalysts should
contain significant amounts of active phase to ensbigh reaction rate and product
productivity. Impregnation is a technically simptechnique than grafting for deposition of
the active species onto mesoporous solids. In iadditmpregnation can introduce more
significant amounts of nanoparticles than othehnegpues. Note however that the particle size
distribution can be broad in the impregnated catagspecially if the catalyst preparation
procedure (drying, calcination, activation) has heén properly optimized [54, 55]. In this
work, the iron oxide nanoparticles were preparadgusnpregnation of periodic mesoporous

and commercial silicas with iron nitrate solutiaiidwed by drying and calcination. Hematite
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(0-Fex0O3) was the dominant iron phase in the calcined gsti®l The characterization results
indicate a strong influence of support pore sizeéhensizes of supported & nanoparticles.
A correlation between the size of iron oxide nambplas and silica pore is shown Figure 5-4.
Iron dispersion was effectively controlled by thgpgort texture; larger iron oxide particles
are located in large pore supports, while smallae psilicas contained mostly small iron
oxide crystallites.

The fraction of iron silicate in the iron catalys¢salso a function of the support pore
diameter. HTPR was indicative of higher concentration of trieon silicate species in the
smaller pore catalysts. Iron silicates cannot loeiced to metallic iron or carbidized into iron
carbides under moderate temperatures. The presérnthese compounds leads to lower FT
reaction rate. Interestingly, encapsulation of ir@anoparticles in silica pore protects them
from sintering. Subsequent treatments of the cstiglgontaining iron oxide nanoparticles in
carbon monoxide and in syngas under reaction donditlid not result in any noticeable iron
sintering (Figure 5-7). The results are consistattt earlier reports [29-31, 33, 34] for cobalt
FT catalysts supported on mesoporous silicas. Calisphersion and reducibility in those
catalysts were also strongly influenced by suppore sizes. Larger pore mesoporous silicas
favored larger size of cobalt nanoparticles, highdent reducibility and consequently higher
reaction rate in low temperature FT synthesis.

Catalyst activation in carbon monoxide leads tm icarbidization. A higher fraction of
Hagg carbide f-FeC,) was detected using a combination of charactéoizatechniques
(XRD, Mdssbauer spectrometry and in situ magnetithod) in two catalysts with distinct
catalytic performance (10FeSi9.2, 10FeSil7.5). d=siH&gg carbide, the activated ion
catalysts could also contain non ferromagnetic oridles and iron silicate species. Note that
the magnetization method did not detect any ndbleeaoncentration of metallic iron or
magnetite in the silica supported iron catalystsvated in carbon monoxide. The extent of
iron carbidization and fraction of Hagg carbide amds FT reaction rate are also affected by
silica pore dimeters. Higher iron oxide disperdnas been detected in smaller pore catalysts.
Interestingly, smaller iron oxide particles and bl iron silicate species cannot be
transformed into iron carbide species using treatnwdth carbon monoxide or syngas.
Despite significant iron dispersion, on the smafiere catalysts, low concentration of iron
carbides leads to lower FT reaction rate. Largetigd@s in larger pore supports are much
easier to carbidize than smaller iron oxide paticlRecently the in-situ magnetic method
uncovered dimensional effects in carbidization rohispecies in silica supported catalysts

[56]. It was found that higher activation energyswaquired for carbide formation from
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smaller iron patrticles. In addition smaller irorrlmde particles were less thermodynamically
stable than their larger counterparts. Thus, higle&vity of iron catalysts supported by larger
pore silicas compared to small pore counterpartddcbe principally attributed to higher
extent of iron carbidization. The catalytic and retwéerization data of the present work
indicate that the catalytic performance of silicgported iron catalysts can be attributed to
H&agg carbidey-FesC,). This suggestion is in agreement with previoysres [1-3, 18]. Note
however that FT rates and selectivities could Ise aifluenced to some extent by residual
iron oxide species which may control the water gjaift reaction and stabilize the supported
iron carbide catalyst against oxidation [57].

In supported iron catalysts, the pore size, irorigda size, extent of carbidization and
catalytic performance are often inter-connectecapaters. Indeed, our results show that
silica pore sizes affect both iron dispersion, eafsearbidization and catalytic performance.
The literature presents numerous publications [B53 43, 60-64] which relate iron particle
size to the reaction rate and hydrocarbon selégtivihigh temperature FT synthesis. Most of
reports address however either bulk iron catalgstsron catalysts containing different
promoters (K, Mn, S etc). The promotion can alsotgbute to the modification of catalytic
activity and hydrocarbon selectivity in FT syntlsedn chemically promoted catalysts, the
particle size effects on the FT catalytic perforceamay be confonded to some extent to the
effects of promoters. Some of supports (e.g. aactadon) and iron precursors may also
contain different impurities (sulfur, alkali ionsce which may modify the reaction rate and
selectivity. Therefore, the intrinsic fundamentaflormation about particle size effect on the
catalytic performance of FT catalysts could be fbgsobtained using supported iron
catalysts which do not contain any promoters orurities.

Most of previous publications relevant to partisiee effects in high temperature FT
synthesis have addressed carbon supported irolystataBartholomew and coworkers [43]
showed using a series of carbon supported ironysstathat both initial and steady state
specific activities decrease with decrease in particle size. Higher olefin to paraffin ratio
was observed on larger ion particles. Similar tssigr carbon supported catalysts were also
obtained by Jung and coworkers [50, 60]. The TOEuated from FT reaction rate and
carbon monoxide adsorption increased with an irser@airon particle size. In fact, most iron
supported catalysts investigated by Jung and cawsrfs0] had similar overall activity,
because the lower TOF of highly dispersed catalysis compensated by their high specific
surface area. The influence of iron particles sujgoo by carbon nanotubes on the FT

catalysts performance was studied by Dalai and davd61, 62]. Most of iron particles
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were localized inside the nanotubes where themédiars were controlled by nanotube pore
size. The iron catalysts supported by narrow pamban nanotubes showed higher activity
and better selectivity to long chain hydrocarbomd=T synthesis compared to the catalyst
supported by wide pore nanotubes. In alumina aimhssupported catalysts, higher specific
activity was also observed for larger iron parsclBark and coworkers [63] showed that the
TOF at 673 K calculated from reaction rate and @armonoxide adsorption increased from
0.02 to 0.16 § as iron particle size increased from 2.4 to 6.2 innalumina supported
catalysts and remained almost constant up to &lgasize of 11.5 nm. Higher FT reaction
rate was also on larger iron crystallites by Camd eoworkers [31] who compared two silica
supported catalysts prepared using MCM-41 and SBAaiaterials. The effects were
attributed to the structural sensitivity of FT dyesis on iron species with different particle
size. The Utrecht group [3] recently reported défe results about particle size dependence
of FT catalytic performance on iron catalysts supgab by carbon nanofibers. The TOF
increased 6-8 fold, as the iron nanoparticle siegerehsed from 7 to 2 nm. The Hagg iron
carbide was supposed to be active phase for Fhasistin those catalysts. Only very slight
influence of the particle size on methane and wlefelectivity was observed [3] with
unpromoted carbon supported catalysts, while tlesegmrce of trace amounts of sulfur and
sodium led to higher methane production in paréicolver smaller iron carbide nanoparticles.
The contradictive catalytic results and uncertaintgvaluation of particle size effect on the
FT reaction rate and selectivity on supported ioaalysts can be due to simultaneous
presence of several active sites for this reacilmegmplete iron carbidization and possible
iron oxidation during the reaction. Simultaneoussgnce of several reaction active sites and
iron phases make calculating TOF rather difficalparticular for smaller iron particles.

Our results show that the overall catalyst reactaéde expressed as iron time yield (FTY)
increased with an increase in iron particle size extent of iron carbidization. This suggests
a higher concentration of FT active phase in lapgege catalysts with lower iron dispersion.
Note that larger particles can be much easier dadid than small counterparts. Assuming
almost complete iron carbidization in the largeep@OFeSil7.5 catalyst, the calculation of
TOF yields 0.19 $. The TOF calculated for silica supported iron ketais consistent with
earlier result of Park [63] for alumina supporteoni counterparts with relatively large iron
particles (6-12 nm) tested under similar reactionditions T = 573 K,P = 20 bar, H/CO
~2). Lower activity of smaller pore iron catalystsntaining smaller iron particles can be
assigned to lower extent of iron carbidization obed in this work. The XRD, in situ

magnetic method and Mdssbauer spectroscopy shawezt concentrations of iron carbides
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in smaller pore catalysts. Note that at similaeleaf carbon monoxide conversion, larger iron
carbide nanoparticles possess more interestingegiep in terms of reaction selectivity. An
increase in particle size leads to lower methahectety, while the olefin to paraffin ratio

for lighter G-C,4 hydrocarbons is getting higher for larger ironbtde nanopatrticles.

5.3 Conclusion

A combination of characterization techniques artdlgac tests indicates a strong impact
of pore sizes in mesoporous silicas on the stractfr supported iron species and their
catalytic performance in high temperature FT sysifieSmaller pores in mesoporous silicas
lead to higher iron dispersion with low extent aflmdization during catalyst activation. An
increase in pore size results in larger iron plasiavhich exhibit however higher extent of
carbidization. The catalytic performance of iroriatgsts supported by mesoporous silicas
seems to be attributed to the presence of Haggeaidnde ¢-Fe;Cy).

The catalytic performance of iron nanoparticlegshe catalysts with different pore size
principally correlates with the extent of iron calibation, while higher dispersion of iron
oxide in calcined catalysts supported by smallae poesoporous silicas is detrimental for
carbon monoxide hydrogenation activity, because pobr iron reducibility and low
concentration of iron carbide species these cdtahfter activation.
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Chapter 6. Support Effects in High Temperature

Fischer-Tropsch Synthesis on Iron Catalysts
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Abstract: This chapter addresses the effects of silica and carbon supports on the structure and
catalytic performance of iron catalysts for high temperature Fischer-Tropsch synthesis. Iron phase
composition and dispersion in both calcined and activated catalysts were strongly affected by the
support. Hematite was the major iron phase in calcined silica supported catalysts, while carbon
supported counterparts contain magnetite. Catalyst activation in carbon monoxide leads to
carbidisation of iron oxides to principally Hagg iron carbide. Higher Fischer-Tropsch reaction rates
were observed on carbon supported iron catalysts compared to silica supported counterparts. The
catalytic performance principally depended on iron phase composition rather than on iron
dispersion. Iron catalysts supported on carbon nanotubes and activated carbon showed highest
activity in Fischer-Tropsch, which could be attributed to the formation of composites of iron carbide
and residual magnetite.

This Chapter is based on the following publication:

K. Cheng, V.V. Ordomsky*, M. Virginie, B. Legras A2 Chernavskii, V.O. Kazak, C. Cordier,
S. Paul, Ye Wang and A.Y. Khodakowppl.Catal. A 488 @014 66-77.
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6.1 Introduction

Silica, alumina and titania are the most commonpeug for FT catalysts. Carbon
materials such as activated carbon, carbon namgtud@@bon spheres, glassy carbon and
carbon nanofibres have also been recently apptiedupporting iron catalysts [1-6]. Carbon
materials exhibit several advantages as supponsy fiave high surface area, which could
lead to higher iron dispersion. They also have atdes surface chemistry, which makes it
possible to add new functional surface groups andatry their density by activation and
post-treatments. The presence of oxygen contagragps in carbon materials allows tuning
support acidity, which could affect interaction weéen the support and Fe species and thus,
hydrocarbon selectivity in FT reaction [7]. Closmtact between Fe nanopatrticles and carbon
support may facilitate formation of iron carbiddjiah is often considered as active phase for
FT synthesis [8, 9]. The porous texture and momdwlicould lead to encapsulation of Fe
inside of the carbon support. It was found thatdbiefinement of Fe within carbon nanotubes
(CNTs) modified the redox properties of encapsudlaten oxides and led to a significant
increase in the activity of iron catalysts for Fynthesis [10, 11]. The catalyst stability
towards sintering can be also improved by isolatimgtal nanoparticles within the carbon
matrix.

Most of the previous works have reported charazdéon and catalytic data obtained
with iron catalysts prepared using only one suppldnts makes difficult a direct comparison
between iron catalysts supported on different medterThis chapter is aimed at clarifying this
point. In this work, iron catalysts for FT syntheesn carbon supports (active carbon, CMK-3
and carbon nanotubes) at different stages of pméparand activation are compared with
silica supported counterparts (amorphous silica 8Bé-15). Iron species before and after
activation and catalytic reaction have been charaed by a wide range of techniques (X-ray
diffraction, FTIR, TEM, in situ magnetic methodamismission Méssbauer spectrometry and
XPS) in order to elucidate the correlations betwiencatalytic performance in FT synthesis

and catalyst structure.

6.2 Result and Discussion

6.2.1 Characterization of supports

The textural properties of different supports asplkhyed in Table 6-1. SBA-15 consists

of hexagonal cylindrical pores, which are connettegach other by small micropores in their
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walls with surface area of about 100&/gn12]. The main volume of SBA-15 is presented by
the mesoporous volume of 1.39 ¥mwith diameter of the pores about 7 nm and small
micropore volume (0.06 cify). These textural parameters are consistent thithliterature
[13]. Commercial amorphous silica (SIOpossesses large mesopores formed by volume
between globules with a surface area of about 38%¢.nCMK-3 was prepared by filling
mesopores of SBA-15 template with sucrose with egident removal of the template. Thus,
CMK-3 is formed by interconnected carbon rods aad & surface very similar to those of
SBA-15. The size of the CMK-3 pores is smaller ({3x) in comparison with SBA-15 due to
the lower thickness of the SBA-15 walls in compamisvith diameter of the mesopores [14].
Activated carbon (AC) has a relatively large suefaarea (557 Aig) with a higher
contribution of micropores (Table 6-2). This is tlesult of the carbonization procedure with
formation of graphitic-like sheets joined by randomss-linking [15]. The nanotubes of the
acid treated CNT have uniform diameters of aboutnd The relatively high surface area
(Table 6-1) indicates that nanotubes have open caps

Table 6-1 Catalysts characterization

Sample N adsorption over supports Particle size, nm Magnetization
of calcined
Sen Svic Vi Vmie | Pore after after CO After
L . catalysts,
m¥g m’g cnflg cnlg size, nm calcination treatment reaction .
' emu
XRD® TEM XRD TEM (TEM) g
Fe/SBA-15 1045162 1.39 0.06 7.7 94H) 6.1 2 - 14.3 0
Fe/SiQ 307 25 1.31 0.01 195 17.5(H) 143 6.1 116 14.7 0
Fe/SiQ(N,) - - - - - 55(H) - - - - 0
Fe/CMK-3S 1326557 1.32 0.12 2.8 3.8(M) - 18 13 - 3.1
Fe/CMK-3L - - - - - 15.4M) 171 40 - 9.5 12.3
Fe/AC 558 232 04 0.07 - 6.7(M) - 21 136 - 4.4
Fe/CNT 163 17 056 0.01 5 12.3(M) 14 41 131 144 122

4 Based on the diffraction peaks of hematite (Hnagnetite/maghemite (M).

Carbon supports, besides the differences in moogiyohnd textural properties, could
also possess different functional groups on thaifase. Figure 6-1 shows IR spectra of pure
carbon supports. AC, CNT and CMK-3 show a broaddbaituated in the region of
3300-3600 cnt corresponding to OH stretching vibrations in plyi hydrogen-bonded
hydroxyl groups [16]. The sharp band at 1385'anight be assigned to bending in-plane OH
vibrations [17]. The intensity of these bands isrdasing as follows: ACSCNT>CMK-3. AC
exhibits also other IR bands at 1580, 1460 and 14@®. The band at 1580 c¢hmwas
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observed earlier and assigned to aromatic ringcsirey coupled to conjugated carbonyl
groups (C=0) [18]. The band at 1460 tman be attributed to O—H vibrations in carboxyl
groups or C—H bending vibrations [19]. The broaddat 1100 cil is generally associated
with stretching C-O vibrations in methoxyl groupsethers [17]. Appearance of these bands
indicates partial oxidation of AC surface, whichuttbbe a result of the preparation of AC by
pyrolysis. CNT and especially CMK-3 display sigo#ntly lower concentration of surface

functional groups in comparison with AC.

083

CNT
Fe/CNT

CMK-3
Fe/CMK-3

3800 3200 2800 16‘00 14‘00 12‘00 WOIOD OOID
Wavenumber, cm-’

Figure 6-1 IR spectra of carbon supports and supportedaadalysts after calcination.

6.2.2 Calcined catalysts

Iron nitrate was decomposed using calcination iir(far silica supported catalysts) or in
nitrogen (for carbon supports). XRD patterns ofd¢hkeined catalysts are shown in Figure 6-2.
The crystallite size of iron oxides was evaluatexnif the Scherrer equation [20] (Table 6-2).
a-Fe0s is the main iron phase in Fe/Si@nd Fe/SBA-15 calcined in air. Relatively largenir
oxide particles of 17.5 nm and 9.4 nm were deteatsdectively in Fe/Sigand Fe/SBA-15.
The iron oxide particle sizes measured by TEM @S0, and Fe/SBA-15 (14.3 and 6.1 nm,
Figure 6-3, Table 6-1) were consistent with XRD té&that iron nitrate decomposition in air
over silica results in formation of hematite phés&e,0s):

2 Fe(NQ)z9H,0 = FeOs+ 6 NG, + 3/2 @ + 18 HO.
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Interestingly, iron nitrate decomposition in nitesgalso gives hematite similarly to iron
nitrate decomposition in air (Fe/SiDl,, Figure 6-2). No magnetite (k&) was detected in
silica supported catalysts (Figure 6-2). The rasaite consistent with previous reports [5]. At
the same time, hematite was not detected in casopports after decomposition of iron
nitrate in nitrogen. The observed XRD patterns @draracteristic of magnetite (§&) and
possibly maghemitey{Fe,.0Os). Magnetite (FgD,) and maghemitey{Fe,0O3) possess the same
spinel structure and almost identical lattice patars. Identification of these phases by XRD
is rather difficult [21, 22]. An additional broacg@k at B = 43.5° was observed in the XRD
patterns of Fe/CNT, which corresponds to the gtaegdhyers of multi-walled nanotubes [23].
In Fe/CMK-3L, small amounts of hematite-Fe,O3) were observed in addition to magnetite.
Previously both hematite [8] and magnetite [18] evdetected after decomposition of iron
nitrate in CNT.

* Fe;0,
® Fe,O,
* A A X'Fe5C2
Fe/CNT-CO d;’\-..“_
Fe/CNT * *
Fe/AC-CO
Fe/AC

Fe/CMK-3S-CO

Fe/CMK-35 WM“

Fe/CMK-3L-CO
Fe/CMK-3L

Fe/Si0,-CO

Fe/SiO,

Fe/SiOz-Nz B e T

Fe/SBA-15-CO ", Pty
Fe/SBA-15 h‘j\'/\wu—w o
e ot
30 35 40 45 50 55 60 65 70
2 Theta

Figure 6-2 XRD patterns of samples after calcination andsatiobn in CO.
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A00/E%
—_—

S0
| —

Figure 6-3. TEM images of Fe/Si©£and Fe/SBA-15 after calcination i k&), pretreatment in
CO (b) and after reaction (c).

The largest iron oxide particles were observed dity XRD and TEM in CNT (12.3 and
14 nm) and CMK-3L (15.4 and 17.1 nm) prepared bgregnation with aqueous solution of
nitrate (Table 6-1, Figure 6-4). Impregnation of KM with the ethanol solution results in a
decrease in the particle size to 3.8 nm. Largetighes size of iron oxide obtained in aqueous
impregnation can be due to the hydrophobicity eboa support, which could lead to a less
uniform repartition of iron nitrate during the inggnation and iron oxide agglomeration.
Impregnation with ethanol solution results in margform support wetting and consequently
smaller iron oxide crystallites.

The calcined catalysts were also characterizedgusia magnetic method [chapter 2].
Table 6-2 shows a significant magnetization oficald Fe/CNT and Fe/CMK-3L and a lower
magnetization of calcined Fe/CMK-3S and Fe/AC. High initial magnetization at room
temperature is probably due to the presence ahfagnetic iron oxides (B®, and possibly
v-F&0s) in calcined Fe/CNT and Fe/CMK-3L. Iron speciesmeo be well dispersed on the
surface of Fe/CMK-3S and Fe/AC (Table 6-1, Figui2)6Smaller iron oxide particle size
may lead to a distorted structure and a less ietemsgnetic signal. Earlier, a decrease in the
magnetization with the decrease in the size of rmatign nanoparticles (<10 nm) was
explained by lower magnetization near the surfdcaagnetite [24]. Fe/SBA-15, Fe/Si@nd
Fe/SiQ-N, do not show any significant magnetization. Thiggasts that ferrimagnetic iron
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oxides are not present in these samples (Table BhE) magnetization measurements are also
consistent with XRD which did not show any notidegheaks attributed to magnetite in these

samples.

am AR o Wl e ‘ %{ T
Figure 6-4. TEM images of Fe/CMK-3 and Fe/CNT after calcinatio N, (a), pretreatment in
CO (b) and after reaction (c)

The results of XRD and magnetization show thatratigon of iron oxides with carbon
supports plays an important role in the genesisoof surface species. The possible role of
carbon support might be related to partial irorustihn during the nitrate decomposition with
formation of FeO, magnetite phase instead of,®g In this case, carbon support should be
partially oxidized by oxygen released during iratrate decomposition. In order to confirm
oxidation of carbon support during iron nitrate a®position, Fe/CMK-3L sample after
impregnation of CMK-3 with iron nitrate was heatedHe flow with CQ detection during
temperature ramping with a linear rate. Figure 8Hows CQ formation curves over
Fe/CMK-3 and on the pure CMK-3 support. With thedéataining sample, a broad peak of
CO; is observed in the range from 100 to 700°C. Thewrhof produced C£(3.3 mmol/qg)
corresponds to the amount of Fe in the samplertr®l/g). Thus, carbon support seems to
be partially oxidized by the oxygen released duing nitrate decomposition. The amount of
formed CQ is significantly smaller over the pure CMK-3 suppdndeed, CQ in this case

might be formed only due to the decomposition eboaylic functional groups on the surface
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in helium.

1.6 A
1.4 -
1.2 A Fe/CMK-3L

0.8 A
0.6 -
0.4 A

CMK-3
02 9 g
0 T T T T 1
0 200 400 600 800 1000
Temperature, C

CO, rate formation pmol/g-s

Figure 6-5. CO;, formation during temperature-programmed decomjposdf Fe nitrate over

CMK-3 in comparison with pure CMK-3.

The strong interaction between iron species andocasupports was also observed by
FTIR spectroscopy (Figure 6-1). Deposition of ir@pecies results in significant
modifications of IR spectra relative to the purebca supports. The IR bands at 1580, 1460
and 1100 crl which correspond to hydroxyl and carbonyl group&C and CNT disappear
after iron deposition on these supports. This fiaighht be explained by a strong interaction of
magnetite with the support and neutralization efghbrface functional groups by iron species.
Note that these bands appear in CMK-3 after iraditeh. This might be due to the partial

oxidation of CMK-3 by oxygen released during iratrate decomposition.

6.2.3 Catalyst activation in CO

The XRD patterns of iron catalysts activated inbocar monoxide are shown in Figure
6-2. Treatment of all catalysts in CO at 350 °Quitssin the formation of iron carbides with a
broad diffraction peak at around 43° (Figure 6-)is broad peak probably corresponds to
the superposition of the most intense diffracti@als of several iron carbides: most likely
y-F&C, ande-Fe,C [8]. The size of carbide crystals seems to tateavith the size of oxide
phase. The largest particles calculated using ther®er equation are observed over FeSiO
Fe/CMK-3L and Fe/CNT (4-6 nm) and the smallest ¢erparts (2 nm) over Fe/SBA-15,
Fe/AC and Fe/CMK-3S (Table 6-1, Figure 6-2). Nabevaver that much smaller iron carbide
particles were observed by XRD after CO treatmerdamparison with the oxide precursors

(Table 6-1, Figures 6-3 and 6-4), while TEM does$ slsown any major decrease in iron
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particle size after carbidization (Table 6-1). Tbisserved discrepancy can be attributed to the
limitations of these two techniques. Indeed, XRDamwges only the size of iron carbide

ordered crystalline domains, while TEM can detemthkiron individual carbide crystallites
and crystallite agglomerates.

7
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Figure 6-6. Transmission Mossbauer spectra of FefSKe/CMK-3L and Fe/CMK-3S

activated in CO.

The catalysts activated in CO were also charaeterizy Mossbauer spectroscopy and
XPS. The transmission Mdssbauer spectra of thevedetd Fe/SiQ Fe/CMK-3L and
Fe/CMK-3S catalysts are shown in Figure 6-6. Thieutated Mdssbauer parameters are
given in Table 6-3. Lower extent of carbidisatiomsvobserved on the Fe/Si@atalyst
relative to Fe/CMK-3L (Figure 6-6, Tables 6-1 an@)6with residual iron oxide contents of
17.2 and 7.7 %, respectively after activation in.C8bth catalysts have similar iron
dispersion (Figure 6-6, Tables 6-1 and 6-2). Higbetent of carbidisation has been also
observed in the Fe/CMK-3L catalyst containing langen particles compared to Fe/CMK-3S
(Figure 6-6, Table 6-2). It seems that the extértaobidisation is affected, on one hand, by
the support (carbon CMK-3 versus $j@nd, on other hand, by a diameter of iron crifstal
Higher extent of carbidization is observed in carlsupported catalysts compared to silica
supported counterparts, while on a given suppargel iron particles could be carbidized

easier than smaller ones. Previously, lower stgbdif smaller iron carbide nanoparticles
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compared to larger ones was uncovered using inrsagnetic method [25]. Interestingly,
analysis of the MOssbauer data suggestsytfr@C, is the most abundant carbide in Fe/SiO
while FeC is the major phase in Fe/CMK-3L.

Table 6-2 Mossbauer parameters of supported iron catadgsigated in CO.

Sample Iron sites HF(T) IS(mm¥) QS (mms") Relative area% Phase quantification (%)
a'-Fe(C) 2596  0.209 -0.0784 9.5 o'-Fe(C): 9.5+2%
e-Fe C 18.15 0.311 0.071 111 FeC: 35.5+2%
FeC(l) 21.57 0.245 -0.004 25.8 1-FeCy: 29.6£2%
Fe/CMK-3L  FeC ] 0917 0.266 . e-Fe ,Ci11.142%
superpara a-FeC: 6.6£2%
x-FeCy(1) 15.37 0.280 0.016 8.6 Oxides: 7.7+2%
y-FeCy(ll) 1835  0.187 -0.025 21.0 (7.7% F&*(spm))
a-FeC - 0.068 0.627 6.6
Fe** (spm) - 0.319 0.689 7.7
FeC o'-Fe(C): 0+2%
- 0.205 0.243 19.2
superpara Fe,C: 19.2+2%
1-FeCy (1) 18.05 0.476 0.204 12.3 r-FeCs,: 25.2+2%
1-FeCy(l) 10.74  0.358 0.118 12.9 e-Fey ,C: 0+2%
Fe-CMK-3S a-Fe,0s 51.77 0.333 -0.235 10.4 a-FeC: 0£2%
Fe;04(B) 43.87 0.274 -0.035 11.0 Oxides: 55.6+2%
Fe** (spm) - 0.288 1.191 15.3 (18.9+15.3 +11.0 +10.4)
Fe** (spm) - 0.268 0.666 18.9
FeC (1) 20.82 0.245 0.020 10.6 = 11.7+2%
Fe/SiG FesC (1) - 0.359 0 1.1 y-F&Cy: 58.4+2%
1-FeC, (1) 18.66  0.207 -0.006 25.7 e-Fe C: 12.742%
-FeCy ()  22.09 0.266 0.014 32.7 Oxides: 17.2+2%
e-Fe, .C 17.28 0.150 0.020 12.7 (11.3%Fg0, +
FeOy 13.55 0.367 -0.071 11.3 5.9%Fg0,)
Fe0, 48.23 0.275 -0.449 5.9

The Fe 2p XPS spectra of the activated catalyststaown in Figure 6-7. Different iron
species in these catalysts were identified usiegatisolute values of binding energies and Fe
(2p3/2) and Fe (2p1/2) orbital splitting [26-28hé peaks at 710.7 and 724.6 eV in the XPS
spectra of Fe/CNT correspond to Fe(2p3/2) and RéRpcore level binding energies in
Fe;0, species. The activated Fe/Siénd Fe/SBA-15 catalysts contain mostly‘Fepecies,
which were identified by XPS peaks at 712.0 (FE(2p and 725.4 eV (Fe2pl/2)) [45, 46].
Fe/CNT also exhibits peaks at 707.1 and 720.2 é¥ peaks can be assigned either to

metallic iron or iron carbide (E,). Unfortunately, XPS at Fe 2p energy level did albddw
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distinguishing between metallic iron and iron cdebiWe assigned the peaks at 707.1 and
720.2 eV to respectively Fe(2p3/2) and Fe(2pl/@jlibig energies in iron carbide because the
reduction of magnetite to metal iron is less prdbalnder these conditions. Previously,
reduction of iron carbide ta-Fe was observed by CO-TPR combined with XRD aiglys
only at the temperatures higher than 380 °C [2%ar&ination of the XPS spectrum of
activated Fe/CNT suggests that iron carbide isdbrainant iron phase in this catalyst with
the presence of residual #&r. In the activated Fe/Siand Fe/SBA-15, the intensity of the
peaks at 707.1 and 720.2 eV attributed to ironidaris much lower than in Fe/CNT. This
suggests a lower extent of carbidisation of sitiaaed catalysts relative to Fe/CNT.

The XPS results are also consistent with Mossbdaier, which suggest much easier iron
carbidisation in carbon materials in comparisorhvgilica containing smaller nanoparticles.
These facts might be explained by strong interactid iron species with silica support
leading to inactive Fe silicate. It is also intéires to note that the concentration of*Fe
species is significantly higher for SBA-15 in compan with Fe/SiQ. Larger SBA-15
surface area and smaller size of hematite partwetedd favor chemical reaction between iron

species and silica with formation of iron silicate.

Fe/CNT

740 730 720 710 700
Binding energy (eV)

Figure 6-7. Fe 2p XPS spectra of Fe/$j@e/SBA-15 and Fe/CNT catalysts activated in CO.

The formation of carbide phases during CO pretreatmwas also observed by
magnetization (Figure 6-8a). Heating of the catalys the atmosphere of CO results in a
significant increase in the magnetization of Fe/GBIK Fe/SBA-15, Fe/Si®and Fe/Si@N;
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at 200 °C with subsequent decrease in the magnetizationaforthe samples at the
temperatures higher than 280. The increase in the magnetization over Fe/CMKa8d
silica supported samples might be explained by &ion of ferromagnetic iron phases. The
decrease in the magnetization over Fe/CMK-3L, FE(Cd®, Fe/SiQ and Fe/CNT at higher
temperatures might be explained by disordering afmetic domain after attaining the Curie
temperature. The monoclinicifg x-FeC, has the Curie temperature at 205-266(Table
6-1). The presence ofdgg carbide in the activated Fe/CNT, Fe/AC and FefCd& is in
agreement with a sharp decrease in the magnetizattithe Curie temperature of this carbide.

This suggestion is consistent with previous ref.

Fe/CMK-3 L//‘\\

10

FefAaC

S
TEymeds
2 4

Magnetization, emu/g
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Temperature, C

Fe/CNT
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CO; formation , pmolfs
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j LY ST Fﬁiﬁwr‘“g
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Figure 6-8 Catalyst magnetization (a) and £@rmation rates (b) during heating in the flow of

CO. The CQ formation rates are offset for clarity.
Note that magnetization did not increase signifigarover Fe/CNT, Fe/AC and
Fe/CMK-3S during CO treatment (Figure 6-8a). Thictf might be explained by
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transformation of ferrimagnetic oxide phases alygaiésented in the calcined catalysts into
ferromagnetic iron carbide during heating in COeTdverall catalyst magnetization can be
only very slightly affected by this process.

Analysis of CQ formation curves during temperature ramping in iS0Gn agreement
with this assumption (Figure 6-8b). @@rms already starting from 100°C with exponential
increase in the rate of formation up to 200 °Cerestingly, the C@release corresponds to
the increase in magnetization for most of cataly&x, released in this process can be
attributed to carbon monoxide disproportionatiomjcli produces on one hand £€énd on
other hand iron carbides and carbon species. Natiecarbon deposition also occurs over
250 °C when iron carbide formation should be alyeammpleted.

The magnetization of Fe/Sj@nd Fe/SBA-15 drops to zero after extended expour
CO at 350 °C, while Fe/CNT and Fe/AC keep significeesidual magnetization at this
temperature. This indicates the presence of fergoeiic species in Fe/CNT and Fe/AC with
the Curie temperature higher than thatydte;C,. Possible ferromagnetic phases under these
conditions could be magnetite, metallic iron or esthron carbides. Since formation of
metallic iron is not expected after treatment in &C50 °C, the residual magnetization can
be due to either residual magnetite or another fairiron carbide.

The magnetization data are also consistent with ¥R8Its. XPS detected the presence
of noticeable amounts of §@, in carbidized Fe/CNT catalysts after activatiorCi@® (Figure
6-7). High stability of FgD, in CNT might be tentatively explained by stabitina of
dispersed F£, over carbon support. Indeed, Bengoa et al [30kodesl stabilization of
magnetite with supermagnetic behavior over carboppaert with high surface area in
comparison with full transformation of magnetitéoin-Fe over low surface area glass carbon.
The presence of stable magnetite phase in CNT wegopsly shown by Chen [8] and
Abbaslou [23]. Preparation of magnetic CNT compmssihas attracted a lot of attention
because of their potential uses in magnetic datage and in magnetic force microscopy as
nanoprobes [24]. Some of the procedures are bas@&uearaction of magnetite nanoparticles
with surface defects and carboxylic defect groupshe CNT surface [25, 26]. Electrostatic
interaction may be also responsible for the stzdtilon of magnetite nanoparticles taking into
account the SP2 structure of the CNTs [25, 26].

Figure 6-9 shows variation of magnetization duriogoling of the samples after
treatment in CO at 350°C. A significant increasariagnetization is observed for most of
catalysts when the temperature becomes lower tH#¥C2 This confirms once again

preferential formation ofy-FeC, during catalyst activation in CO. Indeed, the €uri
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temperature of-Fe;C; is in the range 200-250 °C in comparison with Gheie temperature
of magnetite and iron at 580 and 770 °C, respdgtiidable 2-1) [53]. Higher magnetization
at room temperatures was observed on Fe/CMK-3LCIN&/ Fe/SBA-15, Fe/Si©and
Fe/SiQ-N, activated in carbon monoxide (Figure 6-7). Thispibably due to large
concentrations of well-crystallized iron carbideapé in the catalysts. Lower magnetization
observed for the Fe/CMK-3S catalyst could be aitel to the lower extent of carbidization.
Indeed, Mdéssbauer spectrometry shows (Figure 6¥@ller fraction of carbide and higher
concentration of Fé species in this sample. Fe/AC does not show s$ogmif increase in the
magnetization during cooling down, although, somecentration of iron carbide can be
detected in this catalyst after CO treatment by XR®w magnetization might be the result of
the formation of highly dispersed carbide phasettan surface of stable magnetite phase.
Magnetite in this sample can be stabilized by serfanctional groups of the carbon support
such as hydroxyls (-OH), carboxyls (-COOH) and oaslts (C=0) (Figure 1). The strong
interaction of Fe with activated carbon with formoat of Fe-O-C linkage was proposed

earlier by Phillips and co-workers [28].
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Figure 6-9. Catalyst magnetization during cooling down a@€ treatment at 350°C.

TEM has provided further information about interactbetween Fe and carbon supports
in CNT and CMK-3. Figure 6-4 shows that after th&ate decomposition, iron oxide
particles are observed inside or outside of thé&aramanotubes with their higher fraction
located inside of the CNT channels. In contrasE, activation in CO leads to formation of
carbon layer on the surface of carbide nanopastible without its deep encapsulation into

CMK-3 support. Figure 6-4 shows that after the lgéitatest the encapsulation of iron
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nanoparticles in CNT is even enhanced. At the samme, no encapsulation of iron

nanoparticles was observed in the CMK-3 supportadlygsts after their exposure to the

reaction conditions (Figure 6-4).

Figure 6-10 displays a tentative outline of theletron of different iron species in silica

and carbon supported catalysts during the catalysthesis, activation and catalytic test. In

silica supported catalysts,

impregnation followey talcination results in preferential

formation ofa-Fe03, while decomposition of iron nitrate in carbon sréls most probably

leads to FgO, with possible presence of maghemite phase. Catatys/ation of silica and

carbon supported catalysts in carbon monoxide atgeon oxides into iron carbides

(presumably-Fe,Cs carbide). In the case of silica based samplesisiderable concentration

of iron silicate was detected in the activated lgata. Smaller iron particles in CMK-3S

exhibit lower extent of carbidization. Interestipgtarbon nanotubes and activated carbon can

stabilize to some extent magnetite in the presehcarbon monoxide at higher temperatures.

This enhanced stability of magnetite which does guhpletely carbidize in these catalysts

could be attributed to both strong interaction lestw magnetite and carbon support and

partial encapsulation of iron oxide nanoparticlesthe CNT and active carbon porous

structure.
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Figure 6-1Q Iron species on different supports before angr &0 activation.

© 2015 Tous droits réservés.

151

doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015

Ph.D Thesis of Université Lille 1 and XMU

6.3 FT performance over carbon and silica supported Featalysts

The catalytic data are shown in Figures 6-11 aruleT&-3. Methane, light olefins, light
paraffins, G hydrocarbons and carbon dioxide were the mainumtsdof FT synthesis on
iron catalysts under these conditions. Silica sujgplocatalysts showed lower activity in
comparison with carbon-based counterparts. Thelytiataactivities of Fe/SBA-15 and
Fe/SiQ with larger pores are rather similar (iron timelgii of 35-39 majlo molee® h%). Iron
nitrate decomposition in nitrogen instead of aid diot affect the iron time yield to any
noticeable extent in the Fe/Si@atalyst (Table 6-3). Lower activity of silica suquted
catalysts relative to carbon supported counterpeotdd be due to a more difficult iron
carbidization. Indeed, XPS and Mdssbauer spectmyrsabwed higher fractions of inert iron

silicate.in silica-based catalysts.

Table 6-3 Catalytic properties of catalysts after CO angketreatmentR = 2 MPa, H/CO =
2.1,GHSV= 16 L h* g™, T = 300 °C)

Iron time Product distribution, (% & CO; free) GC,
Test Catalysts %%  vyield, moky  Scoz:% C,C, C,Cs Olefin{

/mOleeh CHe lefins paraffins Cs+  Paraffin
1 Fe/SBA-15 25.7 355 10.2 21.0 14.3 20.9 438 0.7
2 Fe/SiQ 28.5 39.4 135 12.8 20.6 125 541 16
3 Fe/SiGQ? 38.8 26.8 191 14.6 20.2 17.4 478 1.1
4 Fe/SiQ-N, 24.4 33.7 11.7 135 19.4 14.6 525 1.3
5 Fe/CMK-3S 49.7 68.6 215 12.7 155 235 483 0.7
6 Fe/CMK-3$ 27.4 75.7 154 121 154 17.7 547 09
7 Fe/CMK-3L 38.5 53.2 191 153 18.3 22.4 440 0.8
8 Fe/AC 64.0 88.4 34.1 7.8 21.2 17.3 53.7 1.2
9 Fe/AC 37.6 103.9 20.8 12.2 18.0 195 50.3 0.9
10 Fe/CNT 85.4 117.9 30.0 8.7 20.7 14.7 559 14
11 Fe/lCNT 31.7 87.6 16.2 222 15.7 26.9 353 0.6

3 GHSV was changed to 8 [yt

® GHSV was changed to 32 [‘fy,*

The activity of carbon supported samples decredsma CNT to CMK-3 in the
following sequence: Fe/CNT>Fe/AC>Fe/CMK-3S>Fe/CMK-8nderiso-GHSV conditions
(GHSV=16 L K' g!), Fe/CNT exhibits CO conversion of 85 % (Table)6f3/AC shows a
slightly lower carbon monoxide conversion (60 %)arlibn monoxide conversion over
Fe/CMK-3S with smaller iron particles was slightiigher than on Fe/CMK-3L containing

less dispersed iron species (Tables 6-1 and 63)eMer the increase in FT reaction rate on
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Fe/CMK-3S relative to Fe/CMK-3L was much smallearthcould be expected from the iron
particle sizes. The lower-than-expected activityFefCMK-3S might be explained by low
extent of carbidization of smaller iron nanopadsctompared to larger counterparts observed
by Méssbauer spectrometry (Figure 6-6, Table 6-2).

Note that Fe/AC and Fe/CMK-3 catalysts show a slighrease in carbon monoxide
conversion with time on stream (Figure 6-11). Iroratalysts could undergo
“self-organization” during FT synthesis. The selffanization of iron catalysts principally
consists of optimization of iron carbide phase cosmon and could lead to some
enhancement in FT reaction rate. Interestinglymagor sintering was observed by TEM after
catalytic tests (Figure 6-4, Table 6-1). The eBeof catalytic support on the catalytic
performance of iron catalysts in FT synthesis canirterpreted in terms of different iron
phase composition rather than in terms of differsort dispersion. Indeed, the catalysts also
did not show any significant dependence of thelgiataactivity on the size of the oxide or
carbide particles. For example, Fe/CNT and Fe/S$i&ve similar iron particle sizes (Table
6-1), but exhibit rather different FT reaction sa{d@able 6-3).

100 -
90 - aaaa EE[ONT
80 { A7
> 70 - Fe/AC
5
g 50 Fe/CMK-3S
Q
S 404 ottt o Fe/CMK-3L
= M—Q—‘*—'
30 1 Fe/Si0,
204{m . Fe/SBA-15
10 1
0 T L] T
0 20 40 60

Time on stream, h

Figure 6-11 Catalytic activity of iron catalyst®(=2 MPa, H/CO = 2.1,GHSV= 16 L K" geai™,
T = 300°C)

Interestingly, the highest activity is observed ro#@/CNT and Fe/AC samples. Both
catalysts exhibit residual magnetization at 350 T@is suggests possible presence in these
catalysts of residual E®, species. The high activity of CNT was explainedieaby Bao

and coworkers [8] by a confinement effect of irartles in the CNT channels. Thus, it was
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shown that the confinement of iron inside of the TCNith unique electronic properties

significantly modified the catalytic performancedaled to more active, selective and stable
FT catalysts [29, 30]. The higher activity of smedirbide “nodules” forming shell on the

surface of the core magnetite phase was proposath @fficient catalytic system on silica

supported catalysts [31-33]. Our results suggeat thagnetite itself is inactive in FT

synthesis. Indeed, the catalytic tests conductel thie catalysts containing only magnetite
phase (without CO treatment) showed zero activitiF T synthesis. However, the composite
of magnetite—carbide with highly active defectedbae phase could be involved in FT

reaction. The higher activity over Fe/CNT and Fe/A@ht be explained by formation of

these iron carbide-magnetite composites.

Table 6-3 also displays carbon monoxide converdia obtained on Fe/SiOFe/AC,
Fe/CMK-3S and Fe/CNT at different GHSV. The methand CQ selectivities were plotted
as functions of carbon monoxide conversion on tlvasalysts (Figure 6-12). Higher carbon
monoxide conversion leads to higher £&hd lower methane selectivities. Increase in the
CO; selectivity at higher CO conversion might be expd by higher contribution of the
WGS reaction due to increase in the amount of whiete that some amounts of €€an be
also produced by Boudouard reaction, which is tleelynamically favorable under the
reaction conditions. In agreement with previousorefB4], lower methane selectivity can be
explained by suppression of methanation in thegores of higher water pressures at high CO
conversion level. The relation between @, olefin to paraffin ratio and carbon monoxide
conversion for silica and carbon supported catalystdisplayed in Figure 6-12b. For all
studied catalysts the ratio is in the range oft0.6.4 with slight increase with an increase in
CO conversion. All the studied catalysts (with gotaen for Fe/SiQ) show similar relations
between methane, carbon dioxide selectivities dgfthao paraffin ratio on one hand, and on
other hand, carbon monoxide conversion. This sugdke presence of similar active phases
for carbon monoxide hydrogenation, which could bebpbly associated tg-iron
carbide/magnetite composites. Silica supportedysasashowed higher olefin to paraffin ratio
than carbon—supported counterparts (Figure 6-1®Ihjgher fraction of F& species of iron
silicate was identified in silica supported catidyby XPS and Mossbauer spectrometry.
Though the observed selectivity deviations on &ilgupported catalysts probably require
further investigations, interaction of iron cartsdeith Fé" ions (instead of magnetite) could
modify the electronic properties of active sitesn{lr to alkali metals) and could result in

partial suppression of the hydrogenation activity.
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Figure 6-12 Selectivity to methane and G() and G-C, olefin to paraffin ratio (b) as
functions of CO conversioP(= 2 MPa, H/CO = 2.1,GHSV= 16 L h* g.a*, T = 300 °C)

6.4 Conclusions

Silica and carbon supported iron catalysts showptesence of different iron species at
different catalyst preparation and activation stagéne chemical composition and texture of
the support affect iron particle size, iron carbadion, catalyst phase composition and finally
catalytic performance in carbon monoxide hydrogenatAfter iron nitrate decomposition,
a-Fe03; was a dominant phase in the silica supported ystalwhile the carbon materials
contain magnetite/maghemite. Catalyst activatiocairbon monoxide results in conversion of
iron oxides into mostly-FeCs carbide. The extent of carbidization seems to igadn in
carbon than in silica supported catalysts.

The catalytic performance iron species on diffesangports principally depends on iron
phase composition rather than on iron dispersioighét activity was observed on the
catalysts supported by carbon nanotubes and amn®mn, which show the presence of iron

carbide-magnetite composites.
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Chapter 7. The effect of Na addition over different
supports in high temperature Fischer-Tropsch synthsis on

iron catalysts

Fe/Al,O; Fe/SiO,, Fe/CMK-3 Fe/CNT
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Na,FeO,
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NaAlO,

Abstract: The effect of sodium addition over different types of supports with iron has been studied

in high temperature Fischer-Tropsch synthesis. The interaction of Na with the catalysts depends
strongly on the amount of added Na and type of the support. In the case of alumina, the effect of
Na over catalytic properties is weak due to the strong interaction with support. Over silica and
CMK-3 iron oxide interacts with Na with formation of inactive mixed oxides but with partial
suppression of hydrogenation activity and high olefin/paraffin ratio over rest carbide. The strong
interaction of CNT with Fe results in formation of stable carbide but with strong effect of Na which
results in the high contribution of olefins for short and long chain hydrocarbons. Excessive Na

addition results in a decline in CO conversion.

This Chapter is based on the following publication:
K. Cheng, V. V. Ordomsky,* B. Legras, M. Virgini8, Paul, Y. Wang and A. Y. Khodakov,*
Appl. Catal. A (2014 in preparation.
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7.1 Introduction

The FT selectivity to light olefins over pure Fesbd catalyst is not high enough to be
interesting for industrial implementation [1]. These of promoters is necessary for Fe
catalysts in order to increase the selectivity talsadesired products in FTS [2]. Different
types of promoters have been proposed in the titexao increase the selectivity to olefins
like sodium [3, 4], potassium [2], zinc [5], copdB}, vanadium [6], and sulfur [7, 8]. Sodium
has been found to be one of the most effective ptera. Addition of it leads to significant
increase of the olefin to paraffin ratio, WGS aityiand decrease methane selectivity [3, 4, 9].
The effect of sodium is usually explained by deseeaf the strength of C-O bonds in the
presence of Na increasing the coverage of dissati@O on the surface [4, 8, 10, 11]. High
carburization of the surface results in the supgpoesof the secondary hydrogenation of
olefins and increase of the chain growth probabiiith suppression of the methanation. The
effect has been shown to have an optimum with asgef the concentration of the sodium [4,
11, 12]. The higher concentration of Na had detnitakeffect inhibiting carbidisation of Fe
which results in decrease of the activity and fdrarmeof short chain hydrocarbons [12].

The research over Fe based catalysts is mainlpées focused on the bulk Fe catalysts
promoted by metals due to the easy preparationl@mcdost of this type of catalysts [13].
However, these catalysts cannot be as efficiensuggorted catalysts due to the lower
dispersion and low homogeneity of the catalytiesiRecently, significant progress has been
reported by the Utrecht group [14, 15] in the depetent of new efficient iron catalysts
promoted by sodium and sulfur for efficient synikes light olefins with high activity and
selectivity over catalysts with weak interactiorivikeen iron and supports. The authors have
useda-alumina or carbon nanofiber supports. Howeves till not clear what is the role of
support in the effect of promoter over iron catalged why some supports show high
efficiency during application of promoters and athéo not.

In Chapter 6 we studied the effect of supports @tate of Fe active sites during high
temperature FT synthesis. This work is directedttan continuation of this work with the
main focus on the interaction between sodium ampter with support and iron. We have
studied most common types of supports used in tngllike silica, alumina in comparison
with new inert carbon supports CMK-3 and CNT.
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7.2 Results and discussion

7.2.1 Structure and surface groups of catalysts

The textural properties of used supports are dygplan Figure 7-1 and Table 7-1. All
the four samples showed hysteresis loop which atdec mesopores [16]. Commercial
amorphous silica (Si§) possesses large mesopores formed by volume betyleleules with
the surface area of about 308 gt. y-Al,O3 has lower surface area (186 gi). CMK-3 is
formed by interconnected carbon rods and has a®rvery similar to those of SBA-15
(1326 nf g?) with the centralized pore size about 3.8 nm. fihrotubes of the acid treated
CNT have uniform diameters of about 7 nm. The et high surface area (163°ng™)

indicates that nanotubes have open caps due tdraaithent [17].

Table 7-1 N, Physical Adsorption-desorption and XRD catalysirelterization

Samples M adsorption over supports Iron oxid€ or carbide diameter

Seer, Siic, Voot V e, Pore (XRD) with different Na/Fe ratio, nm
m gt mg' cm’g! cmPg! size, nm

0 0.1 0.5
Fe/SiQ 307 25 131 001 175 13.7 (6.7) 13.9(4.8) 13M(4
Fe/CMK-3 1326 557  1.32 0.12 3.8 6.1(4.0) 6.6 (5.06.8 (4.4)
Fe/ALO; 186 5 051 0.0 11.0 - -
Fe/CNT 163 17 056 001 7 16.3(6.1) 20.3(4.1) ¥BE)(

#Based on the diffraction peaks of hematite (Hnagnetite (M)

Iron nitrate was decomposed using calcination in(far silica and alumina supported
catalysts) or in nitrogen (for carbon supports)ic&iand alumina are active supports with
functional groups on the surface which might regulthe interaction with supported metals.
The possible interaction of metals with silica ahgimina supports has been studied by FTIR
spectroscopy (Figure 7-2). The silica is charapgeriby the following set of bands: 3440,
1387, 1350, 1109 and 808 ¢mAbsorption bands at 1109 and 808 tmight be assigned to
Si-O-Si asymmetric stretching and bending vibragjorespectively [18]. The bands at 1387
and 1350 cni correspond to carbonate or carboxylate surfaceiespeformed due to
adsorption of atmospheric GO(symmetric stretching) [19]. The band at 3440 'cm
corresponds to stretching of silanol groups [2@joig) interaction of Na with the silica could
result in the formation of sodium silicates whicbuhd be visible by the characteristic bands

[21]. However, the spectra of Fe impregnated andtidated catalysts do not show any
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significant changes in the spectra in comparisdh thie parent silica except slight increase of
the hydroxyl groups and adsorbed £Ohis fact might be explained by low interactidriNa

with silica with possible formation of single orxed oxides on the surface.

= ~ 20
a s b ¥
800 :u e 15¢
~ £ -~ s
‘o B :‘:‘ 2 oY) 300 |- 2 10}
) ~ L o
1 T
E 600 - = E 250 | £os|
N =
k= | o 3 N
2 0 10 20 30 40 50 2 200} = 00
g 400 | Pore diameter (nm) g 0 10 20 30 40 50
= = .
< < 150 Pore diameter (nm)
o o
: :
= 200 s 100 |-
- -
50 |
0
] ] ] ] 1 ] 0 |
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
PP
() . " (d) 180 2P,
800 - L "z 2
- _=
_ 700 L ‘.:;; 150 | ,,;I 0.9
o A - - 2o
mbL E 3
g 600 [ S 120 - = o5
2 A = | =
T 500 | é: R TR
= — Q 90 [~ Pore di .
55 B £a 4 % ore diameter (nm)
< 400 | £, <
< =0 g
) i £
22 =
£ 300 N 2
200 |- _\:
| = 5 10 15 20 25 20 3
Pore diameter (nm)
100 | i | . | . i | . | 0 | i | . | . | i | . |
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
PP P/P

4 0

Figure 7-1 N, adsorption-desorption isotherms and distributibpare size for Si@(a), ALO3
(b), CMK-3 (c) and CNT (d).

Parent alumina infrared spectrum has only ban@#4®, 1387 and 1350 chrelated to
hydroxyl groups and adsorbed €®resence of Fe and Na results in significant gaann
the spectra in comparison with silica. Indeed tbe broad band appears at 1090 awhich
might be assigned according to the literature taragtric stretching bands of carbonates [22].
This might be result of the strong interaction ef Wwith alumina with formation of Fe-O-Al
bonds and basic OH groups which interacts with.d@e presence of Na leads to appearance
of additional bands at 1078, 984 and 884*cwhich might be explained by carbonates

formed over sodium aluminate and ferrite.
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Figure 7-2 IR spectra of silica, alumina and catalysts airthasis

7.2.2 Activation with CO

XRD patterns of the calcined catalysts are showRigure 7-3. The crystallite size of
iron oxides was evaluated from the Scherrer equafi@ble 7-1). F£€3 is the main iron
phase in calcined Fe/SiQuith relatively large oxide particles (13.9 nmip the case of
alumina only very weak bands of J&& is observed which might be explained by strong
interaction with alumina observed by FTIR (Figur@)7 At the same time, decomposition of
iron nitrate over CNT in nitrogen selectively rasuih formation of magnetite (5®4) with
sizes of nanoparticles about 16 nm. For iron catalgupported on CMK-3, very weak and
broad magnetite peaks are observed. CMK-3 has lsmgiace area (1326 1g?’) and
abundant oxhydryl groups which are beneficial fatahdispersion [23].

163

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Kang Cheng, Lille 1, 2015

Ph.D Thesis of Université Lille 1 and XMU

= NaAlLO;
# F31O4

Fe/CMK-3{0.5) 3 . 1
Fe/CMK-3 M S ————— =

\
Fe/CNT(0.5) ......«/ \m-"w AR
M,

Fe/CNT(0.1)
Fe/CNT ,w._—/’/ ; :
5 * %
ol
Fe/Si0,(0.5) o / " ‘t
Fe/Si0,{0.1 M MWWH‘ W'VJ \WWFJ %wnwm»mf“mw»’ W‘wmmi*ﬂ o “Mkvwww
Efal 2{ 1) i T *P'eré Wi gt # s I NI T hoscre T V—

Fe/SIOw .‘ "\'
o Ww.\:.# jl\‘W\”; w‘ ) @
L MW g L T T WMUW M#me M Wittt Cot]

n
Fe/ALbO(0.5) . ? 1wvw;ﬁwv;§w”“‘~%m« AN S——— f"\m

Fe/AlL,0,(0.1) «»«mW,.LW"" . ™ Mpned WHM~WW~WN
............ o A T N APty S T el L L PSR AN O
Fe/al,o, ~—TTTTT . c: e
20 25 30 35 40 45 50 55 60 65 70
2 Theta

Figure 7-3. XRD patterns of samples before CO treatment.

Presence of sodium does not lead to significantngbs in the sizes of oxide
nanoparticles (Table 7-1) but leads to other chargfethe spectra. Treatment of alumina
based catalysts with sodium results in the appearan the peaks at 30.2, 35.6 and 39.4°
assigned to sodium aluminate [14] which supportRFTdsults. In the case of silica samples
presence of sodium results in shift of hematitekpdar about 2° to higher6zangles. It might
indicate on the incorporation of sodium in the feamork of hematite which should result in
the structural deformation of the lattice [15]isltinteresting to note that shift happens already
after addition of 0.1 Na/Fe. Addition of sodiumtire case of CNT does not lead to changes in
the XRD spectra (Figure 7-3).

The XRD patterns of iron catalysts activated inbocar monoxide are shown in Figure
7-4. Treatment of catalysts in CO at 623 K resudtshe formation of iron carbide with a
broad diffraction peak at around 43° (Figure 7-#)is broad peak probably corresponds to
the superposition of the most intense diffracti@als of several iron carbides: most likely
yr-Fe&C, ande-Fe,C [24]. Note however that a significant decreasehm absolute sizes of
carbide particles in comparison with the oxide deyarts is observed by XRD after CO
treatment over CNT and CMK-3 (Table 7-1), while TEMes not show any major decrease
in iron particle size after carbidization (Figure5) This observed discrepancy can be

attributed to the limitations of these two techmiguindeed, XRD measures only the size of
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single iron carbide crystallites, while TEM detebtgh iron individual carbide crystallites and
crystallite agglomerates. Large peaks of aluminppeut hinders peak of carbide over
alumina.The size of carbide nanoparticles decreasbsincrease of the amount of added
sodium over Fe/CNT and Fe/SiO
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Figure 7-4. XRD patterns of samples after CO treatment.
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Figure 7-5. TEM images of Fe/Si§) Fe/AbO;, Fe/CMK-3 and Fe/CNT after pretreatment with
CO at 623 K for 10 h.
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7.2.3 Effect of Na introduction on the basicity of catalgts

The interaction between sodium, iron and suppastukhresult in the different basicity
of the catalysts which has been studied by TPD ©f (Figure 7-6). The intensity of weak,
medium, strong and very strong catalyst basic sitesestimated from the area under their
TPD curves for the temperature range of 373-523-623, 673-923, and >923 K
respectively [25]. The results show that carboretasatalysts possess strong basicity due to
the presence of sodium over the catalyst. It méaaisbesides possible interaction of sodium
with iron part of impregnated sodium still possesstrong basic properties. In the case of
silica support adsorption of G@s significantly smaller in comparison with carbsmpports.
This fact might be explained taking into accountDXBnd FTIR results by strong interaction
of sodium with iron with formation of mixed oxiddésss basic in comparison with sodium
oxide. Alumina is a support with basic propertiage do the presence of surface basic
hydroxyls groups [26] which might form carbonateghvwigh temperature of decomposition
(Figure 7-6). It makes difficult to conclude abaeftect of Na. The peak over 1000 K is
probably assigned to residual J4&D; [27].

Fe-Si0,(0.5)
Fe-Al,O,(0.5)
Fe-CMK-3(0.5)
Fe-CNT(0.5)

CO, signal /a.u. —

T ©~ 1T T T 1 T "1
400 500 600 700 800 900 1000 1100

Temperature /K

Figure 7-6. TPD of CQ over Na promoted catalysts.

7.2.4 Effect of Na introduction on the activity of iron carbides

All these methods like XRD, FTIR, TPD of GOhowever, do not give direct
information about how Na effect on iron carbide.isTimformation might give the method

which relates to transformation of carbide like higlrogenation into methane. This method
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has been used earlier for determination of the atnoticarbide but analysis of the rate of
methane formation might give important informatiahout the activity of carbide in FT
synthesis [28, 29]. In order to have informatiorckse as it is possible to reaction conditions
the hydrogenation has been conducted at 573 K @3 after CO pretreatment. Figure 7-7
showed that Fe/CNT has the highest initial ratenethane formation with fast decrease in
time. It is interesting to note that in the caseit€a supported catalyst the rate is almost two
times lower but it goes through the maximum. It nsethat carbide in silica is less accessible
or reactive for hydrogenation in comparison withTChh the case of alumina the curve is
similar to silica based catalysts but without maximindicating also on the low activity of
carbide for hydrogenation. The effect of sodiumtlo® hydrogenation activity was different
for different supports. Thus, in the case of CN€& #Hctivity decreases in the presence of
sodium which means strong interaction of sodiunhwdrbide. At the same time, addition of
sodium totally suppresses initial hydrogenationvégt of carbide over silica leaving only
high time peak. It means that sodium deactivatastingee carbides which support the earlier
statement about possible formation of mixed oxidethis case. It is interesting to note that
addition of sodium almost does not change hydragamactivity over alumina. It lies in the
line with XRD and FTIR results about preferentiadsim interaction with support which

should not affect the state of carbide in this case
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Figure 7-7. Hydrogenation of carbides of sodium promoted paxent catalysts
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7.2.5Fischer-Tropsch synthesis

The catalytic activities and selectivities in Fisciiropsch synthesis over catalysts are
shown in Figures 7-8 to 7-16 and Table 7-2. Methdight olefins, light paraffins, €
hydrocarbons and carbon dioxide were the main mtsdof FT synthesis on iron catalysts
under these conditions. Silica based catalyst shiowgst activity in comparison with
carbon-based and alumina materials. The low agtvitFe/SiQ was explained earlier by
formation of inactive silicates and lower degred-efcarbidization [in chapter 4]. It results in
the formation of less reactive carbide which midpet observed by low initial rate of
hydrogenation of carbide by hydrogen in comparisotih Fe/CNT (Figure 7-7). Fe/CNT
shows the highest activity (76 %) in comparisonhwgilica, alumina and CMK-3 catalysts.
There are several possible reasons of the highitgctif Fe/CNT. Bao and coworkers [24]
have explained it by confinement effect of irontjdes in the CNT channels which results in
the different electronic properties of carbidese Dther possible reason might be in formation
of magnetite-carbide composite with highly defectemtbide phase on the surface of
magnetite particles stabilized by CNT [2]. In argse it leads to the formation of highly
reactive carbide which is easily hydrogenated mt&thane (Figure 7-7). The low activity of
Fe over other carbon based support CMK-3 has beglaired by low degree of interaction
between carbon and Fe in this case which doesadttb stabilization of magnetite [30]. The
catalysts show stable activity during the test (Feg7-8) with some increase of the activity
for Fe/CNT and Fe/ADs;. This effect might be explained by self-organiaatiof iron
catalysts at the reaction conditions with modif@atof iron carbide composition.

Na/Fe 0.1 M Hcl
90

g

e | Fe/CNT

80 - © 05

CO conversion, %

Figure 7-8 Catalytic activity of every iron catalyst8 € 2 MPa, H/C0O=2.1,
GHSV=16 L it g*, T=573 K)
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Figure 7-9. CO conversion depending on Na/Fe rafle=(2 MPa, H/CO=2.1,
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Table 7-2 Catalytic properties of catalysts after CO praiment P = 2 MPa, H/CO=2.1,
GHSV=16 L h' g*, T=573 K)

Scoz,  Product distribution, (% C, COree)  Olefin/ Olefin/
Catalysts %0,% ITY,? % Parafin Parafin

CH, C,C C,C Cs-

‘ oléfin4s parzaffi4ns T GG CsCu
Fe/CNT 76.4 39.9 269 9.6 17.9 14.2 58.3 1.3 0.7
Fe/CNT(0.1) 75.3 39.3 394 34 18.1 3.3 75.2 5.5 4.5
Fe/CNT(0.3) 59.6 31.1 38.0 34 16.7 3.0 76.9 5.6 4.9
Fe/CNT(0.5) 50.6 26.4 37.7 3.8 17.0 3.0 76.2 5.7 4.9
B R RN T Ty s T a— R
Fe/SiQ(0.1) 14.2 74 133 7.1 18.3 4.2 704 4.4 2.6
Fe/SiQ(0.3) 19.2 10 17.7 54 19.2 3.3 721 5.9 4.2
Fe/SiQ(0.5) 18.5 9.7 179 49 194 3.2 725 6.1 4.7
B o R T R Ry T e
Fe/Al,O5(0.1) 55.3 28.9 20.7 7.4 16.5 11.8 64.3 1.4 0.7
FelAlL,O05(0.3) 65.7 34.3 25,5 5.7 15.9 8.5 699 19 0.9
FelAlL,O5(0.5) 70.1 36.6 31.8 5.1 18.2 7.1 69.6 2.6 15
e O R BT I T T T R— R
Fe/CMK-3(0.1) 24.5 12.8 25.2 5.6 23.7 4.4 66.3 5.4 3.2
Fe/CMK-3(0.3) 10.9 57 20.7 4.2 14.4 25 789 58 5.2
Fe/CMK-3(0.5) 10.1 5.3 21.2 4.8 24.1 3.5 676 6.9 5.8

2|TY represents moles of CO converted per mol op&ehour (majo mole™ h™).
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Presence of Na results in the significant changeisa activity of the catalysts depending
on the sodium content (Figure 7-8 and 7-9). Thesigtdecreases for the catalysts Fe/CNT,
Fe/CMK-3 and Fe/Si@ The effect of the ratio 0.1 Na/Fe is already #igant over
Fe/CMK-3 and Fe/Si@ It is interesting to note that in comparison wlh other catalysts
activity of Fe/AbOs increases with increase of the amount of sodium.

Besides activity the other most important paramdtemg modification of Fe catalysts
is the ratio of light olefins to paraffins. Table27shows selectivities to olefins and paraffins
with their ratio for all catalysts. The selectivity C-C, olefins varies in the range 15-24 %
and for G-C, paraffins 3-19 % with the ratio in the range 17tdt might be observed that
addition of Na leads to significant suppressiompaiaffins formation. However, the catalysts
show different activity and in order to have cotreeamparison of selectivities the catalysts

have been tested at different space velocities.

6 | Fe/CNT(0.5)
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w
S5 Fe/CNT(0.1
£ 5 (0.1)
o
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2
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=
© %
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0 . ‘ . .
20 40 60 80 100

CO conversion, %

Figure 7-1Q Olefins to paraffins ratio in £C4 range depending on CO conversion over

Fe/CNT catalysts.

Figure 7-10 shows olefins to paraffins ratios fGs-C4 range) Fe/CNT at the different
conversion of CO. It might be observed that onpgheent Fe/CNT the ratio increases with
increase of the conversion of CO from 1.0 to 1.3sguy due to decrease of the partial
pressure of bl Decrease of the ratio at the high conversion tribghexplained by decrease of
the coverage of the active sites by CO which resultrapid increase of the hydrogenation
activity over catalysts without and in the presentsodium. Addition of sodium results in
significant suppression of paraffins formation wikie ratio of olefins to paraffins about 6. It
IS interesting to note that the ratio of olefingtraffins for the different amount of sodium is
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almost the same for the different conversions of Tke formation of paraffins might have
two main reasons: secondary hydrogenation of adedimd direct formation of paraffins over
iron carbides. In the case of the first reason argffins formation the selectivity to olefins
should increase in the same value like decreageedelectivity to paraffins.

Figure 7-11 shows comparison of the selectivities diefins and paraffins for
hydrocarbons in the range-C,, with increase of the sodium content over Fe/CNalgat at
the similar conversions. The situation is changwith increase of the chain length. In the
case of light hydrocarbons {C¢) the selectivities to olefins and paraffins deseeavith
addition of sodium. It indicates on the parallelam&nism of the formation of olefins and
paraffins over carbides. Long chain hydrocarbor@wsHdifferent mechanism with gradual
increase of the selectivity to olefins with deceea$ the selectivity to paraffins indicating on
the secondary hydrogenation of the formed olefligs fact might be explained by synthesis

of short and long chain hydrocarbons over diffesstgs.

CsHs/C3Hg 1 o CoHuaf/CeHus . CeH1s/CaHys C1aHaa/CioHas

0.24 4
[ ] LI [ ] ] [ ] u u [ ]

Selectivity, %

0.1 A 0.04 -

0 0 ] o
0 010305 0 010305 0 010305 0 010305
Na content Na content Na content Na content

Cal Cal Cal F

Figure 7-11 Comparison of the selectivities to olefins ancaffans in G-C,, range over
Fe/CNT with different Na/Fe ratios.

Figure 7-12 shows the olefins/paraffins ratio dejyeg on the conversion of CO at the
same space velocity. It might be observed thaktlaee 3 different situations depending on
the type of the catalysts. In the case of Fe/CNditash of small amount of Na leads to
increase of the ratio to the maximum value 6 widoks not change at the higher amount of
sodium. In the case of CMK-3 and Sj@ddition of sodium results in the strong deatitbra
of the catalysts with simultaneous linear increabehe ratio of olefins to paraffins. The

maximum ratio at the highest amount of sodium @poads to the ratios over sodium treated
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Fe/CNT catalysts. In the case of alumina basedsystaddition of sodium results besides

slight increase of the conversion to the low inseeaf the ratio till 2.5.

Olefins/paraffins
B

3 - 0.5
2 Fe/Al_zf)://o.s
1 0.1 Fe/CNT
Fe/CMK-3
0 T /\ T T 1
0 20 40 60 80 100

CO conversion, %

Figure 7-12 Olefins to paraffins ratio in £C4 range depending on CO conversion over

catalysts.

These results might be explained by physicochenanalysis of the catalysts. Indeed,
impregnation of sodium to Fe supported over alummegsults according to FTIR and XRD
mainly in the interaction of Na with alumina (Figur-2 and 7-3) with similar reactivity of
carbide (Figure 7-7). Increase of the activity nbighe due to partial displacement of Fe
interacting with alumina by sodium. Finally, sodiudoes not modify significantly the
properties of carbide on the surface which resultthe similar selectivities to olefins and
paraffins.

Decrease of the activity over Fe/Si@ight be easily explained by partial interactidn o
Fe with sodium which is supported by the XRD, TPDC®, and hydrogenation tests. The
lower reactivity of silica support in comparisonthivelumina results in the promotion of the
interaction of sodium with Fe with formation of thexed oxide which should not be reactive
in FT synthesis. Increase of the amount of sodiesults in the gradual deactivation of the
catalysts due to interaction with the higher amooinfFe on the surface. Increase of the
selectivity to olefins might be provided by thosehide sites which do not interact directly
with sodium but are in the close proximity to tleenied mixed oxides. The similar situation
has been observed over the catalyst on the bakigloturface area carbon support CMK-3.

The strong suppression of the paraffins formatieerd~e/CNT without significant loss

of activity might be explained by modification dfiet carbide properties by sodium but
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without its deactivation by formation of mixed ogidindeed, results of XRD analysis show
preservation of carbide after addition of sodiurRDlof CQ shows presence of pure Ja
on the surface. Hydrogenation of carbide indicgted on the decrease of the carbide
reactivity possibly due to modification of its eiemic state. Thus, CNT strongly stabilizes
the iron carbide inside of the nanotubes withositsitrong deactivation in the presence of
sodium.

The stability of carbides has been checked by mdat the end of test flow of low
concentrated HCI| aqueous solution (0.1 M) (Figuf8).7The results show that all the
catalysts have been fast deactivated due to foomatiiron chloride. The only stable catalyst
which did not show any deactivation was Fe suppooteer CNT. This fact indicates on high
stability of the carbide in CNT to transformatiamad chloride. It explains high stability of
carbides in Fe/CNT to interaction with Na with fation of mixed oxides. It is interesting to
note that in comparison with parent Fe/CNT the lgata deactivate fast after sodium
modification. This fact might be explained by theegence of sodium on the surface of

carbides which should transform into chloride atatk access to carbide.
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Figure 7-13 CO; selectivity depending on CO conversion over paagwt sodium promoted

catalysts.

The CQ and methane selectivities are plotted as functiohscarbon monoxide
conversion on the catalysts (Figure 7-13 and 7-H#her carbon monoxide conversion leads
to higher CQ selectivities over the catalysts without sodiurhe Belectivity to C@increases
from 10 % at 20 % CO conversion till 30 % at 90 ¥ Conversion. The curve is general for
all the catalysts. Increase in the £€2lectivity at higher CO conversion might be ekpd

by higher contribution of the WGS reaction duertcréase in the amount of water.
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Figure 7-14. CH, selectivity depending on CO conversion over paagwt sodium promoted

catalysts.

Addition of sodium results in increase of the siléy to CO,, due to the promotion of
WGS reaction by basic sites [3, 31]. The highettcefis observed in the case of Fe/CNT
catalysts. It is interesting to note that theralmost no difference between different catalysts
with different amount of Na. Thus, even small amafrNa gives high basicity to the catalyst
due to the non-active support and stable iron darbihe angle of the selectivity curve for Na
promoted Fe/CNT catalysts is significantly smalledeed the selectivity increase only from
35 to 40 % for the same range of conversions. lanmsethat almost all formed water
participates in the WGS with formation of @Qvhich is result of high basicity and
accessibility of the sodium.

Figure 7-14 shows methane selectivity dependingtlm conversion of CO. The
selectivity to methane is in the range 10 to 3 %e Thighest selectivity is observed over
parent catalysts without sodium. The selectivitighgly decreases with increase of CO
conversion which might be explained by suppresefamethanation in the presence of higher
water pressures at high CO conversion. The seigctoy methane decreases with increase of
the amount of sodium for all catalysts as oppoeed@ selectivity. The effect is the result of
the suppression of the hydrogenation activity ofrFthe presence of sodium. The maximum
effect is again observed over Fe/CNT with the Idveedectivity to methane (3 %). The effect
in this case is similar for all concentrations oflism and does not change with increase of
CO conversion.

Thus, the effect of sodium appears for all lighttocarbons and might be predicted
knowing the type of support. However, analysisha products shows that the selectivity to
Cs' products is comparable with the amount of lighiducts and contributes 50-80 % of the
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total amount of hydrocarbons on the carbon basibl€l7-2). It is important to understand the
distribution between olefins and paraffins in thpseducts. Figure 7-15 shows the olefins to
paraffins ratio for G-C,, hydrocarbons for parent and sodium promoted cstialyt might be
observed that the ratio of olefins to paraffinsrdases with increase of the carbon numbers
over all catalysts. The contribution of olefins fie long chain hydrocarbons for sodium
promoted catalysts decreases in the row: Fe/CNBiBgfFe/CMK-3>Fe/AbOs. The ratio

of olefins to paraffins also decreases for the mpiacatalysts. Thus, this is general effect of FT
synthesis over Fe based catalysts and sodiumnusinees it suppressing hydrogenation. Due
to the fact that paraffins formation for long chaydrocarbon is mainly secondary process of
olefins hydrogenation (Figure 7-11) this effect htidpe explained by higher probability of
hydrogenation with increase of the chain lengtllebd, increase of the chain length should
facilitate adsorption and thus hydrogenation ofinte The high ratio of olefins to paraffins

over Fe/CNT(0.5) is the result of the strong madifion of carbide by sodium.
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Figure 7-15 Olefins to paraffins ratio for $<C;, hydrocarbons depending on carbon number

Besides analysis of the gas phase hydrocarbonsl [pyoducts have been collected and
analyzed. Figure 7-16 shows the distribution ofaffars and olefins before and after
modification by sodium. The wax after catalysis roparent samples contains only paraffins
which have two peaks with the maximum at 15 anddé@bon atoms. The first peak might be
result of the partial cracking due to the quitenhigmperature of the reaction. It explains also
the highest contribution of this peak over alumiased catalyst which should possess much
higher acidity in comparison with other supportsddiion of sodium results in the
appearance of significant amount of olefins whislcomparable with paraffins only in the

case of Fe/CNT(0.5). The olefins form the peak with maximum at 20 carbon atoms and
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the peak of paraffins shifts to the heavier hydrboas. For silica the contribution of
hydrocarbons almost does not change and for aluthaaontribution of first peak decreases

probably due to the deactivation of acid sites.
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Figure 7-16 Distribution of olefins and paraffins in the wint parent catalysts and promoted

with Na.
Fe/AlLO; Fe/SiO,, Fe/CMK-3 Fe/CNT
Fe,05 Fe,05/Fe;0,

Na,O
C AlLO, f)
v

x-FesC,

Na,FeO,
X-FesCy

NaAlO, ! K/’\ ‘
< Al,05 ) S$i0,/CMK-3 >
T R

Figure 7-17. The effect of Na on Fe based catalysts overreiffiesupports.

Figure 7-17 displays an outline of the evolutionddferent iron species over supported
catalysts after addition of sodium. In the casaaiive support like alumina impregnation of
Fe with sodium with activation in CO results in tieferential formation sodium aluminate
and separate iron carbide with weak interactiorwbeh them. In the case of more inert
supports like silica and CMK-3 impregnation of sodi results in the strong interaction
between Fe and Na with formation of mixed oxidexctive in FT synthesis. The effect of Na
might be related mostly due to presence of mixeddeoxn the close proximity to carbide
particle. In the case of CNT iron carbide is stigregabilized by CNT with effect of sodium
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over the surface of carbide particles. It leadth&ohighest selectivity to olefins for the whole
range of products, C{and the lowest selectivity to methane.

7.3 Conclusion

Silica and carbon supported iron catalysts showptiesence of different iron species at
different catalyst preparation and activation ssagifter iron nitrate decomposition, J&&
was a dominant phase in the silica supported talwhile magnetite was the main phase in
carbon materials. Catalyst activation in carbon axite results in conversion of both,Bg
and FgO, into mostlyy-FeCs carbide. The extent of carbidization seems to igédn in
carbon supported catalysts.

Lower catalytic performance of silica supportedabats in high temperature FT
synthesis was due to lower extent of their carbiib®. Higher activity was observed on the
catalysts supported by carbon nanotubes and acéistgon, which is probably due to the
interaction between residual magnetite and irobidar Silica and carbon supported catalysts

did not show any noticeable differences in selégtiv
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Fischer—Tropsch synthesis is a key reaction inutilezation of non-petroleum carbon
resources, such as methane (natural gas, shalamhdiogas), coal, and biomass, for the
sustainable production of clean liquid fuels, lowéefins and other valuable chemicals from
synthesis gas. Selectivity control is one of thggbst challenges in FT synthesis. Recently,
many efforts have been made to develop novel Falysdas with high selectivity towards
desired products. The understanding of key faadetsrmining the activity and selectivity is
crucial for the rational design of efficient catstly.

This thesis was performed at “Unité de catalysgeethimie du solide” (UCCS), USTL,
France, and the Department of Chemistry, XMU, Chm&011-2014. The thesis has been
focused on two topics: (1) design of bifunctionallatysts which integrated CO hydrogenation
metals and acidic zeolites, with the target togfarm syngas into gasoline fraction with high
selectivity; (2) the effects of pore size, suppand Na promoter in high temperature FT

synthesis over supported iron catalysts.

8.1 General Conclusion

8.1.1 Bifunctional FT catalysts for Cs.;1 isoparaffins

We have demonstrated that bifunctional catalystgalol® of catalyzing both CO
hydrogenation to heavier hydrocarbons and hydr&anrgGsomerization of the heavier
hydrocarbons are very promising for the producttbrnmiddle-distillate liquid fuels (Figure
8-1). The use of an acid zeolite in combinatiorhveitconventional FT catalyst or a FT-active
metal could catalyze the production of £ gasoline-range hydrocarbons with a hi@k/C,
ratio.

A simple way to prepare zeolite-based bifunctidfificatalyst is the direct loading of an
active FT metal onto a zeolite. But the active rhegaticles located on the external surface of
zeolites are poorly dispersed and a larger partthef acid sites inside the long
microporescannot be used effectively. Besidesysidin limitation inside the micropores can
also cause high selectivities to undesirable; @Hd G., hydrocarbons. The utilization of
mesoporous zeolites can overcome the disadvantdgesolites. The use of a mesoporous

zeolite instead of a microporous zeolite signifibanncreases the selectivity tosG
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hydrocarbons, and decreases those tq &t G.4. The G_1; selectivity over the mesoporous
zeolite-supported Ru or Co catalyst can be sigmifiy higher than the maximum 45%
expected from ASF distribution.
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Figure 8-1. Product distributions for conventioGal/oxide catalyst and bifunctional

Co/H-meso-ZSM-5 catalyst

Through systematic studies using catalysts witledumesoporosity and Brgnsted acidity,
we clarified that the presence of mesoporosity gaicontributed to suppressing the
formation of lighter hydrocarbons, while the Braatstacidity was required for the
hydrocracking of heavier (G,) hydrocarbons. A 70% selectivity tg.¢ hydrocarbons with a
ratio of iso-paraffins to n-paraffins being 2.3 could be attained from syngasr the
Co/H-meso0-ZSM-5-0.5M catalyst. Usinghexadecane as a model molecule of heavier
hydrocarbons, we confirmed the role of Brgnstedligcin the hydrocracking/isomerization
reactions and the role of mesoporosity in detemgiihe product selectivity. The uniform Co
nanoparticles with optimized sizes loaded on mesnpo zeolites with strong Brgnsted

acidity and tuned mesoporosity are promising cataljor the production of gasoline-range

hydrocarbons from syngas.

8.1.2 Pore size effects for supported iron catalysts

A combination of characterization techniques andlgtc tests indicates a strong impact
of pore sizes in mesoporous silicas on the stractfr supported iron species and their
catalytic performance in high temperature FT sysithéAfter calcination with flow air, K&
is the dominant phase in the catalysts. Compardd agtivation with H, for iron catalysts

CO is kind of preferable activation gas, which cbuéduce iron oxlde to iron carbide.
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Smaller pores in mesoporous silicas lead to highmm dispersion with low extent of
carbidization during catalyst activation. Strongenmaction was found between small pore
silica and iron species. An increase in pore seseilts in larger iron particles which exhibit
however higher extent of carbidization. The magmitbn intensity of activated catalysts is
correlated with catalyst pore size. The larger poagalysts possess higher magnetization
intensity. The magnetic characterization shows thatiron carbides are the main magnetic
phases after activation. Catalytic performance roh icatalysts supported by mesoporous
silicas seems to be attributed to the presenceigfjitron carbideyFeC,).

The catalytic performance of iron nanoparticlegshe catalysts with different pore size
principally correlates with the extent of iron calibation, while higher dispersion of iron
oxide in calcined catalysts supported by smallae poesoporous silicas is detrimental for
carbon monoxide hydrogenation activity, because pobr iron reducibility and low
concentration of iron carbide species these cdtalgfter activation. The hydrocarnon
selelctivity is also affected by the pore sizehia silicas supports. Lower Gland higher €
selectivities were observed on large pore suppdite. olefin to paraffin ratio was about
1.2-1.9 in large pore catalysts compared to 0.6stn@ller pore counterparts. In our study,
although the € selectivity is below 50% and,&, lowers olefin selectivity is below 20%,
we tend to acquire some fundamental informationutlpore size effect and activation

behavior on pure iron catalyst.

8.1.3 Support Effect on Performace of Iron FT Catalysts

Silica and carbon supported iron catalysts showptiesence of different iron species at
different catalyst preparation and activation stagéne chemical composition and texture of
the support affect iron particle size, iron carbadion, catalyst phase composition and finally
catalytic performance in carbon monoxide hydrogenatAfter iron nitrate decomposition,
a-Fe0s; was a dominant phase in the silica supported ystalwhile the carbon materials
contain magnetite/maghemite. Catalyst activatiocairbon monoxide results in conversion of
iron oxides into mostly-FeCs carbide. The extent of carbidization seems to igadn in
carbon than in silica supported catalysts. Compavrithl Fe/CMK-3S and Fe/AC catalysts
with small iron particles (3.8-6.7 nm), the Fe/CNBK-and Fe/CNT with large particle sizes
(12.3-15.4 nm) possesses higher magnetization sityenThe iron carbides are strongly
stabilized by CNT support, which can encapsulat darbide nanoparticles in depth. It is

interesting that the encapsulation is enhanced editalytic reaction.
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The catalytic performance iron species on diffesangports principally depends on iron
phase composition rather than on iron dispersion.tie Fe/CNT and Fe/AC catalysts with
high activity, residual F#£, was found in these catalysts after reation. Howele catalytic
tests conducted with catalysts containing onlydzeshowed no catalytic activity. So the
higher activityover Fe/CNT and Fe/AC could be expd by formation of these
carbide-magnetite composites. The higher CO cormoretsads to higher C{selectivity but
lower CH, selectivity. The increased G®electivity was due to the promoted WGS reaction,
while lower CH4 selectivity could be explained byppression of methanation in the
presence of higher water pressures at high CO csiovelevel. The olefin/paraffin ratio for
all studied catalysts is in the range of 0.6-1.&hwlight increase with the increase of CO
conversion. In genaral, the preferable supportsréor catalysts are carbon materials, which
can facilitate the generation of iron carbides atabilize the iron carbide nanoparticles

during the reaction.

8.1.4 Na Effect on Performace of Iron FT Catalysts

Silica and carbon supported iron catalysts showpteeence of different iron species at
different catalyst preparation and activation ssadéne iron nitrate decomposition behavior of
silica and carbon supported catalysts are differéfter decomposition, R®; was a
dominant phase in the silica supported catalystglewmagnetite was the main phase in
carbon materials. Presence of sodium does notdesignificant changes in the sizes of oxide
nanoparticles for all the supported catalysts, evlile sizes are affected by the types of
supports. Catalyst activation in carbon monoxidgults in direct conversion of both f&&
and FgO, into mostlyy-FeCs carbide. The extent of carbidization seems to igédn in
carbon supported catalysts.

For Fe/ALOs catalysts promoted with Na, most of the Na inte@davith the support.
Inactive aluminate was found in these catalyst® détalytic performance of promoted and
unpromoted Fe/ADs; was similar. In the case of more inert suppois 8ilica and CMK-3
impregnation of sodium results in the strong inteéom between Fe and Na with formation of
mixed oxides inactive in FT synthesis. The effeCtNa might be related mostly due to
presence of mixed oxide in the close proximity &obide particle. In the case of CNT iron
carbide is strongly stabilized by CNT with effedt sbdium over the surface of carbide
particles. It leads to the highest catalytic atyiand selectivity to olefins for the whole range
of products, C@ and the lowest selectivity to methane. The Fe/GWfh Na addition also
shows better stability, which could be explainedniydification of the carbide properties by
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Na, without formation of inactive mixed oxides.

The characterizaitons show that carbon based s&ghpssess strong basicity due to the
presence of sodium over the catalyst, especialy&CNT catalyst. CO tends to absorp on
catalyst with strong basicity. The decoration ofidlaignificant even at the Na/Fe ratio of 0.1.
Excessive presence of sodium would decrease tladywatactivity, which means strong
interaction of sodium with carbide. The addition & leads to significant suppression of
paraffins formation and causes high olefin angl €electivity. Due to the fact that the
paraffins formation is mainly secondary reactiorot#fins hydrogenation, the general effect
of Na addition just enhances its suppressing hyehration. The CHl selectivity can be
suppressed to 3.4% in Fe/CNT catalyst with Na &uditThe inceased olefin/paraffin ratio
often goes with with inceased Gselelctivity, which restricts the enhancement §Gg olefin

selelctivity

8.2 Perspectives

8.2.1 Bifunctional FT catalysts

Control of the secondary hydrocracking reactionsi$ing new solid-acid materials with
tailored porosity and acidity is a very useful &gy to tune the product selectivity of FT
synthesis. By using this strategy, excellent seligtiels to G.1; and Go-20 hydrocarbons have
been achieved over mesoporous beta, mesoporous®Z&id-acidic CNT supported catalysts.
Future studies are needed to further improve theetpaty to liquid fuels under industrially
relevant conditions. The catalyst cost should ab&o considered. In this context, the
development of more selective and highly stabledfe&co-based or multifunctional catalysts
should be future research targets. Furthermoregélseyn of core—shell-structured bimetallic
active phases with highly active and selective ieetathe shell and less expensive metals in
the core, such as Fe@Co and Fe@Ru, is also a sseftdgy. New multifunctional catalytic
systems composed of this type of active phase altacid materials will make interesting
targets.

Acidic zeolites have a large family with differembrphology, pore size and adidity. By
coupling different zeolites and hydrogenation metaé distribution of cracking products
could be tuned, and this process have been reafizaetroleum cracking industry. Thus, it is
reasonable to construct bifuctional FT catalystthwiigher selelctivity to diesel-range and

even jet-fuel-range hydrocarbons. Nonetheless,itesolvith strong Brgnsted acid sites are
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easily deactivated by carbon deposition, which ilagk active sites for secondary reaction.
Future studies must overcome this difficulty.

8.2.2 Effect of support and promotion for iron catalystsin FT synthesis

Reaearchers have attempted to develop iron-bastdysta to direct the product
selectivity of the FT synthesis toward the highduction of lower olefin for several decades.
However, this process has not been industrializetd @ne of the obstacles is the lower
selectivity to G4 lower olefins. The active species, catalyst suppmd promoters have
strong impact on catalytic performance of FT sysitieAlkaline additives are supposed to be
electron donor to increase the selectivity of thhtlolefins, and different supports also have a
crucial effect on the selectivity of these catadydte to the different electronic interactions
between them. Unfortunately, the increased oledirdffin ratio often goes with the shift of
product to heavy hydrocarbons, which restricts lhwer olefin selectivity. Therefore, we
should continue to study the mechanism of sup@ortispromoters, and increase selectivity to
olefin products, not to CKH CO, or heavy hydrocarbons. The suitable support shiawititate
the formation of active phase, probably magneta icarbides. Then, the selected promoter
should increase the olefin/paraffin ratio. Reactmonditions could be tuned to shift the
product distribution to lower hydrocarbons, prolyatdlative high temperature and high gas
velocity. Meanwhile, with the development of maésiscience, more catalytic materials and
preparation techniques should be introduced togdeBiT catalysts with expectation. The

long-term tests are also necessary for FTO cagalyst
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