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Abstract

Abstract

This thesis focuses on the study of promoted maghc catalysts supported on alumina
or carbon nanotubes for the synthesis of olefiamfsynthesis gas obtained from biomass. The
catalysts were studied at every stage of theirgregjpn by different characterization techniques
and tested in fixed bed reactor. The results sHawat both types of sites are present on the
K-MoS; catalysts: Mog which leads to the production of methane andxetK-Mo-S phase
which leads to the synthesis of olefins. The deszem activity observed with catalysts
supported on carbon nanotubes was attributed tlotheate of sulphidation. The basicity of the
promoters and the size of the molybdenum sulphigstallites are important parameters
influencing the olefins synthesis. A moderate kibsias well as large size of molybdenum
crystallites are favorable to the synthesis oftligjefins.

Keywords:Fischer-Tropsch synthesis; biosyngas; hydrogenlpligde; molybdenum sulphide;

supported catalysts; alkali promoter; light olefins

Résumeé

Cette thése porte sur I'étude de catalyseurs promnibsse de sulfure de molybdéne
supporté sur alumine ou nanotubes de carbone posynthése d'oléfines a partir du gaz de
synthése issu de la biomasse. Les catalyseurdéati&iés a chaque étape de leur préparation
par différentes techniques physico-chimiques ettspgcopiques et testés dans un réacteur a lit
fixe. Les résultats ont montré que deux types s siont présents sur les catalyseurs K-MoS
MoS,, qui conduit a la production de méthane et unes@hmixte K-Mo-S qui conduit a la
synthése d'oléfines. La baisse d’activité obseaéer les catalyseurs supportés sur nanotubes
de carbone a été attribuée au plus faible tauxulfaration. La basicité des promoteurs et la
taille des cristallites sont des parametres imptstgui influencent la synthése d’oléfines. Une
basicité modérée ainsi qu’une taille plus grande atistallites de molybdéene sont favorables a
la synthése d’oléfines légéres.

Mots clés: Synthese Fischer-Tropsch; biosyngas;SH sulfure de molybdene; catalyseurs

supportés; oléfines légéres
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| General introduction

Development of new renewable energy resourcesatteected considerable attention
from the government, companies and academic rdsardl]. Within a future sustainable
society, biomass is expected to become one of thprnrenewable resources for the
production of food, animal feed, energy and chetsicf2,3]. Biomass can be further
processed to other forms of energy like methankgord transportation fuels like biodiesel

[4], which could be used as substitutes for fdssils.

The biomass gasification is considered one of tlostrefficient ways to convert the
energy embedded in biomass. It is also becoming a@inthe best alternatives for the
recycling organic waste. The syngas produced v&figation of biomass, which also called
bio-syngas, is a gaseous mixture of hydrogen, carbonoxide, carbon dioxide, methane,
water vapour, and some trace species. All of tgases especiallyHCO, CH, are important
intermediates for production of fuels and chemicals

Olefins serve as an important feedstock for themib&l and petrochemical industry
because they participate in a wide variety of lieast hydroformulaton, hydroamination,
metathesis, epoxydaton, Woodward cis-hydroxylatiopclopropanation, hydroacylation,
Diels-Alders, Prins, Pauson-Khand, Paterno—Blichactiens, hydrogenation, halogen
addition reaction, hydrohalogenation, sharpleskylioxylation, ozonolysis, hydroboration—
oxidation, oxymercuration-reduction. Olefins arpitglly obtained by cracking of petroleum
fractions. In these processes olefins are obtamsedy-side products; the selectivity to
specific olefins is rather low. A market study frad®A shows that demand for light olefins in
the Americas is expected to increase with a rate 4% over the period 2010-2020 to reach
around 68.4 million tons by 2020 [5]. Actually, #ee important feedstocks are mainly
produced by steam cracking in the petrochemicalstrg. In this process, gaseous or light
liquid hydrocarbons are heated to 750-950 °C, hed tight olefins are separated from the
resulting complex mixture.

Fischer-Tropsch (FT) synthesis, which allows edfiiti utilization of both fossil and

© 2015 Tous droits réservés. doc.univ-lille1.fr
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renewable resources to fuel and chemicals, haacttt much attention. In this process a
combination of chemical reactions converts both baar monoxide and hydrogen into
hydrocarbons and oxygenates. With a suitable catdllye selectivity of light olefins could
reach a level around 70% [6,7,8,9], FT synthesislmarealized at the temperature of 200 —
350 °C, much lower than that of steam cracking. fEleelstocks (CO, Hl used in this process

can be supplied from gasification of biomass aral,a from natural gas reforming.

This thesis focuses on the design of new catalgstST synthesis in order to synthesize
highly valuable chemical feedstocks (light olefimsalcohols) from syngas produced from
biomass. The biosyngas usually contains severalritigs such as hydrogen disulphide, with
a concentration of several ppm [10]. Numerous rmsptl,12,13,14,15] showed that
hydrogen disulphide could be harmful for the perfance of conventional Fischer-Tropsch
reaction. Conventional FT synthesis catalysts agy wensitive to sulphur, which could
readily contaminate them. [11,12]. In this thesmall amounts of k5 in syngas will be used
in order to evaluate sulphur deactivation effectonventional FT synthesis catalysts.

Design of sulphur resistant catalysts is a maj@allenge for FT synthesis. In previous
publications various kinds of sulphur tolerant bgs have been used for this reaction, for
example noble metals (Rh [16], Pd [17]) and tramsiimetal sulphides (Ma$18], WS, [19]).
The most studied S-resistance catalyst is molyhdenisulphide catalyst, because this
catalyst presents a high activity on FT synthemig] can attain to a good yield of alcohols
[18,20,21,22]. However, the promoters should beagtvadded to MagScatalysts. On the
pure MoS2 catalyst, the methane selectivity is i@aerly high [23]. The most used
promoters are alkali carbonates (potassium carbsnagsium carbonates, sodium carbonates)
as well as cobalt and nickel salts [24,25]. Veny feformation is available in the literature

about use of molybdenum sulphide catalysts folimokfnthesis.
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Il History and current situation

[1-1 Biomass

Generally speaking, biomass is organic matter thas stored energy through
photosynthesisThis is the oldest source of renewable energy, lwhias used since the
humans learned to use fire [26]. Many differentgesses have been developed to release and
convert the energy stored from biomass. Much of tharent effort focuses on

lignino-cellulosic biomass. Some common examplesaayod chips, switch grass, corn stove,

Alkanes
SynGas Methanol
(CO +H,)

Hydrogen

unused seed corn, and yard waste.

Bio-oils | Dehydroxygenatic> :;:?el:lsd

Cellulosic - z (Including tars, acids,

Biomass L PYrolysis or L|{1.> chars, alcohols, o
aldehydes, esters, I Zeolite Upgradin:g> Liquid
ketones and aromatic) Fuels

Feedstocks

include: P s

forest wastes Ethanol

(e.g. wood, logging .
residues), Aqueous M’> Aromatic
agricultural wastes < Sugar 4 Hydrocarbons
(e.g. corn stover,

crop residues), Aqueous-Phase \ Liquid Alkanes
energy crops (e.g. \_L__Processin or Hydrogen
grasses, corn, sugar cane)

or aquatic plants (e.g. o

water hyacinth) K'-'Q“'“ Etherified gasoline

Figure 1-1: Applications of biomass through transfation [27]

Among many reasons for increased biomass utilizaitiothose cases, environmental
benefits are also very important. Perhaps the magtificant environmental benefit of

biomass is a potential reduction in carbon dioXidé&,) emissions. The production of second
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generation fuels and chemicals from lignino-celidobiomass should result in over 70%
reduction in GHG emissions into the atmosphere ewet to fossil resources. Compared
with coal, biomass feedstocks have lower levelsuphur or sulphur compounds [28,29].
Therefore, substitution of biomass from coal in povplants has the effect of reducing
sulphur dioxide (S€ emissions. Demonstration tests have shown tlemdss co-firing with
coal can also lead to lower nitrogen oxide (N&mnissions. The second generation lignino-
cellulosic biomass can be converted using gasificatb syngas, via pyrolysis to bio-oil or

via hydrolysis to sugar and lignin.

[I-2 Biomass to Synthesis Gas via Gasification

Gasification is a thermo-chemical process in whitdmass reacts with air (or oxygen)
and steams to produce synthesis gas, a mixturéstagsprimarily of CO, CQ, H,, and HO
[27], as well as small quantities of gaseous intjasi(e.g. HS, NH;, CH,, HCN, HCI), solid
ash, and condensable compounds (e.g tars) (seeeFigR). The gas produced can be
standardized in its quality and is easier and mversatile to use than the original biomass
(e.g. it can be used to power gas engines andugaisds or as a chemical feedstock for the
production of liquid fuels)4]. This mixture of syngas for gasification of biossacan be used
to produce a range of products in following stepchsas fuels via the Fischer—Tropsch
process.

Gasification technology is the first step of biosas liquid (BTL) process. BTL is a
type of X to liquid (XTL) process (where X can bgedal), G (natural gas) or B (biomass)).
In XTL, different feed, coal, natural gas and biesyaare firstly transformed to the syngas
intermediate, which contains principally hydrogew @arbon monoxide; secondly the syngas
is turned to hydrocarbons or oxygenates; finallg @roducts are separated, purified or

processed for particular applications.

10
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[I-2-1 Gasification procedure

Biomass gasification is a rather complex procesgret are four stages in the
gasification:

(1) Drying: This stage, usually occurs at 100°Q®00°C, is a dehumidification step for
following reactions. In biomass, the moisture cahtanges from 5% to 35%][ after drying

stage, moisture contents less than 5% in biomass.

COOLER FILTER

products
GASIFIER
biomass
CATALYTIC
REACTOR
air/
oxygen,
steam
ash
byproducts

Figure 1-2: Mode for BTL procedure [30]

(2) Pyrolysis: Essentially, this stage is thermacamposition of biomass in an

atmosphere containing no oxygen. Pyrolysis prodgeseous, liquid and solid products:

CH,O0,—CHs+CO, CQ, CH,, H:+CH,O,

(3) Oxidation: This is a reaction between solidrchal and oxygen. Hydrogen present
in the biomass is also oxidised to generate watdsrge amount of heat is released with the
oxidation of carbon and hydrogen. Depended on mi#ti®, and carbon, the oxidation can
result in CO (partial oxidation) as well as £@toichiometric oxidation). Besides carbon,

methane and even other hydrocarbons can be atsoned to CO and #
11
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CO+1/2Q—CGO,
H2+1/2Q—>H20

CoHr+(N+1/2mM)Q—NnCO+mH,0

(4) Reduction: In the absence of oxygen, severiagon reactions occur in a higher

temperature range (up to 800°C):

C+CQ,~CO (Boudouard reaction)
C+H,O—~CO+H,

CO+H,0-~CO,+H, (water gas-shift reaction)

11-2-2 Gasification Reactors

Various kinds of gasification reactor have beenighexl and applied in industry.
According to different gaseous flow routes, allsheeactors can be divided to three principal
types:

1. Updraft reactor (Figure 1-3A): where biomass entien the top of the reactor and
air/oxygen/steam enter from the bottom of the @adtow upward, and the product gas
leaves from the top. The advantages of updrafttoem@re that they represent a mature
technology for heat production, can be used forllssoale applications, can handle feeds
with a high moisture content, and there is no caiibahe ash. The disadvantages of updraft
reactors are that they have a feed size limitgh tar yield, and slagging potential.

2. Downdraft reactor (Figure 1-3 B): In this reactbe tair or oxygen and the solid
biomass enter at top of the reactor flow downward] the product gas leaves at the bottom
of the reactor. The product gas contains the lowestentration of particulates and tars
(approximately 1 g/Nr) because most of the tars are combusted in thitae The flame
temperature in this reactor is 1000-1400 °C, arat#is produced are almost exclusively

tertiary tars. This reactor is ideal when cleanigatesired. Disadvantages of this type include

12
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a lower overall thermal efficiency and difficultiea handling higher moisture and ash
content.

3 Fluidized-bed reactor (Figure 1-3 C) where timentass, which is previously reduced
to a fine particle size, and air, steam, or oxygater at the bottom of the reactor. A high
velocity of the gas steam forces the biomass upwacigh a bed of heated ceramic or silica
particles. This reactor is good for large-scaldiappions, has a medium tar yield, and the exit
gas has a high particle loading. The typical tafian intermediate level between the updraft

and the downdraft reactor, and tars are a mixtsecondary and tertiary tars

A) Updraft Gasifier B) Downdraft Gasifier
Biomass Biomass
TN T
NG /
A —————Product Gas A — «——Oxidizer
+~—— Oxidizer —__— Product Gas

I |—e Ash

C) Fluid-Bed Gasifier

— Product Gas

+— Biomass

«— Oxidizer

Figure 1-3:Reactors of biomass gasification [30]

[I-3 Pretreatment of syngas before FT synthesis tavoid sulphur

poisoning

In syngas produced by gasification of biomassctreentration of k5 could be up to 1

to 2 percent [27]. So in industrial applicatione tthesulphurization procedure is necessary in

13
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the gasification step [31]. Actually, there are tdistinct routes of treatment: “wet” low
temperature cleaning and “dry” high temperaturarleg.

The principal of “wet” cleaning is using cyclonepsgator and bag filter to separate gas
physically and then using basic (usually NaOH) awld (HSO,) solution to absorb
impurities [31], not only KS, but also COS, NKHCI, HCN. With this method, 99% of these
toxic impurities can be eliminated. Deeper puriiima is required however for FT synthesis
which can be achieved by adsorption of sulphurgifin example, zinc oxide.

“Dry” high temperature cleaning consists of sevdiledrs and separation units in which
the high temperature of the syngas can (partly)ni@@ntained, potentially resulting in

efficiency benefits and lower operational costs.

lIl Fischer-Tropsch synthesis

Fischer-Tropsch synthesis is a catalytic reactibitkvconverts syngas to hydrocarbons
and alcohols. This reaction was uncovered by twor@a scientists, Franz Joseph Emil
Fischer and Hans Tropsch, working at the Kaiseh®lih-Institut for Chemistry. In 1925
they patented this technology in Germany and thex®P6 in the USA [32,33]. FT synthesis
was firstly commercialized in Germany in 1936, d@hdn it was widely used to produce
synthetic fuels in Germany during the Second Wulalr. After 1940s, FT synthesis had
been desolated for a decade owing to cheap anthlaleadil. The interest in this technology
dramatically increased during the oil crisis of @S7because FT synthesis could supply
hydrocarbons and alcohols from other fossil resggistich as coal. Currently, the interest in
FT synthesis is due both to the problem of ratiorsbrisation of fossil and renewable
resources and environmental concerns. In the Vestdiecades a number of FT synthesis
plants were commissioned in South Africa (Sasols8§as), Malaysia (Shell) and Qatar
(Sasol, Shell, Qatar Petroleum). A number of pttsjace currently being designed or under
construction (Nigeria, Kazakhstan, China, ...). Iroobalt, ruthenium, nickel and copper are

most common catalysts for syngas conversion. Ruthers a scarce and expensive metal,
14
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whereas nickel only forms methane at reaction teatpees sufficiently high to suppress
nickel carbonyl formation. Copper catalyst prodpcmcipally methanol. As a result, only
cobalt and iron are the most used active metalFfbrsynthesis. In fact, when the FT
synthesis was firstly discovered by Fischer ang3cb, it was iron and cobalt that they took
as catalysts and both the two metals are remaasrtge only ones for industry
Despite that fact that FT synthesis process itdegs used on the industrial scale, it still
suffers from a number of challenges. The cataliatiikty needs to be improved; selectivity
enhancement would also be very advantageous. Eccalymone would like to have the

lowest possible Cliselectivity; CHis an undesired product because of its low value.

[11-1 Iron based FT catalysts

The FT reaction selectivity on iron catalysts dejseon the reaction conditions. At a
relatively high reactions temperature (around 6)5R€ based catalysts show high olefin and
oxygenate selectivity [23] (see Table 1-1), wher@aswer temperature, the Fischer-Tropsch
process principally produces paraffin wax, thersélieas well as other light products can be

obtained by hydrocracking [34]. Table 1-2 shows ¢henparison of selectivity at high/low

temperature.
Table 1-1: Major Companies of industrial FT synth@wer the world [35]
Producin
Company| Country | Feedstock Catalyst Reactor . g
capacity*
Initially Fused K_Fe HTFT fluidized bed
North coal, then | Precipitated K_Fe LTFT fixed bed 5000
or
Sasol Afi nature gas| Precipitated K_Fe LTFT slurry phase
rica
Mostly HTFT Fluidized bed
Fused K_Fe 160000
coal HTFT SAS reactor**
Shell Malaysia | Nature gas| Co/SiQ, ; Co/TiO, LTFT fixed bed 14500
North
Petro SA Afi Nature gas Fused K_Fe HTFT fluidized bed 22000
rica
Sasol-QP | Qatar | Nature gas Co/Al,Oq LTFT slurry phase 34000
Shell Qatar Nature gas ColTiO, LTFT fixed bed 140000
Chevron | Nigeria | Nature gas Co/Al,O3 LTFT slurry phase 34000

© 2015 Tous droits réservés.

* Unit: barrels per day
**SAS reactor: Sasol Advanced Synthol reactor, difeidized bed.
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Iron based catalyst has high activity in the Wdbaxs Shift reaction (WGS) reaction

(H.O + CO = H+ CQO,) [36], so that it can operate with syngas prodwdadyasification of

coal, which contains much more CO than. Hh late 1950s, Sasol commercialized a

circulating fluidized bed reactor at their Sasotpuacilities where syngas from coal

gasification is supplied. The iron catalyst is diged at high temperature to produce light

(CCs) hydrocarbons as feedstock for

industry. Subsdquen Sasol's successful

commercialization of iron-catalysed FT synthesigut8 Africa’s national oil company

(PetroSA) commercialized a GTL facility. Similaractor (fluidized bed) and catalyst (Fe)

was employed. In 2010, it still remains one of therld’s largest GTL project, producing

about 22000 barrels per day of high-quality FT bgsais-derived fuels. In USA Rentech has

also developed iron-based FT synthesis. The Reftemtuct Demonstration Unit (PDU) was

then built in 2008. The PDU produced approximately barrels per day of ultra-clean diesel

as well as naphtha, using syngas from both nagassand biomass.

China has also seen fast growing FT technology. igh-temperature slurry-phase

technology with associated iron-based catalystiiseotly under development. The integrated

technology significantly improves thermal reactdficeency and enhances the catalytic

activity. This technology has been demonstratel wiproducing capacity of 4000 barrels per

day in semi-commercial CTL facility in the provinoé Inner Mongolia. Meanwhile, another

commercial CTL company is going to be set in theviprce of Shan Xi, with the promoted

iron based catalysts.

Table 1-2: High temperature and low temperatureTofynthesis on Fe catalysts [37]

Product High Temperature FT (HTFT) Low Temperature FT (LTFT)
CH, 8% 3%

C2-4 Paraffin 6% 4.5%

C2-4 Olefin 24% 4%

C5-C6 16% 7%

C7+ 41% 77.5%

Alcohol 2.8% 3.8%

Ketone+ Acid 2.2% 0.2%

Aromatic 5% 0%
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[1I-2 Cobalt based FT catalysts

Cobalt as a FT synthesis catalyst was first clairogdrischer and Tropsch in their
original patent of 1925 [38]. The commercializatiohthe FT synthesis by Germany and
Japan in the period 1938-45 relied fully on cobattlysts. Since the oil crises of the 1970s
the interest in cobalt-based FT synthesis catalystppeared. Many companies showed
interest in cobalt FT synthesis, for example, BBn&to-Philips, Gulf, Exxon-Mobil, IFP,
Johnson Matthey, Sasol, Shell, Statoil, and Syatmol Almost cobalt based FT synthesis
processes focus on wax production, followed by bgdrcking to produce diesel. Thus,
cobalt FT synthesis catalysts are exclusivelyagdiin low temperature FT synthesis, and are
applied in fixed-bed, slurry-phase, and micro-cle@iT synthesis reactors.

Generally, cobalt catalyst system consists of fmumponents [39]: the active metal (cobalt
content between 10% - 30%), a reduction promotsually noble metal, 0.05% - 1%, a
structural promoter ( Zr§) La,0Os, 1% - 10% ) and a support (refractory oxide oroar
materials).

The common preparation method for cobalt basedysats impregnation with cobalt
nitrate solution Co(Ng),. This salt can be decomposed ta@oat a temperature over 310°C.
Some inactive particles such as cobalt aluminate cabalt silicate may be present a high
fraction at higher calcination temperature [40]eTdobalt oxide crystallites are then reduced

to metallic cobalt which represents the active ptas FT synthesis.

[11-3 Mechanism of FT reaction

The mechanism of FT synthesis is currently unddratke and a number of reaction
schemes have been proposed for different catalystis part, we will principally discuss
the FT synthesis on cobalt based catalysts andlbdehum disulphide based catalysts that
are used in our work. In all the proposed mechamiBmreaction involves the following steps:

(1) adsorption of syngas species, ahd CO (2) chain initiation (3) chain growth (4)am
17
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termination (5) desorption of products, hydrocarlaom/or oxygenate (6) readsorption of

olefin and secondary reaction.

[11-3-1 Initiation of FT reaction

A great number of surface species can be involvethé chain initiation and chain

growth. It is generally accepted that the chaitiahon is started from the adsorption of CO,

following by dissociation or hydrogenation to foradicals such as CH, Glnd CH, which

could be called the "structural blocks" for hydndozn.

[11-3-1-1 CO adsorption

The CO molecules are adsorbed on the active sftébBeocatalysts. There are three

representative modes of CO adsorption, as illledrat Figure 1-4 [41,42,43].

0 0

[—
T4 A
P A
(1) (2) (3)

Figure 1-4: Three modes of CO adsorption to acatie¢al (M)

Blyholder [44] proposed a model of carbon monoxddsorption on FT active metal, this
theory was the most commonly cited. In this mod&D is bonded with a form of its
molecular axis as a C atom down position to theatietsurface (Figure 1-4 (2)). CO is
considered as being typicallytaaccepter. The less the metal is effectively paslyi charged,
the weaker the C-O bond would be until it is brokéh]. The CO molecule could then be
adsorbed in the dissociative or associative modechwdepends on the metal nature and the

temperature, as shown in Figure 1-5.

18
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Dissociative mode: CO +*===*CO
Associative mode: CO+2*===*C +*0O
(* is the active site on active phase of catalysts)

Table 1-5 shows different types of carbon monoxdsorption on transition metals. At
the temperatures of 200-3@) which is the usual temperature for CO hydrogenain
industry, the borderline between associative asdatiative adsorption is shifted to the right
in the periodic table and situated at the vicinityDs, Rh and Ni.

On cobalt based catalysts, Ishihara et al. [45id@icated that crystal size of Co and
nature of the support could have an important efiecCO adsorption. The electro-donative
support favoured the dissociative of the CO molesuTlhe particle size of cobalt also plays a

role in the CO adsorption [47].

Figure 1-5: Borderline between associatively arsdatiatively adsorbed CO
« CO Dissociative CO Associative—~

Cr Mn Fe Co Ni Cu

Mo Tc Ru Rh Pd Ag

W Re Os Ir Pt Au
25°C 200-300°C

[11-3-1-2 H, adsorption

The adsorption of hydrogen on the metal is genedilisociative (H + 2* === 2H*)
[48]. Similar as CO adsorption, metal particle sigean important parameter, on smaller
metallic particles; the metal-H bond is strongeesiBes, the effect of spillover could be
observed, which is about the diffusion of hydrogenthe surface of catalysts, both particles
of support and supports. This spillover effect ddu controlled by the addition of promoters.
Hydrogen adsorption on cobalt catalysts can bednighhigher temperatures; [42]. Moreover,
at the ambient temperature, the fraction of rebditsi of hydrogen is higher than that of CO.

The CO and Himolecules are adsorbed on the same metallic Sikesadsorption of CO
was generally considered stronger and faster thanhdf hydrogen [45,45]. It is suggested
that with increasing electro-negativity of the soggSiO, > TiO, > Al,O3), the donation of
electron from metal to CO molecule decreases scbtdme of metal-CO became weaker,

while the adsorption of hydrogen was favourablg.[49
19
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The mechanistic studies for FT synthesis oftenrassiuthe formation of CHand CH
species, while recent characterization and theaestudies advocate formation of CH

species [50].

[11-3-2 Chain Growth and Termination of FT synthesi

Chain propagation and termination of FT reactioguge a complex process. Most of
mechanisms use GHstructural block to “build” different hydrocarborkive different
mechanisms have been proposed for the chain growth:

1) carbide mechanism [51], Figure 1-6;

2) alkyl mechanism [52], Figure 1-7,;

3) alkenyl mechanism [53], Figure 1-8;

4) CO insertion mechanism [54], Figure 1-9;

5) oxygenate mechanism [55,56], Figure 1-10.

cC 0 CH,
nCO—Jm 0 H H +H2’ n ‘ +H,0
M M M M
+H, (CH2)n
Products -t
Desorption M

Figure 1-6: Carbide mechanism
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Figure 1-7: Alkyl mechanism
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Figure 1-8: Alkenyl mechanism
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Figure 1-9: CO insertion mechanism
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Figure 1-10: Oxygenate mechanism
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[11-3-3 Mechanism of FT synthesis on Moshased catalyst

Bulk MoS, catalysts produce only methane and carbon diokiig58]. The G.
hydrocarbons and alcohols could not be formed sriles catalysts were promoted, by alkali
or transition metals such as Co or Ni. Li et al][pfoposed a mechanism shown in Figure
1-11, where there were two kinds of active sitastli@ promoted MoScatalysts. The first
type of site is the metal sulphide, containing MoSo0S, NiS, as well as FgS The
dissociative adsorption of CO is much more rap&hthon-dissociative adsorption on MoS
CoS, NiS,, and Fegsites. Then the adsorbed C* species could combitheH* species to
form methane or CHspecies as structural blocks. The KMB are the transfer metal as Mo,
Co, Ni, Fe) phases present another type of sitegh® kind of active phases, the CO absorbs
molecularly, the adsorbed *CO species insert the §pp¢cies from MSsites, to form the
oxygenate species such as,H0. *C,H,O which can be hydrogenated to form ethanol and
also can dehydrated to alkene and alkane. The gatipa of chain is caused by insertion of

associatively adsorbed CO into thgHCspecies [59,60].

CHy C,H,OH
H.C 0
H O C CH, CH, CO ~ (‘////
> —
M3, MSy KMS, KMS,
“H,0
CyH 0 '
X /
...... C3Hx CcO -Hgo \C/ Csz co
-— - —— D —
KMS, KMS, .| KMS,
+H*l 1 l +H
C3Hg C3Hg C;H,0H CHy CoHg

Figure 1-11: FT reaction on K/Mg®ased catalysts
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This mechanism explains formation of alcohol, elefind paraffin over promoted
sulphide catalysts. This mechanism also explaing bvanched alcohols do not form on the
promoted Mo$ catalysts. Note that the adsorbggiCspecies could not be exactly defined as
alkyl or alkenyl, and the mechanism of their hydnogtion to alkene and alkane is still

unclear.

[11-4 Kinetics of FT reaction

The kinetics of FT reaction has been addressedrimenous publications. The kinetics of
FT synthesis often depends on the catalyst. Eveth@®same catalyst, the kinetics may be
varied with the reaction conditions. Table 1-3 sk@afew rate equations proposed for iron,

cobalt and molybdenum sulphide catalysts.

Table 1-3: Rate Equation on different catalysts

No. Founder Rate Equation Catalyst Reference

1 Yates R = mRPco/ (Pco + NRyy) Fe, Co 64, 65

2 B Sarup R = k(®Pu2)>Y(1+b(R0)*9)? Co 64

3 Anderson R = aPco/(1+bRoPY)? Co 65

Fe
4 S.A Eliason R = k(Ry2)(Pco)y(a-a-)™ (deactivation 61
mode)
5 Arakawa R = kE’o(PHg)z/(PCOPH2+bPI—IZO) Fe, Co 62
6 T.Y Parker | R = k(R)*Pco/(a(Ry)*>+bP-o) KMoS, 63

© 2015 Tous droits réservés.

Equation (1) was firstly proposed for commerciahitbased catalyst [64], in the LTFT
and HTFT reactor, then the same kinetic equationalso validated for cobalt based catalysts
[65]. Both Equations (2) and (3) can be suitableciabalt based catalyst. Equation (2) was
tested at a constant temperature while in the @asgquation (3) the temperature was variable
[65,66]. In Equation (4), the kinetics of FT syrglsewas combined with deactivation kinetics.
Equation (5) could also be used on either Fe ob&®d catalysts, this equitation takes into
account water pressure which is always presentngulT synthesis. Equation (6) was
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validated for Mo$ based catalysts where the FT synthesis produnsisted of paraffins and
olefins, while alcohols were ignored. It is difflcto identify which one is a “best” equation.
Probably the different equations are valid for ataie catalysts processing at the specific

range of experimental conditions.

[11-5 Thermodynamics of FT reaction

The thermodynamic parameters of major FT synthresistions are shown in Table 1-4.

Table 1-4: Parameters of FT reaction or by-reaction

Reaction Equation AH AG REF
Methanation CO + 3p= CH, + H,O -206. 3(298K) | -94 (500K) | 37
MeOH formation CO + 2KH= CH,OH +21(500K) | 37
MeOH formation CO + 2k= CH;OH -91 (298K) -25.1(298K) | 67
Ethane formation CO + 2H 1/3(GHg) + H,O -31(500K) 37
EtOH formation CO + 2b= 1/2(GHsOH) + 1/2H0 -126.8(298K) | -105.5(298K) 67
EtOH formation CO + 2b= 1/2(GHsOH) + 1/2H0 -27(500K) 37
Chain Propagation] nCO + 2pH (CH,), + nH,O -165 (500K) 68
WGS CO+HO=CQ +H, +41 (298K) 37
WGS CO+HO=CGQ +H, -39 (500K) -28 (500K) | 68
Carbon deposition| CO +H2=C +® -115 (500K) 68

© 2015 Tous droits réservés.

* The unit forAH andAG is kJ/mol.

Most of FT reactions are favoured thermodynamicatlyjower temperatures and higher
pressures. Most of them are exothermic. This suggdmst temperature control can be
challenging under some conditions and heat trarcsfald affect the catalytic performance.
Note that for reactions of alcohol formation (hexenethanol and ethanol), t& decreased
at a higher temperature. So a relative lower teatpes could be favourable for synthesis of
alcohol. Figure 1-12 illustrate this phenomena. Bpentaneity for formation of different

products follows the order: paraffin > olefin > atol.
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Figure 1-12AGgs)0f products via FT synthesis at different tempegtu

IV Fischer-Tropsch to Light Olefin (FTO) process

IV-1 Light olefin synthesis

Lower olefins, containing ethylene, propylene andylkene are extensively used in the
chemical industry as building blocks for synthesfsa wide range of products such as
polymers, solvents, drugs, cosmetics, and detesgé&thylene can be oxidized to ethylene
oxide, a key raw material in the production of aagthnts and detergents, as well as ethylene
glycol that is widely used as automotive antifreagavell as higher molecular weight glycols,
glycol ethers and polyethylene terephthalate. Téinopolymerization, ethylene can be
valorised into detergents, plasticisers, synthétioricants, additives, and also used as
co-monomers in the production of polyethylenesyletie is a fundamental building block
for chemical industry and different applications ethylene are shown in Figure 1-13.
Propylene is the second most important startinglymbin the petrochemical industry after

ethylene. Manufacturers of the plastic polypropgleaccount for nearly two thirds of all
26
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demand of plastic, the worldwide sales of propylereched a value of over 90 billion US

dollars per years since 2008. Besides, propylenalsse used to produce isopropanol

(propan-2-ol), acrylonitrile, epoxypropane and &fncohydrin. Butylene has four isomers:

1-butylene, isobutylene, cis-2-butylene and trafss#lene. 1-butylene is principally used

for synthesizing butadiene. All butylenes can blymerized to products various plasticisers.

Isobutylene is also used for the production of ryletért-butyl ether and isooctane, both of

which are used as gasoline boosters.

Table 1-5: Feedstock for ethylene production

Year 1984 1995 2006
Ethane 22 27 32,4
Liguefied Petroleum Gas 15 14 6.7
Naphtha 54 48 43.1

Diesel 8 10 8.7

Others 1 1 9.1

Commercial ethylene production is mainly basedtears cracking of a broad range of
hydrocarbon feedstocks. In Europe and Asia, etleylsrobtained mainly from cracking of
naphtha, gas oil, and condensates, while in the, @&ada, and the Middle East ethylene is
produced by cracking of ethane and propane. Tablslows different feedstock for ethylene
production via steam cracking. Naphtha crackinthésmajor source of ethylene worldwide;
however, ethane cracking has been gaining impastancecent years because of major surge
in the production of shale gas.. Propylene is okthimainly from naphtha steam crackers
(globally about 65%) as a co-product with ethyleaed also from gasoline-making from
fluid catalytic cracking units (FCCU) which supdi@bout 28% of propylene. In addition
propylene can be produced via dehydrogenation opagme, but this procedure can only
realized in the regions with abundant and cheapaire feedstock. Butylene is extracted by
fractional distillation from the g£hydrocarbon mixture produced by catalytic craclohgpng

chain hydrocarbons left during refining of crudk oi
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Figure 1-13: Ethylene consumption over differerddurcts in the world. HDPE: high-density
polyethylene. PVC: Polyvinyl chloride. LDPE: lowstigty polyethylene. LLDPE: linear
low-density polyethylene. EB: ethyl benzene. EQykne oxide.

The demand of light olefin is always very importamtpetrochemical industry. Take
ethylene as example, the consumption of ethyler@®1® should attain over 160 million tons
(Figure 1-14), 16% more than that in 2011. In 2@0®I 2009, ethylene demand slightly
decreased due to the global slowdown in the ecangmawth. Nevertheless, after that the
demand continued to grow and should keep growinghén future. The analysts predict
world-wide capacity for production of ethylene wile increasing fast in coming years in

particular in the Mid-East and Asia regions (Tablé).
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Figure 1-14: Ethylene demand in the period 2006126brecast for the period 2012-2016.

Source: Chemical Market Associate
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The conventional steam cracking method for olefintisesis presents disadvantages
relevant to high energy consumption, considerallg €mnission and low selectivity to the
specific hydrocarbond’he Methanol-To-Olefins (MTO) technology involvesiamber
of technological steps which reduce the overallveosion efficiency. In addition,
the catalyst undergoes noticeable deactivationa Assult, the produced olefins get

rather costly.

Table 1-6: Production of ethylene (thousands o$)Yon

Region Year 2008 Year 2009 Year 2010
Asia 33362 39731 41088
Europe 24918 24918 19968
USA 28407 27554 23975
Middle East 19312 20602 N/A

IV-2 Current development of FTO process

High temperature Fischer-Tropsch (FT) synthesisresmts a major interest for
synthesis of light olefins. In FT synthesis, lighiefins are produced directly using carbon
monoxide hydrogenation without any intermediat@st@-igure 1-15). Recently many efforts
have been dedicated to development of biomassr@seavable feedstock for the production
of different compounds, including olefins. FiscAeppsch synthesis leading to olefins (FTO)
is a direct route without any intermediates. ThéORJrocess represents a strong alternative

route for the sustainable production of lower olefirom biomass-derived synthesis gas.
IV-2-1 FTO on iron catalysts

Iron catalysts have shown so far the highest olpfoductivity in direct FT synthesis;
however they are sensitive to the presence of sanadlunts of sulphur in syngas [69]. The
technology for olefin synthesis from syngas wastlijr elaborated in South Africa. Since

1955 SASOL has produced chemicals and gasoling tise1so called Synthol process [70].
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The main aim of this process is to produce liqueld although lower olefins are also

obtained depending on the operating conditionstl@dype of catalysts.

Methanol MTO
Lower _
alcohol Dehydratloﬂ
Biosyngas _ _ | -
FT diesel Crackin Light olefins
(CO+H2) L g g
Dimethyl
ether DMTO
FTO

Figure 1-15: Biosygas to light olefin procedure

Between the mid 1970s and mid 1980s iron based catalysts with oxides of other metals
such as Ti, V, Mo, W, or Mn, were proposed for the HTFT process. Biissemeier et al reported
[69, 71] that mixed oxide catalysts could produgétlolefins with a selectivity of 70% and
methane selectivity of 10% (280 °C, 10 bap/EO = 1). They also reported that a catalyst
prepared by sintering of Fe, Ti, Zn, and K dispthyggh light olefins selectivity (75%)
observed at high syngas conversion (87%) at 34@2T. Promotion of Fe-based bimetallic
catalysts was widely used to improve the catalgddformance for the direct production of
lower olefins from syngas. Co—Fe and Fe—Mn catalgse the most studied systems. In the
case of Co—Fe catalysts, attempts were made tmirapratalytic stability and activity of the
already olefin-selective Fe catalysts by alloyingith a more active cobalt Fischer-Tropsch
catalyst. Fe—Co oxides prepared by co-precipitatidncobalt and iron nitrates were
investigated by Mirzaei et al [73]. They reportddtt a potassium promoted (1.5 wt %)
40%Fe:60%Co (molar basis) catalyst modified wit.Sshowed around 48% of ethylene
and around 20% of propylene when tested at 45Q 12y, and a MCO of 4 (CO conversion

could reach 85%). Braganc et al [74] reported thath bimetallic catalysts supported by
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HMS and SBA-15 were more active toward the-@ hydrocarbon fraction, with an

enhancement in the selectivity to branched ligefio. The HMS supported Co-Fe (25%
total metal loading) catalyst showed higher agtitttan SBA-15 supported catalyst. The
co-precipitated Ni—Fe catalysts modified with alamiwere also tested for olefin synthesis
from syngas. The report by Cooper et al. [75] shbweat the addition of Ni to bulk Fe

catalysts results in a low alkene/alkane ratio wties Ni content was below 60%. An

extensive review dedicated to differed metallicabgsts for olefin synthesis form syngas was
recently published by Torres Galvis and de Jong. [TBe best catalytic results relevant to
olefin selectivity observed on promoted metalli¢aggsts are shows in Figure 1-16. Note
however that syngas conversion on iron catalystelyares significant amounts of carbon
dioxide. Carbon dioxide selectivity is usually naken in consideration in most of the reports

dedicated to olefin synthesis from syngas.
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Figure 1-16: Light olefin selectivity VS CO convins on different bimetallic catalysts [76]

IV-2-2 Effect of promoters on iron based catalyses FTO

The most efficient promoters on iron catalyses Whare used to increase olefin
selectivity described in the literature are Mn, aditknetals and sulphur. Mn decreases
methane selectivity and increases-C, olefin selectivity of Fe-based catalysts. Wanglet

[77] investigated Fe—Mn catalysts prepared by tilegel method or by co-precipitation. The
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highest light olefin selectivity was obtained onpecipitated catalysts with Mn:Fe = 15:85
(350 °C, 15 bar, HCO = 2). At a very high CO conversion (90%), tbagalyst showed high
C,—C, olefin selectivity (around 50%). Soled et al. [{8kpared Fe—Mn catalysts as solid
solutions by mixing MgO, and FgO; and sintering the mixture at temperatures abo?="80
When the catalysts were tested at 300 °C, 22 barHICO = 1, the catalytic test showed a
high CO conversion (>94%), low methane productéord high light olefins selectivity.

Other most commonly used promoters are alkali rmeRdtassium has been extensively
studied as a promoter for iron catalysts, and & Ib@en reported that it increases the chain
growth probability and enhances olefin productiBarthermore, it has been claimed that
potassium has an effect on structural propertidsilif catalysts such as surface area and pore
size [79].Product selectivity and catalytic activity are Higdependent on alkali promoters.
Kang et al. investigated the influence of the sgath method on the performance of
Fe-Cu-AI-K catalysts [80]. The sample prepared with sol-gel method exhibited the
highest G-C, olefin selectivity of 11% and low methane seldtfi 7%) at high CO
conversion (96%). Torres Galvis et al [81] synthedisodium promoted Fe/Al,O; catalysts.
The effect of Na was unclear at low reaction presgd bar) but when the catalysts were
tested at 20 bar, the methane selectivity becasgihgportant, but a significant increase in
Cs. selectivity was observed, while the selectivityGeC, olefins decreased. Sodium also
had a negative effect on catalytic activity pogsithused by an enhanced extent of carbon
deposition.

Sulphur has also been used as a chemical pronmiecrease lower olefins selectivity.
Several studies have shown that sulphur might et promoter for Fe catalysts, enhancing
light olefin selectivity, reducing methane formatjand even increasing catalytic activity at
low concentrations and under specific reaction tmts. Crous et al. [82] filed a patent for a
Fe catalyst promoted with sodium and sulphur catalshich showed high selectivity to light
olefin (39%) and low methane formation (9%) at agas conversion of 41%. Promising
results were also obtained with sulphur promoteddlgsts where the promoter was not added
during the preparation of the catalyst but it wasorporated in the catalytic system through

exposure to k& [83].
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IV-2-3 Effect of support on iron based catalystg i6TO

Iron can be used for FT synthesis in both bulk angported catalysts. Bulk iron
catalysts however could become mechanically instabider the conditions of catalyst
activation [84] or high temperature FT synthesig][Zhe production of fine particles may
lead to plugging the reactor equipment and thusdooomplicate the efficient use of fluidized
bed technology for this highly exothermic reactiéttempts made to improve the stability of
these systems by precipitating the oxides in tlesgiice of a structural promoter such as SiO
or Al,O; [85].

Porous materials are used in the preparation @rbgeneous catalysts to maximize the
surface area of the active phase. Catalysts camgaimighly dispersed iron nanoparticles can
be easily prepared by impregnating method on thagesurface area supports with iron salts,
amount which nitrates are mostly used. The irortaiaing nanoparticles of these catalysts
have a relatively narrow size distribution and ambgeneous spatial distribution thus
minimizing the formation of aggregates. Besidesn ihas a strong interaction with most of
the oxide supports, which results in the formatdmixed iron oxides that are not active for
the FT reaction. It is known that iron aluminat86][and iron silicates [87] are difficult to
reduce, which inhibited the formation of the caeh(ffeG) active phase.

Silica was used by several groups as a suppoitdiobased catalysts. Commereuc et al.
[88] prepared supported iron catalysts using irarbanyl precursors and different oxide
supports. High olefin selectivity (69%) was achigvevhen using a Fe/SjOcatalyst
synthesized by impregnation of iron pentacarbohlie reaction conditions were 265 °C, 10
bar, H/CO of 1, and low CO conversion (5%). Stoop et[8P] reported high olefin
selectivity exhibited in FT reaction with a Ru_Féiscatalysts at 277°C, 1 bar, and/€O
of 2. At CO conversions below 3%, this bimetallatalyst exhibited low methane selectivity
and high olefin to paraffin ratios.. Zhang et ab][9ound that a nickel could improve the
reducibility of a precipitate K_Fe/Si@atalyst which possessed high activity, high siliég

to olefin and light distillation cut oil and goothbility.
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Alumina is another useful support. Much higher lgaita conversion on alumina (96%)
than silica (37%) supported K and Cu promoted ratalysts was observed by Kang et al
[91], while the catalysts did not show any diffezerin light olefin selectivity (around 20%),
at H/CO = 2, P = 10 bar and T = 30Q. The influence of different alumina supports on
catalytic activity was investigated by Barraultagt [92]. The catalysts were synthesized by
precipitation of iron nitrate with ammonia in theepence of alumina. The FT reaction was
performed at 15 bar and.#20O of 1. The highest selectivity to light olefii$3%) was
observed for g-alumina supported catalyst (406/g). A Na and S-promoted catalyst with a
high selectivity to light olefins was designed bgriles Galvis et al. [72]. The catalysts were
tested at 340 °C, 20 bar, and/€GO of 1. A high selectivity to light olefins (53%yas

achieved by introducing Na and S as chemical prersot

IV-2-4 FTO on other metal catalysts

Metals other than iron can also present activitf-TO process. Cobalt based catalysts
with various composition were tested in the syritheklight olefins from biosyngas. Mirzaei
et al [93] reported that a Co—-Ce catalyst modifiedh SiO, showed a &C, olefins
selectivity (50%) at 450 °C, 1 bar, HCO = 2 and at a CO conversion of 90%. Mirzaeilet
[94] also reported that Mn-Co bimetallic catalystesented a high selectivity to ethylene and
propylene. Costa et al. [95] reported that a Thdatalyst prepared by sol-gel method
produces the Cs hydrocarbons with selectivity of 88%. at 240 °@ dnbar with a HCO

ratio of 2. The olefin content was higher than 80%.

V Effect of Sulphur on FT synthesis

Good stability is primordial for FT catalysts whielne supposed to operate for a few
years. Unfortunately, traditional iron and cobadtatysts could be deactivated during FT
reaction. During FT reaction, the metallic activeapes react with reactants or products, and

then some change may happen on catalyst surfaes,tscdeactivate the active phases. These
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changes could be: sintering [42], re-oxidation [9}rition [97], reaction with support [98],
carbon deposition [99] and poison (by N-contamiadh00] or by sulphurl01]). All these
phenomena result in the loss of active sites.

The stability issue is particularly important fdret catalysts operating with biomass
derived syngas. The syngas obtained from gasificaif biomass often contain a number of
toxic impurities as ammonia and/or hydrogen disalphwhich could lead to fast catalyst
deactivation (in less than 50 hours) even when #reypresent in very small quantities. This
part of the literature review discusses influendesolphur in syngas on the catalytic

performance and stability of FT synthesis catalysts

V-1 Effect of sulphur on iron based catalysts

The effect of sulphur on iron based catalysts haxipally been evaluated using the
indirect method such as addition S precursors ibhdses catalysts. Bromfield and Coville [14]
used NaS as precursor, to load sulphur on bulk iron catalgnd realized catalytic tests at T
= 523K, P = 8 bar and H CO = 2. They found that the catalytic activitasvenhanced by
small amounts of sulphur then decreased when tten&entration attained to 20 000 ppmv.
Higher sulphur loading on iron catalysts also leda higher selectivity to Cto G
hydrocarbons. The relative stability of the catEysas explained by sulphur oxidation by
unreduced iron species. The sulphided catalystherother hand, are reduced to metallic
iron rapidly by exposure to hydrogen and also axhilhigh surface concentration of sulphide.
At low coverage each sulphide atom has previousgnlshown to poison 8-10 atoms of iron
[102] and this may account for the poor F—T actiat the sulphide loaded catalysts. Sulphur
poisoning also often leads to higher selectivitynethane and light hydrocarbons.

Duvenhage and Coville tested the stability of piaied iron catalysts [103] with
industrial syngas (containing some ppbv @EH in a fixed bed reactor. They found that only
on top of the reactor which is in direct contragiwvthe syngas feed,.8 could be detected in
the spent catalyst bed. In the lower parts of mra¢hS was not detected. It was suggested

that the upper portion of the reactor is actingad'guard bed” to remove sulphur form the
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feed. Kritzinger [83 et al recently reported that the catalytic activity of commerdiiadn
catalysts (supplied by Sasol company) was notvdtst syngas containing 32 ppmv ot$l
Moreover, the ethylene selectivity even increaseth wddition of sulphur to syngas. A
comparison of cobalt and iron catalysts conduatethat work was also indicative of better
sulphur-resistance of iron catalyst compared toaltdtlased counterparts. The presence of
sulphur in the syngas often increases the selgctivilight hydrocarbon such as methane and
C,-C, olefins.

The effect of the carbide formation upon the suitptasistance of the Fe catalyst has
been investigated by Koizumi et al [104]. The d# CO-pretreated catalyst was treated with
1000 ppm HS/He at 373K in situ. The 43 treated catalysts were then subjected to the FT
synthesis reaction in the absence g&HFigure 1-17 shows CO conversions over variously
treated catalysts as a function of the time orastteThe catalyst treated with CO thepSH
shows a CO conversion comparable with that oveCepretreated one. On the other hand,
the catalyst treated with,Hhen HS shows no activity at all. Thus the CO pretreaiztdlyst
shows a superior sulphur resistance than thpretreated one. The reason of higher stability
of carbided catalysts could be due to higher stalaf iron carbide to sulpidisation compared

to metallic iron species.
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Figure 1-17: Catalytic properties of the Fe catalygretreated with various gasest) (
CO-pretreated samplem) CO then HS-treated sample<X) Hy-pretreated sample &) H,
then HS treated sample. Reaction conditions: 503 K, 1L.&MP
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Promotion of Fe based catalysts modified theirstasice to sulphur. Koizumi et al [105]
studied the S-resistance on Fe/MnO catalysts wdholwed enhanced olefin selectivity [106].
After the syngas containing .8 was fed into reactor for FT synthesis, the rdteCO
conversions over the Fe/MnO (ratio = 1/6) catalgstsreased gradually and were 80% of the
initial value at the time on-stream of 10 h irrespe of the composition of the pretreatment
gas (CO or syngas). It appears that for the Mnmoted iron catalysts that CO pretreatment
increases the FT reaction rate, while the CO mgtrent has little influence on the catalyst

stability.

V-2 Effects of sulphur on cobalt based catalysts

V-2-1 Effect on the catalytic activity

Co catalysts can deactivate rapidly in the presehsenall amounts of sulphur in syngas.
Once the concentration of,8 reaches 300 ppbv, the CO conversion on 15%Coirsdum
catalyst started to decrease after a-few-hourreaust [L01]. The decrease in the reaction rate
of carbon monoxide was about 70% after 179 h timestoeam. Sulphur had a significant
impact on the performance of the FT catalyst ay \@w level of concentration. Pansare and
Allison [101] tested 15%Co/AD; catalyst using sulphur containing syngas. The
concentration of k& varied from 0 to 1100 ppbv. Figure 1-18 shows the CO conversion
drops rapidly to zero, when the concentration @8 Hvas about 600 ppbv, However, if

concentration of k5 was less than 50 ppbv, the catalysts would ndebetivated.
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Figure 1-18: Effect of k5 with different concentration in fed syngas todatalysts [101]

An attempt was to model the catalyst deactivatigingithe following equation:
a = agpexp(kqgt)
whereky was the deactivation contaatyas the reaction rate of FT reaction wlajavas the

reaction rate without mixture of .8 andt was the reaction time. A half-time-method was

introduced to calculate;

—Ino0.5

kd=

t1/2

where i, was the time when the CO conversion decreasedh#if af CO conversion without
sulphur. The values of deactivation constant agnation of inlet sulphur concentration are
shown in Figure 1-19. The deactivation constanteases almost linearly with increase in

sulphur concentration.
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Figure 1-19: Deactivation factor as a function gSltoncentration [101]
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Bartholomew and Bowman [107] studied the effectsofphur by introducing 0.5-8
ppmv HS in the reactor feed through Teflon lines. For ghiea-supported cobalt catalyst a
decline in catalyst activity was observed for tiiire range of sulphur content in the feed.
The activity decline appeared to be more intensedacentrations between 0.5 and 2 ppmv,
and less sharp less for 5-6ppm @BHA possible explanation of this trend could bat tht
higher sulphur concentrations, a surface sulphide different structure or multilayers of
sulphide were created. Chaffee et al. also stuidiesitu sulphur poisoning using.8 as the
sulphur carrier in a fixed-bed reactor [108]. Comered catalysts were used and the main
focus of the study was to evaluate the effect ef HfCO ratio on the catalyst deactivation
behaviour. For cobalt catalysts,, Hich feeds appeared to be more sensitive to sulphu

poisoning than syngas with lowep/B0O ratio.

V-2-2 Effect of sulphur on product selectivity

The presence of sulphur in syngas can also signifi¢ affect the product distribution
on cobalt based catalysts. Sulphur adding into ayrapuld present the effect of poisoning
even at a lower concentration [101] on Co basealyets. Addition of more than 300 ppbv of
sulphur resulted in considerable changes in théopeance of the catalyst. The ¢H
selectivity started increasing significantly afe€ h TOS and its value was more than twice
compared to the run without sulphur at 100 h TO® production of & hydrocarbons and
wax decreased significantly which was evident frtime considerable drop in thes,C
productivity and also from unchanged liquid leveside the reactor. The gaseous products
formed during the reaction were composed mainhCéf, as is evident from selectivity
values. Similar results were obtained with the &aldiof 600 and 1100 ppbv of sulphur.
Methane selectivity also increased with increase the sulphur concentration. The
deactivation constants increased further whilen#élife values decreased to a mere 30 h in
the presence of 1100 ppbv of sulphur.

Li et al [109] reported the sulphur effect on tle¢estivity of TiO, supported Co catalyst
at T = 523 K; P = 8 bar; 2O molar ratio = 2; GHSV = 350 ml/h/g Table 1-7 shows the
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results of catalytic tests. The selectivity of nate and &C, hydrocarbon significantly

increases, while £ hydrocarbon selectivity decreases. Thg.@roducts almost entirely

disappeared on the catalyst containing 50 ppmlphsu.

Table 1-7: Catalytic performance on 15%Co/J@talysts with different S amounts [109]

S content| CO conversion GW C2-C4%| C5-Cl1% C12-C18% C18+%

0 ppm 48.6% 21.5% 13.1% 47.0% 11.09 7.4%
200 ppm 46.3% 21.0% 13.0% 48.0% 9,5% 8.4%
500 ppm 12% 47.0% 42.0% 10.5% 0.5% 0.0%

Visconti et al [15] also reported similar resuli$ie addition of sulphur to the syngas

feed favoured the selectivity of light products & hydrocarbon), while the €

hydrocarbon selectivity decreased (Table 1-8). rBlaetion conditions were T = 493K; P = 20

bar; H/CO molar ratio = 2.

Table 1-8: Catalytic performance on 15%Co/Si@talysts with different S amounts [15]

S content| CO conversion GWH C2-C5% | Cb5-C25% C25+% Olefin%
0 ppm 24.8% 8.9% 19.5% 51.4% 20.2% 21.3%
10 ppm 20.1% 10.9% 19.1% 50.0% 20.0% 22.6%

100 ppm 16,2% 10.4% 21.3% 51.6% 16.7% 24.1%

250 ppm 9.7% 18.7% 38.2% 39.5% 3.6% 37.8%

2000 ppm 3.7% 29.2% 45.9% 24.9% 0% 17.5%

Note however that the effect of sulphur on the tieacselectivity could be insignificant
until the sulphur concentration reaches 250 ppminferesting phenomenon was that on the
catalyst of 250 ppm sulphur, the olefin (light ateds well as higher olefin) selectivity was
higher than on cobalt catalysts which were unp@donith sulphur or sulphur was added in

the amount less than 250 ppmv.

Differently to those results, the study of Barthmew and Bowman [107] showed that
sulphur addition can also increase the selectigtheaver hydrocarbons of SiGupported
cobalt catalyst. A possible reason for the incréasslectivity to higher molecular weight

products could be the selective adsorption of th& ldn sites which normally adsorb
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hydrogen, resulting in a hydrogen deficient surfddecreased water production, which is a
result of the lower conversion, normally affect® throduct distribution in the opposite
direction.

The deactivation is more observable on silica supgocobalt catalyst than alumina
supported catalyst, with sulphur concentrationkafua 200-250 ppmv [101]. Curtis et al [110]
analysed Co based catalysts supported by, Bi@ SiQ, and reported that the Co/SiO
catalysts were more sensible fofSoison.

It is worth noticing that industrial FT cobalt cs typically contain chemical or
structural promoters such as Ru, Re or Pt [111$ éffect on Re [15] and Pt [112] promoted
Co/Al,O; catalysts have been investigated and a similacteffewer catalytic activity and

C5+ hydrocarbon selectivity) was presented as momgpted Co catalysts.

V-3 Characterization of the catalysts exposed to fhur

A number of reports have addressed the catalygtesex to sulphur. After catalytic
test with syngas with presence o0f3; the spent catalyst samples were analysed with XR
and ICP to extract more information about the puisg effects [101]. XRD analysis of all
spent catalyst samples did not indicate bulk foionabf cobalt sulphides or aluminium
sulphide. This suggested that the adsorption gfisumlwas only a surface phenomenon and
the bulk of the catalyst was not affected. It ighty unlikely that elemental sulphur was
formed leading to catalyst deactivation as majodtythe research suggests formation of
surface sulphides as the principal cause of catdbactivation [14,109]. Sulphur uptake by
the catalyst was further confirmed by ICP as shaowigure 1-20. Since the run lengths for
all experiments were different, the sulphur upthitethe catalyst per unit time is plotted in
Figure 1-20 as a function of inlet sulphur concatiin. In Figure 1-20 it is observed that the
sulphur uptake per unit time by the catalyst inseelsignificantly with increase in the
sulphur concentration in the inlet stream. Thelgataadsorbed about 3.2ppmw sulphur per
hour when the inlet feed had 300 ppbV of sulphine Sulphur uptake then increased linearly

with increasing inlet sulphur and the highest vaiti®.63 ppmw per hour was obtained when
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the inlet stream had 1100 ppbV of sulphur. The dat#irmed significant sulphur uptake by

the catalyst during the reaction.

From a morphological point of view the added sulpdid not lead to appreciable
variations in the catalyst characteristics [15]. & contrary, sulphur can modify the catalyst
reducibility: in particular, sulphided catalystsosh during the TPR analysis, a modest
decrease of the peak of reduction, relative to lietbalt formation. Hydrogenation tests of
propylene to propane also pointed out a decreagheircatalyst hydrogenating capability
upon increasing the sulphur loading. In-situ XRDalgsis showed that the intensity of
metallic cobalt peak decreased with sulphur loading on the 15Co/SiQvith 2000 ppmv S
sample, there was no visible metallic Co peak.tlal¢109] also reported that on 15Co/%iO
with 500 ppmv S catalyst, the reducibility of cdbelas only one quarter of the catalyst
without sulphur; the dispersion of cobalt was daseel as well. However, on 200 ppmv S
loading sample, both reducibility and dispersiorcalbalt did not show significant difference

to unpoisoned catalyst.
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Figure 1-20: S uptake by catalysts, tested with [{TP]
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VI Sulphur resistant catalysts

The development of sulphur tolerant catalysts jgeeted to contribute for increasing a
versatility of the FT process and its application ¢onversion of biomass and coal derived
syngas. For example, the use of the sulphur tdleratalyst can simplify the conventional,
huge and complex process by omitting the desulpatioin unit, which is quite advantageous
for developing a novel on-site process that progucansportation fuels in the vicinity of
small-scale and dispersed carbon resources. Vadat®on resources such as remote gas
fields, shale gas, biomass and waste materialselisas/various process conditions for their
reforming process, e.g. steam reforming, non-catapartial oxidation or gasification, can

become available.

VI-1 Sulphide catalysts

Iron based catalysts are economic and of highigactut they presented low S tolerance,
The sulphides of transition metals have been usedthie petroleum industry in
hydrodesulphurization, hydrodenigrodenation, andrbgenation reactions for over 50 years.
Molybdenum disulphide (Ma$ when supported with an alkali can be used agalysa for
the production of alcohols from syngas. The comméMo-based catalysts for conversion of
synthesis gas to alcohols were first developed bw @nd Union Carbide companies. The
functions of alkali are to reduce the hydrogenasbiiity of alkyl species to form alkanes and
to increase the active sites for the formationlodlaols [113]. Alcohols could be synthesized
on various kinds of active phase, such as ironpegpnolybdenum disulphide, palladium and
so on. Alkali-modified molybdenum-based catalysesraore attractive due to their excellent
resistance to sulphur poisoning. This saves theafasdtra-desulphurization for feed gas [24].
The activity and selectivity to £OH was found to be low due to chain growth posisjbil
[114]. The effect of CO hydrogenation reaction todgathe formation of higher alcohols

depends on the catalyst, promoter and support.
43

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



Thése de Chang Liu, Lille 1, 2015

Chapter lintroduction and objectives

Noble metals sulphides also present good S-resistdrhe catalytic performance of Rh
sulphide catalysts strongly depend on the cataddjmport [104]. The rate of CO conversion
over a sulphide Rh/TiQs the highest whereas the products are exclyshyedrocarbon and
CO.. Similar product selectivity was obtained withudphided Rh/AJOs. On the other hand,
methanol is formed as a main product when,SMigO and/or active carbon are used as the
support. It should be noted that the reduced Rh/&0eported to yield the hydrocarbon
exclusively whereas the sulphided Rh/Si@ainly yields methanol [105]. It was suggested
the cationic Rh sites could be stabilized by Rhe8ds in Rh sulphide (R}8:5) and active
for the methanol formation. Nevertheless, the suppoRh sulphides show higher activities
than the bulk Rh sulphide since the supported Rih&les may be in highly dispersed states.
Pd sulphide is another active phase for methamthsgis. The best productivity was found
on silica supported Rgb; catalysts [115] and the most effective promoterstdphide Pd was

Ca [116].

VI-2 Molybdenum Disulphide Catalysts for FT synthess

VI-2-1 MoS; catalysts for methanation

Molybdenum sulphide has noticeable carbon monokiglirogenation activity and can
be used for synthesis of hydrocarbons and oxygenaétee non-promoted Mg$8atalysts can
be used for methanation. Liu et al [57] tested ppsuted Mo$ catalysts, at 55C, 30 bar
and H/CO = 1.5, the CO conversion attaint to 85% andstiectivity of methane was around
58%. CQ was another product with selectivity of 40% anthea small amounts of ethane
(<1%) were formed. The alumina supported Mo&alysts were studied by Wang et al [117].
The fraction of Mo$ loading on support varied from 5% to 35% and thghdést CO
conversion (about 47%) was found at ¥6030 bar and MCO = 1. The BET surface

decreased with higher Mg®ading but pore size and pore volume showed anmim with
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20%-25% loading Mogalumina catalysts. A new compound,(MoQ,); was detected in

these catalysts which was due to the interactibwdsn Mo and support.

VI-2-2 Promoted Mo$g catalysts for alcohol synthesis

The promoted MoScatalysts have shown interesting properties footal synthesis
form syngas. An alkaline metal (K, Rb and Cs) pradanon-supported M@Svas prepared
using the aqueous alkaline metal carbonate solutgiead of water [104]. Over Alkali/MgS
the produced alcohols were composed of methaniodnet, propanol and butanol. Figure
1-21 shows STY (space time yield) of.Glcohol and the chain growth probabilities of
alcohol with Alkali/Mo$S having various Alkali/Mo atomic ratios. The.Glcohol STY over
M/MoS, strongly depends on the Alkali /Mo ratio and shawmaximum at the Alkali/Mo
ratio of around 0.2 irrespective of the alkalinet@hepromoter. Among these catalysts
Rb/MoS having Rb/Mo ratio of 0.25 shows the highest &lcohol STY. The chain growth

probability of the alcohol with this catalyst isethighest as well.
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Figure 1-21: Alcohol productivity on different alkaromoted Mo$ catalysts

Surisetty et al reported the catalytic performapick promoted carbon nanotube (CNT)
supported Mogcatalysts [24]. They investigated the effect & tfuantity of K as well as Mo
loading on catalysts. The catalysts were teste@different reaction conditions. There are

several interesting results:

a) The fraction of K loading (3% to 9%, on 15%M@EINT) did not present significant

effect on catalytic activity.
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b) The hydrocarbon and G®electivity decreased when percentage of K bedagher;
the total alcohol selectivity increased with ingieg of K fraction. What's more, the trend of
MeOH selectivity was unusual: 3%K15%M#OSNT < 9%K15%MoSCNT <
6%0K15%M0S/CNT.

c) Compared with 6%K15%Mo/CNT, 6%K20%Mo/CNT preseht lower CO
conversion and lower alcohol selectivity. The amhsuggested that the effect was due to the
larger crystal size of Mo£on 20%Mo/CNT.

d) On 9%K15%MoZ8CNT catalyst, the C@selectivity increased with temperature;
hydrocarbon selectivity presented a minimum val@3&’C (290-340C); alcohol selectivity
presented a maximum value at 32Q(Figure 1-22).

e) On 9%K15%MoZCNT catalyst, the hydrocarbon and £&2lectivity increased with

pressure, while the alcohol selectivity decreasitd pressure (Figure 1-23).
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Figure 1-22: Selectivity and,@OH/MeOH ratio with T (P = 70 bar, #CO = 2) [24]

Li, Fu and Jiang [118] studied Rh/K/Mg&lumina catalyst. They uncovered that Rh
could strongly interact with KMaSsystem. The size of Mg@Particles was affected by Rh.
The presence of Ru makes the M@&rticle smaller and improves dispersion of MoEhe
catalyst was tested at T = 600K, P = 40 bar asi@® = 2. Rh promoter improved slightly the
CO conversion and improved greatly the alcoholctei¢y. Co also increases the alcohol

yield and selectivity towards higher alcohols of $4eatalysts [119-120]. The presence of C
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in alkali-modified Mo$ catalysts enhanced the-GC2 homologation step that led to ethanol
as the dominant product [121]. The addition of dNKYMoS; catalysts leads to methanation
[119]. The Ni/K/Mo$S catalysts can be further promoted with Mn. The pdlomotion leads to

improved selectivity to higher alcohols [122]. Téngoeriments were conducted at 250850

and 5-10 MPa [123].
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Figure 1-23Selectivity and C2+OH/MeOH ratio with P (T = 340, H,/CO = 2) [24]

Numerous publications have addressed Co(Ni) proing&idloS, catalysts, Table 1-9

presents some of the obtained results.

Table 1-9Catalytic performance of Co(Ni)/K/MgRatalysts

Nature of Catalysts TC) | P(bar) | H/ICO | CO% CQ@% | Alcohol% | Ref
12.5%K 21.5% Clay
300 140 11 N/A N/A 86%0** 124
Co : Mo = 0.5 (mol)
12.5%K 21.5% Clay
300 140 11 N/A N/A 62%** 124
Co : Mo =1 (mol)
1.5%Rh9%K15%Mo/CNT 320 83 1 40.1%  34.6% 30.0% 1P5
6%C01.5%Rh9%K15%Mo/ R
320 83 1 48.9%| 18.9% 33.7% 125
CNT
4.1%C03.1%K8.2%Mo/AC 330 50 2 14.3% N/A 46.6% 126
2.7%C09%K13.6%Mo/AC* 326 100 1 9% N/A 62%** 127
Ni/K/Mo/AC 330 100 2 25% N/A 74%** 122

*Catalytic test was fed with syngas mixing 220 ppofiH,S
** CO2 free selectivity
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Cobalt promoter can improve the catalytic activatyd increase the alcohol selectivity.
Note that the Co/Mo ratio is important for the égta performance. Various studies have
shown that the activity for alcohol formation istiogized at a Co/Mo atomic ratio of 0.5 [124,
126,128,129]. The catalytic results can be expthibg characterisation. Li et al [126]
reported that in oxide state, molybdenum is pgptigsent as K—Mo—-O species and cobalt
phases are mainly present as CoMa®d CoMoQ with low Co loading, possibly due to the
reducibility of active carbon at high preparati@mperature, and CoMqQQuvith high Co
loading. After sulphidation, molybdenum is mainlegent as MosSspecies, while cobalt in
the form of “Co—S—Mo” phase at the low Co loadinglas both “Co-S—Mo” species and
CoSg crystallites at higher Co content. Co species a@pens a synergistic system with
molybdenum sulphide, rather than independently frtdm intercalated MaS phase.
Differently to cobalt, nickel promoter favours prmtion of hydrocarbons [130], and activity
on Ni promoted catalysts was lower than that ofGbgromoted catalysts.

Christensen et al [127] conducted the catalytit wath molybdenum sulphides using
H,S containing syngas and obtained several imporemufts. Irrespective of the presence of
H.S in the syngas feed, the sulphided catalyst reguin initiation period to achieve a steady
state. With the kB concentrations from 0 to 57 ppmv, the fractionhafher alcohols
gradually decreases with time on stream. With th® €bncentrations at or above 103 ppmv
the production of higher alcohols is always vemn#icant. The analysis of the condensed
alcohol product shows that the presence of sulghuthe syngas feed leads to the
incorporation of sulphur species into the reactfiooducts. This presence of sulphur in the
produced alcohols was observed during substamtiatat of time after the addition of,8 to
the feed has been discontinued.

The catalytic performance was affected by the eawfr support. In the review of
Surisetty et al [20], the catalytic performancetiali-modified molybdenum-based catalysts
supported on carbon based supports such as adtivatbon (AC) and CNT [24, 125] were
found better in terms of higher alcohols yield aetectivity compared to that of unsupported
catalysts and catalysts supported on metallic oziggports, such as Si@Qnd AbO;. The

surface acidity of metal oxides such as@land ZrQ suppresses the formation of alcohols
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and improves the hydrocarbon reaction rate. Aaiyatarbon, as a neutral catalyst support,
has many advantages for higher alcohols synthesiause of its large surface area, limited
interaction between the support and the active madteesistance to acidic or basic media,
and stability at high temperatures and pressur@4][1The hydrocarbon selectivity on
activated carbon-supported molybdenum catalysts faasd to be much less than that of
SiO,, AlLO;, and Ce@ [132]. However, the microporous structure (poreesk 2 nm) of
activated carbon limits the transportation of thaatants and products through the pores. In
addition, narrow pores lead to the formation ofecakich plugs the pores of the support and
finally deactivates the catalyst [133]. Carbon Il tform of multiwall carbon nanotubes
(MWCNT) has been drawing attention as a new geioeraif catalyst support, due to their
flexibility as support in tailoring the catalystgmerties to specific needs [134]. MWCNTSs as
catalyst supports are increasingly used for reastimvolving hydrogen as a reactant or
product [135]. These materials have inert graptitidfaces, are resistant to acidic or basic
media, and possess unique properties such as nasofforous structures that mitigate
transport limitations. They have uniform and sthaigores that allow great metal dispersion.
They exhibit high mechanical strength and therneaideictivity and can be highly purified
[136].

VI-2-3 MoS, based catalysts for light olefin synthesis

Very few papers address olefin synthesis on Mo&ed catalysts. The major goal of
carbon monoxide hydrogenation on molybdenum sukpkitalysts is usually to obtain high
selectivity to alcohols. Hydrocarbons are ofterspriged as by-products of CO hydrogenation
reaction. Different kinds of hydrocarbon were noalgised, or only paraffin was detected. H.
Xiao et al [137]reported results of catalytic tests on non-suppokeMosS, catalysts.
The total selectivity to hydrocarbons was 15%, that selectivity of light olefins was not
reported Chiang et al [67] reported carbon monoxide hydragien on Mo%/ Al,O; catalysts
at P =50 bar and T = 2fD. The selectivity to & hydrocarbon was 24%, but only paraffins

were produced. Liakakou et al [138] used K-Ni-M@INT catalysts to synthesize,,C
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alcohols, while some hydrocarbons were also pratiuthe G-Cg hydrocarbon selectivity
was around 50%, at P = 60 bar, but only paraffissevdetected. The hydrocarbon selectivity
was higher at T = 28C than 256C. Ferrari et al [147] tested potassium promoted
MoS,/Al,O;catalysts at T = 33€ and P = 60 bar, and found the, Gydrocarbon selectivity
was quite low, smaller than 8%. However, they dmt neport the olefin and paraffin
selectivity, but the olefin selectivity was not hég than 8%.ranmahboob et al [124¢und

that the active carbon supported K-Co-Ma@talysts produce only methane and ethane as
hydrocarbons. Okatsu et al [139] used Mg-Al hydgita supportedK _MoS, catalysts to
synthesize alcohols, and found the formation orlymmthane and ethane. Ethane was
produced with selectivity of 6%.

A few papers report olefin production during CO togknation on molybdenum
catalysts but the olefin selectivity was often viaw. [ranmahboob et gl140] synthesized
K-Co-Mo$S; catalysts and found the;-C, hydrocarbon selectivity of 10% ~ 20% with
methane as the principal product. They reported @&, olefins were also detected, while
no information about olefin selectivity was avalabChristensen et al [141] synthesized
9%K_2.7%Co_13.6%Mo carbon supported catalysts. ddtalysts showed the GQOree

ethylene selectivity of 1.1% at P = 100 bar, T €°82and H/CO = 1.

VI-2-4 Catalyst preparation

There are several different methods to prepardib®, species. The most used methods
are directly decomposition method and impregnatmoethod. This method involves
thermodecomposition of a molecular precursor, aniumorietrathiomolybdate, (NHJbMoS,;.
This method was firstly proposed by Bertzenlius2[l4The transition metal promoter was
co-precipitated with (Ng.MoS,, with the form of an organic salt, such as NHED), or
Co(CH0O),. The alkali metal promoters are added after theoiposition. Woo et al [143]
reported that on K promoted Mg$atalysts, the alcohol selectivity was as high7 %o
(where CQ was not consisted) with a CO conversion of 13%J at 300C, P = 50 bar,

H,/CO = 1.7. They also considered the different itess promoters, pCO; and KS
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promoters showed higher alcohol selectivity whilighwKCl and K;SO, promoters the main
products were hydrocarbon. Woo et al [143] alsalisth K;CO;/M0S, catalysts (molecular
ratio of K/IMo = 2/3) and found that after puttingetdecomposed sample in open air for a
week to let the catalyst oxidized, the catalystabee more active and more selective e, C
hydrocarbon. The change of selectivity on oxidikef£O;/M0S, was due to the enhanced
dissociative adsorption of hydrogen [144].

Li et al [145] reported the performance of highéohol (G, alcohol) synthesis on
K,COy/Mo0S, (molecular ratio of K/Mo = 0.7) catalysts syntteesl through
thermodecomposition method, at T = 33pP = 100 bar JCO = 2, the space-time yield of
alcohol reached 0.3 g/(ml.h). However, adding samc&el to form a bi-promoted catalyst
(molecular ratio of Ni/Mo = 1/3), the same spacediyield of alcohol could be attaint at a
lower temperature, T = 320, but the CO conversion increased on Ni/K/Ma3talyst.
Thermodecomposition method can only be used tdegize unsupported catalysts.

The supported MoShased catalysts are usually prepared using theegnption method.
This method starts from preparation of the solutibrprecursors that usually is the salt of
active metals. For MgScatalyst, the precursor is ammonium tetrahydramaptybdate
(AMT, (NH4)sM070,4.4H,0), which could be thermally decomposed to molylaeroxide

(MOO3).

(NH4)sM070,4(s) === 7MoQ(s) + 6NH(g) + 3HO(9)

Then the solution is contacted with a dry poroyspsut (alumina, silica, titania, carbon).
After being contacted, the solution is aspired Iy tapillary forces inside the pores of the
support. The incipient wetness occurs when all pofethe support are filled with the liquid.
But only initial impregnation is insufficient becsei internal force between support and
precursor solution is intermolecular force and/gdregen bond [146], which are relatively
weak interaction forces. Thereby drying and calbomais necessary to allow the distribution
of the active phase over the support body.

As the thermodecomposition method, promoters cbeldntroduced in MoScatalysts

with different ways. Transition metal promoters lath, nickel and so on) are always
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co-impregnated with molybdenum because the interadtetween Mo and transition metal
promoter is important for improving the catalytierfprmance [126]. The precursors are
nitrate salts. Alkali metal promoter could be dilg@mpregnated together with AMT solution
(also called co-impregnation). Alternatively, thetgssium promoters can also be added to
catalyst with the form of carbonate powers after thying of AMT impregnated catalysts
(called physical mixing). Ferrari et al [147] foutitht the addition of potassium by physical
mixing leads to better performance owing to motariate interaction between potassium and
MoS,. This results in better catalyst stability. Byngsicarbonate as the precursor of alkali
metal, the CO conversion and alcohol selectivityengoth higher than that on catalyst with
K,SQO, as promoter, because sulphate salt of alkalnsutral salt while their carbonate salt is
basic [143,147].

To transform molybdenum oxide to molybdenum sulphgblid—gas sulphidation of the
corresponding oxides is probably the most studietinique. A bunch of work has been done
on it since the procedures of sulphidation of sugab oxides by mixtures of hydrogen
sulphide and hydrogen are routinely used to aditgitirotreatment catalysts. Afanasiev [148]
et showed that formation of sulphide from the oxidquires reduction, since Mospecies

should be transformed to the Mmnes.
MoO; + 2H,S + H, = M0o$; + 3H,0
Note that molybdenum oxide species can be alstigldd by pure hydrogen sulphide or
its mixtures with inert gas. In this case, hydrogefphide works at once as a sulphiding
reducing agent, being necessarily decomposed &sgimne elementary sulphur:

MoOs + 3H,S = Mo$S + 3H,0 + 1/8%

Finally, even the vapour of elemental sulphur affigantly high temperature can

transform the oxide to MgS

52

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



Thése de Chang Liu, Lille 1, 2015

Chapter lintroduction and objectives

2MoG; + 7/8§ — 2M0S + 3SQ
Since the sulphidation with pure$ican form sulphur that may cover and deactivae th
catalyst surface, diluted ;B (often 10 vol.% kB) seems to be more suitable for the

sulphidation.

VIl Objectives

Development of novel routes for the efficient iatition of non-petroleum resources
including biomass and coal to produce chemicals atrdclean liquid fuels has attracted
much attention because of environmental concerdslapletion of petroleum resources.

The present thesis focuses on the design of natalysts for the transformation of
biomass- or coal-derived syngas into light olefi@s-C, olefins) which are an important
feedstock for the chemical and petrochemical imgugfFigure 1-24. Conventional
Fischer-Tropsch catalysts are not stable in thegmee of even small amounts of sulphur.
Noble metal such as rhodium and palladium can led @s sulphur resistance catalysts, but
their high price and rarity hinder their use on théustry Hence, another kind of sulphur
resistance catalyst, transition metal sulphidepe@ally molybdenum sulphides, can be
considered as sulphur tolerance catalysts.

MoS, have demonstrated interesting catalytic properfms methane and alcohol
synthesis through CO hydrogenation. Very few infation about olefin synthesis on MoS
catalysts is available in the literature. The ppat goal of this work was evaluate the
potential of the promoted molybdenum sulphide gatab produce light olefins from sulphur
containing syngas. The catalysts were supporteglonni and carbon materials. The specific
goals of this thesis are summarized below:

1. To evaluate the deactivation of cobalt basedlygsts caused by 43 in syngas feed of

a low concentration.
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2. To study catalytic performance varied with tlaune and fraction of alkali promoter
as well as different supports on Mds#ased catalysts.

3. To investigate the effect of reaction conditi¢i@snperature, pressure and gas velocity)
to the light olefin productivity on MoShased catalysts.
This research work was performed in 2012-2015 at“thnité de catalyse et de chimie du
solide” (UCCS), University of Lille 1, Francas a part the French-Chinese ANR-NSFC

OLSYNCAT project in collaboration with Universityf Xiamen.

® - \»& %/ ' Light olefins

CO +H, +H,S
Figure 1-24: Transformation of biomass- or coahgt syngas into light olefins
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| Introduction

This chapter addresses catalyst preparation, deaization techniques and catalytic
tests for evaluation of catalysis behavior. Thelgats in this work were prepared either using
an incipient wetness impregnation or mechanicaingiximpregnation is the most often used
method for supported catalysts [1]. Since thidrigpée method for experiment. The incipient
impregnation method starts from preparation ofgbleition of precursors that usually is the
salt of active metals. Then the solution is mixed dry porous support. After being contacted,
the solution is aspired by the capillary forcesdasthe pores of the support. The incipient
wetness occurs when all pores of the support ded fivith the liquid. But only initial
impregnation is insufficient because internal fobetween support and precursor solution is
intermolecular force and/or hydrogen bond [2], whare relatively weak interaction forces.
Thereby drying and calcination is necessary toaatle distribution of the active phase over
the support. The calcination is also necessary doompose precursors, decomposition
mechanism for different catalysts are different,icthwill be presented in following
paragraphs. Mechanical mixing was used in thisishesporomoted the catalysts with alkaline
promoters

Catalyst characterization is important to providealgative as well as quantitative
information about both physical and chemical propsrof catalysts. The characterization of
fresh prepared catalysts can show the structure disgersion of catalysts; the
characterization of activated catalysts will prés#re various species on catalysts and
compared with results of catalytic tests, active $r FT synthesis may be identified; the
characterization of spent catalysts can imply tealvior of active site in FT reaction with the

comparison to fresh catalysts.

The catalytic tests were conducted under indubtri@levant conditions under high
pressure of syngas in the presence of small amadiigS in the gas feed typical for syngas

generated from biomass.
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Il Catalyst preparation

[I-1 Cobalt based catalysts

Nitrates (Co(NQ)..6H,O and Pt(NH)4(NOs),, Sigma-Aldrich) were used as precursors
for respectively cobalt and platinum/cobalt catelysThe nitrates have an excellent
dissolvability in water and can be thermally decosed [3]. Aqueous solutions of precursors
were prepared firstly, volume of the solution deggeron the water-recovery volume on
alumina support, which was decided through thealimethod [4]. The alumina employed in
this work, which was produced by Puralox (Pural®@C#&-5/17), the water-recovery volume
is measured as 0.6 m{er.g'la.umina The quantity of precursors depends on the cowtfesttive
metal (cobalt) and/or promoter (platinum) in casédyto be synthesized, for example to
synthesize 10g of 25%Co/A); one needs 12.2g Co(NR6H,O. After preparation of the
aqueous solution of precursor, the solution drippey slowly on the support. Stirring was
maintained during impregnation (Figure 2-1). Thexpiegnated support was dried in an oven
at 60°C for 12 hours. Finally, the Coi8k catalysts and PtCo/AD; catalysts were calcined
at 450°C, a heating rate of 3°C/min, for six howansd in a controlled air atmosphere (flow
rate of 200 ml.mifl). At this temperature the Co(NJ@ can be thermally decomposed to
cobalt oxide, C¢D, and the Pt(NEK)4(NOs), precursor can be thermally decomposed to

platinum dioxide, Pt

Co(NOy),(s) === 1/3Cg04(s)+ 2NQ(g) + 1/3Q(9)
Pt(NHs)4(NO3),(s) === PtQ(s)+ 4NH;(g) + 2NQ(9)

High calcination temperature is helpful to decongpti®e precursor but it is unfavorable
for the reducibility of cobalt based catalysts,duexe at higher temperature, the Co-aluminate
which is inactive in FT synthesis can form [5]. Thihese oxides were reduced to active
metal in-situ in reactor by hydrogen. Four catalystere prepared with different cobalt
contents: 3%Co, 6%Co, 9%Co, and 25%. 25% of cabalbnsidered to be the maximum of

cobalt loading which allow obtaining highly dispeds cobalt species on the surface of
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alumina support [5]. The quantity of platinum idtguow, only 0.1%, because platinum is an
expensive noble metal [6]. The use of platinum, iogprove cobalt reduction, presumably by
hydrogen spillover from the promoter surface. Thagklition of small amounts of noble metal
shifts the reduction temperature of cobalt oxided aobalt species interacting with the

support to lower temperatures [7].

Motor

Brut for
dropping solution

Flabellum

Figure 2-1 Stirring machine for catalyst synthesis

The 25%Co/alumina catalyst was prepared by two essige impregnations, and for
every impregnation a half of total quantity of presor is employed. When preparing
25%Co/alumina catalysts, we firstly prepared 12.8%atimina, then another impregnation
with same quantity of Co(Ng§) precursor should be realized on that calcined
12.5%Co/alumina, then after another drying andigation 25%Co/alumina was synthesized.
In our work, 25%Co/AI0; and 0.1%Pt25%Co/AD; were synthesized through this “double”

impregnation method.
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[I-2 Molybdenum disulphide based catalysts

For MoS based catalysts, the precursor was ammonium malgbdAMT,
(NH4)eM0-0,4.4H,0, Sigma-Aldrich), which could be thermally decorsed to molybdenum
oxide (MoQ). The support is the AD; previously used (in part II-1) with the water
recovering volume of 0.6 r;x;gte,.g'lmumma The solvability of AMT is less than that of niiea
salts so that to prepare the catalyst containingerttan 10%Mo, a two-times impregnation is
necessary. Some alkali metals like sodium, potassind cesium were also introduced in
molybdenum disulphide catalysts as promoters, psecuof them were carbonates salt:
N&CO; (Sigma-Aldrich), KCO; (Prolabo) and GE€O; (Sigma-Aldrich). In order to
investigate the effect of promoter precursors Kdvio catalysts, KSO, (Sigma-Aldrich) and
KOH (Prolabo) were also used as the precursor @ssaum promoter.

Potassium promoter has been directly impregnatgettier with AMT solution (called
co-impregnation), and in another way, it can alsoadded into catalyst by milling with
carbonate powers and dried AMT impregnated catlgstiledmechanical mixing We have
condcuted catalyst synthesis through these twcerdifit methods in order to compare
catalytic properties. As cobalt based catalystslybaenum sulphide based catalysts with
more than 10%Mo were synthesized with the stirmaghine on the impregnation step.

Finally, the Mo$ based catalysts (promoter already added) werénedl@at 550°C, a
heating rate of 1°C/min, for two hours, and infiw (flow rate of 100 ml.mif). 550°C is
sufficient for the decomposition of precursor (NgMo-,O,,4, and a relatively low heating rate
can make the calcinations more effecient [8]. A@aicination, Mo in the molybdenum based
catalysts exists as molybdenum oxide MoOhe detail information for synthesis of

molybdenum is showed in Table 2-1.

(NH4)sM07024(s) === 7MoQ(s) + 6NH(g) + 3HO(Q)

In order to modify the catalytic performance, diffiet kinds of supports were employed,
such as carbon nano-tube (CNT). CNT needs to beettevith 63% nitric acid before catalyst

synthesis to eliminate impurities. Differently fratumina, CNT supported catalysts must be
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calcined in inert atmosphere {flow rate of 100 ml.mii), because CNT can be oxidized in
air during calcination. However, the other detaifl$he synthesis procedure were exactly the

same as alumina supported catalysts.

Table 2-1 List of synthesized MpBased catalysts

Catalysts Promoter: Mo Support Symbol Impregnation
(wight%o) (mol/mol)
2%K6%Mo 0.8 2K6M Hand stirring;
6%K6%Mo(co-im)* 2.5 6K6M(co-im) Signal
6%K6%Mo(me-mi)* 25 6K6M(me-mi) | impregnation
15%Mo 0 15M
3%K15%Mo 0.5 3K15M
6K%15%Mo 1 6K15M
12K%15%Mo 2 12K15M
15K%15%Mo** 25 Alumina 15K15M
18K%15%Mo 3 18K15M
24K%15%Mo 4 24K15M
6%0K20%Mo 0.7 6K20M Machine
9Na%15%Mo 2.5 9Nal5M stirring;
52%Cs15%Mo 25 52Cs15M double
15K%15%Mo(S)** 25 15K15M(S) impregnation
15K%15%Mo(H)** 25 15K15M(H)
15%Mo 0 15M_CNT
1.5%K15%Mo 0.25 1.5K15M_CNT
3%K15%Mo 0.5 Carbon 3K15M_CNT
6%K15%Mo 1 nano-tube 6K15M_CNT
9%K15%Mo 15 9K15M_CNT
15%K15%Mo 25 15K15M_CNT

* Different synthesis methods (co-im: co-impregoatime-mi: mechanical mixing)
** Different precursor: KCO; for 15K%15%Mo; kSO, for 15K%15%Mo(S); KOH for
15K%15%Mo(H)

1l Characterizations
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In this work various different characterizationtrologies were employed, in order to
provide insights into the physical and chemicalpgrties of catalysts. Characterization can
help us to study fundamentally the influence ofaby@t composition on the catalytic
performance. Characterization of the fresh andtspaalysts may point out the active site of
catalysts as well as possible catalyst deactivatibnwide range of characterization

technologies were involved:

- Textural characteristics: to determine surfaceaaand pore size of support material and
catalysts.

- X-Ray Diffraction (XRD): to analyze crystallizedompounds on catalysts, possibly to
calculate the particle size of the particles.

- X-ray Photoelectron Spectroscopy (XPS): to quativiely determine elements on catalyst
surface, it is possible to analyze atoms of difierexidation state, moreover, atoms
neighboured with different functional group maydigo spared.

- Laser Raman spectroscopy (LRS): usually is a ¢eme@nt of XRD, this is a qualitative
technique, not quantitative.

- Hy-Temperature programmed reduction-HPR): to study the reducibility of active phase
on catalysts, and also to quantitatively analy¢aint phases through reduction temperature.
- COxTemperature programmed desorption §d®D): to characterize the basicity of
catalysts

- Transmission Electron Microscope (TEM): to obgewbjects with the order of a few

angstroms. TEM is used to observe the internatstra of catalysts, especially nanopatrticles.

[1I-1 Textural characteristics

The BET surface area, pore volume, pore diametdr mome size distribution of the
catalysts were determined by, hysisorption at 77 K using a Micromeritics ASAP1D
apparatus. Prior to the experiments, the samples agtgassed at 423 K for 5 h. The total
pore volume was calculated from the amount of vagutsorbed at a relative pressure (P/P
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close to unity assuming that the pores are fillétth the condensate in liquid state, where P
and R are the measured and equilibrium pressures, reegplgc The pore size distribution
curves were calculated from the desorption branofi¢ise isotherms using BJH formula [9]

that refers to capillary condensation in the mesego

[11-2 X-ray diffraction

The ex situ X-Ray Diffraction patterns were recatdby a Siemens D5000
diffracto-meter using Cu &radiation. The catalysts were scanned frénof25° to 70° with a
scanning rate of 0.02°.5In order to determine the average crystallitessizethe catalysts,

we use the half-width of the intense peak of tiffgatition pattern and the Scherrer equation:

L CA
"~ PBcosd

where C is a constant (here ¢ = 0.89)s the X-ray wavelength (hebdeis 0.154 nm)p
is the full-width half-maximum (FWHM) of the inteagpeak of the diffraction patterf,is
the Bragg angle, L is the volume-averaged sizé@fctystallites. Bot3 and® must be taken
on rad as unit in this formula. The results of XR2re analyzed withJADE software
(version 5.0) andath software (version 2.0). The FWHM was measuredARE software,

while the identification of peaks was realized bg both software.

[11-3 X-ray photoelectron spectroscopy

XPS spectra were recorded with a VG ESCALAB 220sgkectrometer equipped with a
monochromatic Al & (E = 1486.6 eV) X-ray source. The binding energ®s) of Mo3d,
Co2p, Cls, S2p, K2p, Nals and Cs3d were deternfipembmputer fitting of the measured
spectra and referred to the Al2p peak of the suiof4.6 eV, usin@asa XPSoftware. The

binding energies were estimated to within £0.2 Bdth fresh and spent catalysts have been
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characterized by XPS, the spent catalysts and,NMaSed catalysts after sulphidation have

been passivated in a flux of 1% @ argon at room temperature before XPS.

[11-4 Laser Raman spectroscopy

The laser Raman spectrometry is constituted by Hi-ohannel Raman spectrometer
(Dilor XY800) with a Krypton ion laser (Spectra Bigs model Beamlok) which allows
wavelength ranging from the ultraviolet to the nagdrared fields. The powdered catalysts
were put on a thin glass holder and pressed. ®ez l@avelength is 532 nm and a filter with
diameter of 0.6 is employed. The spectrometer stmsf three floors of 800 mm focal length
equipped with a holographic grating plan 1800 lihesn. The dispersed by the spectrometer
radiation is received by the CCD (Charge Coupledi€®d detector cooled with liquid

nitrogen. Thd.abSpecsoftware allows acquisition and data processing.

[11-5 H , Temperature programmed reduction

The H-temperature-programmed reduction was carried autAutoChem 1l 2920
(Micromeritics) with 5vol% H diluted in argon stream. The total flow rate ist®0min™. The
temperature ramping rate was 10 K/min. The tempegatvas increased from room
temperature to 100Q. This method is used to decide the reducibilifycobalt based

catalysts. The reduction of cobalt oxide occurthasfollowing reaction.

C0;0,4 + 4H, === 3Co + 4HO

Through the quantity of consumed hydrogen we cacutzde how much cobalt oxide
was reduced during the TPR test, so the percewofagelucible active metal (Co in this case)
among total active metal could be decided. Rednctlegree of active phase means the
percentage of reducible active metal (M&al g/g), it is calculated by the following

equation:

70

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



Thése de Chang Liu, Lille 1, 2015

Chapter ZExperimental

MetalR% = XM

Mc,ta Metal%

Where x is the stoichiometric factor (cobalt x %), ny, is the molecular quantity of
consumed hydrogen (mol), which is decided by inmtgiion of reduction peak in TPR
profiles. M is the molecular mass of active mefat ¢obalt M = 58.9 g.mdl, for nickel M =
58.7 g.mal), m. is the total mass of catalyst that is used in TR (g), Metal% is the

percentage of active metal in catalyst.

[11-6 CO ,-Temperature programmed desorption

The Temperature Programmed Desorption of carboxidiiovas carried out in a quartz
reactor connected with a mass spectrometer. Thpet@ture programme was realized with
AutoChem Il 2920 Micromeritics. The samples wemstfipre-treated in a flow of helium
(40 cni/min) at 400°C for 1h, in order to dry the sammed then the temperature was
lowered to 30°C. C@was adsorbed on the sulphided samples using & pethnique
(0.49 cni of CQ,) at 30°C. The C@desorption was measured during continuous temyrerat
increase (10°C.miH) up to 800 °C.

However, it should be noticed that the catalystsewwe-treated at 400°C, the same as
the sulphidation temperature. Hence desorbed @Oover 400°C may be due to the
adsorption before analyst. In this case the quiv# characterization of this zone (over
400°C) is not exact. So we just calculate the qtyaot desorbed C@between 30 and 400°C,

with integration byOrigin software.

[11-7 Transmission Electron Microscope

Transmission electron microscopy operates on theeshbasic principles as the light
microscope but uses an electron beam of very lowelgeagth (less than 1 angstrom) as

source. It is possible for TEM to get an image véthesolution of 1000 times. The electron
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beam travels through the sample that was put irvéliceum [10]. Some electrons should be
scattered and disappear from the beam when thétydehsnaterial is high. At the bottom of
the microscope the non-scattered electron hit ardkcent screen and a shadow image
presents with different parts of the sample dispdbiyn varied darkness [10]. The dense areas
and areas containing heavy elements (elementsgbf molecular mass) appear dark due to
more electrons that are scattered in sample. $hualied the bright field image [10].

TEM measurements were performed using a TECNAIlesmwpe (Figure 2-2) operating
at a voltage of 200 kV. The sample powder was sitnécally dispersed in ethanol and
deposited on a copper grid prior to the measuresndmtTEM measurement, each catalyst
was imaged with different resolution to obtain aoty the entire morphology of catalysts, but
the image of particles of active phases as welages were taken at different parts in the

observed field of microscopy.

Figure 2-2 TECNAI microscope

IV Catalytic measurements
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V-1 Set-up for catalytic test

A catalytic unit dedicated to Fisher-Tropsch systhén presence of 43 was designed

and built in this thesis (Figure 2-3).

Figure 2-3 Design of unit for FT synthesis (1 ValeFilter; 3 Flow controller; 4 Check
valve ; 5 Six-way valve; 6 Three way valves; 7 Prbpnal relief valve; 9 Milli-reactor (with
oven, thermocouple) ; 10 Pressure regulator; 11d&aser (red part is heating system for
condenser) )

The fixed bed tubular reactor with a small inneandéter (1.4 mm) was used. As
Fischer-Tropsch synthesis is a highly exotherméctien, the principal advantage of the milli
meter fixed bed reactor is a strong radial heatsfex ability, because of its small reactor
diameter and high surface to volume ratio, So #talgst temperature can be better controlled
[11]. As H,S was used in our reaction, all tubes and modtetomponent parts in this unit
were treated sulphunert BJESTEKcompany, so as to protect the system against sulphu
corrosion and/or sulphur adsorption. The flow ratese controlled by electronic valve, and a
thermocouple was installed inside the reactor andantact with the catalyst allowing
accurate control of the temperature (Figure 2-d)that the reaction temperature could be
controlled very exactly.

Before the catalysts are loaded in the reactoy, Were sieved in the size range ofjith

to 10Qum. The weight of Mogbased catalysts loaded in the reactor is exa®lynt, in this
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case the catalyst always occupies the length of2-8 the fixed bed reactor.

Thermocouple

Oven

Catalyst ¢

Reactor

Figure 2-4 Structure of fixed bed reactor

The reactor hydrodynamics depends on the bed |4@g8ih The bed length must fit to

attain the plug flow regime inside reactor. A siifigdl relation is presented as formula:

L/ d, > 50 andd, /d, > 10

where 1, is the catalytic bed length,, d@s the particles size of catalyst andisl the
diameter of milli form reactor. If ratio betweendokength and particular size is more than 50
and ratio between reactor diameter and particida is more than 10, the fixed bed could
attain the plug flow regime. In our case, the gaiabed length is between 2 cm to 6 cm, and
diameter of reactor is 1.4 mm, and the particle &z catalysts we used is always between 50
— 150um, so Ly/d, is always higher than200 anddd > 9-10.

For all tests, the nitrogen, methane and carborowida gases were analyzed on-line by
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gas chromatography (Bruck GC-456) with a TCD (therwonductivity detector), see in

Figure 2-5(1). Other gaseous organic products (paraffirefird and alcohols) were detected

by a flame ionic detector (FID) of the same gasowctatograph Kigure 2-5(2)). Sulphide

products (HS, carbon oxide sulphide (COS), methanethiol {&H), ethanethiol (&1sSH),

and dimethyl sulphide (GY3CH;)) were analyzed on-line by another gas chromapigyra

(Bruck GC-450) with a pulsed flame photometric daie (PFPD). The parameters of GC

condition are listedn Table 2-2. For TCD detector, only carrier gaslihm or argon) is

supplied as make-up gas and reference gas, btlafoe detector, FID and PFPD, hydrogen

and air are also needed for combustion.
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Figure 2-5: Images for chromatograph (1) TCD, (&) F
Table 2-2: GC Parameter
GC Type GC-450 GC-456
Detector PFPD TCD FID
L Split Split
Injection method ) - )
ratio=1:5 ratio=1:20
Carrier gas Helium Helium Helium
Injection heating 100°C 120°C 120°C
Column pressure 10 psi 10 psi 10 psi
35°Cto
Column temperature 35°C 35°C
200°C
Regeneration 250°C 250°C 250°C
Detector Temperature 250°C 200 °C 250°C
Flow H> 13 - 30
rate* Air 17 - 300
(ml/min) | He/Ar/Air 10(Air) 20+30 28

*Here are the flow supplied for detectors, for T@2re are make-up gas (20 ml/min) and reference
gas(30 ml/min)

The CO conversion is based from the molar flowgateCO into and out of the reactor

according to below equation:

Fes"
in
co

CO conversion = (1 — ) X 100%
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where Eqo" is the CO molar flow into the reactor andoE'is the CO molar flow in the
reactor outlet. The selectivity of each produdiased on the total number of carbon atoms in

the product, CQfree selectivity, and therefore is defining as bleéw equation:

out
nx Fproduct

Product selectivity = X 100%

in ; out
Fco X CO conversion — Feg.

out ;

where Foaut 1S the product molar flow out the reactor, theduct can be methane, alcohol
or hydrocarbon, and n is the number of carbon atomte molecular product. The carbon

balance was always better than 90%

V-2 Catalytic test procedure

Cobalt based catalysts were reduced in hydrogen (fioml/min) at 350°C for 16 hours.
Then, the reactor was cooled down at lower tempezdfl50°C),. After purging with Helium
flow (5 ml/min) for 30 minutes, the syngas with alar ratio of H/CO = 2 is introduced
firstly in by-pass, then it is gradually introducdlough the fixed bed reactor. The gas bottle
of CO contains 5% of nitrogen that was used asmterrial standard for calculating carbon
monoxide conversion. The pressure was gradualgedato 20 bar with an electronic back
pressure regulator supplied by Bronkhorst. Thea, tdmperature was increased to 220°C
with a slow ramp (1°C/min). The procedure for tegtcobalt catalysts is shown in Figure 2-6.
The catalytic tests with the presence of hydrogeulphide were also realized, for these tests,
the reduction step and the cooling step are thes sasnthe test without 8. A bottle of
hydrogen which contains 20 ppmy$iwas employed. So in syngas the concentration,®f H

is about 13.3 ppmv as the ratio of td CO is two.
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Reaction

© 20 bar
©220°C (1°C/min)

Cooling

* By He 30min
¢ Then by syngas

through by-pas
e Introduce H,S

¢ H,5 ml/min
*350°C (3°C/min)
e 1 bar

¢ 16 hours

einH,
e Until /150°C
e 1 bar

Reduction Purging

Figure 2-6 Procedure of catalyst testing for cobatted catalysts

These molybdenum based catalysts need to be satpludfore test, in our work the
sulphidation was conducted ex-situ. The calcinedddsed catalyst was introducedhiglass
reactor,and then a total flow rate of 100 ml.rifinf hydrogen and hydrogen disulphide (10%
of H,S in H,) was directed to the reactor. The sulphidation vesdized at 400°C with a
heating rate of 3°C.mihto avoid Mo$ sublimation which occurs at 450°C. After the
sulphidation the catalysts were collected and ket sealed plastic ampoule. Molybdenum
disulphide is stable in air at ambient temperatumé the oxidation does not occur until 316°C,
however, since temperature reaches 150°C,,Ma8 be slowly oxidized in air [13]. After the
sulphidation molybdenum based catalysts were inted into the fixed bed reactor. The
system is purged firstly through reactor by heliamd then by syngas. The procedure of
catalytic test is presented in Figure 2-7. Molyhdardisulphide catalysts have been tested at

different temperatures. The reaction temperatuiearaast 300°C.

Purging

©10%H,S/H, 50 ml/min 20 bar .
©400°C (3°C/min) «By He 30min .It:(r:;?es"rzttl?r:ettmg

o1 bar *Then by syngas
through by-passe

eIntroduce H,S

(3°C/min to 150°C
then 1°C/min)

Reaction

Sulphidation

Figure 2-7 Procedure of catalyst testing for Mb&sed catalysts
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V-3 Catalysts test conditions

GHSV (Gas hourly space velocity, [*lg" or ml.H".g") is one of the most important key
factors for catalysis reactions. It depends onl wdaeous flow rate and total catalyst weight

feed in the reactor].
GHSV = 60.F/Mcqa

where E is total flow rate for FT synthesis (L.miror ml.min%), so the factor “60” was used

for the conversion of unit, g, is the weight of used catalyst in catalytic tegt (

GHSV affects significantly CO conversion in cataytests. There is no doubt that CO
conversion fall down with increasing of GHSV [13n appropriate GHSV is necessary.
Through our research, for Co based catalysts GH8\ld be 14 L.H.g", and for Mo$
based catalysts GHSV should be 2.1.git. However, GHSV was varied in catalytic tests of
MoS; based catalysts in order to determine the effeGiHSV on catalytic performance.

The temperature for Co catalysts is always°C2[16]. For Mo$ based catalysts we
tried different temperatures and finally chose 3B(detail discussion is presented in next
chapters). The reaction pressure in our work iatiraly low, because lower pressure is
favorable for light olefin selectivity [17,18]. Fa@&ll catalysts the 20 bar pressure was used,
and for Mo$ based catalysts even lower pressure was alsovenyab investigate the effect

of pressure on catalytic performance.

V Conclusion

This chapter describes the method for preparatidd s supported Co based catalysts
as well as supported Mg®ased catalysts. To investigate the differentlgidagperformance
of various catalysts, characterization should laéized on fresh, activated and spent catalysts.
The characterization techniques and their expeitahg@notocols are described in this chapter.
The catalysts were tested in micro fixed bed regaconventional FT catalysts (Co) and

sulphur tolerance catalysts (M9Sare investigated respectively. In the next chapteS
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effect on Co based catalysts will be evaluated.
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| Introduction

The syngas coming from gasification of biomass aioist several impurities. One of the
most important impurities is sulphur that couldabpoison for the conventional FT catalysts
[1]. In previous literatures, the presence gSHn syngas feed could inhibit the catalytic
activity [2,3,4] and affect the product selectivih5]. There is a general consensus in the
literature that sulphur containing compounds shdagddremoved from biosyngas for stable
operation of Fischer-Tropsch synthesis [6]. Howgetles detailed effect of 43 in syngas on
FT synthesis catalysts and the mechanism. & fdr poisoning active catalyst remains still a
challenge.

The conventional alumina supported catalysts [#ewesed in this thesis to investigate
the HS effect in syngas on the catalyst structure amtbpeance in FT synthesis. CoAgl;
catalysts with different Co content have been ssitted and tested for FT synthesis. Pt was
used as a promoter to Cof@k catalysts to study the,8 effect on noble metal promoted
Co/Al,Oscatalysts. The list of the synthesized catalystergin Table 3-1. The catalysts were
characterized by BET, XRD, XPS and-HPR. XRD and XPS were measured on both fresh
prepared and spent Co based catalysts. The catptiormance was evaluated in a fixed
bed reactor with or without presence of hydrogesulghide in syngas feeding. The reaction
conditions for catalytic test were [8]: T=220) P=20 bar, HICO = 2 and a high GHSV of

14000 ml.g".h*. These are usual conditions of low temperatursyfEhesis.

Table 3-1 list of Co/AlO; catalysts and their symbol

Metals loading (wt. %) Symbol
3%Co 3Co
6%Co 6Co
9%Co 9Co
25%Co 25Co

0.1%Pt and 25%Co Pt25Co

Our work in this chapter will focus on:

- Stability evaluation of conventional cobalt cg&db in the presence og8in syngas.
87
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- Sulphur effect on products selectivity of Co tath
- Analysis of catalysts after catalytic tests, rdey to investigate the interaction between

sulphur and Co active site.

Il Characterization of fresh cobalt based catalysts

[1-1 Textural Characteristics

BET surface area, BJH pore volume and pore dianwteyupported cobalt catalysts
(after calcination) ang-alumina support are listed in Table 3-2. Theselteshow that the
BET surface area, pore volume and diameter foofatlatalysts were lower than that of the
alumina support. The effect can be due to porekisigcof alumina support with cobalt
oxide and effect of alumina “dilution” with cobaltndeed, the BET surface area is
decreasing with increase in cobalt loading, théaserarea of 25%Co/AD; (111 nf.g")is
much smaller than that of 3%Co8; (170 nf.g"). Meanwhile, pore volume and pore
diameter for alumina support, &; supported cobalt catalysts show the similar trends
which also suggest the pore blockage should beedabg cobalt loading. These results

agree with previous research [6,8].

Table 3-2: BET surface area and pore size on adaiobalt/AJO; catalysts

BET surface _
Samples area Pore \;olume Pore diameter
2 (cm/g) (nm)
(m’/g)
y-Alumina 186 0.51 8,9
3Co 170 0.45 8.1
6Co 157 0.43 7.9
9Co 147 0.40 7.6
25Co 111 0.25 7.3
Pt25Co 112 0.23 7.3
88
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Interestingly, Pt promoter seems to have no sicgnifi effect on the BET results. This
result is different from previous literatures [9,]|1@here high Pt loading is used.
Jermwongratanachai et al [9] observed a slightedese in BET surface area after promotion
with platinum. They explained that the increaseB&T surface area could be due to the
presence of Pt, Co oxides with a smaller size i@reed, and these small particles blocked
pores on surface of AD; support to a lesser extent than larger crystallitowever, only 0.1
wt.% Pt was added as promoter in our CglAkatalysts, so the effect of Pt on surface area

as well as pore size appears to be rather insogmnifi

[I-2 XRD

Supported Co catalysts were characterized by XRdlyais. Figure 3-1 shows the XRD
patterns of cobalt catalysts with different cobalhding. After calcination, cobalt nitrate
precursor is decomposed to {0g, the cobalt species were mainly :Op phase (JCPDF
65-3103, B = 19.42°, 31.21°, 36.57°, 59,36°, 65.36°). Tharaha diffraction peaks could be
also seen (JCPDF 50-07419 231.86°, 37.53°, 39.28°, 45.67°, 66.p0For the catalysts
3%Co/ALO; and 6%Co/AIO;, the peak of cobalt oxide at 31.21°, 65.36° andlomina at
31.86° 66.60° could not be well separated because olothecobalt loading so cobalt oxide

peak intensity is weak while the alumina peak isitgris relatively high.
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Figure 3-1: XRD pattern on Co/&D; catalysts with different Co content and Pt prordote
Co/Al,O; catalyst ¢Co;0, BAIO5)

The CqO;, crystallite diameter was calculated by the Schezgration (mentioned in
chapter two). The peak chosen to calculate theathys diameter of cobalt oxide is the one
at 36.57°, this peak does not coincide with anyeotheaks on supported cobalt based
catalysts, so that measurement of FWHM (full-widétf-maximum) can be reliable.

Dispersion can describe the distribution of actedalt site on catalyst surface. It is
known that for cobalt based catalysts, in FT praceda high dispersion is favourable for the
catalytic activity [11,12]. Dispersion is strongtglated to the crystal diameter of active
particles [13]:

96

CoV®

where I, is the crystal diameter of &d\ote that the ex-situ XRD of calcined catalysteg

Dispersion = %

only crystallite diameter of cobalt oxide. Therfada which takes into account the molar
volumes of CgO, and Co [14], was used to calculate the diametathefmetallic cobalt

particles from the diameter of cobalt oxide crygesd

DCOO - 75(:%)])(:0304
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The dispersion of metallic cobalt in cobalt basathlysts is shown in Table 3-3. The
particle diameter evaluated from XRD patterns isoalisted in the same table. Cobalt
crystallite diameter increases with increase ofattobontent loaded on catalysts. Smaller
particle diameter leads to better dispersion ofattofpecies, but larger cobalt particles can
more easier reduced that smaller ones. [15]. Thuik bobalt dispersion and reducibility

contribute to the catalytic activity.

Table 3-3: Particle diameter and‘@lbspersion on cobalt based catalysts

Catalyst Dcosos Dl Dispersion of Cb
3Co 5.6 nm 4.2 nm 22.9%
6Co 8.0 nm 6.0 nm 16.0%
9Co 10.5 nm 7.9 nm 12.2%
25Co 12.5 nm 9.4 nm 10.2%

Pt25Co 12.4 nm 9.3 nm 10.3%

Table 3-3 also represents the cobalt dispersiotherplatinum promoted catalyst. We
can observe that the particle diameter of cobaltenxs similar for non-promoted and
promoted catalysts. This result is consisting vpitavious literature [9,16,17]. For example,
Jermwongratanachai et al [9] reported on 25wt.%CGQA catalyst with addition of
0.5wt.%Pt, the Cbparticle diameter (from XRD pattern at the peald®) was the same as

non-promoted 25wt.%Co/AD; catalyst.

[1-3 H,-TPR

The H-TPR profiles for cobalt based alumina supportedlgsts are shown in Figure
3-2. On 9% cobalt loading catalyst, a strong TP&kpe detected at 375°C. With high cobalt
loading catalyst (25%Co) the profile presents ailaimpeak at 375°C but the intensity is
much higher. Then the peak at 375°C is attributethé reduction of G@,in cobalt based
catalysts. Heated with hydrogen, cobalt oxides(@pis reduced to cobalt monoxide (CoO)
then is finally reduced to metallic cobalt @¢18]. However, the two reduction steps of
cobalt oxide may not always be observed as two weflarated peaks in,fIPR [18].
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Moreover, on 25Co catalysts, there is a small @aR35°C. This peak is assigned to the

reduction of residual nitrate species that havebeen decomposed during calcination [19].

At higher temperature (between 450°C to 800°C)réukiction peak is attributed to the
reduction of cobalt aluminate [20], which is duetk® interaction of cobalt and alumina
support that is more difficult to reduce than colaide [21]. Therefore, the formation of Co
aluminate could inhibit the catalytic activity ablmalt based catalysts. To avoid the formation
of Co-aluminate was also a key point for Ce@ catalyst, the use of different noble metal
promoter was helpful to improve the reduction obald based catalysts. After 800°C, no

reduction peaks is observed, indicating no fornmatibhardly reducible aluminate species.

- 1 \
S \
© //\\ / “‘
g /
% |
c
= /,
D
Pt25Co
al
O 25Co
|_
9Co
O 200 400 600 800 1000

Temperaturé’C)

Figure 3-2: H-TPR of alumina supported Co catalysts

In Figure 3-2 H-TPR analysis of the Pt promoted Caf2{ catalyst is also represented.
Similar peaks are also observable on Pt promottadysé and a shift of about 90°C to lower
temperature is presented, for both reduction ofltatixide and cobalt aluminate, indicating
that the Cdyased catalysts can be easier reduced with thermmesf Pt. The noble metal

such as platinum can catalyse reduction of cobalhydrogen, presumably by hydrogen

spillover from the promoter surface [22]. It wadiéxed that Pt was situated on the edge of

92

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



Thése de Chang Liu, Lille 1, 2015

Chapter Xatalytic behaviour of (Pt)Co/AD; catalyst in presence of sulphur

the cluster and that reduction occurred on Pt, fakbwing hydrogen to spill over to cobalt
oxide and nucleate cobalt metal sites [10]. Thdsliteon of small amounts of noble metal
shifts the reduction temperature of cobalt oxided aobalt species interacting with the
support to lower temperatures.

CoAl,O4cobalt aluminatés more difficult to be reduced than cobalt oxifi28,24,25].
The reducibility of cobalt catalysts can be calculatgth the total H consumption during

H,-TPR (showed in Figure 3-2), with following equaitio

3/4 Ny,M

Reducibility = oo
0

where Nis the H consumption during HTPR characterization (unit: melQcatays), M is
the molecular mass of cobalt (58.9 g.MpICo% means the percentage of Co loading on

catalysts (9% or 25%) and 3/4 is from the stoicl@tio of the cobalt oxide reduction:

Co0,4 + 4H, === 3Co + 4HO.

Table 3-4: Reducibility of supported cobalt basaethlysts

Catalyst H consumed for reduction (mi%y Reducibility

9Co 35.5 71.4%
25Co 112.2 81.4%
Pt25Co 128.1 92.9%

The reducibility of cobalt oxide is better with higo loading catalyst (25Co) than that
on low Co loading catalyst (9Co). This result agredth the conclusion of Iglesia [15], who
reported Co/AlO; catalysts with high content of Co showed a betducibility, because the
particle size was larger than low Co content catalyThe extent of cobalt reduction was 81.4%
with 25Co. Pt promotion results in even better tofealucibility (92.9%). Therefore, the role
of Pt to favour the Co catalyst reducibility is motly lowering the reduction temperature, but

also making a larger fraction of cobalt oxide redlec This result is consistent with the study
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of Jacobs et al [26] who found the same functioplafinum promoter by comparing PR

of 25%Co/AbO; and 0.5%Pt25%Co/AD; catalysts.

[1-4 XPS

XPS was measured on fresh 25Co and Pt25Co catalystresults are shown ifable
3-5. On Pt promoted catalysts no Pt was detected aluket low Pt content (0.1%) in the
Pt25Co catalyst. On the fresh catalysts the Co iataatio is low. This indicates the Co was
not very well dispersed on catalyst surface. Co®S atomic ratio on fresh Pt25Co is

higher than that on fresh 25Co, indicating thattids Co dispersion is observable in Pt25Co

than in 25Co.
Table 3-5 XPS atomic ratio on calcined 25Co an&@tcatalysts
Catalyst Al(%)| Pt(%) | O(%)| Co(%)
25Co 34.7 - 64.0 1.3
Pt25Co 36.1 0.0 60.8 3.1

Co,, XPS spectra of 25Co and Pt25Co catalysts are miexban Figure 3-3. The
observed XPS peaks at 780.9 eV and 796.6 eV araatkastics of Co 2 and 2p, of the
cobalt oxide (Cg0,) [27], while the peaks at 803.5 eV and 786.5 eVtaspond to the
cobalt(ll), which may exist as CoO and cobalt alee [28]. On fresh catalysts, there is no

significant difference in the GpXPS between 25Co and Pt25Co catalysts.
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Figure 3-3: XPS of 25Co and Pt25Co

[l Catalytic tests on Co based catalysts

[1I-1 Effect on different Co content on supported @talysts

The 9%Co/AJO;, 25%Co/Ab0O; and Pt25%Co/AD; catalysts were tested using the
procedure presented in Figure 3. The CO converg@aus time is shown in Figure 3-4.
These tests were realized at 220°C and 20 bariG&#®&V = 14000 ml.ggys-h". Obviously,
the more cobalt was loaded to alumina supporthijeer CO conversion was observed. For
25Co catalyst the catalytic activity was relativetgble at around 24%. On the 9Co catalyst
the CO conversion is lower than that on the 25QGalgst, and remained stable within 40
hours on stream. Carbon monoxide conversion wassiggificant on 9Co. It was also stable

with time on stream similarly to the cobalt catéysontaining higher cobalt content.
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Figure 3-4: CO conversion for catalytic tests difedent Co/AbO; catalysts

[11-2 Effect of hydrogen disulphide in FT synthesis

The 25Co catalyst was tested in absence and pesén$S. The obtained results are
compared in Figure 3-5. In the presence gb,Han obvious catalytic deactivation appeared
after 4 hours on stream. The CO conversion deale&reen 24% to 4% after 40 h. A
continuous decrease in the catalytic activity iaths that the §$ interacts with the Co active
site all along the catalytic tests. ThgSHwvas introduced while the pressure was risingoup t
20 bar and the temperature was rising up to 22@°@eant that cobalt catalyst had already
contacted with b5 and been deactivated for 4 or 5 hours befor&Ttheaction. That is why

the CO conversion was lower just at the beginnintpe catalytic tests.
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Figure 3-5:CO conversion on 25Co (Blue Square) and PtdRed Round) catalysts without
(empty) and with (full) HS (13.3 ppmv) in syngas feed. T = 220°C, P = 20 B&SV =
14000 cn¥(g.h), H/ICO = 2. (25Co/syngas, m25Co/syngas+bB, oPt25Co/syngas,
ePt25Co/syngas+%$)

The HS deactivation effect on Pt promoted catalyst isvgmrtant as on 25Co catalyst.
The 25Co catalyst could maintain the activity dgritme last 20-hour reaction, and CO
conversion was kept at around 9% in the end. Besmle Pt25Co the trend of CO conversion
as a function of time is akin to that on 25Co. Towe CO conversion at first few hours is
caused by the initial contact with,& and the continuous conversion decrease is dtheeto
successive sulphur adsorption. However, the Pt2&Talyst showed however higher activity

than 25Co even in the presence of sulphur aftérod@s on stream.

Figure 3-6 showed the difference of FT productedelity for the tests performed with
or without HS on both 25Co and P25Co catalysts. The, @hd the GC, hydrocarbon
selectivity were higher when the feed contains pp@iv of HS. The ratio of light olefins to
light paraffins also increased in presence ¢b.H-inally, the selectivity of £hydrocarbon

decreased in the presence g6H
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Figure 3-6: Products selectivity on 25Co and Pt2%@talysts without and with sulphur
(13.3 ppmv) in syngas feed. T = 220°C, P = 20 B&fSV = 14000 crii(g.h), H/CO = 2.

Pansare [4] suggests that the decreasesins€lectivity and the increase in-C,
selectivity with HS might indicate that the sulphur poisoning cardifthe catalyst chain
growth probability. The formation of heavier hydadkbons needs high density of the active
site on C8[29]. The adsorption of sulphur on Co could deceeactive sites density and thus
affected the hydrocarbon chain growth. It is nagatblat the effect of sulphur on selectivity
was lees significant in PT promoted catalysts timannprompted counterparts. Promotion

effect of Pt also helps to maintain the catalytitvéty even in the presence of sulphur.

The sulphur in the reactor outlet was measured uhyghsar sensitive PFPD detector.
Figure 3-7 showed the B concentration at the reactor outlet and CO canweras functions
of time on stream.

The HS concentration was almost zero at the reactoebwith the 25Co and Pt25Co
catalysts. This suggests that sulphur was completbsorbed by Co catalysts. The CO
conversion also decreased, indicating the los$héncitalytic activity, could be caused by

adsorption of sulphur.
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Figure 3-7:CO conversion (square) and,3 concentration (triangular) in gas feed after
passing reactor bed on (A) 25Co and (B) Pt25Co.

Interestingly, after ten hours on stream, the C@veosion was not decreasing as

significantly as before, while the catalysts coméinabsorbing b6 from the syngas. This

suggests that after saturation of the active plsafghur adsorb on the surface sites which

might be not directly involved in the reaction.

99

doc.univ-lille1.fr



Thése de Chang Liu, Lille 1, 2015

Chapter Xatalytic behaviour of (Pt)Co/AD; catalyst in presence of sulphur

© 2015 Tous droits réservés.

IV Characterization of spent catalysts

V-1 XRD on spent catalysts

The 25%Co/AlO;catalyst after catalytic tests in part lll_2 wasuccterized by XRD.
The result is presented in Figure 3-8. After thet the catalyst was exposed to air. This

suggests that the active phase on catalyst surfagehave been partially oxidized.
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Figure 3-8: XRD pattern of spent 25Co catalyst3: wWith syngas (2) with syngas +,8l
0SiO, (quartz wool)mAl ;05

On both spent 25Co catalysts with and withou® Hhere are two XRD peaks at 20.5
and 23.8 corresponding to SKJJCPDF 85-0021, @ = 21.5°, 23.7°). This is because of
guartz wool that was used in reactors for holdiatplysts. When catalysts were taken out,
some quartz wool could be mixed with the cataly&tsl quartz wool is made of silica that is
inert for FT synthesis. The-alumina support is detected on XRD pattern forhbgpent
catalysts, too.

For the spent catalysts after being tested witalghur, cobalt monoxide (CoO) phase
(JCPDF 88-2325,@2= 36.2°, 42.3°, 61.4°) and metallic cobalt phakeRDF 01-1259,@=
44.0°, 51.2°) are observed. This metallic cobaltnfib on the spent 25Co catalyst is cubic

cobalt (Co fcc). This is consistent with previowpart [30]. Indeed, cobalt fcc phase is
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usually detected after the catalysts reductiorelatively higher temperatures. No additional
peaks attributed to cobalt sulphide were detectent aatalysts exposure to,8 containing
syngas on both catalysts. This is probably dueety Yow concentration of }$ in syngas
feed and the fact that the formed Co sulphide wastljn amorphous. In this case, XRD

cannot completely explain the effect o, 3Hon the observed decrease in the catalytic

performance.

V-2 XPS on spent catalysts

Atomic ratio of different elements (Co, Al, O, d,&d S) on fresh and spent catalysts is

presented in Table 3-6 and Table 3-7.

Table 3-6: XPS atomic ratio on fresh and spent 2&4alyst
Sample Al(%)| C(%) | O(%)| Si(%)| Co(%) S(%) S/Co
Fresh 34.7 - 64.0 - 1.3 - -
Spent without HS 1.4 94.5 3.4 0.4 0.3 - -
Spent with HS 5.6 61.7| 25.1f 5.9 15 0.2 0.13

Table 3-7: XPS atomic ratio on fresh and spent @t2&atalyst (%)
Sample Al(%)| C(%) | O(%)| Si(%)| Co(%) S(%) S/Co
Fresh 36.1 - 60.8 - 3.1 - -
Spent without HS 2.2 86.5 9.5 1.4 0.4 - -
Spent with HS 5.7 67.7| 21.0 3.8 1.4 0.4 0.28

In spent catalysts a small quantity of Si was ugwddtected, because of the presence of
guartz wool in the reactor for catalytic tests. Tda&bon concentration detected by XPS is
very high on all these spent catalysts. The presesfccarbon is probably due to the
accumulation of the products of FT synthesis onctitalyst surface. It can be found that C
atomic ratio on spent catalysts exposed §8-Ebntaining syngas is much higher than for
S-free syngas. This can be due to higher hydrocapgyoductivity observed on alumina

supported cobalt catalysts with sulphur free gas (Sgure 3-6).
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The S/Co ratio on the spent catalysts exposed,®isi< 1. This suggests that not all
cobalt atoms are combined with S atoms. On Pt26BE&LCo ratio is two times more than on

25Co, which is probably due to higher fraction dfive site present on this catalyst.

Co,, and $, XPS spectra of 25Co and Pt25Co catalysts are megbén Figure 3-9 and
Figure 3-10, respectively. The XPS peaks at 78U.@md 796.6 eV are characteristic of Co
2p, and 2p;, of the cobalt oxide (GO, [27] and those at 803.5 eV and 786.5 eV are
characteristics of Co 2p and 2p,, in cobalt(ll), which exists as CoO and cobalt ahete

[28]. In the spent catalysts exposed tg5Hthe XPS Co(ll) sighal can be also attributed to

Co-S compounds.

Spent with HS

Count (a.u.)
Count (a.u.)

Spent without S

T T T T T T T T : — ———————— ——
770 775 780 785 790 795 800 805 810 815 70 75 780 785 790 795 800 805 810 815

Binding Energy (eV) Binding Energy (V)

Figure 3-9: XPS Cg spectra of the fresh and spent catalysts (A) 28B)®t25Co

The XPS bonding energy of3n spent catalysts (with3) was 168.8 eV (Figure 3-10),
which was corresponding to CoS@MBE = 168.6eV, [31]) and/or AISO,); (BE = 169.5 eV,
[32]). Cobalt in CoS@existed as C3, which agreed with the Co(ll) of the XPS spectfa o
Co,, on the spent catalysts with$l It is possible that those two sulphates genérae the
passivation step. In addition, cobalt sulphatealaa form from cobalt sulphide via oxidation
by water produced in FT synthesis. We can sugpestiie observed catalyst deactivation can
be due to formation of both cobalt sulphide andattosulphate. In addition to sulphide, the

presence of cobalt sulphate can also irreversighctivate cobalt catalysts [2,4,33,34].
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Figure 3-10: XPS § spectra of 25Co and Pt25Co catalysts after thenvigs H,S

V Discussion and conclusion

V-1 Dispersion and reducibility of Co based catalyts

Co/Al,O; catalysts with different cobalt content and wittatipum promoter were
characterized and evaluated in FT process. Acogrthinthe results of XRD and XPS, Co
species on alumina supported catalysts after @lom exist as G®, because of the
decomposition of Co(Ng), precursor. The Co dispersion decreases with iseréa Co
content in alumina supported catalysts (see Takd@ 3Meanwhile, more Co loading on
catalysts enhanced the cobalt reducibility (sederalt). Previous study suggests that small
cobalt particles could often lead an incompletaictidn of cobalt oxide [35]. This hypothesis
was confirmed by the TPR and XRD results: on 9% 18hd 25% Co loaded catalysts.
Cobalt particles become larger with the increasecdbalt loading on catalysts, and the
reducibility is also increased.

The Pt promotion significantly enhances the catalygucibility. On Pt25Co catalyst the
reduction temperature of cobalt oxide was lowerad the quantity of reducible cobalt

increased. The effect of Pt on cobalt dispersiaménCo/AbO; catalysts was moderate due to
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the small quantity of Pt promoter. The higher rébility on the Pt25Co catalyst made a

better catalytic performance: higher catalytic\agtiand lower methane selectivity.

V-2 Effect of H,S on Co/ALO3; and Pt-Co/AlL,O;

Our results suggest that addition of even small war® of HS to synags leads to
significant catalyst deactivation and inhibits i® conversion. After 40 hours reaction, on
25Co catalyst the CO conversion decreased from @268&6ly 4% and on Pt25Co catalyst it
decreased from 57% to 9%. For both Pt promotednangpromoted catalysts, we found that
with H,S the catalytic activity was 85% lower than theabidic activity with clean syngas.
These results is consistent with previous workaridare [4]. Other papers [2,3] also reported
similar results. In all, k& presented a serious poison effect to activitgmbased catalysts.

The product selectivity was also different betwéles catalytic tests with and without
addition of HS. Partial catalysts contamination with sulphuultasin lower C5+ selectivity.
This indicates that the sulphur inhibits carboniclyrowth on Co catalysts [36].

The alumina supported cobalt catalyst promoted widtinum (Pt25Co) presented
higher catalytic activity than 25Co. In additiometeffect of HS to hydrocarbon product
selectivity is less significant on Pt25Co catatystn that on 25Co.

The adsorption of sulphur on the catalysts washéurconfirmed by XPS. The Co-S
mixed phases could be detected; indicating thedot®n of Co site and 43 really took
place and caused the deactivation of Co based/stdal

It is interesting to note that the$iconcentration in syngas is rather low, only Jp8w.
The catalysts was deactivated as soon as theyatedtaith sulphur, and within a dozen of
hours, the catalytic activity had already becangmificantly low. This indicates that cobalt
based catalysts were particularly sensible to thesgmce of 5 and could be easily

deactivated.

104

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



Thése de Chang Liu, Lille 1, 2015

Chapter Xatalytic behaviour of (Pt)Co/AD; catalyst in presence of sulphur

V-3 Conclusion

The presence of small amounts 0fSHin syngas leads to obvious deactivation of
alumina supported Co and PtCo catalysts. The ¢mtadgtivity on both catalysts decreased
dramatically within 40 hours reaction. The.Qiydrocarbon productivity was significantly
reduced with addition of ¥ in syngas feed. The XPS results showed the mes#nCo-S
species (CoSf) in the catalysts exposed to sulphur containinggag. HS could block the
active site on cobalt based catalysts and causgetaivation.

The obtained results indicate importance of develm of sulphur resistant FT
catalysts. In the following chapters, sulphur taferMoS based catalysts will be designed for
FT synthesis. We will try to improve its catalyperformance by modifying the support and

promotion.
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| Introduction

In the previous chapter, we have found that the b@eed catalysts can be easily
deactivated with presence of low concentration £§8.H herefore, in this chapter, we focus on
investigation of sulphur tolerant catalysts and attention is turn toward molybdenum
disulphide catalyst.

In the literature, different materials were emphlbyes supports for Mg atalysts. Kim
et al [1] and Concha et al [2] have investigatédesand alumina supports in Fischer-Tropsch
synthesis for alcohols production. They have fouhdt CO conversion on MaSiO,
catalysts was lower than on M@&l,0; catalyst, however MaSSIiO, exhibited a better
productivity in alcohols [3].

As was recently pointed out by Védrine [4], theusture and properties of the active
sites in heterogeneous catalysts are strongly taffeby electronic effects. Addition of
different promoters may therefore lead to the modifon of molybdenum sulphide structure,
electronic properties and reactivity of active sit€he selectivity of molybdenum disulphide
catalysts can be modified using promotion. Alkaletals are the most used promoters.
Previous reports indicate higher selectivity ofgssium-modified Mogbased catalysts to
mixed alcohols at high pressures [5].

Morrill et al [6] have studied hydrotalcite supp@TC, mixed-metal oxide of MgO and
Al,O;) for K promoted Mo$ catalysts [7]. They have found that at high reacipressure
(over 100 bar) and reaction temperature of°@1@he K_MoYHTC catalysts exhibited a
higher alcohol selectivity, with a K/Mo moleculatio of 0.6. They have also reported that at
low Mo loading (5%), the catalyst presented a higbe alcohol selectivity than at high Mo
loaded (15%). It could be due to the readsorptioalahols and secondary reactions which
consumed the alcohols.

Most of publications describe bulk molybdenum sidphcatalysts, while very few
reports have addressed the supported systems. Upiporged catalysts represent several
advantages compared to bulk catalyst such as nfticteet use of active phase, better

chemical, mechanical and thermal stability. In #iddj the support can affect chemical and
112
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electronic structures of the active sites and tthes catalytic performance of supported
catalysts.

Carbon material is a support which is widely usidrali et al [8], have found that
carbon supported catalysts presented a high akgfet and selectivity compared to that of
unsupported MoScatalysts. According to the literatures [9,10,2],,the carbon supports the
most used are activated carbon (AC) and carbontub@qCNT).CNT supported catalysts
generally presents a higheg.Gilcohol productivity than AC supported catalysis,[L3].
Moreover, CNT supported catalysts are more st&lale AC supported catalysts.

This chapter focuses on the structure and perfaresmf a molybdenum sulphide
catalyst supported on carbon nanotube supportWellicby addition of potassium promoter in
different amount. The molybdenum content in thealgats has been fixed at 15 wt%. The
potassium has been added with potassium carboyateebhanical mixing. The catalysts
have been synthesized in order to study differéliéMo atomic ratio. The catalytic tests
were realized under the following conditions: tenapaere = 366C, pressure = 20 bar and
ratio H/CO = 2.The catalysts were characterized withalsorption (BET surface area),

XRD, H,-TPR, XPS and C@TPD.

Il Characterization on K_MoS,/CNT catalysts

[I-1 Textural characteristics

The textural characteristics of carbon nanotube ealtined K_Mo/CNT catalysts
determined by BET/BJH method are shown in Table #He surface area and pore volume
typically after addition of molybdenum: from 16318/g to 68.6 r/g. and from 0.56 cffg to
0.32 cnilg. The surface area still decreases with addifdf content.

The surface area slightly decreases with the isetdan K content while the pore
volume remains in the average of 0.22%gnfor the promoted catalysts. These results are in

agreement with previous reports [14,15]. The desréa surface area and pore volume is due
113
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to pore plugging and CNT dilution particularly aftaddition of significant amounts of

potassium carbonate.

Table 4-1: Textural proprieties of CNT, calcined /NT and potassium promoted Mo/CNT
catalysts

BET surface Pore volume
Samples area (cm¥g) Pore diameter (nm)
(m’lg) 0

CNT 163.3 0.56 17.2
15M/CNT 68.6 0.32 16.2
1.5K_15M/CNT 49.4 0.20 17.6
3K_15M/CNT 45.9 0.21 15.3
6K_15M/CNT 43.5 0.18 15.7
9K_15M/CNT 42.7 0.26 17.6
15K_15M/CNT 40.7 0.24 18.4

[I-2 XRD

TheCNT support and the calcinedK_MoS,/CNT catalysts were characterised by XRD.
The patterns are shown inFigure 4-1. The crysadlieNT phase can be detected (JCPDF
075-0621, B = 26.23, 42.2%, 44.36) with a good crystallinity on all catalysts. Hovegythe
intensity of the CNT decreases with the increagbérK loading. This suggests that the basic
carbonate promoter could attack the CNT structure.

The MoQ phase (JCPDF 032-06719 2 26.03, 37.02, 37.93, 53.04, 53.57%, 53.97,
60.20, 66.66) was clearly observed in the XRD patterns of afiatysts. The formation of
this phase is due to the AMT precursor decompasiiioMoQ, during calcination under N

atmosphere [16]. With the increase in K conterd,MoO, XRD patterns become less intense
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and larger. On the 15K15M catalyst the Mofhase is hardly present, indicating a well

MoO, dispersion.
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Figure 4-1: XRD patterns of CNT support and caldi@NT supported catalysteMoO,
m CNTVY K2M04OG ’K2M004

The crystallized mixed Mo-K phases are detectedhigh K loaded (more than
3%):K,M0O, (JCPDF 29-1011, @= 18.87, 26.27, 30.65, 39.42, 45.83) and KMo0,0s
(JCPDF 87-0730,2=13.08, 17.07, 25.49, 27.47, 30.15).

The K,CO; phase (JCPDF 87-07300 2 12.98, 29.19, 37.54, 46.32), due to the
decomposition of the precursor during the calcomtis also visible on XRD pattern of the
6K _15M/CNT, 9K_15M/CNT and 15K_15M/CNT catalysts.

The XRD patterns of sulphided CNT supported M@Sed catalysts are presented in
Figure 4-2. The CNT crystalline phase can be oleskon all catalysts, but the intensity of
the phase decreases with the increase in potassisingeen previously for the calcined
catalysts.

The MoS phase (JCPDF 89-30400 2 14.38, 32.68, 39.60, 49.79, 58.34, 60.15)
has been detected on all catalysts, with and witKopromotion. The intensity of this phase
is low and the peak is large, indicating a higlpdrsion of small MoSparticles size on the

CNT.
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Figure 4-2: XRD patterns of sulphided CNT supportathlystsoMoS,0KMoS,< K,MoS,
eMoO,m CNT

However, MoQ phase is still presents on main of the catalystseg for
15K_15M/CNT. The intensity of this phase continwecreasing with the increase in K
content. This indicates that Mo oxide had not bemnpletely sulphided and seems to be well
stabilized on the CNT support. Moreover, the iniignef this phase decreases, the peak
becomes larger as the K content increases, indicatibetter dispersion of this Mgfhase
along with K addition.

Mixed sulphided Mo-K species have been detecteallaf the K promoted catalysts:

- KMoS, phase (JCPDF 18-1064) 2 9.66, 32.47, 36.13, 40.6%, 60.46);

- K;MoS, (JCPDF 19-1001,@= 17.55, 24.23, 29.36, 41.19, 47.08, 58.40) on the
catalysts at higher K content: 9K_15M/CNT and 158MICNT.

Additionally, sulphided potassium phases have lobserved on all catalysts:

- K,S phase (JCPDF 65-3008 234.27, 49.16, 61.26);

- K,S; (JCPDF 31-1095,@= 28.28, 30.02, 32.70) and KSs (JCPDF 30-0993,@=
30.80, 31.56, 34.16) on the catalysts at higher K content, 9K_15M/CNihd

15K_15M/CNT.
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Those results indicate that the mixed oxide Mo-Kagds can be sulphided as well as the
potassium oxide phases.

The XRD pattern of both calcined and sulphidedIgsta showed that with the increase
in potassium content, the crystallinity of CNT dmases. The dispersion of molybdenum
oxide also increases with higher potassium loadirtte presence of MoQOon sulphided
catalysts demonstrated the uncompleted sulphidaic®NT promoted catalysts. However,
this phase is less important as the content ofsgitan increases. At higher potassium content,
the fraction of the Mo@phase become less important, indicating the patsssiould
improve the sulphidation of Mo oxides. The preseot&-Mo mixed oxides and sulphides
indicates chemical interaction between potassiudhraolybdenum.

At higher K content, the interactions between Md &nhare more important, leading to

mixed phases which are easily sulphided.

[1-3 XPS

The XPS surface element composition of the sulghkieMoS/CNT catalysts is given
in Table 4-2. Different elements (C, O, S, K, AlpMwere observed on the catalyst surface,
and their ratio varied as a function of the K preou percentage.

For all catalysts, the carbon percentage is vagly fipresence of carbon nanotubes in the
surface and subsurface layers) while the Mo peagenis quite low, indicating that Mo was
not well dispersed on CNT surface.

On the 15M_CNT catalyst, the S/Mo ratio is 1.5, athis less than the stoichiometric
ratio of MoS phase. This result demonstrates that the sulpbidaih Mo/CNT catalyst was
not complete. This result is consistent with the DXBbservations. However, for the K
promoted Mo/CNT catalysts, this S/Mo ratio is higkigan the stoichiometric ratio of M@S
phase. This could be due to the presence of sdgmpdtassium and mixed Mo-K sulphided
phases on the catalyst surface (as seen in XRDYh8@ercentage of sulphur on the surface
is not only related to Mo, which influence and ease the S/Mo ratio. The ratio of S/(Mo+K)

was also calculated (Table 4-Zhis ratio for the K promoted catalysts is lowan for the
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unpromoted catalyst. This indicates that comparitd Mo, the sulphidation of K consumed
less sulphur, and the extent of sulphidation ofnid o on K-Mo$/CNT catalysts could be
independent on the potassium content.

For all promoted catalysts, the XPS K/Mo ratio igam lower than the atomic bulk ratio.
This ratio remains relatively stable (2.15+0.25 ##)hough the increase in K content.
However, it can be observed that the relative pgagee of Mo and K increases on the CNT
surface while the carbon percentage decreases.stigigests that the more basic carbonate
promoter could attack the CNT support and the dspe of K and Mo is better on
15K _15M/CNT catalyst. This is consistent with thBIX observations: the cristallinity of the
CNT was particularly low for this catalyst and theesence of mixed Mo-K-S phases were
easily observable.

Andersen et al [17] studied the interaction of pstam and molybdenum sulphides
using Density Functional Theory and found high rigbof K on the Mo$ catalyst. At a low
content of potassium, the potassium injected migs @s electron charge into the Mo&nd
K is preferably present on catalyst surface. Buhwhe increase in K content, potassium
atoms tend to form an atoms chain over the inteistf MoS, molecules. That could be a
reason why on the 15K_15M/CNT catalyst, with higitgssium content, the K/Mo ratio on

catalyst surface becomes lower at higher potassamntent.

Table 4-2: XPS surface atomic ratio in sulphided/lS,/CNT catalysts

K% XPS Atomic Ratio (%) S/Mo K/Mo | S/(Mo+K)
0 . . .
C O S K Mo ratio ratio ratio

0% 7.7 13.9 5.1 0 3.3 1.5 0 1.5
1.5% 80.8 10.9 4.2 2.7 1.4 3.0 1.9 1.0
3% 77.9 125 4.3 3.8 15 2.8 2.4 0.8
6% 80.8 10.3 4.1 3.4 1.4 2.9 2.4 0.8
15% 68.5 11.8 9.3 6.8 35 2.6 1.9 0.9

The Mo3d and S2p XPS spectra of the K_MGSIT catalysts are shown in Figure 4-3
A and B. In the catalysts, three-peak envelop efNMo 3d signal is observed (Figure 4-3 A).
It can be deconvoluted in three separate overlgpgdublets. This suggests that molybdenum

is in three different Mo oxidation states: floMo> and MJ*.Binding energy at 228.9 eV
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and 232.1 eV should correspond to Mg,3dnd 3d,, of Mo4+[18]. On XRD pattern (Figure
4-2), we have observed that both Mo&hd Mo$S phases existed on sulphided MoSNT
catalysts. In these two phases, molybdenum is piesen the oxidation state of +4 (K

The binding energy of the Mg®hase is generally at 228.9 eV and 232.1 eV amdbitiding
energy of the Mogphase is generally at 229.3 eV and 232.4 eV [1BpsE two species are
close in binding energy and are difficult to difatiate and deconvoluate. In our case, we can

observe that the XPS signal corresponds mainlyda&Nhase.
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Figure 4-3: XPS spectra of peak decomposition oB#1(A) and S2p (B)
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Binding energy at 230.6 eV and 233.7 eV shouldespond to MY specie [20], while
Mo®* specie was detected with binding energy at 23%.@&wed 235.9 eV [21]. A previous
study in the literature [20] specified that WMospecie is due to the formation of Mo
oxy-sulphides such as the Mg and MoO$S phase. The Mb specie could be related to Mo
oxides [15,16]. It was believed that M@and MS* specie could come from:

i) passivation step of catalysts after sulphidation

if) uncompleted sulphidation of catalysts [22].

But in XRD pattern of sulphided catalysts (see Fgd-2), we noticed the presence of
K-Mo mixed sulphides phases such agMiS, with Mo oxidation state of (+6). This
indicates that MY species could be due to the formation of K-Mo misatphides phases.

On the figure 4-3 A, the peak at binding energy2@6.2 eV, correspond to the
contribution of S 2s spectra [23].

The peak decomposition of S2p XPS spectra is ilitestt in Figure 4-3(B). Three
different S species could be observed. The XPSsweitk the binding energies of 161.8 eV
and 163.0 eV correspond to $2mnd S2p, of sulphide ions (3 [24], which might be
present in potassium sulphides and/or Mo disulpf28& The binding energy around 163.5
eV and 164.7 eV could be possibly accounted by;,S&pd S2p, of poly-sulphide ions (8),
which are present in K sulphides such aSzkand KSs. All those species have been detected
by XRD. The $ phase can also be a contribution of atoms in sulpish Mo sulphides
(MoS;.y) that is believed to have the same proprietiedas, phase [26]. The S 2p XPS
spectra also exhibit others broad peaks at 168.4md/ 169.6 eV which are due to the
presence of sulphates ($P[27].

Moreover, it could be observed for both Mo 3d andpSXPS spectra, a slight shift in
higher binding energy (0.3 eV) for the K promotediatysts counterparts in comparison to the
15M/CNT catalyst. The promoted K_M@ENT catalysts however did show any noticeable
difference in Mo and S binding energies. So thé siiibinding energy for the catalysts with
promotion should be due to the presence of K. 115 X#Re binding energy of some element

can be affected by neighboured atoms/groups. Theepce of electrophile atoms/groups
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results in the decrease in the electron densityhim case, the binding energy of analysed
element also becomes higher. In K_Ma3talysts, potassium exists a§ ikn. It is known
the K'is strong electrophile species, so binding energivlo and S could higher in the
promoted catalysts.

The results of XPS peak decompaosition showing taetibns of different Mo species or

S species is presented are presented in Table 4-3.

Table 4-3: XPS Atomic percentage of different kindlspecies for Mo and S, on K_Mo/CNT

Catalyst Mo (%) S (%)
Mo* Mo®* Mo®* Sz ng' qu»
15M_CNT 90.0 6.4 3.6 60.7 249 143
1.5K15M_CNT| 84.6 4.5 10.9 55.% 1783 27.2
3K15M_CNT 73.9 6.9 19.2 615 12)2 26.3
6K15M_CNT 82.6 6.5 10.9 64.6 103 25.1
15K15M_CNT| 85.2 11.3 3.5 929 0.y 6.4

The Md" concentration is higher in 15M_CNT than in otheorpoted catalysts.
Previous study [28] showed that addition of alkatal could decrease the féraction,
because of their inhibition effect on sulphidataith presence of potassium. Indeed, with
addition of K, the M8 ratio decreases and the Wiéraction increased significantly in
1.5K_15M/CNT, 3K_15M/CNT and 6K_15M/CNT. Neverthg$e the 15K15M_CNT catalyst
exhibits a drop in MY species for the benefit of a significant increas&lo°* species, higher
than for the other catalysts.

For all catalysts, it is observed that the peragiaf $ and $%is much important than
the one of SE¥. It is noticeable that on the non-promoted MGESIT catalyst, the
concentration of poly-sulphides £3 is higher than on K promoted MgSNT catalysts.
With addition of K, the percentage decrease forK11%M/CNT, 3K_15M/CNT and
6K_15M/CNT catalysts. The,Sphase should correspond to the Mo oxy-sulphides8y)
and poly-sulphides of alkali metal (such agSi The sulphidation leads to more sulphide
species on the surface than to polysulphide withititrease in K content. As explained
previously, the SE could come from the passivation step. Gnfr@ction becomes rather
important and $and SQ fractions rather low in the 15K_15M/CNT catalystgmared with
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other CNT supported catalysts, and the percentdg8,’oand SQ* are quite low. The

oxidation is less important for this catalyst carpart.

I-4 H - TPR

The H-TPR results for CNT supported Mg@talysts with different potassium contents
are shown in Figure 4-4. Three groups of peakdbeatetected at different temperatures:

-Area 1 between 250 and 48D

- Area2 between 576 and 750C;

- Area3 between 750 and 956C.
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Figure 4-4: H-TPR on sulphided K_MaBCNT catalysts

In agreement with Toulhouat et al [29], the low pamature H reduction peaks in the
range of 200°C — 430°C could be related to the dgeination of extra sulphur atoms
(chemisorbed 6 or SH groups) or sulphur atoms that are weakiydbd to the catalyst
surface. Xiao et al [30] suggested that those speare adsorbed on low coordinated
edge/corner sites of Mo sulphides. The edge/caies of Mo sulphides may contain active

sites for CO hydrogenation. In the presence of tyein, those sulphur species could be
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easily removed below 480. During catalytic tests at 38D, the chemisorbed sulphur species
could be partly removed with the release of thestaese sites. Ramachandran et al [31] and
Collins et al [32] also observed those low tempeaepeaks for Ni promoted Ma@B8l,0;
catalysts. They assigned those species of hydrogesumption at low temperature to species
for the formation of hydrocarbons from syngas. Thaggested however that these sites do
not interfere into alcohol synthesis.

The medium temperature reduction peak (area 2)ddoailrelated to the hydrogenation
of molybdenum/potassium mixed sulphides (K-Mo-Sggisq. Note that this peak is absent in
the TPR profile of the non-promoted CNT supportediyimdenum (15M_CNT) catalyst
which does not contain potassium phases. Note tttetarea of this peak significantly
increases with the increase in K loading. It carsbggested that peak 2 is strongly related
with sulphided potassium phases. These speciesl dmulK-Mo-S and possibly potassium
poly-sulphides ions, such as% and KSswhich were detected in XRD pattern (see Figure
4-2). In addition, the sulphur atoms located at ¢dges or basal planes of molybdenum
sulphide crystallites could also contribute to thalrogen consumption in the temperature
range of 57%C - 750C, as reported by Toulhouat et al [29].

The third peak (75 — 950C) could be assigned to the reduction of Mgbases to
metallic Mo. The Mo@phase in the sulphided catalysts has been obsemnvédie XRD
patterns (Figure 4-2). Previously Brito et al [38ported for unsupported MaQ@atalysts,
that MoQ, can be reduced to MaCat around 50 and MoQ can be reduced to Mo at
around 80€C. Lai et al [34] reported for active carbon supedrcatalysts that Mof@an be
reduced to the metallic phase at 720°830

Moreover, Mangnus et al [35] reported that the otidn of crystallized Mo sulphide
requires the temperature higher than f£Q@50This suggested therefore that the TR
profiles do not show any peaks which might correspto the reduction of MgSo Mo
metal.

The H, consumptions measured from the TPR profiles arengin Table 4-4. The results
were calculated from TPR peaks decomposition atebiation. For the 15M/CNT catalyst,

Peak 1 showed rather low hydrogen consumption widldydrogen was consumed in the
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Area 2. Peaks 3 which were attributed to Ma®duction showed the highest hydrogen

consumption of all CNT supported catalysts. Thifidates that a high amount of Mgp@as

not been sulphided for this unpromoted catalysts Tbonclusion is consistent with the XRD

and XPS observations.

Table 4-4: H consumption in TPR experiments

H2 Consumption (me!/droger'{gcats)
Sample
Peak 1 Peak 2 Peak 3

15M/CNT 1.24 <0.01 1.05
1.5K_15M/CNT 2.65 1.32 0.66
3K_15M/CNT 2.02 1.66 0.38
6K_15M/CNT 2.02 2.21 0.04
15K 15M/CNT 1.69 4.40 <0.01

© 2015 Tous droits réservés.

For the potassium promoted M@SNT catalysts, the Honsumption indicates:

A higher H-consumptionin the area 1 (peak 1) than the nompted counterparts.
Note however that the Ftonsumption is decreasing with the increase i&ding
on the catalysts. Potassium addition can coveMbs$, surface and then block the
adsorption of sulphur.

A decrease in Hconsumption for the area 2 (peaks 2) with thegase in K content.
This is related to the sulphur reduction of K-Scsge. As said previously, those
species are more present in the catalyst withrttr@ase in potassium percentage.
A decrease in the area 3 (peak 3) with increasé aintent. H consumption is zero
for the 15K_15M/CNT catalyst. This indicates thatMoO, could be present in this
catalyst. This is consistent with XRD results whitiow a decrease in the MpO

concentration with high potassium content.

To resume, the HTPR indicated the presence of several speciescthdt be reduced

by hydrogen at different temperatures. The quanfitii-Mo mixed sulphides increases with
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the increase in potassium content, while the Mpfase becomes less important at higher
potassium loadings. It can be suggested that potaggomotion leads to higher extent of the

sulphidation of Mo/CNT catalysts

[I-5 CO,-TPD

The basicity of the catalysts was measured by-TED. Figure 4-5 presents the €O

desorption curves measured between 30@@h catalysts after sulphidation.

] 15M_CNT
] ——3K15M_CNT
] ——6K15M_CNT
] ——15K15M_CNT

CO, Count (a.u.)

600 800

Temperature®C)

Figure 4-5:CQ-TPD on sulphided K_MoBCNT catalysts

It is clearly observed that the 15M/CNT catalysts bt show any Cg@desorption from
30°C to 806C. This indicates that the unpromoted Ma&talyst does not contain measurable
concentration of basic sites.

CO, desorption peaks can be detected, however in tegepce of potassium. This
suggests that potassium addition generates bésicisithe different K_ MoBCNT catalysts.

The 3K_15M/CNT catalyst exhibits a small @fesorption peak between 200°C and°€10
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and another COpeak between 420°C and 560 These two peaks can be attributed to

weaker and stronger catalyst basic sites, resghgtiv

Similar peaks were also observed in the 6K_15M/@idialyst. However, the first GO
desorption peak was much broader, from°C8® 450C. The second CQlesorption peak is
observed from 450°C to 580.

For the 15K_15M/CNT catalyst, no noticeable £&f@sorption peak at lower temperature
could be observed. However, the Cd&sorption peak at higher temperature is moregate

than for the other catalysts.

Table 4-5 displays the quantity of desorbed,@® different temperature range. Our
results suggest that the unpromoted MGSIT catalysts do not have basicity.

The quantity of desorbed GQvas slightly higher for the 6K_15M/CNT at low
temperature than for the 3K_15M/CNT and15K_15M/Gdditalysts. At high temperature, the

guantity of desorbed G much more important for 15K_15M/CNT catalystrtHar the

other catalysts.

Table 4-5: C@desorption of CQTPD on sulphided K-Mo$CNT catalyst

CO, desorption i(mol/g.atarys)
Catalyst Low High Total
temperature| temperature
15M/CNT 0.0 0.0 0.0
3K_15M/CNT 0.03 0.05 0.08
6K _15M/CNT 0.14 0.08 0.22
15K_15M/CNT 0.03 0.42 0.45

In summary, it was found that the basicity of CNlipgorted molybdenum sulphide
catalysts depends on K content in the catalystghéti potassium loading results in higher

concentration of basic sites. Higher potassiumeamnalso favours the appearance of strong

and very strong basic sites.
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lIl FT catalytic performance on K_MoS, catalysts supported

on CNT

[1I-1 Results of catalytic tests

The catalysts were tested in a fixed bed tubulactoe. The sulphidation step was
realized ex-situ before the catalytic tests. Ttaetion was conducted in the presence of 13.3
ppmv of HS in the syngas in order to keep the stability afSvbased catalysts [36]. The
reaction pressure was fixed at 20 bar in ordelhtft #he reaction selectivity toward olefins
[37]. Methane, olefins, paraffins, methanol, etHaand carbon dioxide were the main
products detected from the carbon monoxide hydmat@mm on alumina supported
molybdenum catalysts. The CO conversion and prededectivities at the steady state which
were obtained at iso-GHSV for the non-promoted pathssium promoted CNT supported

molybdenum sulphided catalysts are shown in Talfle 4

Table 4-6: CO conversion and products selectivityko MoS/CNT catalysts (T = 36C, P =
20 bar, GHSV = 1050 mligh™, H,/CO = 2)

. Alcohol
CcO Hydrocarbon selectivity (%) . CGo,
) selectivity (%) o
Catalyst conversion Selectivity
C2-4 C2-4
(%) Ci1 i , C5+ | CHOH | C2+ (%)
Olefin | Paraffin
15M/CNT 374 24.7 0.1 27,3 0.0 0.0 0.0 47.9
1.5K_15M/CNT 19.1 22.9 25 26,7 1.6 7.0 1.6 38.1
3K_15M/CNT 17.7 20.7 9.6 11,9 6.3 10.1 3.7 375
6K_15M/CNT 16.3 17.4 5.4 8.4 10.8 11.9 5.6 40.2
9K_15M/CNT 16.8 204 3.7 12,2 18.2 7.6 6.7 313
15K_15M/CNT 9.3 17.1 2.9 1.8 34.( 14.3 8.6 214

For the unpromoted 15M/CNT catalyst, the carbonomate is hydrogenated to produce
mainly methane, £C, paraffins and carbon dioxide. The catalyst shopadicularly a very
high selectivity to methane and €®Vithout K promotion, Mogis not active for production
of alcohols, olefins or heavy productss{Chydrocarbon). Liu et al [38] reported on
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non-promoted MogScatalysts, that the major products of carbon maekydrogenation
was methane and G@vith very low concentration of ethane (selectiwty%). Wang et al
[36] reported similar results. Note that the ontyivee phase in the sulphided Mo catalysts

was MoS.

In our work, note however that the selectivity ight paraffins can attain 27.3%. This
can be possibly attributed to the presence of b, and MoQin the 15M/CNT catalyst
(seen in XRD and HTPR results). Tatumi et al [39] suggested thaindu€O hydrogenation,
MoO, could be partly reduced to MeQ phase, on which CO was non-dissociatively
absorbed. Mo@, was considered to contain active sites for the €Heémical bonds
formation. This could be the reason why the saligtio lighter paraffins was much higher
on CNT supported catalysts compared to unsuppites).

The catalytic performance of the CNT supported lgsts is strongly affected by
potassium promotion. At GHSV = 1050 mkg".h™, the CO conversion decreases from 19.1 %
to 9.3 % with the increase in K/Mo molar ratio frén2 to 2.5.

Addition of potassium leads to better selectivayotefins and alcohols. For light olefins,
the best yield was obtained on 3K_15M/CNT catalyetMo = 0.5), while the highest
productivity of G, alcohol was measured on 9K_15M/CNT catalyst (KAVID.5).

The decrease in the GHand CQ selectivities was also affected by the potassium
addition, while the selectivity to long-chain hydasbons was significantly enhanced. This
result is consistent to the previous work of Sutyseet al [9]. They reported that on
K-MoS,/CNT catalysts, for the same content of Mo, thadaase in addition of potassium

leads to a decrease in selectivity of {id CQ.

The Table 4-6 resumes the evolution of the diffepeaducts production rate in function
of the different K/Mo atomic ratio. TheC, olefin and alcohol productivities attaint their

maximum at intermediate potassium/molybdenum atoatio (between 0.5 and 1.5).
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Figure 4-6: Reaction rate of the several produnt€NT supported catalysts

Extremely high potassium contents (15K_15M/CNTnadb contribute to increase CO
conversion and are not in the favour of olefin alwbhol yields. The only positive effect is

the decrease of two undesirable products: methashearbon dioxide.

[1I-2 Catalyst Stability

The catalytic performance of tH€ MoS,/CNT catalysts was tested as a function of
time-on-stream in order to evaluate the catalystibty. Figure 4-7 shows the CO conversion
and selectivity of light olefin and methane at PO=bar, T = 368C, GHSV = 1050 ml.¢h™.

The 15M/CNT catalyst exhibits a decrease in CO eosion within the first 20 h, then
stabilization around 37.4%. The methane selectigfches a steady state earlier, within the
first 10 h, and remains stable with time on stre@ihese results are consistent with previous
work of Liu et al [38] who observed that on nonipaied catalysts the CO conversion is
continuously decreasing in 100 h catalytic testrbethane selectivity could keep stable. They
suggested that the drop in the reaction rate cbealdue to the aggregation of Mo&ctive

phase during FT synthesis. Slightly better stabis observed in our work on MgSNT
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Figure 4-7: CO conversionm) and selectivity of CH (o) and C2-C4 olefin ) on
(1)15M/CNT, (2) 3K_15M/CNT, (3) 6K_15M/CNT and (49K_15M/CNT catalysts.
Reaction condition: T = 36Q, P = 20 bar, GHSV = 1050 nif.g*, H,/CO = 2

The K promoted catalysts were relatively stable eunthe reaction conditions. The

steady states were obtained within the first 5-F0rhCO conversion and Chselectivity. It

seems that the addition of promoters leads to terbeatalyst stability, in comparison to the

unpromoted counterpart.
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IV Discussion and conclusion

V-1 Discussion

In this chapter, carbon nanotube supported Mo plisdé catalysts were characterized
with various techniques and tested in carbon mateokiydrogenation. Our results show that
addition of different amounts of K significantlyfinences the catalyst structure and catalytic
performance in carbon monoxide hydrogenation.

The XRD patterns showed that the peak intensit¢ T decreased significantly with
potassium content, indicating the CNT crystallinitgcreased. The surface area of the
catalysts also decreased significantly with potaestontent.

In the sulphided K_Mo#CNT catalysts, K-Mo mixed phases were detectedkRD
patterns. With lower K loading (K% = 1.5%, 3%, 686y KMoS, phase was observed while
both KMoS and KMoS, phases could be detected in higher K loaded cdsa()k% = 9%,
15%). These phases could be reduced by hydrogeexdmbit peaks in the HTPR profiles
(Peak 2 in Figure 4-4).

The presence of these mixed K-Mo phase coincided tigher selectivity to heavy
products (G.alcohol and g. hydrocarbon). The £ HC selectivity was significantly higher
on 9K_15M/CNT and 15K_15M/CNT catalysts, compared dther catalysts. Several
previous reports [28,40,41] suggest that K-Mo-Ssgkapossess the active sites for higher
alcohol synthesis. Li et al [42] found the CO wam-dissociatively adsorbed on K-Mo
sulphides, and then C-C chemical bonds were forriéds indicates the K-Mo sulphides
could be the active sites for long-carbon chaindpobts, as higher alcohols and heavier
hydrocarbons. This hypothesis is consistent wittveoark.

We can speculate that,MoS, phase which was observed only in 9K_15M/CNT and
15K _15M/CNT can be favorable for production of heavoducts than KMoSphase.

The K,CO; precursors (before calcination) as well as patasssulphides (after

sulphidation) are also present in the catalysth Witther potassium content (6K_15M/CNT,
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9K _15M/CNT and 15K_15M/CNT). Woo et al [22] repattthe K,CO; would be sulphided
to K,SO,during HS treatment. This potassium phase with no intemaatith Mo is observed
in the catalysts at high potassium content.

Mo®" and MJ"* species were detected in XPS Mo3d spectra of slddicatalysts. This
could be caused by:

i) the passivation step,

ii) the formation of Mo oxy-sulphides such as M8£and MoO$,

iii) the formation of K-Mo mixed sulphides like;M0S,.

XPS also showed the presence of*Mdhe presence of these species could be due to
both MoQ and Mo$S phases. HTPR results showed that the Mgfn be reduced at 7%D
and 906C (Peak 3 in Figure 4-4). The Mg® an active phase for alcohol production and the
MoS; is an active phase for methane production anddggdration reaction.

Different kinds Mo or S species detected and ifiedtiby XPS could be relevant to the
catalytic performance. Woo et al [22] investigatled relation between the XPS atomic ratio
and alcohol production. They reported that highesteol selectivity could be attributed to the
Mo*" species and lower fraction of the $OOther papers [28,43] have reported similar
conclusion. This is also consistent with our resulthe ratio of sulphate phase decreases with
increase in K content while the.Gelectivity also increases (Figure 4-8).

The concentration of Mdspecies was high in the 15K_15M/CNT catalyst wttile G,
selectivity also reached a maximum. On the othedhéower fraction of the M8 phase
should improve the hydrocarbon selectivity. We obseé that in the 3K_15M/CNT catalyst,
the Md'" ratio was the lowest of all while the-C, olefin selectivity was the highest. On the
other catalysts, £C, olefin production rate could be enhanced with & hatio of Md*
phases (Figure 4-8). Less Mo®10"") means the hydrogenating ability should be less
important. Colley and al [44] concluded that theabest with lower hydrogenating ability can
improve the production of light olefin. This canpéain why the G-C, olefin selectivity

increased with low ratio of Md species.
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Figure 4-8: Light olefin production rate as a fuaotof Mo* ratio

Potassium promotion also has a strong impact ocatadyst basicity. On K_MaBCNT
catalysts, basicity was enhanced when K contenease. The maximum of light olefin
selectivity was presented on the catalyst with ma@ecatalyst basicity. With increase in
basicity the catalytic activity decreased. Henbe, tatalyst basicity could be an important
parameter which could affect the rate of secondaagtions such as readsorption of olefins or
oxygenated products [45,46]. The catalysts with basicity could inhibit the readsorption of
light olefins and improve its selectivity.

For the catalyst with strong basicity, more heavgdpcts were produced. On these
catalysts, potassium sulphides,& K,S;, K,Ss5) were detected by XRD. With presence of
those species, the strength of CO adsorption dweasites increases [47]. Thus, light olefin
should easier react with these absorbed CO antiyttiecarbon with longer carbon chain
could be more produced. That is why the potassitimigher content inhibited the,<C,

olefin production.

In this chapter, the maximum of light olefins westasned on 3K_15M/CNT catalyst
(K/Mo = 0.5) with a CO conversion of 17.7%. The CNfystallinity decreased with
potassium addition. The presence of Ma®the sulphided catalysts suggests the uncomplete

sulphidation of CNT supported catalysts.
133

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



Thése de Chang Liu, Lille 1, 2015

Chapter 4Structure and catalytic performance of carbon naetsupported MoS2catalysts
promoted with potassium

V-2 Conclusion

The exposure of CNT supported Md&ased catalysts to.H does not lead to complete
sulphidation. Lower extent of sulphidation can losgible one of the reasons responsible for
their low activity. In the non-promoted M@ENT catalyst only methane and ethane were
produced. Potassium promotion leads to the progludf light olefins. The highest yield of
light olefin was observed on the K-MgG6NT catalyst when K/Mo atomic ratio was 0.5.
With K/Mo > 0.5, the addition of potassium lowertbe light olefin productivity.

The unpromoted catalyst contained Ma$lybdenum sulphide. Methane was produced
on that phase. K-Mo mixed sulphides were detectethe K-promoted catalysts. These
phases probably contain active sites for the swighef light olefins, alcohols and heavy
hydrocarbons. Addition of potassium increases thsidiy of the catalyst. A moderate
basicity seems favourable for producing light alefand alcohols. Potassium sulphidesStK
K,S) were observed at higher potassium content. Tidsses lead to higher catalyst
basicity which seems to be favourable for highéediwity to G, hydrocarbons.

In the following chapter, we are going to study #fect of potassium content on the

structure of catalysts and their performance ib@amonoxide hydrogenation on alumina.
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| Introduction

In the previous chapter, we have studied K_MGHT catalysts. Different amounts of K
significantly influence the catalyst structure asatalytic performance in carbon monoxide
hydrogenation. We concluded thatNtoS, phase can be more favorable for production of
alcohols, olefins and long-chain hydrocarbons.

The present chapter addresses design of suppodfdbdenum sulphide catalysts for
synthesis of olefins from syngas. Our work moretipalarly focuses on the effect of
promotion with K and operating conditions on oledigectivity over supported molybdenum
sulphide catalysts. At different preparation stagjes catalysts were characterized by nitrogen
adsorption, XRD, LRS, CO-IR, XPS,,HPR, CQ-TPD and TEM and tested in mill fixed

bed reactor.

Il Characterization of K Promoted MoS,/Al,0O5 catalysts

[I-1 Characterization of calcined catalysts

I1-1-1 Textural Characteristics

The textural characteristics of & and calcined K_MogAl,O; catalysts determined
using the BET/BJH method, are shown in Table 5He Puralox alumina exhibited surface,
pore volume and diameter in agreement with previepsrts [1,2]. The surface area and pore
volume decrease in the catalysts after additiomalfybdenum and potassium. The decrease
in surface area and pore volume is probably dupote plugging and alumina dilution in
particular after addition of significant amountspaitassium carbonate. No significant change

in the pore diameter was observed.
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Table 5-1: BET surface area and pore size of alajgalcined Mo/AlO; and K promoted

Mo/Al,O; catalysts

BET surface .
Pore volume | Pore diameter
Samples area (cmdlg) (nm)
(m?g) 9
Al,O4 186.4 0.51 8.9
15M 133.1 0.40 8.8
3K_15M 123.8 0.37 8.3
6K _15M 111.6 0.32 8.3
12K _15M 95.7 0.29 8.6
15K _15M 86.2 0.25 8.4
18K _15M 74.2 0.23 8.8
24K _15M 34.8 0.11 9.3

11-1-2 XRD

A series of K_Mo@/y-Al,O; catalysts were characterised by XRD (Figure 5-1).

Intensity (a.u.)
B %
N

_(4) ‘! ; ’ ’H N"\ F‘ﬂ‘ I tr \H‘\ “m‘ A
ISR LN oy Y SOV “‘w \mel.o‘[‘ ‘w.\v‘ A M ittt W IV ittt
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gé) . M LRy wy WA
Poandmttontiod Ao mtasond sl Sl W Wt s NS WL VN s et stttV Lt st
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Figure 5-1: XRD patterns of calcined K_Mo/,8% catalysts (1) 15M, (2)3K15M, (3)6K15M,
(4)12K15M, (5) 15K15M, (6) 18K15M, (7) 24K15MM00O; ¥ K,CO; mK,M0,05; ¢K,M00O,

In addition toy-alumina, the 15M catalyst exhibited higher intéasi of MoQ XRD

peaks which indicated higher fraction of the crijigta molybdenum oxide phase.
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The XRD patterns of the calcined samples with 15%tMo and variable K content
(from O to 24 wt. %) are also shown in Figure ZAfh.increase in potassium content resulted
in @ major drop in the intensity of Mg@eaks (JCPDF 05-05089 2 25.70, 27.35, 33.73,
38.98). This indicates stronger interaction between fdgnum, potassium andAl,O; at
higher potassium contents.

The presence of K seems to favour mixed K-Mo pha&e&/Mo ratio higher than 0.5
(3K15M), MoO; phase was not detected anymore and all of the K&E&rns were assigned
to mixed K-Mo-O oxides. The XRD patterns showed tiresence of ¥MoO, (JCPDF
29-1011, P = 18.87, 26.27, 30.68, 39.42, 45.83) and KMo,Os (JCPDF 87-0730, 2=
13.08, 17.07, 25.49, 27.47, 30.15) phases. The XRD intensity of those mixed phases
increased with potassium content.

The K,CO; phase (JCPDF 87-07300 2= 12.98, 29.19, 37.54, 46.32) was also
observed in the diffraction patterns. As expecttdintensity becomes also more important
on the catalysts with high potassium contents [3].

Note that besides the two-component potassium rdalgs, the catalysts also exhibited
the presence of aluminium molybdate {MoQ,);, (JCPDF 85-2286,@2= 20.84, 22.15,
23.14, 30.79, 32.10) and mixed potassium aluminium molybdates (KAI(MpQJCPDF
74-2008, B = 22.36, 31.40, 32.26, 51.97). The AL(MoQO,); phase was detected for all
catalysts; its intensity slightly increases witldiidn of K. In agreement with Gutirrez et al.
[4], the KAI(M0O,), phase was only detected in the catalysts with Kfiidar ratio higher

than 2.5 (15K15M and 24K15M catalysts).

[I-1-3 LRS

The Raman spectra of the calcined K_M@D,0; catalysts are shown in Figure 5-2.
The spectra exhibit the presence of Mo@I,(MoQO,); and polymeric surface molybdates.
MoOs was identified in all the catalysts using Ramasgfrencies at 153, 288, 334, 662, 818
and 991 cri [5,6]. Promotion with K had a strong impact onabte and relative intensities

of the Raman bands. The intensity of the Raman Mmadds decreased with an increase in
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potassium content. In agreement with the XRD restMoQ; concentration became less

significant with higher K loading, suggesting fortma of K-Mo mixed oxides.

B MoO,
@ Mo(Td)
° O Mo(0Oh)
V¥ Al(MoO,),

md
— 0@

(5)
(4)
3

(@)
(1)

Intensity (a.u.)
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Wave number (cr)

Figure 5-2: Raman spectra of calcined K_MAl,O; catalysts: (1)15M (2)3K15M
(3)6K15M (4)15K15M (5)24K15M

In addition to MoQ@, the Raman spectra also exhibit the bands at 8d21801 cnit
corresponding to A{(MoQ,);[7]. The intensity of the A(MoO,); band increased with higher
K loading. This suggests a strong interaction betwenolybdenum and alumina in the
supported catalysts in the presence of potassitnms. dbservation is also consistent with the
XRD characterisation results.

The Raman bands at 314, 818, 848 and 898 veene attributed to the Mo—O-Mo
asymmetric stretching modes of polymerized surfae@ybdenum oxide clusters in the
tetrahedrally coordinated Mospecies such as Mgband the Raman bands at 896, 929 and
954 cm were attributed to the symmetric stretching of Me=0O bond in octahedrally
coordinated M& species such as Mo and MgO.,* [5]. The latest two molybdenum
species can be associated to the K-Mo mixed phadste. that the mixed K-Mo phases
(K:.M0oO, and KM0,0¢) were also observed in XRD patterns (Figure 5-1).

The band at 929 chis also characteristic of well dispersed polymdigte species [8].

The band at 372 chis probably due to the overlap of bands correspantti AL(MoO,);and
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polymolybdate specieg]l The intensities of the bands at 372, 929 andl 196’ increased

with higher K/Mo ratio.

In addition, the calcined K-promoted catalysts shdwhe presence of Raman bands at
961 cm'and 1055 cm. The peak at 961 chrcan be assigned to the octahedrally coordinated
Mo®* species §,7], while the assignment of the peak at 1055”coannot be exactly
established. From our results, we inferred thase¢htwo bands might correspond to the

KAI(MoO 4), which was identified in the calcined catalystsigsKRD.

The Raman data suggest that on potassium promhtedha supported MoScatalysts,
the mixed K-Mo, Mo-Al and K-Mo-Al oxides should b®rmed, as a result, stronger

interaction between molybdenum, potassium and alamman be detected.

I1-1-4 TEM

Figure 5-3 displays the TEM images of the K_M®#&%$,0; catalysts at different K ratio.
The dark parts of the images correspond to the pdaiss.

It can be observed that the potassium promotectaffee molybdenum dispersion. On
the non-promoted catalyst (Figure 5-3 (a,b)), M® @lbserved on the form of large particles.
In presence of potassium, the Mo particle size fmecamaller. The Mo particles seem to be
smaller and better dispersed in the 15K_15M catalyse particles size seems to be slightly
bigger in 24K_15M catalyst, compared to 15K_15M.

On the other hand, for 15M and 3K_15M catalysts, dlumina crystals of the support
can be distinguished. However, with the incread¢ ioading, the alumina crystals are hardly

visible. This indicates that the crystallinity of,®; decreases.

145

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



These de Chang Liu, Lille 1, 2015

Chapter Effect of potassium content on M&8,0; catalysts for FT synthesis

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



These de Chang Liu, Lille 1, 2015

Chapter Effect of potassium content on M&8,0; catalysts for FT synthesis

T < —2°"m
Figure 5-3: TEM images of calcined catalysts. {d5M; (c, d)3K_15M; (e, f)6K_15M; (g,
h)15K_15M; (i, j )24K_15M

Those results are in agreement with the XRD patbérthe calcined catalysts (Figure
5-1). The intensity of the alumina peak was dedéngaas the K content was increasing. The
inhibition of Al,O; crystallinity is possibly due to:

- the interaction of potassium and/or molybdenurthvihe support (A(MoQy); and
KAI(MoO,), detected by XRD),

- the basic carbonate promoter could attack theiala support.

[I-2 Characterization on sulphided catalysts

[1-2-1 XRD

Sulphided catalysts were obtained after sulphidatib calcined catalysts. The XRD
patterns of sulphided K_Me&-Al,O; catalysts are shown in Figure 5-4. Interestinghg t
diffraction peaks assigned to the molybdenum oxigetassium molybdate and mixed oxide

species almost completely disappeared after swdfibial
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Figure 5-4. XRD patterns of sulphided K _M#8,0; catalysts: (1) 15M, (2)3K_15M,

(3) 6K_15M, (4)12K_15M, (5) 15K_15M, (6) 18K_15M7)( 24K_15MoMoS, oKMoS,
VK,MoS,

The XRD patterns indicate the presence of M@EPDF 89-3040,@2= 14.38, 32.68,
39.60, 49.79, 58.34, 60.15), K,M0S, (JCPDF 19-1001,@2= 17.55, 24.23, 29.36, 41.19,
47.0%, 58.40) or K-MoS, (JCPDF 18-1064,®= 9.66, 32.4%, 36.13, 40.6%, 60.46). This
suggests that the mixed K-Mo-O oxides were comiyletelphided during the pre-treatment
with H,S [9]. Note that potassium carbonate was not dsdaantthe sulphided catalysts.

When the potassium concentration is low, potassulphides cannot be meaningfully
observed by XRD. At higher potassium content, XRDvegs the presence of:

- potassium sulphide phases such g8 KICPDF 65-3001,62=34.21, 49.16, 61.26),

K,S; (JCPDF 31-1095,@2= 28.28, 30.02, 32.70) and KSs (JCPDF 01-089-3999,
26 = 19.83, 30.78, 31.15, not well observed until the K/Mo = 2.5);

- potassium sulphate phases such 30K (JCPDF 83-0681,@2= 29.80, 30.79) and
K,$:0s (JCPDF 01-075-1479,62= 16.73, 18.10, 23.6%, 24.90, 26.54, 28.08,
31.13).

The intensity of XRD peaks attributed to,@100,4);and KAI(MoQy), was significantly

reduced after sulphidation.
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[1-2-2 LRS

Raman spectroscopy was used for further charaaterns of the sulphided
K_MoS,/y-Al,0O; catalysts. Major modifications of Raman spectrarewebserved after

sulphidation (Figure 5-5).
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Figure 5-5: Raman spectra of sulphided K_jal,0; catalysts: (1)15M, (2) 3K_15M,
(3) 6K_15M, (4)15K_15M, (5) 24K_15M

The two intense bands at 378 tand 406 ¢, characteristic of MoS are observed in

both non-promoted and potassium-promoted catdlyst4.0].

For the Mo%/y-Al ,O; catalyst, the bands at 818 ‘trand 998 cm corresponding to the
MoOs; were detected. This suggests that a part of thghaenum remains as oxide after
sulphidation of the non-promoted catalyst. Thedesi MoQ, phase was not detected by
Raman spectroscopy in sulphided K-promoted catalyst

The catalysts with higher potassium content alsesgmt the bands at 450 trand
550-600 crit which are characteristic of Mo oxysulphidglfl]. This phase arises from the
uncompleted sulphidation of MgOxide. The molybdenum oxidation state in this phasé

(further confirmed by XPS).
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In the catalysts with K/Mo ratig 2.5, the bands at 961 ¢nand 1055 ci were also
detected which can be probably attributed to KAID4. Both of them were already present

in the Raman spectra of the oxide catalysts (Figede

[1-2-3 XPS

The catalysts were also analysed by XPS. The surdamposition for the sulphided

samples calculated from XPS data is given in Take

Table 5-2: XPS atomic ratio of different elemenisMoS,/Al,Ozbased catalysts

K/Mo ratio XPS atomic ratio (%)
on
Catalyst hesized
synthesizedl ol | o | K | s | Mo | c | kMo
catalysts
15M 0 27.8 49.3 0 12.1 7.7 3.1 0
3K_15M 0.5 25.6 49.9 3.5 12.0 5.6 3.4 0.62
6K_15M 1.0 23.7 50.3 5.0 11.% 6.6 2.9 0.76
15K _15M 25 19.1 49.0 6.2 15.2 7.6 2.3 0.82
24K_15M 4.0 9.3 35.9 9.3 239 10.4 11 0.88

The surface atomic concentrations of aluminium,gexy potassium and sulphur varied
as function of potassium promotion. It is noticealthat the surface concentration of
aluminium and oxygen decreases in the sampleshigtier potassium content.

At the same time, the XPS data are also indicativenrichment of catalyst surface with
molybdenum. The surface K/Mo ratio measured fronsX$much lower than the bulk Mo/K
ratio in the sulphided catalysts. Indeed, in tharéha supported molybdenum catalysts, a
8-times increase in the bulk K content (from 3%2#%0) results only in a very moderate
increase (about 29%) in the surface K/Mo ratio.sTuiggests that molybdenum is highly
dispersed on the catalyst outer surface, whilegsaien is mostly located in the catalyst bulk
where it is undetectable by XPS.

The presence of carbon on catalyst surface is dude CQ from air adsorbed on

catalyst surface and the,80O; precursor left on catalysts.In this case, the highbon
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concentration on the 24K_15M catalyst should beseduby a high quantity of potassium
added in catalysts, which can absorb more, @@d make more carbonate presented on

catalyst surface.

The Mo 3d and S 2p XPS spectra of sulphided K_NAISO; catalysts are shown in

Figure 5-6 and Figure 5-7.

M O4+

- Mo 3d / MOS\\ Mo®
] N 24K15Mo/ALQ,
—_
= 15K15Mo/ALO,
<
S~
=
e
= 6K15Mo/ALO
o 273
O -
3K15Mo/ALO,
15Mo/ALO,

225 230 235
Binding Energy (eV)

Figure 5-6: Mo 3d XPS spectra of the sulphided KSMq-Al ,O; catalysts

In the Mo 3d XPS region, several peaks were obsefMee broad envelop of the Mo 3d
signal can be deconvoluted in three separate @pmrlg doublets. This suggests that
molybdenum is present in three oxidation states**Mdo>* and M&".

The more intense signals at 229.0 eV and 232.1re\¢maracteristic of the Mbspecies
(3ds2, and 3d;) which are probably related to the Moghase [12]. In addition, the XPS
shows the peaks with the binding energy of 232.&e¥ 235.9 eV characteristic of fand
230.6 eV and 233.7 eV which can be assigned t& 8pecies [13]. The values of the binding
energy do not change with potassium addition. Qnlyery small shift of Mo 3¢ peak
attributed to M4" to lower binding energy species is observed. Hife af binding energy for

the promoted catalysts could be due to the presafpetassium.
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Note however the intensity of the peaks attributedic®* and MJ* species increases
with higher K content [14]. This suggests highenaentration of oxidized molybdenum
species in potassium promoted catalysts. Thé*Mmd MJ* present in the sulphided
catalysts could be:

0] produced during the passivation,

(ii) due to the formation of aJK10S, phase (also observed by XRD) where Mo exist

as Md",
(i) related to the formation of the oxy-sulphide spgaéthe MoQS, and MoO$
type [15],

(iv) due to the interaction of Mo and alumina resultimgAl,(MoO,)s which can be

not sulphided under these conditions.

The S 2p XPS spectra are relatively complex for dhkphided K_Mo/AJO; catalysts
(Figure 5-7). The S 2p peaks showed a doublet wiégbkals the presence of two types of
sulphur species. The XPS peaks with the bindingrgte® of 161.6 eV and 162.8 eV
correspond to sulphide ions*(S which might be present in,& and/or Mo$ The binding
energy around 162.6 eV and 163.8 eV could be plgsaitsigned to poly-sulphide ions,{$
in K-MoS, and KS, (K,S/K>Ss).

SO

4

/\ 24K15Mo/AlO,

15K15Mo/AL,0,

7 6K15Mo/AlLO,
b \ ~ 3K15Mo/ALO,
r/\ 15Mo/Al,O,

160 ' 165 ' 170
Binding Energy (eV)

Count (a.u.)

Figure 5-7: S 2p XPS spectra of the sulphided K-MgAI,O; catalysts.
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Addition of K also leads to a small shift of the2@ XPS peaks to higher energies. The
high energy shift of the sulphur XPS peaks in tB& 115Mo/Al,O; and 24K_15Mo/AIO;
catalysts indicates that sulphur atoms may be beigted by some high electronegativity
atoms. These atoms might be for exampl@KMc®* ions [16].

The S 2p XPS spectra also exhibit other broad patl$8.9 eV and 170.1 eV which
can be due to the presence of sulphates’(S@he intensity of these peaks increases with an
increase in K/Mo ratio. The presence of sulphatethe catalyst surface might be mainly due
to partial molybdenum oxidation during catalyst exre to air during passivation.

The K 2p XPS spectra (not shown here) were alsosumed for these catalysts. The
K 2p XPS peak was located at binding energies at&98.0 eV. The binding energy and
peak shape were not affected by potassium contgheisamples.

The decomposition of Mo 3d and S 2p XPS spectrgestg that Mo and S exist as
different oxidation state. The ratio of these spgeds presented in Table 5-3. It is observable

that Md"" is the major molybdenum species on the cataly$ase. The potassium promotion

slightly affects the oxidation state of Mo.

Table 5-3: XPS Atomic percentage of different kinfispecies for Mo and S

Catalyst y Mo (Z/f) o s (%)
Mo Mo Mo g | S* | sO”
15M 87.0 3.9 9.1 67.8 198 116
3K_15M 76.8 8.9 14.3 52% 29 183
6K_15M 75.8 9.1 15.2 56.% 19.1 243
15K_15M 69.7 13.2 171 57.2 184 237
24K_15M 80.2 9.4 9.4 70.T 6.3 23.0

In the K-promoted catalysts, the contribution of %1species slightly decreases, while
the fractions of Md" and M&* species are getting more significant. The presefhtéo™* and
Mo®* could be associated with both formation of the MB@xy-sulphide, in which O atoms
replaces the S atoms in the Ma$ructure. The Sseems to be related to MoSilphides and
K,S sulphides, while & could be principally present in unsaturated sulptsuch as Mo,
or K;S,[17]. Note that the Mo, or K,S, phases are also detected in sulphided catalysts by

XRD and Raman spectroscopy.
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I-2-4 H - TPR

The H-TPR profiles were measured for the sulphided K_MBISO; catalysts. They are
presented in Figure 5-8. Three types of TPR peek®lbserved which correspond to various
molybdenum and sulphur species [18]. Thecbhsumptions measured from the TPR profiles

are given in Table 3.
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Figure 5-8: H-TPR of sulphided K_Mogy-Al,Os catalysts (1)15M (2)3K15M (3)6K15M
(4)15K15M (5)24K15M

Table 5-4: H consummation in TPR experiments (mmgtihays)

Catalysts Zone | Zone Zone Il
15M 1.34 0.00 0.53
3K_15M 1.12 0.71 0.50
6K_15M 1.47 1.11 0.46
15K_15M 2.42 2.24 0.42
24K_15M 1.82 4.24 0.25

In agreement with Toulhouat et al [19], the low perature TPR peaks located between
230°C — 430°C could be related to the hydrogenatioextra sulphur atoms (chemisorbed

H,S or SH groups) or sulphur atoms that are weakhdlo the catalyst surface. Those easily
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removable species are adsorbed on low coordinatgel/eorner sites, which were believed to
be responsible for the active sites of the molylbdercatalysts. A slight shift of these peaks
towards higher temperature is observable with &rrthddition of K. The presence of the
alkali ion seems to stabilise the sulphur adsonptiod leads to stronger interactions between
S atoms and Mo atoms. The hydrogen consumptioheraw temperature TPR peak is only
slightly affected by the promotion with potassiufalfle 5-4).

The TPR peaks between 530°C — 730°C could be celatethe hydrogenation of
molybdenum and potassium mixed sulphides and stdphdNote that the peaks in this
temperature range are absent in the TPR profileth@efunpromoted alumina supported
molybdenum catalyst which does not contain potassions. The area of this peak
significantly increases with the increase in K liogd(Table 5-4). It can be suggested that the
high temperature peaks could be assigned to thectied of K-Mo-S species and possibly
sulphate ions (such as the thiolsulphai&:Rs). All these compounds have been observed in
XRD patterns and their concentration also increag#s potassium content. In addition, the
sulphur atoms located at the edges or basal p[28¢of molybdenum sulphide crystallites
could also contribute to these medium temperatire peaks.

Finally, the broad low intense high temperature Tgtiaks at 950-1000°C seem to be
related to the partial reduction of bulk Mo® is known [18] that reduction of bulk Mg@S
occurs generally at the temperature between 70@°CLG50°C. The MosS reduction
temperature is usually related to the strength hef Mo-S bond, size of the particles,
dispersion on the surface and interactions withstiggoort. High reduction temperature in this

case is indicative of relatively large molybdenunpkide crystallites.

[1-2-5 CO,-TPD

The basicity of the sulphided catalysts was folldvay CQ-TPD (Figure 5-9). All the
catalysts exhibited a broad €@esorption peak, in the range 30-300 °C and skpesks at

600-800°C.
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The high temperature peaks seem to be attributehimonate species. The carbonate
composition seems to be affected by the presengmtaissium. Taking into account very
significant stability of carbonates which decompasdy at very high temperature, these

species are not likely to be involved in carbon made hydrogenation.

e 15M

e GK15M
15K15M

=—24K15M

CO, count(a.u.)

0 100 200 300 400 500 600 700 800
Temperature°C)

Figure 5-9: C@-TPD of sulphided K_Mo/AlOscatalysts
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Figure 5-10: Area of low temperature €@esorption peak as a function of potassium content
in the sulphided promoted alumina supported molybdecatalysts

Note that the total COadsorption measured from the £€0PD low temperature peak

increases significantly with the addition of potass This suggests that addition of
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potassium leads to supplementary basic sites.

An almost linear slope was observed in the ploC@k adsorption versus potassium
content (Figure 5-10). The peak position was nigicééd by the presence of potassium.

For all the catalysts, the maximum of C@esorption was between 104°C-109°C. This
suggests that while the concentration of basicaserfsites increases with increase in
potassium content and the strength of the baseas siire not much influenced by the

promotion with potassium compared with the alunsnpport.

[I-2-6 TEM

In Figure 5-11, Mo§particle, which have the form of multilayer shee&n be very well

distinguished on all these three cataly&t.[The MoS patrticle size varied with K loading.

| @

10|
| S—

3 - N

T ¥ AT B A S AT
Figure 5-11: TEM images of sulphided c

x

atalystsLM) (2)6K15M (3)15K15M (4)24K15M
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For those Mogbased catalysts, it can be found that with additbK, both number of
layer stacking and slab length of Mgfarticles increased. This indicates that for th#15
catalyst, the particle size is lower than on K potea catalysts. As a result, the dispersion of
MoS;is better for non-promoted catalyst (15M). Thigliferent from what we observed for
calcined catalysts concerning the dispersion of Mp@&ticles. Hence, the Mo dispersion on
calcined and sulphided catalysts is different. Tdgia demonstrate that the dispersion of Mo

phases on AD; support changed during the sulphidation step.

The layer stacking and slab length of Mg#article size distribution were calculated
from 20 TEM images for each sample and are repteden Table 5-5. It indicates that the
non-promoted Mogatalyst shows the smallest particle size. WitFedint potassium content,
the MoS particle size contribution is different. The Mogarticle exhibits a more layer
stacking and higher slab length in 15K_15M catatlyah in the other two promoted catalysts.
On 24K_15M catalyst, the number of layer is simdarl5M, but its slab length remains quite
high, similar tol5K_15M catalyst. Therefore, the $4particle size was improved with

increase of K content, but when K percentage ishigb, the Mogparticle size decreased.

Table 5-5: Layer stacking and slab length througlisics of TEM images

Catalyst Number of layer | Slab length(nm)
15M 2.9 3.4
6K_15M 3.7 4.1
15K_15M 4.6 7.5
24K_15M 3.2 6.0

[l Catalytic tests on K_MoS,/Al,O3 catalysts

Methane, olefins, paraffins, methanol, ethanol earbon dioxide were major reaction

products detected in carbon monoxide hydrogenadioralumina supported molybdenum
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catalysts (Table 5-6). The reaction was conductaelatively low total pressure (20 bar) in
order to shift the reaction selectivity from alcthto olefins.

The catalysts were relatively stable under the ti@acconditions. Carbon monoxide
conversion and selectivities did not change duthmg first 60 h time on stream. The CO
conversion and product selectivities at the steddte obtained at iso-GHSV for unpromoted
and potassium promoted alumina supported molybdesulphide catalysts are shown in

Table 5-6. Carbon dioxide was included in the tetéctivity calculations.

Table 5-6: CO conversion and product selectivitydifferent K promoted catalysts at P =
20 bar, H/CO=2, T= 366C, GHSV = 2100 ci(gca:h).

Cco Selectivity (%)
Catalyst | conversion C,-C C,-C Cs. C2+
’ @) | ™| Olefin | Paraffin| HC | MEOH | Aicohol | €©:

15M 48.9 51.4] 0.05 0.2 0 0.05 0 48.3
3K15M 42.3 39.3] 0.1 16.6 0 0.1 0 44 .(
6K15M 41.0 352 0.2 15.5 0 7.5 1.6 40.]
12K15M 26.2 275 6.4 16.3 2.4 10.1 2.3 35.1
15K15M 21.3 18.9 10.7 15.9 6.3 13.2 1.9 33.p
18K15M 15.1 23.5| 8.4 3.3 15.7 13.6 4.8 30.7
24K15M 11.2 21.7] 4.8 2.3 24.4 14.0 1.8 31.0

The catalytic performance is strongly affected bgnpotion with potassium (Table 5-6,
Figure 5-12). At GHSV=2100 mlg".h*, the CO conversion decreases from 48.9 % to 11.2 %
with the increase in K/Mo molar ratio from 0 to Under these conditions, addition of
potassium generally leads to better selectivitplafins and alcohols [21]. The total olefin
and alcohol selectivities increase respectivelynf05 % to 10.5% and from 0.05% to 18.4 %
whereas the total hydrocarbon selectivity fluctsabetween 50% and 56%. Addition of
potassium also results in lower selectivities to,Cihile the selectivity to long-chain
hydrocarbons (6 HC) has been significantly enhanced.

Figure 5-12 displays £C, olefin, methanol and ethanol production ratesuastions of
potassium content in the catalysts. Minor lightfioleand alcohol production rates were
observed on the non-promoted molybdenum catalysilytienum was present in this
catalyst as MogSphase suggesting that this latter phase does moider active sites for

synthesis of higher hydrocarbons and alcohols.
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The olefins and alcohol production rates passedutiir a maximum as a function of
potassium content. The best results in terms dinoémd alcohol productivities were obtained
at intermediate potassium contents. Note that mdhe high potassium contents (>15wt.%)

could be unfavourable for light olefin and alcokghthesis.

@ C2-C4 Olefin
H Methanol
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u ®C5+ HC
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N
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Figure 5-12: Light olefin, methanol,,Calcohol and g. hydrocarbon production rates on the
K promoted alumina supported M@@talysts as a function of K/Mo atomic ratio

Carbon monoxide hydrogenation was conducted irpteeence of 13.2 ppnof H,S in
syngas. Analysis of the reaction products usingelecive PFPD detector showed the
presence of trace amounts of several sulphur-aintacompounds in the reactor outlet.

The distribution of sulphur containing productegent in trace amounts is shown in
Table 5-7. Their composition is also affected byapsium content in the catalysts. At low
potassium content, mostly,8l and COS were detected.

The PPFD detects total sulphur content of 14.5 pjmthe reactor outlet while the
sulphur concentration in the feed is 13.3 ppmvcdn be therefore suggested that the
non-promoted alumina supported catalyst does rs# By noticeable amounts of sulphur
during the reaction. This suggestion takes intoaot the decrease in the concentration of
sulphur compounds which occurs during carbon matexhydrogenation. At higher
potassium content, methanethiol, ethanethiol anattiyl sulphide were also observed.

Interestingly, the production of mercaptans on g&itan promoted catalysts coincides
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with the noticeable selectivity of these cataly&isalcohols and light olefins. This may
suggest some similarity in the mechanisms of thenétion of mercaptans, olefins and

alcohols on Mogcatalysts.

Table 5-7: Concentration of different sulphur compds in the reactor outlet on different
potassium promoted alumina supported molybdenualysis

Total S
Catalyst| concentration | H,S(%) | COS(%)| CH:SH(%) | CoHsSH(%) | CHSCHy(%)
(PPmMV)
15M 14.5 90.7 9.3 0.0 0.0 0.0
3K15M 14.4 88.5 115 0.0 0.0 0.0
6K15M 14.8 75.5 22.8 1.7 0.0 0.0
12K15M 24.7 60.4 28.1 7.2 1.9 2.4
15K15M 21.0 49.1 37.8 10.2 2.3 0.6
18K15M 20.3 61.6 25.6 9.9 1.5 1.4
24K15M 21.3 67.1 22.2 8.1 1.8 0.8

The total sulphur concentration in the outlet of tieactor (Table 5-7) is higher for
potassium promoted catalysts (>20 ppthan the sulphur content in feed (13.3 pprifhis
suggests that sulphur is partially removed fromdalysts during the reaction. Sulphur loss
could be more noticeable in the catalysts promuiigl potassium relative to the unpromoted

counterpart.

IV Effect of reaction condition on K_MoS,/Al,O catalysts

IV-1 Effect of GHSV

On the non-promoted alumina supported molybdenutalyst, methane and carbon
dioxide were the major reaction products at a widage of conversions, while the
potassium-promoted catalysts exhibited higher segigcto olefins, long-chain hydrocarbons
and alcohols. The product selectivities on potasgiwomoted catalysts were investigated as

a function of gas velocity. The results are showRigure 5-13.
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Figure 5-13: Selectivities as functions of carbomnoxide conversion for(A)6K15M,
(B)15K15M and (C)24K15Mcatalysts (P = 20 bag/GD=2, T= 366C)

Carbon monoxide conversion at 360°C was adjustetthenrange of 10% to 40% by

varying GHSV. As expected, the increase in GHSde@ lower CO conversion [22,23].

The selectivities to alcohols and hydrocarbonsadse considerably affected by carbon

monoxide conversion levels. Higher carbon monoxidieversion on all the catalysts leads to

increase in methane selectivity, while selectitayGCs. hydrocarbon drops at higher carbon

monoxide conversion. Methane selectivity is patéidy significant on the catalysts with low

potassium content (Figure 5-13A), while the catalysith higher potassium loading exhibit

higher selectivity to € hydrocarbons, methanol and higher alcohols (Figet8B and C).

This type of behaviour suggests that methane may foa several reaction pathways.

Noticeable methane selectivity at low carbon modextonversions suggests that methane

could be possibly one of the primary reaction paotsluAn increase in methane selectivity

with higher conversion can be due to the methaondymtion via hydrogenolysis of higher

paraffins or methanol hydrogenation. Carbon dioxsdkectivity is about 30-40% on all the

catalysts. On 15K15Mo0/AD; (K/Mo=2.5) and 24K15Mo/Al0; (K/M0=4.0), carbon dioxide
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selectivity increases with higher carbon monoxidaeversion which seems to be due to very
significant water gas shift (WGS) reaction. Wateniso produced when carbon monoxide is
hydrogenated to hydrocarbons; the yield of waterdases with CO conversion.

Interestingly, the methanol selectivity as a fumetbf conversion varies differently on
the catalysts with different potassium contentse Thethanol selectivity increases with
conversion on 12K15Mo/AD; catalyst (K/Mo=2, Figure 5-13A), while methanolesivity
decreases with conversion on the catalysts witth pgtassium content (15K15M and
24K15M, Figure 5-13B and C). This might suggestfedént mechanisms of methanol
formation as a function of potassium content. Trapdn methanol selectivity coincides with
increase in methane selectivity and selectivityhigher alcohols. Thus, the decrease in
methanol selectivity with the increase in conversim the catalysts with higher potassium
contents can be attributed to the secondary reectguch as for example, methanol
hydrogenation to methane:

CH3OH + |‘i2 === Cl'h + Hgo

Noticeable selectivity to olefins is observed as/&/molar ratio gets higher than 1.5.
The best olefin selectivity is obtained for the l1GKAcatalyst.On the catalysts with higher

potassium content, the olefin and alcohol seld@tiwidecrease with conversion.

V-2 Effect of pressure

The different selectivity obtained at 10 bar andb@® on the 15K15M catalyst is shown

in Figure 5-14.
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Figure 5-14: Selectivity on 15K15M catalyst. (T 608C, CO conversion was kept around 20%
by varying GHSV)

To compare the product selectivity, the CO coneersieeds to remain constant. Hence,
the GHSV varied in order to keep the CO conversiparound 20%.

At P = 20 bar, as presented before, the CO cororevgas 21.3% with GHSV = 2100'h
At P = 10 bar, the CO conversion was 20.6% with @HS467 K'. When the reaction was
realized at lower pressure, the methane selectinitieased while the longer carbon chain
product (G. HC and G. alcohol) selectivity decreased. This is possible do the easier
desorption of adsorbed species at low reactionspres[24]. Olefin readsorption is often
considered as an important step in FT synthesisctwltiould results either in olefin
hydrogenation or reinitiation of the polymerizaticimain [24]. Consequently lower selectivity
to light chain paragraphing which might result frootefin hydrogenation and lower
selectivity to long chain hydrocarbons are obseraetbw reaction pressures. These results
are consistent with previous report of Surisettyalef21] who showed that lower pressure
reaction pressure reduces alcohol selectivity arnff products distribution low molecular
weight olefins. Similar study was realized by Quaed et al [25] and Iranmahboob et al [26].
Both groups have reported that higher reactionspireswas favorable for alcohol selectivity
and unfavorable for hydrocarbon selectivity.

The CO conversion and product selectivity on thK 1M catalyst at lower reaction

pressure (10 bar) are presented in Figure 5-15.
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Figure 5-15: Catalytic performance of 15K15M caslyat P = 10 bar, T = 38D, GHSV =
467 K
The CO conversion was kept at around 20%, but demto achieve this value, the

GHSYV should be reduced at 467 rmtg,sil.h'l. The CO conversion, as well as products
selectivity are stable during the 70 hours timestream when reaction pressure is set at 10
bar. In agreement with previous study [25,26], rémection pressure did not affect the catalyst

stability.

IV-3 Effect of syngas ratio (H/CO)

The results of selectivity on 15K15M catalyst anewsed inFigure 5-16, with HCO =
1 and 2. Note that the CO conversion was 21.3%/@®iratio of 2. It can be concluded that
the H/CO ratio showed little effect on the carbon mowxexconversion. At the same time,

H,/CO ratio affects significantly the product seleityi.
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Figure 5-16: Effect of HICO ratio on 15K15Mcatalyst (P = 20 bar, T = 3B0GHSV = 2100
h™

The CQ selectivity is higher at $#ICO ratio of 1 because higher CO fraction in syngas

could improve the water-gas-shift reaction [27,28]:
CO+HO=CO+H,

The alcohol selectivity becomes less important #€8 = 1 than at HICO = 2. This is
concordance to previous work. Chiang et al [29]ized that the CO hydrogenation on MoS
catalysts at 30 bar, showed the highesCgalcohol selectivity at ICO = 2, compared to
alcohols selectivity obtained at, 20 = 1 or 3. Surisetty et al [30] reported that on
K-Co-Mo$; based catalysts, a high ratio of €O (equal to 2) improved catalytic activity and
alcohol selectivity.

It is also observed that light olefin and.Qiydrocarbon selectivities increased while
light paraffin selectivity decreased with the dese in H/CO ratio. This is consistent with
previous results on cobalt based catalysts [31] aad on K-Co-Mo_AlO; catalysts [32],
where the light olefin selectivity (GOree selectivity) increased from 1.1% to 3.1% when
H,/CO ratio decreased from 1 to 0.1. Higher hydradigaction in the feed gas leads to higher
CO hydrogenation [29].

The CO conversion and product selectivity in thialgéic test with H/CO ratio = 1 are

plotted as a function of time on stream in Figur&75 The CO conversion is maintained at
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about 20%. Methane, light paraffin ang-C, olefin selectivities attain their steady stateaft
17 h time on stream. Carbon dioxide selectivity agra stable with time on stream. These
results demonstrate that at a ratig@D = 1, the catalytic performance could keep stabl

within 60 h time on stream.
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Figure 5-17: Catalytic performance on 15K15M catglyat P = 20 bar, T = 380,
H,/CO ratio = 1, GHSV = 2100*h

V Discussion and conclusion

The obtained results have revealed a strong infleiarf potassium content in alumina
supported catalysts on the structure of molybdephases and their performance in carbon
monoxide hydrogenation.

At low potassium content, mainly molybdenum oxidel sulphides are observed, while
at high potassium content, mixed phases of K-Mo;Alland K-Mo-Al are clearly identified
(by XRD, LRS and XPS). Those phases are summaniz&dble 5-8 for Mo/AJO;and some

K promoted catalysts.
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Table 5-8: Species on catalysts calcined and sagpMo/ALO; catalysts and K promoted
catalysts (according to XRD and XPS results)

After calcination After sulphidation
. . Mo . Mo Mo oxy-
Mo Alkali-Mo | Alkali-Mo-Al ) Alkali-Mo ) )
Catalysts _ ) _ sulphide . oxide | sulphides
oxide Oxides mixed phases . sulphides - o
MoS, Low
15M MoO; - Al (M0QOy)3 - 9.1%
(87.0%) (3.9%)
MoS, High
3K_15M MoO; - Al3(MoOy); - 14.3%
(76.8%) (8.9%)
K,MoO Al,(MoO, Mo K,MoS High
15K_15M | Moo, 2 AMoO,); > 2T 17.1% 9
K,M00s | KAIM0oO,), | (69.7%) | KMoS, (13.2%)
K,MoO, Aly(MoO, Mo K,MoS, High
24K_15M | MoO;, ZH AM0O,); = PR 9.4% g
K,M040¢ KAI(M0oO,), | (80.2%) KMoS; (9.4%)

*: The quantity of Mo$was determined by XPS. This phase could be preddyt Md* specie.

** The quantity of Mo oxide was determined by XP®is phase could be presented by’epecie

= The quantity of Mo oxysulphides was determinkeg XPS. This phase could be presented by'Mo
specie.

The XPS results shows a relatively high fractionMé** species (>0.75) probably
associated to MagSspecies. The catalytic data suggest that non-piemmoolybdenum
sulphide does not produce any noticeable concémiraf alcohols and olefins. Indeed, the
selectivity to long-chain hydrocarbons and alcohads very low on the unpromoted alumina
supported molybdenum catalyst [33]. In agreemetit wievious reports3[34,35], it can be
concluded that the active sites associated wittylaEnum sulphide are not active for olefin
and alcohol synthesis.

The increase in potassium content results in aehnifaction of M3" and MJ* species
associated to mixed K-Mo sulphide and molybdenugsobphides (MoGs,). Woo et al [36]
indicated that the oxidized ;KO;/M0S, catalyst i.e. with a significant amount of R1o
produces mostly hydrocarbons while the catalystaining mostly M§" produces mainly
alcohols. Those results are not consistent with results. Indeed, the hydrocarbons and
alcohols are not mainly produced with the catasich exhibits highest fractions of Noor

Mo>* species. Figure 5-12 shows that olefins and alcphafluction rates decrease at high
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potassium contents. These species are not faveui@btarbon monoxide hydrogenation

According to TEM images, the Mg8ispersion was lower on the K promoted catalysts
compared to the unpromoted catalyst. Jiang et7AdlIrgorted that MoSparticles with longer
slab should be assigned to the well-crystallizedsphich should be less active than smaller
MoS,; particle size. Yoosuk et al [38] and Ferrari ef38] suggested that if promoters were
very well incorporated within MoSat higher potassium content, the particle size ldvou
became smaller. Those results are in agreementowitihesults. The 15K _15M catalyst with
larger particle size is the more active catalyst dtefins and alcohols production. When
potassium is added in a high content (24K_15M gatpl we observed a decreased in the
particle size and consequently, a decrease inldfia gelectivity.

Figure 5-18 shows the relation between selectitotyC,-C, olefins and Mogparticle
size contribution. With large Mg®article, especially with higher slab length, tiggt olefin
selectivity is higher. The smaller Mg®articles were believed to participate more in
hydrogenation reaction because they exhibited moraer site that was the active site for
hydrogenation [40,41]. This is not convenient fdefim synthesis because with a high

hydrogenating ability, the olefin could be easigdiogenated to paraffin.
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Figure 5-18: Light olefin productivity with the fation of Mo$ particle size contribution
(number of layer and slab length)

Potassium promotion also has a strong impact orcdlteyst basicity. Bian et al. [42]
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demonstrated that when the sample possesses a sinidity, the selectivity to mixed
alcohols was low, while with a weak acidity, théesévity to mixed alcohols became high.

The catalyst basicity could be an important pareamethich would affect the rate of
secondary reactions such as re-adsorption and tiidraef olefins or oxygenated products
[43]. In our catalysts, the mixed phases K-Mo-Snsde provide active sites for olefin and
alcohol synthesis, however when the catalyst dgsiitoo high, a change in selectivity can
be observed: less light olefins and paraffins aoglpced for the benefit ofsChydrocarbons.

Interestingly, higher GHSV, lower reaction pressarel lower H/CO ratio in syngas
feed could be favorable for light olefin synthestur data also showed that production of
olefins and oxygenates coincided with appearanaeeathanethiol, ethanethiol and dimethyl
sulphide on the catalysts with high potassium aun{@able 5-6, Table 5-7). This indicates
that similar active species are involved in bottobbl and thiol synthesis on promoted MoS
catalysts.

Interestingly, the data show a correlation betwiemation of the mixed species in the
calcined and sulphided catalysts. Indeed, strortgraotion between molybdenum and
potassium already occurs at the stage of catafysination and leads to mixed K-Mo oxides
[44]. This interaction further governs the catalyshase composition and catalytic
performance [34]. XRD patterns did not show anyedetble concentration of M@0n the
calcined K-promoted catalysts. Me@adily converts into mixed K-Mo oxides after aduh
of relatively small amounts of potassium, when Kteat became high (K/Mo molar ratio >
2.5), MoQ cannot be detected any longer. The presence afsgiain results also in
formation of Mo-Al and K-Al-Mo mixed phases. Thexad Mo-K oxides are then converted
in the presence of 43 into mixed sulphide species. XRD shows than ewixed Mo-Al and
K-Mo-Al oxides can be partially converted into mbtienum sulphides in the presence of
H,S.

Potassium addition affected the size of molybdemspecies. In our work, on calcined
catalystsMo/AJO; catalysts with high potassium content were moreriable for alcohol
selectivity, while the Mo@ particle size decreased with addition of K promotdis result

agreed with the publication of A. Tavasoli et &5] who reported that on K-Mg$ased
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catalysts, a large particle size of Mp@as favorable for hydrocarbon selectivity while a
small size was favorable for alcohol selectivity.

Comparison of the catalyst data with charactensaindicates a major role of mixed
K-Mo sulphides in synthesis of olefins and alcohols the K-promoted molybdenum
catalysts.

The methanol selectivity increases with conversion the catalysts with low
molybdenum content, while it drops on the 15K15Mef} and 24K15Mo/AJO; catalysts.
This suggest that methanol can be involved in sgagnreaction on the catalyst with higher
molybdenum content such as hydrogenation to metlmangynthesis of olefins and,C
alcohols. While promotion with potassium has a liers effect on the olefin and alcohol
synthesis, the olefin and methanol production ratesp however at higher potassium
contents.

Figure 5-12 shows simultaneous evolution of methaf-C, olefins and ethanol
selectivity as function of the potassium contenthia catalysts reaches 6 wt. %. At the same
time, the methane selectivity has been signifigamtiuced at higher potassium loadings. The

appearance of olefin and alcohols coincides witea®n of mixed K-Mo-S species.
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Comparison between alumina and CNT supported promad MoS

catalysts

It is interesting to compare the performance ofraha supported and CNT supported
K-promoted molybdenum sulphide catalysts. CNT sujgpbcatalyst were found to be less
active than alumina supported counterparts (seBigare 5-19). Lower activity of CNT
catalyst can be attributed to the lower extentudiilsidation. MoQ could be detected by XRD
and H-TPR after the sulphidation in the CNT supportethlyats. MoQ seems to be more
difficult to be sulphided than MoQLower extent of sulphidation seems to the magason
of lower activity of MoS/CNT catalysts. Note that this MgPhase has not been detected in
the catalyst synthesized on alumina support. Thiwiggcof both catalysts decreases with
increase in potassium content. This can be duéhdoiricrease in molybdenum sulphide
particle; with higher K content and the effectgpofassium on the Mg®lectronic structure.

The methane was produced on the Mgshase; light olefin, alcohol and heavy
hydrocarbon were produced on K-Mo sulphides. Theatian of light olefin productivity
with different K/Mo atomic ratio is shown in Figue20.

The catalysts supported on both supports show & waest for the dependence of olefin
productivity as function of potassium content. Toygimal K/Mo ratio for production of
C,-C, olefins was found to be at 2.5 on alumina suppdngreas this optimal ratio was 1.5 on
CNT support.  For catalysts supported on alumin@NF¥, addition of potassium leads to the
increase in the catalyst basicity. Potassium caoderact with A)O; and form K-Mo-Al
mixed phases. This suggests that opOAlsupported catalysts, a part of added potassium
reacts with the support compared to CNT supporéddlysts, and these K promoters did not
take part in the FTS. Hence, more potassium ne&alebtain an optimum in light olefin
productivity. With an excess of potassium additianhigh fraction of potassium sulphides
forms during the sulphidation step. Also, with aloensupport, potassium could interact and
form K-Mo-Al mixed phases. These phases lead toadxasicity and this is harmful for light

olefin synthesis.
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Figure 5-19: Reaction rate on Mgl ,0sand MoS/CNT catalysts with different K/Mo ratio
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Figure 5-20 Formation rate of light olefin on Mg&\l,0; and MoS/CNT catalysts with
different K/Mo ratio @ Al,Ozsupported catalyst® CNT supported catalysts)

The catalyst basicity and acidity can be also nieditby using different potassium

precursors (potassium chloride, sulphate...). Thiovighg chapter focus on the effects of

different alkali promoters and precursors on threcstire and performance of Mg&l,0;

catalysts.
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| Introduction

In previous chapters we have studied the effecpaihssium promotion added from
potassium carbonate on the structure and perforenain®loS/Al ,O; catalysts. Note however
that other alkali ions can be also used for proomtf MoS based catalysts. It has been
shown that different alkali metal promoters led different alcohol productivity [1,2,3].
Koizumi [4] has compared the yield of.CGalcohol on K or Cs promoted Mg8atalysts and
has reported that when the atomic ratio of K (o ©©sMo was less than 0.2, highep.C
alcohol productivity was observed more on Cs prandfloS catalysts. Zhang et al [5] has
studied Na and K promoted MgS$atalysts for methanol synthesis and found thdtuso
could improve more significantly the yield of metiohthan potassium promoter. Woo et al [6]
reported selectivity of alcohol on Mglased catalysts followed the order: K > Rb> Cs >Na
Li.

Besides the type of alkali metals, the nature aihpmter precursors also affected the
catalytic propriety. For potassium promoted Ma&talysts, various kinds of salts were used:
KCI [7], K.SQO, [8], KCOs [9,10], KOH [8,11] and CECOOK [12] to improve the catalyst
alcohols selectivity, while light olefin productidras not been reported on these catalysts. It
was suggested that the potassium precursor cotédtathe catalytic behaviour in FT
synthesis principally due to the different acidiy8]. It has been reported that with®0Os
and CHCOOK promoter, the catalytic performance (selettigind catalytic activity) did not
present notable difference because the aciditthe$d two salts is similar [12]. KCI could
however inhibit the catalytic activity [7], becauskactive sites blocking on the catalysts by
chlorine ions [13].

This chapter focuses on the structure and perfocmani the catalysts prepared by
molybdenum impregnation on alumina followed by &ddi of the different alkali promoters.
In addition to potassium, cesium and sodium wees s promoters. Precursors of Na and
Cs promoters were carbonates {8@;, CsCOs). The catalysts have been synthesized in
order to maintain similar atomic ratio alkali/Morfall the catalysts. The second part of this

Chapter 6 addresses use of different potassiumupmes for promotion of supported
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molybdenum sulphide catalysts. The K_Mo catalystéehbeen promoted using potassium
carbonate, sulphate or hydroxide,(Q0s, K,SO,, KOH).

The molybdenum content in the catalysts was kef5aivt.%. In the Chapter 5, we
suggest that the light olefin productivity could dletained with atomic ratio of K/Mo = 2.5.
Hence, for MogAl,O; catalysts with different promoters/precursors, shene atomic ratio
was employed. The weight content depends howevethermpromoter molar weight. For
sodium promoted catalysts, the Na content was & @%Nal5%Mo, labeled as 9Nal5M),
and for cesium promoted catalysts the Cs loading B3#2awt.% (52%Cs15%Mo, labeled as
52Cs15M). The potassium content was always 15 \ivt.8dl catalysts studied in this Chapter.
The MoS/Al,O; catalysts promoted with KO;, K,.SO,and KOH are labeled as 15K15M,
15K15M(S) and 15K15M(H). The catalytic tests wesalized in milli-fixed bed reactor
under the following conditions: temperature = ¥B0pressure = 20 bar, GHSV = 2100 h
and ratio H/CO = 2. The catalysts were characterized by XRBSXH-TPR, CQ-TPD and

TEM.

Il Alumina supported molybdenum sulphide catalysts

promoted with different alkali metals

[1-1 Characterization

I1-1-1 XRD

Calcined catalyst: The XRD pattern of 9Nal15M, 15K15M and 52Cs15M oais are
displayed in Figure 6-1.The calcined catalyst shbtie presence of molybdenum oxide and
mixed K-Mo oxide species. The Mg@hase was detected in the 15K15M catalyst usiag th
following peaks: B = 11.97, 25.70, 27.35, 33.73, 38.98 (JCPDF 05-0508). In this catalyst,
K-Mo mixed phases are also observed aM&O, (JCPDF 29-1011,@= 18.87, 26.27,

30.65, 39.42, 45.83) and KMo0,0s (JCPDF 87-0730,@2= 13.08, 17.07, 25.49, 27.47,
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30.15). The catalysts also showed the presence of tlsgsharising from interaction of
Mo/K with the alumina support: AIMoO,); (JCPDF 85-2286,@2= 20.84, 22.15, 23.14,
30.79, 32.16) and KAI(MoQy), (JCPDF 74-2008, @ = 22.36, 31.46, 32.26, 51.97).
Despite of the presence of all those different peasome diffraction peaks were attributed to
K,CO; (JCPDF 87-0730, @ = 12.98, 29.19, 37.54, 46.32). This indicates that the

precursor has not been completely decomposed icetiadyst.
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Figure 6-1: XRD pattern ofcalcinedMg8l,0; catalysts promoted by different alkali
metals®e MoO:;mK,M0,0;¢K,M00,mNaM0,0,¢ NaoMoO,mCs5;M050,6¢ C5;M00,

The 9Nal5M catalyst also exhibits the presencén@fMoQ, phase and mixed phases.
The Na-Mo mixed oxide phases were detected sucNag€loO, (JCPDF 12-0773,@=
16.84, 27.68, 32.58, 48.96, 57.14) and NaMo,0O, (JCPDF 73-1797,@= 12.02, 16.13,
18.83, 23.54, 28.33, 29.12). Na-Mo-AlLO; mixed phases on 9Nal5M catalyst can be
detected, such as AMo00O,); and NaAl(MoQ), (JCPDF 54-0243,@= 22.90, 23.36, 32.56,
33.00, 45.74). The XRD patterns also showed the presence aduaisNgCO; (JCPDF
19-1130, B = 26.03, 27.59, 30.15, 33.02, 34.20, 35.24, 38.02, 39.97, 41.50, 48.27,
46.54).

Interestingly, Mo@phase was not observed by XRD in the 52Cs15M csitalyigh
molybdenum dispersion could be one of the reasbiewointensity of MoQ phase on the

XRD patterns. The following Cs-Mo mixed phases sashtCsMoO, (JCPDF 24-0276,2=
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26.03, 26.75, 35.48, 37.97) and CsMos0,5 (JCPDF 70-0861,@2= 25.1%, 26.97, 28.39,
46.52) were however detected. The catalyst also showedtesence of Mo-Al and Cs-Al
mixed oxides such as AM0oO,);and CgAl,Os (JCPDF 80-1522,2= 23.1%, 23.64, 24.59,
26.2%, 31.68, 38.36).The calcined catalyst also showed the presenddiffoéction peaks
related to C£O; (JCPDF 87-0730,@2= 12.98, 29.19, 37.54, 46.32), indicating that the

precursor has not been completely decomposed icetiadyst.

Sulphided catalysts:The XRD patterns of the sulphided 15wt.% Mo catalysomoted
K,CO;, Na&CO; and CsCOsare present in Figure 6-2.

o 15K15M
_ O [ | O o

9Nal5M

] e 4.
_WMWM MMWWWWWWWWWWWWWWWW v W‘WWW “MM

Intensity (a.u.)

52Cs15M

Figure 6-2: XRD pattern of sulphided MgA&I,O; catalysts promoted by different alkali
metals.oMoS, tKMoS, mK,;Mo0S, mNaMoS msCsMo0S,

The MoS XRD patterns were detected on the 15K15M catalyktle the 9Nal5Mo or
52Cs15M catalysts do not show any XRD peaks ate&ibtio MoS. This result can signify

that MoSis highly dispersed on sodium and cesium promoatalysts.

Different alkali and mixed alkali-sulphide phaseavé been detected in the three

catalysts:
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- mixed K;MoS; and KMoS as well as potassium sulphides,®&and KS;) and
potassium sulphate ¢8O, and KS;0g) were detected in the XRD pattern of 15K15M
catalyst,

- the NaMo$ (JCPDF 18-1257, @ = 9.76, 33.80, 38.6%, 43.25, 56.14) mixed
sulphide phase were present in the XRD patterrNa1%M catalyst. Also, sodium sulphide
such as N# phase (JCPDF 47-0178) 2 7.83, 29.02, 34.69, 36.8%, 37.74) and sodium
sulphate Ng5O, (JCPDF 83-1570,@2= 22.63, 23.60, 31.82) were observed in the XRD
patterns.

- The XRD pattern of 52Csl5M catalyst showed thesence of two mixed
cesium-molybdenum sulphides: #®S; (JCPDF 75-1287, @ = 11.02, 29.4%) and
CsMoS, (JCPDF 85-0179,@2= 20.5%, 22.6%, 24.2%, 24.55, 27.5%, 27.90, 30.19, 31.20,
33.64). Various Cs sulphide phases were also foundS{QSCPDF 84-0286,@2= 13.96,
18.65, 20.44, 28.62, 30.06), CsS (JCPDF 31-0375,02=26.00, 27.94), C$SO, (JCPDF
44-0065, B = 24.12, 27.10, 28.28, 28.48) and CsS,0; (JCPDF 15-023, 2 = 22.26,
28.05, 42.26).

The Cs or Na promoted catalysts also showed XRBspearresponding to residual Mo
oxides while on K promoted catalysts those phasesiat observable. On sodium promoted
MoS,; catalyst (Na_MogAl,0s), the NaMoO, (JCPDF 12-0773,@2= 16.84, 27.68, 32.58,
52.12, 57.14) oxide phase was detected. The Cs_M&ISO; catalystexhibited various
oxides phases: Mo@JICPDF 032-0671,@2= 26.03, 37.02, 37.93, 53.04, 53.5%, 53.97,
60.20, 66.66), M0yO,5 (JCPDF 81-1263,@2= 22.72, 24.6%, 31.85, 33.80) and M@0

(JCPDF 65-1292,@= 22.04, 25.80, 25.94).

According to Weber et al [14], the Mg6ulphidation proceeds via reduction of ¥
Mo**. Molybdenum in the oxidation state (+4) is thefpkided to Mo$. In this case Mo@
MogO.sand MaO,scan be considered as intermediates of edphidation. These results

seem to demonstrate that with promotion of potassand sodium, calcined Ma@l,0;
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catalysts can be well sulphided, but on the 52CsX&ithlyst the sulphidation could be
difficult.

[1-1-2 XPS

The surface composition of the sulphide molybdemamalysts promoted by Na, Cs and
K is given in Table 6-1. Different elements areettttd on the catalyst surface, and their ratio

varies as a function of alkali promoters.

Table 6-1: XPS surface atomic ratio in sulphided3\al ,Oswith alkali metal promoters

XPS Atomic Ratio (%) S/Mo | Alkali/Mo | S/(Mo+Alkali)
Catalysts : . . .
C S Al Alkali Mo ratio ratio ratio
9Nal5M | 3.8 | 11.1| 39.1 4.8 5.9 1.73 0.82 1.04
15K15M | 2.8 | 15.2] 19.1 6.2 7.6 2.00 0.82 1.10
52Cs15M| 17.7 | 17.3| 16.5 16.7 10.0 1.71 1.66 0.65

On the Na promoted catalyst, the Al atomic conegian is higher than the other
elements. This suggests that a significant fractibalumina surface is not covered by the
active phase. Hence, Mo, Na and S are not wededs®d in this catalyst. The ratio of S/Mo
is 1.73, which is smaller than the stoichiometri& ratio in MoS phase. This is probably
due to the fact that Mo oxide phase is not eagyotwert to sulphide in 9Nal5M (as seen in
XDR: NaaMo0Qy).

With K promoter, the atomic percentage of Al is #exahan 9Nal5M, while Mo and K
percentage are higher. This can indicate bett@editon of K and Mo on the catalyst surface.
The S/Mo ratio is close to the stoichiometric raifdVloS,. It seems that molybdenum is well
sulphided in the 15K15M catalysts. The XPS alkati/ivatio on 15K15M and 9Nal5M
catalysts is much smaller than 2.5 which could Xmeeted from the bulk composition. The
lower relative concentration of alkali ions detechy XPS can be explained by the formation
of bulk mixed phases of alkali metal with the,@4 support, such as KAI(Mog, and
NaAl(MoQ,), (both detected by XRD). The alkali ions in theselkbphases might be

undetectable by XPS.

184

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



Thése de Chang Liu, Lille 1, 2015

Chapter &ffects of different alkali promoters and precusson the structure and
performance of MoFAILO; catalysts

In the 52Cs15M catalyst, the XPS atomic concemtnatiof the alkali metals and Mo are
higher compared to 9Nal5M and 15K15M catalystss Tindicates that Cs and Mo are better
dispersed on the catalyst surface. The S/Mo ratib2Cs15M is lower than the stoichiometic
ratio. This suggests that molybdenum sulphidatsonat complete for this catalyst. Indeed,
residual Mo oxide was detected by XRD. The ratioCsfMo was two times higher than
Na/Mo and K/Mo, but still smaller than the ratio thie bulk catalyst (2.5). This could be
explained by the formation of bulk §£4€,0 detected in XRD patterns. The 52Cs15M
catalyst showed also significant surface carborteztn more important than 15K15M and
9Nal5M. High carbon ratio on Cs promoted Ma8&talyst may be from:

i) uncompleted carbonate precursor{13;),
i) CO, absorbed on 52Cs15M catalysts. Higher, @@sorption can be due to higher
catalyst basicity. The basicity of catalysts wal tested using COIPD, in paragraph II-1-4.

The ratio of S/(Mo+alkali) is presented in Tabld.6Fhe ratio for 9Nal5M and 15K15M
catalysts is similar, and always higher than thi@ r@n the 52Cs15M catalyst.

The Mo3d and S2p XPS spectra of the 9Nal5M, 15KHH 52Cs15M catalysts are
shown in Figure 6-3A and Figure 6-3B. On 9Nal5M &bl 15M, three-peak envelop of the
Mo 3d signal is observed. It can be deconvolutetthiee separate overlapping doublets. This
suggests that molybdenum is present in three amiastates: M&, Mo> and MG*.
Interestingly, XPS did not detect Mboxidation state for the 52Cs15M catalyst.

The intense binding energy signals at 228.9 eV 28®11 eV are characteristic of Mo
3dy, and 3d), of the Md™ species [15,16] which are probably associated Witi§,. The
binding energies at 226.2 eV and 233.0 eV are cheaiatic of S 2s (particularly’Sspecie)
[14,17]. Some contribution of the Mo 3d XPS speatmuld come from Cs. Indeed, an
overlapping can be observed because the Cs 4shiagiag energy of 230.0 eV [3].

The binding energies at 232.8 eV and 235.9 eV sigie presence of Mbspecies
[15,18], while M@" is detected from and the binding energy at 230.ared 233.7 eV [19,20].
It is believed that the M&and Md* species could be generated:

(i) from the passivation step, where molybdenumlmamneoxidized by air;
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(i) due to the formation of Mo0S, and NaMoS,observed by XRD where Mo is present
as Md*:

(i) due to the formation of Mo oxide and Mo oxyighide species of the Mg8, and
MoOS; type [19],

(iv) due to the interaction of Mo and alumina leagto AL(M0QO,)s. This compound can

be difficult to sulphide.

The Md"* could be present in two kinds of species:
- MoS; phase, labeled @80 4.3 found on Na and K promoted Mg8Il,O; catalysts (at
228.9eV and 232.1eV);
- MoO, phase, labeled a40**-O at binding energy of 229.9 eV and 233.0 eV, adogrd
to the literature [15,21,22]. Note that this phases also detected by XRD, especially in

the 52Cs15M catalyst.
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Figure 6-3: XPS spectra of peak decomposition o88§{8) and S2p(B)

The S2p XPS spectra are presented in Figure 6-8B.spectra show the presence of

three different sulphur species in the promoted Y0, catalysts. The XPS peaks with

binding energies of 161.6 eV and 162.8 eV corredporsulphide ions ¢, which might be

present in alkali metal sulphides and/or Mo disidphMoS, K,S, NaS, CsS). The binding

energy around 163.8 eV and 165.0 eV could be asdigmthe contribution of poly-sulphide

ions ($?) in unsaturated Mo sulphide (M@§)), as well as species such agSKand CsSs

[23], which can be detected by XRD. AdditionallgetS 2p XPS spectra exhibit other broad

peaks at 168.4 eV and 169.6 eV which can be duthd@opresence of sulphates (S

Moreover, on the 52Cs15M catalyst, the peak at 183/ corresponds to Cs 4p binding

energy [24].

The concentration of different Mo species or S E®is presented in
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Table 6-2. The M8 percentage for the 9Nal5Mo catalyst is higher tfuanthe two
other promoted catalysts. However, after the ditiin between the M6 binding energies,
the percentage of Mas more important than the one of Md& the 52Cs15M catalyst.

This demonstrates that the sulphidation to Mw852Cs15M catalysts is rather incomplete.

Table 6-2: Atomic percentage of different kindsspécies for Mo and S

Mo (%) S (%)

Catalyst Mo* o o+ ] . 5.
Mo"s | M&o | Mo | Mo i

9Nal5M 80.5 - 6.8 12.7 43.5 48.9 7.6

15K15M 69.7 - 13.2 17.1 57.9 23.7 18.4

52Cs15M 40.1 55.8 4.1 - 66.2 18.8 15.5

For all promoted catalysts, it is observed that peecentage of Sand $? is much
important than the one of SO The $* phase should correspond to the Mo oxy-sulphides
(MoQ,S,) and poly-sulphides of alkali metal (such gS¥and CsSs). The Mo oxy-sulphides
can also be associated with the Mphase. On 9Nal15M and 52Cs15M catalysts, the low
percentage of M6 phase indicates a slow content of M8Q The $? species on these two
catalysts should be principally constituted by psilyphides. The sulphidation however leads
to more sulphide species than to polysulphide wulita K and Cs promoted catalyst. As
explained previously, the $Ocould arise from the passivation step. The oxidat® less

important when the catalyst is promoted with Na.

1-1-3 H,-TPR

The results of HTPR for different alkali metal promoted Mg&talysts are presented
in Figure 6-4. The Hconsumptions measured from the TPR profiles arengin Table 6-3.
As we have discussed in chapter 4 and chapter &, T#BR profiles show three ,H
consumption zones for K-Mg@$atalysts that are respectively attributed to:

() desorption of sulphur on catalysts surface @siction of amorphous Mo sulphides;

(I1) reduction of K-Mo sulphides and/or K sulphides

(1N reduction of crystallized MoS
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Figure 6-4: H-TPR on AlkaliMoS catalysts (black: 15K15M, red: 9Nal5M, blue:
52Cs15M)

The TPR profiles in zone | (200-58) shows rather different shape on those three
catalysts (K, Na and Cs promoted). More hydrogeraogsumed in zone | on Na-MgS
catalyst (Table 6-3) and the TPR peak shifts tddigemperature (Figure 6-4), compared
with the 15K15M catalyst. This is consistent wikle tpaper of Zhang et &][ who reported
that in the K promoted catalyst sulphur desorptioncatalysts was smaller than on the Na
promoted catalyst. The Cs-Mp&talyst shows a very small reduction peak in tuise .
Toulhouat et al [25] suggested that the low tempeeaTPR peaks could be related to the
hydrogenation of extra sulphur atoms (chemisorbgsl &t SH groups) or sulphur atoms that
are weakly bonded to the catalyst surface. Thosdye@movable species are adsorbed on
low coordinated edge/corner sites, which were kelleto be the active sites of the
molybdenum catalysts. For the Na-Ma3&talyst, the peak attributed to these specietsgbif
higher temperatures. This suggests a more diffioyirogenation of the easily removable
sulphur atoms, indicating that a part of the acsites might be blocked by sulphur. This
should result to a lower catalytic activity with [deomotion.

The K and Na promoted Mg8atalysts have a hydrogen consumption peak atasimil
temperature in zone Il (500-8W). With 52Cs15M catalyst, the hydrogen consumptieak

shifts to higher temperature. According to therditare p,25], the H consumption at
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600-800C in zone Il should be due to the mixed phase kdliakulphides and/or alkali-Mo
mixed sulphides. The phases KMp&,;M0S,;, NaMoS, CsMoS; and CgMoS, have been
clearly identified in XRD patterns. These resuls also in agreement with the conclusion of
Chapters 4 and 5.

Moreover, the 52Cs15M catalyst shows a slight TRRkpbetween 750°C-800°C. It is
possibly due to the presence of Mo oxide specieSsfMoS catalyst. These species have
been identified from the XRD pattern, such as MoThe reduction of Mo@usually takes
place at 720-79C [26]. The reduction of Cs-Mo sulphide phases ce@lso at similar
temperature region.

Zone Il at1000°C is related to the partial redoctiof bulk Mo$ crystals [25]. The
reduction of bulk sulphur occurs generally at graperatures between 700°C to 1050°C [27].
The maximum temperature for TPR analysis was ¥D0the reduction of MoSto metallic

Mo (0) could be incomplete.

Table 6-3 shows the hydrogen consumption of eacle for all catalyst. The hydrogen
consumption in Zone | is the highest on 9Nal5M lgatawnhile it is the lower on 52Cs15M.
The quantity of consumed hydrogen is the contraryttfie zone II, where the highest value is
obtained for the 52Cs15M catalyst and the loweueds obtained for the 9Nal5M. This
indicates that the interaction between alkali nseetadd molybdenum should depend on the

nature of alkali metals. The interaction increassth the order of 52Cs15M > 15K15M >

9Nal5M.
Table 6-3: H consummation in TPR experiments (mmgtiays)
H, consummation in TPR profile

Catalyst

Zone | Zone I Zone lll
9Nal5M 3.44 1.24 0.31
15K15M 2.42 2.24 0.42
52Cs15M 0.34 3.07 0.16
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[I-1-4 CO,-TPD

Figure 6-5 shows the GOPD spectra on the different alkali metal promoMdS,
catalysts. It is possible to observe two main, @€sorption areas:
- at lower temperature (30-3W) related to weak basic sites of catalysts,

- at higher temperature (400-8Q) related to strong basic sites of the catalysts.

---- 15K15M
---- O9NalSM
-52Cs15M

CO, Count (a.u.)

0 200 400 600 800
Temperature (°C)

Figure 6-5: CQ-TPD of sulphided Mogcatalysts with Na, K and Cs promoters

For the weak basic sites, the Qfesorption is less important in the 9Nal5M catalyst
than in 15K15M or 52Cs15M. The K and Cs promotethlgats show rather similar GO
desorption profiles. For the strong basic sites, dbantity of CQ desorption followed the
order: 52Cs15M > 15K15M > 9Nal5M. This is also trder for the total basicity of the
catalysts. Therefore, the total basicity dependsherbasicity of each alkali metal promoter.
The more basic is the promoter, the higher basieithibits the molybdenum sulphide

catalyst.

[1-1-5 TEM

Figure 6-6 displays TEM images of Mg8I,O; catalysts promoted by the different
promoters. The 9Nal5M and 15K15M catalysts showdidm parts in TEM images which

can be considered as Mo species. Compared with etbments (K, Na, Al) in catalysts, the
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Mo has the highest atomic weight and absorbs mie&rens in the TEM. MoSparticles

which have the form of multilayer sheets can bartyeobserved [28].

- o -“ %
10 nm
- - -

(b) At

) ;
Figure 6-6: TEM images of (a) 9Nal5M, (b) 15K15M) $2Cs15M(H)

Note however, that the atomic weight of Cs is elgier than Mo. This makes a clear
identification of molybdenum species in the Cs_MegDA catalysts. The TEM images of the
MoS,/Al ,O5 catalysts promoted by Na and K show different MmSticle sizes.

The layer stacking and slab length of Mg&rticle size distribution were calculated

from 20 TEM images for each sample and the reanétgpresented in Figure 6-7.
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9NalsM Average number: 3.7 9Nal5M Average length: 6.7 nm
1 2 3 4 5 6 7 3 4 5 6 7 8 9 10 11 12
Number of layer stacking Slab length (nm)
15K15M Average number: 4.6 15K15M Average length: 7.5 nm
1 2 3 4 5 6 7 8 9 3456 7 8 910111214161820
Number of layer stacking Slab length (nm)

Figure 6-7: Mo$ particle size distribution of TEM images

The MoS particles are larger in the potassium promotedlygsit than in the sodium
promoted catalysts. The MgBarticle exhibits a more layer stacking and higdiab length in
the 15K15M catalyst. Moreover, there are severdteenely large Mog particles (layer
number > 8, slab length > 12 nm) detected only SK15M catalyst but not in 9Nal5M

counterpart.

[I-2 Catalytic test

[I-2-1 Catalytic performance for CO hydrogenation

The results of catalytic test are presentednitie 6-4. The catalytic performance is

strongly affected by the used promoter. The mogbittant difference concerns the selectivity
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to methane, light olefins, light paraffins and,. Chydrocarbons. The GOand alcohol

selectivities remain more or less constant fordifferent promoted catalysts.

Table 6-4: Catalytic performance of Alkali_ Mg8I,0; catalysts

CO Cou Cou Co. Cs:
Promoter ) CH,% ] ) MeOH% CO%
conversion Olefin% | Paraffin% Alcohol% | HC%
Na 17.9% 14.9% 5.7% 21.7% 17.2% 0.4% 1.6% 38.3%
K 21.3% 18.9% 10.7% 15.9% 13.29 1.9% 6.3% 33.2%
Cs 20.0% 33.0% 0.4% 2.9% 11.7% 0.8% 20.P% 31.0%

The catalytic activity with Na promoted catalystsatass significant than that of Cs or K
promoted catalysts which exhibited almost the saansgvity. The G-C, paraffins and
methanol were more produced and the, G8lectivity was also slightly higher, leading to a
lower G, selectivity.

The highest €C, olefin selectivity was observed on the 15K15M bettia It is notable
that for G.alcohol, the selectivity is also higher on potassjpromoted catalysts, than on Na
or Cs promoted catalysts.

On the cesium promoted catalyst, both methane andhytirocarbons are the main
products formed during the catalytic test. Reldyiveelectivity of both olefin and paraffin of
C,-C, was much lower on Cs_Mo/AD; catalysts. Concerning the alcohol selectivity, mhai
methanol was produced, even if the selectivity leager than with the Na and K promoted

catalysts. The light olefin selectivity followedetlorder K > Na > Cs.

[I-2-2 Concentration of sulphur compounds in catéig tests

During FT catalytic tests, the,H present in the gas feed could be also involveithen
reaction and produce a number of products [29,;B®. sulphur products detected during the
catalytic tests were presented in Figure 6-8. Asomted in previous publications [29],
hydrogen disulphide could contract with carbon méde or methanol to form several

sulphur compounds: COS, methanethiol, ethanetmd| dimethyl sulphide. Obviously, the
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quantity of these sulphur compounds was different different alkali metal promoted
catalysts.

On the sodium promoted catalyst, COS was the géhcsulphur containing product
with a small amount of methanethiol and ethanethiotiuced.

On the potassium promoted catalyst, the conversiod,S was more significant. The
concentration of both methanethiol and ethanetiésbme higher.

On the 52Cs15M catalyst, the concentration of C@&thanethiol and ethanethiol was
similar than on the 15K15M catalyst, but higher aemtrations of unreacted,8 were
detected. Hence, the conversion of hydrogen disidplivas not very significant on the

cesium promoted catalysts.

35 ~

30 -

CH3SH

25 -

20_ -

Sulphur Concentration in Outlet flow
(ppmv)
e

9Na15M 15K15M 52Cs15M
Figure 6-8: Concentration of different sulphur campds in the reactor outlet on different

alkali metal promoted 15 wt.% Mo/&D; catalysts.

As reported on potassium promoted Matalysts in chapter 5, the production of
CHsSH and GHsSH could occur on the same active site as lightrgédcohol production. A
correlation could be possibly expected between aptans and production of long-chain

hydrocarbons or oxygenates.
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[1-3 Discussion

Characterization and catalytic tests suggest thatnature of alkali metal promoter
strongly affects the structure and performance ofSMbased alumina supported catalysts in
CO hydrogenation.

Depending of the alkali promoter, different phakase been observed on the catalyst.

Those phases are summarized in Table 6-5.

Table 6-5: Species on catalysts calcined and sigplio/ALO; catalysts with different alkali
metal promoters (according to XRD and XPS results)

After calcination After sulphidation
. . Mo i Mo oxy-
Mo | Alkali-Mo | Alkali-Mo-Al i Alkali-Mo Mo )
Catalysts ) ) ] sulphide . ) sulphides
oxide Oxides mixed phases . sulphides oxide et
Na,MoO, Al,(MoO, Mo Low
9Na1sM | Moo, | 2 ot 2(MoO4)s = NaMo$S -
NaMo,0; | NaAl(MoOy), | (80.5%) (6.8%)
K;MoO Al(MoO Mo K,MoS, High
15K15M | Moo, | 20 ° 2M0Oy)s S A ] 9
K,M0,0¢ KAI(MoO ,), (69.7%) KMoS, (13.2%)
CssMo00, Al>(M0QOy); MoS, CsMoS; MoO, Low

52Cs15M | *
CsMoOs | CsAl1LOs (40.1%) | CsMoS, | (55.8%) | (4.1%)

© 2015 Tous droits réservés.

*: MoO; could not be detected by XRD possibly because Me&s very well dispersed on the catalyst
surface.

=+ The quantity of Mo$ was determined by XPS. This phase could be pregdnt Md™ specie.

= The quantity of Mo oxysulphides was determinkeg XPS. This phase could be presented by'Mo
specie.

The XRD patterns of calcined Na and K promotedIgsta (Figure 6-1) exhibited very
intense peaks attributed to .8k, while the AbO; phase could be hardly detected on the
52Cs15M catalyst. This result is consistent witlvdo Al XPS atomic concentrations (Table
6-1), measured 52Cs15M. After sulphidation, molyhda and sulphur have been found in
different oxidation states: M§ Mo®* and MJ* for Mo and &, S> and S@ for S. These
species could be detected and identified by XP8u(Ei 6-3, Table 6-1). As suggested in
Chapters 4 and 5, the presence of significantimstof Mo* and Md"* in the K promoted

MoS, catalysts leads to higher hydrocarbon productiates; while the catalyst with a
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significant amount of M8 produces mainly alcohols. Higher concentrationMd** in
9Nal5M than in 15K15M also results a higher alcadekctivity. Lower alcohol selectivity
observed on 52Cs15M could be also attributed tooweel fraction of Mo**-S phase.
Muramatsu et al [31] reported that Me@hase Klo**-O) could be also active sites for
alcohol production. Our catalytic results do noteggwith that previous work. Indeed, the
52Cs15M catalyst containing higher fraction Mb**-O phase detected by XPS was less
active in alcohol production. High percentageMi**-O does not seem to increase alcohol
selectivity.

In addition to Mo species, the fraction of differ@&species varies on different catalysts.
Woo et al ] reported that on K-MogAI,O; catalysts, the fraction of sulphate phase had an
effect on the products selectivity: lower $Qatio could lead to a better alcohol selectivity.
Therefore, high alcohol selectivity observed on 950 catalyst could be due to low $O
concentration. Thel5K15M and 52Cs15M catalystsainrdimilar fraction of sulphate ions.
The alcohol selectivity was also similar.

The selectivity to g hydrocarbons and ,Calcohols varies a function of alkali metal
promoter. According to previous studies,13,32,33], active sites associated with
molybdenum sulphide are probably not involved imiohgrowth. The production of
long-chain hydrocarbon and alcohols could be ptssliributed to alkali metal related
phases [34]. The amount of alkali-Mo mixed phases lme measured by, HPR, where the
reduction peak between 500-8@0should be due to the reduction of alkali metad &o
mixed sulphides (see part 11-1-3). Table 6-3 sutggsat more alkali-metal related Mo phases
is present in the K promoted catalyst than Na ptech@ounterpart (through comparison of
peak surface). Consequently, the heavy producttbdgty was higher with K promoter.
However, the 52Cs15M catalysts showed a very higtibnse peak in the TPR profiles (zone
II). In agreement with this hypothesis, the.Qwydrocarbon selectivity was much more
important with Cs promoter than with K or Na proerot

Alkali metal promotion also has a strong impactlom catalyst basicity, which seems to
principally affect the reaction selectivity. As disssed before, the catalyst basicity could be

an important parameter which would affect the rafe secondary reactions such as
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re-adsorption of olefins or oxygenated products,38h The 9Nal5M showed very low
concentrations of weak and strong basic sites.Gshdéydrocarbon selectivity increased with
the increase of basicity on Na, K and Cs promotexS#Al,O; catalysts. This indicates the
Cs. hydrocarbon should be more easily produced withigh basicity. This conclusion is
similar to that obtained in Chapter 4 and 5.

Sulphided MogAIl,O; catalysts with different alkali metal promoter wegdso
investigated by TEM. It was found that alkali praerocan affect the size contribution of
MoS, particle. The potassium increases the Mp&ticle size, compared to sodium. Higher
reaction rate was observed on the 15K15M cataljiang et al [37] reported that MpS
particles with longer slab should be assigned &well-crystallized Mogthat shows very
low catalytic activity. This previous work did nédke into account the presence of the
promoter. Our results suggest that, in additiomaybdenum dispersion, the presence of
promoter could also affect the catalytic performarntherefore, the low catalytic activity of
9Nal5M should be due to the nature of sodium premdhis result is consistent to the work
of Woo et al [6] who reported that K promoted cgdtd exhibited a higher CO conversion
than Na promoted catalysts.

In Chapter 5, we have discussed the relation betwglet olefin productivity and MoS
particle size in TEM images. It was suggested lafer Mo$S size could favor light olefin
production. The results of this chapter also in@idathe similar conclusion. On sodium
promoted catalysts with smaller Mpgarticles (less layer number and shorter slabttgrige
C,-C, olefin productivity was lower, compared with patiaen promoted MogAl,O; catalyst.
The hydrogenation activity of molybdenum sulphidenoparticles is often attributed to
corner sites. The smaller molybdenum sulphide nariimies might be more active in
hydrogenation than larger ones because of morefisamt fraction of corner sites [38]. In

this case, the olefins could be much easier hydraigel to paraffin.
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[Il Alumina supported molybdenum catalysts promoted

with different potassium precursors

[11-1 Characterization

The MoS/Al 05 catalysts are promoted with the®0s, K,SO,and KOH precursors and

the catalysts are labelled as 15K15M, 15K15M(S) Beid15M(H), respectively.

11-1-1 XRD

The calcined catalystspromoted with potassium hydroxide, potassium caab® and
potassium sulphate were characterized by XRD amdebults are shown Figure 6-9. After
calcination, several kinds of oxide phases wereiesl.

MoO; (JCPDF 05-0508,@= 11.97, 25.70, 27.35, 33.73, 38.98) was detected in the
catalyst promoted with potassium carbonate (15K1&italyst). kMoO, was the dominant
K-Mo mixed phase (JCPDF 29-1018 2 18.87, 26.27, 30.65, 39.42, 45.83). In addition
to K-Mo mixed oxides, Mo and K also reacted withiraina support during the calcination
and lead to A{MoQ,); (JCPDF 85-2286, 2= 20.84, 22.15, 23.14, 30.79, 32.10) and
KAI(MoO,), (JCPDF 74-2008, @ = 22.36, 31.40, 32.26, 51.97). The KCO; (JCPDF
87-0730, B = 12.98, 29.19, 37.54, 46.32) was also present on XRD pattern of the
15K15M catalyst.

In 15K15M(S) catalyst, XRD pattern also showed phesence of Mo§ K,MoO,could
not be detected, however, another K-Mo mixed ph&s#0,0s (JCPDF 87-0730, @ =
13.08, 17.07, 25.49, 27.47, 30.15), was observed. Mixed phases such g$MdO,); and
KAI(MoO,), can be detected, as well asSK, (JCPDF 83-0681, 2= 29.80, 30.79), from
the precursor.

For the 15K15M(H) catalyst prepared using KOH, tamphases than for the 15K15M

catalyst were observed: MgK,;M00, , Al;(M0Qy)3, KAI(M0O,),.
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Figure 6-9: XRD pattern of calcined K_Mg8al,O; catalysts with different K precursors.
oMoO; mK,M0,0; ¢ K-;M0O,

The width of MoQ XRD peaks in the calcined samples and molybdenigpedsion is
also affected by the potassium precursor. The Mpliase on 15K15M(S) exhibits rather
narrow XRD peaks than the other two catalysts, thedwidth of the Mo®@ peaks is similar
on the 15K15M and 15K15M(H) catalysts. This is oalive of higher molybdenum
dispersion in the catalysts promoted with potassaarbonate and hydroxide compared to

potassium sulphate.

Sulphided catalysts: The XRD patterns of catalysts after sulphidatioa shown in
Figure 6-10. The catalyst phase composition stgpodgpbends on the potassium precursor.

The Mo$S phase in 15K15M was identified using the followipgsition peaks: @ =
14.38, 32.68, 39.60, 49.79, 58.34, 60.15 (JCPDF 89-3040). In addition to MgX-Mo
mixed sulphides phases can be also detectgdo8, (JCPDF 19-1001,@= 17.55, 24.23,
29.36, 41.19, 47.05, 58.40) or K-MoS, (JCPDF 18-1064,2= 9.66, 32.4%, 36.13, 40.6%,
60.46). Potassium sulphides and sulphate were also miréee15K15M catalyst: KS
(JCPDF 65-3001, @=34.27F, 49.16, 61.26), K,S; (JCPDF 31-1095, @2= 28.28, 30.02,

32.70), K,Ss(JCPDF 01-089-3999,02= 19.83, 30.78, 31.1%), K,SO, (JCPDF 83-0681,&
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= 29.80, 30.79) and KS:0s (JCPDF 01-075-1479,62= 16.73, 18.10, 23.62, 24.90,
26.54, 28.08, 31.13).

. 15K15M
j\ o & o oQ . Lo

5

© 15K15M(S)

42\_ I “‘

c

T 15K15M(H)

Figure 6-10: XRD pattern of sulphided K_M#@&l ,0; catalysts with different K precursors.
oMoS,oKMoS, CK,MoS,

Interestingly, Mo$ phase and K-Mo mixed sulphide phases were notctgtein
15K15M(S) catalyst. This catalyst showed the presaf K,SO, and KS;05 phases.

For the 15K15M(H) catalyst, #10S, and K-MoS were identified from the XRD
patterns. In addition, potassium sulphides sucK & and KSs were detected. The catalyst
however did show the presence of potassium sulpitetse KSO,.

Note that XRD uncovered the presence of Mu$stalline phase in 15K15M, while the
intensity of Mo$ patterns was rather low on the other two cataly&és could be due to a

higher MoS dispersion in the 15K15M(&nd15K15M(H) compared to15K15M.

-1-2 XPS

The XPS surface element composition of the sulghadgalysts promoted by different K
precursors is given in Table 6-6. Different elersef@, O, S, Al, K, Mo) were observed on

catalyst surface, and their ratio varied as fumctibthe used precursor.
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On 15K15M(S) catalyst, the Al and O concentratiovexe very high indicating the
catalyst surface is not much covered by molybdeanch potassium species. Carbon atoms
were also detected. The presence of C on cataly$ace is probably due to the €O
adsorption from the atmosphere. The XPS K/Mo raiouch lower than the atomic bulk
ratio (2.5) in 15K15M and 15K15M(S). This indicatixat some potassium atoms can be not
available for XPS analysis in these catalysts, dailig that potassium is mainly in the
catalyst bulk. Lower Al XPS concentration was obkedr in 15K15M compared to
15K15M(S). This suggests that the basic carbonaegter could attack AD; support. The
S/Mo and K/Mo ratios were similar in the 15K15M ©8K15M(S) catalysts. This indicates

the similar extent of sulphidation on these twalests,

Table 6-6: XPS surface atomic ratio in sulphideMKS,/Al O with different precursor
XPS Atomic Ratio (%) S/Mo | K/IMo | S/(K+Mo)
C O S Al K Mo | ratio | ratio ratio
15K15M(S)| 1.9 | 40.9| 16.4 26.7 6.4 8.2 2.01 0.79 1.12
15K15M 28 | 49.0| 15.2| 19.1 6.2 7.6 2.00 0.82 1.10
15K15M(H) | 29.0 | 29.5 15.7 4.2 14.2 7.4 2.14  1.93 0.73

Catalysts

Note that the 15K15M(H) catalyst showed rathereddéht XPS concentrations compared
to the sulphate and carbonate precursors. An egtyehigh carbon concentration could be
caused by the strong basicity of KOH, which is fade for CQ adsorption. High potassium
XPS concentration indicates higher potassium désperon alumina surface. This results in
higher K/Mo ratio and lower S/(K+Mo) ratio. Intetegly, the S/Mo ratio is higher than 2 in
15K15M(H). This ratio is more significant that tletoichiometric ratio for Mog This
suggests the presence of SH groups which are metsgarily linked to molybdenum. The
XPS K/Mo ratio is also lower than the atomic budkio (2.5) although more potassium atoms
are on the catalyst surface compared to the twer attalysts.

Figure 6-11 represents the XPS Mo3d spectra. Affimipeak decomposition, three-peak
envelop of the Mo 3d signal can be well deconvalutethree separate overlapping doublets.
This suggests that molybdenum is present in thxikation states: M8, Mo®>* and M&*. The

position of these peaks is quite similar as XPS®tspen Figure 6-3(A).

202

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



Thése de Chang Liu, Lille 1, 2015

Chapter &ffects of different alkali promoters and precusson the structure and
performance of MoFAlLO; catalysts

The intense binding energy signals at 228.9 eV 28®11 eV are characteristic of Mo
3dy, and 3@y, of the Md"* species that is contributed by Mg&nd the binding energy at
226.2 eV and 233.0 eV are characteristic aff2%".

The binding energy for Mé(at 230.6 eV and 233.7 eV) was detected on XPStispec
and is assigned to Mo oxy-sulphides as M&@nd MoO$ [19].

The Md* phasavas detected at binding energy of 232.8 eV and®8¥. It is believed

that MJ* phase corresponded to oxidation states of molyhddBa].

4+
Mo
7 5+
Mo
o
S
(-d | 15K15M(H)
~
"E m M06+
3 |
8 15K15M
| 15K15M(S)
T T T T T T T 1
220 225 230 235 240

Binding Energy (eV)

Figure 6-11: XPS spectra of peak decomposition o8&lon K-Mo$ catalysts with different
precursors

In XPS spectra, the Mband Md* species were detected on all three catalysts, but
Mo®" is only present on the catalysts promoted wittapsium sulphate and carbonate. The
concentration of MY species on the catalyst promoted with the hydegiccursor was very
low.

The S 2p XPS spectra are shown in Figure 6-12hé 15K15M(S), 15K15M and
15K15M(H) catalysts, three different S species wdeatified using the peak decomposition.
The XPS peaks with the binding energies of 161.6aa% 162.8 eV correspond to sulphide
ions ($), which might be present in K sulphides and/or 8isulphide. The binding energy

around 163.8 eV and 165.0 eV could be possiblybatid to poly-sulphide ions £5 in
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K-Mo mixed sulphides as well as to,% and KSs species which were also identified by

XRD.
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Figure 6-12: XPS spectra of peak decompositionZf 8n K-Mo$S catalysts with different
precursors

In 15K15M and 15K15M(S), the S 2p XPS spectra dxhither broad peaks between
167.7 - 168.4 eV and 168.9 - 169.6 eV which caulie to the presence of sulphates £90
[6, 20,40]. The & was the principal sulphur species for all thremlgats and the % phase
seems to be less important. The,5@pecies however, were not present in the 15K15M(H)
catalyst.

The atomic concentrations of different Mo and sulpspecies are shown in Table 6-7.
The 15K15M(H) catalyst presents the higher fractibiMo*" and MS"*, while Mc®* species

were not observed.

Table 6-7: XPS Atomic percentage of different kindlspecies for Mo and S

Catalyst Mo (%) S (%)
Mo* Mo®* Mo®* 2 Szz- qu-
15K15M(H) | 78.6 21.4 0.0 921 7.3 0.0
15K15M 69.7 13.2 17.1 57.2 237 184
15K15M(S) 73.8 8.2 18.0 53.9 8.3 37.8
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The Md" fraction is the lowest for the 15K15M catalyst ahe MJ™ fraction is the

lowest for the 15K15M(S) catalyst. Those two cattdyexhibit similar M8 percentage.

In the 15K15M(H) catalyst, Sis the major species and the S@oncentration is zero.
This is consistent with the XRD results where nelphate was detected for the 15K15M(H)
catalyst. In the carbonate promoted MaStalyst, the Sspecies is less important than in the
15K15M(H). The sample also showed the presence@f %ind $%. In the 15K15M(S)
catalyst, the fraction of’Sspecies is lower in comparison to the two othéalgats. The g
fraction is similar than the one of 15K15M(H) cattl But the fraction of S§J specie was
the highest of all three catalysts. This can betdube precursor used for catalyst preparation
which brought a great deal of $O A large fraction of these species remains inedter

sulphidation.

I11-1-4 CO,-TPD

CO,-TPD was realized on those three catalysts in otdedetermine their basicity.
Figure 6-13 shows the G@esorption profiles between 30-8Q0

As we have discussed earlier in this chapter, bathk and strong basic sites can be
present in the catalysts: weak basic sites, focwi€Q desorbs between 30-3@) and
strong basic sites, for which G@esorbs between 400-8@D

The CQ desorption profiles show only a single desorpfi@ak at the temperatures of
lower than 308C for 15K15M(S). This indicates presence of onlyaldasic sites in this
catalyst. In 15K15M, both weak and strong basiesséire present.

In the 15K15M(H) catalyst, besides usual weak basid strong basic sites, there is a
small CQ desorption peak at 300-480, this could be attributed to medium-strength dasi
sites.

The quantity of adsorbed G@epends on the promoter precursor and decreadés in

following order: KOH > KCO; > K,SQ,, just as the basicity of the precursors themselves
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Figure 6-13: C@TPD on K-MoS$ catalysts promoted with different precursors

1-1-5 TEM

Figure 6-14 displays the images of K_Mb68,0; catalysts with different K precursors.
The Mo species are better dispersed in 15K15M(fgu(E 6-14 (c)) and 15K15M(H) (Figure
6-14(e)) catalysts than in the 15K15M catalyst. Thighest molybdenum dispersion is
observed in the 15K15M(S) catalyst (Figure 6-14(p, The 15K15M(H) and 15K15M
catalysts show some molybdenum sintering, whichmsed¢o be more significant in

15K15M(H).
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Figure 6-14: TEM images of 15K15M (a and b), 15K1S)i(c and d), 15K15M(H) (e and f)
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MoS,; particles represent multilayer sheets in all thimsee catalysts ((b), (d) and (f))
[28]. The MoS particle size varies with different K promoters. eTMoS particle size
distribution (layer stacking and slab length) ctdted from 20 TEM images for each sample
is presented in Figure 6-15.

Compared to the $¥$$0,and KOH promoted catalysts, the number of M§ers was
the highest in KCO; promoted MogAl,O; catalyst. Furthermore, 15K15M catalyst shows

the largest Mogslab length.

15K15M 15K15M

Average number: 4.6 Average length: 7.5 nm

1 2 3 4 5 6 7 8 9 3456 7 8 910111214161820
Number of layer stacking Slab length (nm)
15K15M(S) 15K15M(S)

Average layer: 2.8 Average length: 3.7 nm

1 2 3 4 5 6 7 2 253354455 6 7 8 9
Number of layer stacking Slab length (nm)
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15K15M(H) 15K15M(H)

Average length: 6.1 nm

Average layer: 2.9

1 2 3 4 5 6 7 3456 7 8 9101112141618 20
Number of layer stacking Slab length (nm)

Figure 6-15: Mogparticle size distribution from TEM images

On 15K15M(S), the average layer number is 2.8, thedaverage slab length is rather
low. On 15K15M(H), the average layer number is Emio that in 15K15M(S), but the
average slab length of Me$articles is larger than that in 15K15M(S). Thessults
demonstrate that the Megarticle size was larger in the 15K15M catatisin in the other

two. This observation is consistent with the abmentioned XRD results.

[1I-2 Catalytic test

[11-2-1 Catalytic performance for CO hydrogenation

The catalytic performance data obtained for thepetted K-MoS catalysts with
different K precursors are presented in Table 6FBe 15K15M(S) showed the more
significant carbon monoxide conversion, this catapyroduces more light (Gknd CQ) and
less heavy products {Chydrocarbons and 4 alcohols). The CO conversion is lower on
15K15M than on 15K15M(S), but the 15K15M cataly$stows the highest £ olefin
selectivity. Methane and GQGelectivity were lower on 15K15M than the catalgstmoted
by sulphate while & HC selectivity was slightly higher. The promotiaf MoS,/Al,Os

catalyst with KOH leads to very low CO monoxide eersion. This catalysts also showed
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low C,-C, olefin selectivity, while the & hydrocarbon

significantly increased compared with 15K15M(S) aatK15M.

and methanol selectivities

Table 6-8: Catalytic performance of K_M@&l ,0; catalysts with different precursors

CcoO C2-4 C2-4 C2+ C5+
Catalyst ) CH,% ) ) MeOH% CO%
conversion Olefin% | Paraffin% Alcohol% HC%
15K15M(S) 28.1% 32.2% 0.1% 14.2% 10.1% 0.4% 3.2% 40.0%
15K15M 21.3% 18.9% 10.7% 15.9% 13.2% 1.9% 6.3% 33.2%
15K15M(H) 10.6% 23.6% 3.2% 2.7% 16.8% 1.5% 20.1% 33.6%

[11-2-2 Distribution of sulphur containing products

The gaseous sulphur compounds in the reactor owte¢ analyzed by the GC with
PFPD detector. Several different sulphur compoundse detected: hydrogen disulphide,
carbonyl sulphide, methanethiol, ethanethiol anuetihyl sulphide. The concentration of
these compounds is presented in Figure 6-16. Thepasition of sulphur compounds
depends on the potassium precursor. First of iafiilag to previous catalytic tests, the total
sulphur concentration in gas outlet reactor wasagdshigher than the 8 concentration in
the reactor inlet (13.3 ppmv). This indicates aslo$ sulphur from the catalyst during the

reaction. The loss was more noticeable with thelgsiis promoted with KOH promoter.

45 -
k=
= w0 gt
2 g 35 - CH,SH
2 30 -
8z
g 8 25 N
O 20
3 s
55 15 -
a 10 -

5 |

0 a

15K15M 15K15M(S) 15K15M(H)

Figure 6-16: Concentration of different sulphur g@munds in the reactor outlet on
15%K15%Mo/AbO; catalysts with different potassium precursor.
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The composition of different sulphur compounds alades as a function of potassium
precursor. On 15K15M(S) catalyst,$was the major sulphur product probably because of
its lower conversion on the catalysts with some @am® of COS and very few GHH. On
MoS,/Al,O; catalyst promoted with ¥CO; more CHSH and GHsSH/CHSCH; were
produced. The concentrations of,HsSH and CHSCH; were significantly higher on
15K15M(H) catalyst. Previous chapters of this thesiggest that production of mercaptans
on potassium promoted catalysts fromSHcontaining syngas may coincide with the
noticeable selectivity to alcohols and long-chaydrocarbons. This may suggest some
similarity in the mechanisms of the formation ofroaptans, hydrocarbons and alcohols on
MoS, catalysts. The 15K15M(H) catalyst showed the hsfjhgelectivity to long-chain
mercaptans (§1sSH) compared to 15K15M(S) and 15K15M catalystgolild be related to

higher capacity of the catalyst promoted with K@Hptoduce long-chain hydrocarbons

[11-3 Discussion

Depending of the potassium promoter, different phabave been observed on the

catalyst. Those phases are summarized in Table 6-9.

Table 6-9: Species on catalysts surface of calcaradl sulphided Mo/AD; catalysts with
different potassium precursors (according to XRD ARS results)

After Calcination After Sulphidation
Mo Mo
Mo K-Mo K-Mo-Al ) K-Mo .
Catalysts ) ) . sulphides ) oxysulphides
oxide Oxides mixed phases . sulphides N
K,MoO Al>(MoO Mo K,MoS High
15K15M MoO, 2 4 o 4)3 S 2MoS, g
KoMo4Os | KAI(M0O,), | (69.7%) KMoS, (13.2%)
Al>(MoO Mo low
15K15M(S) | MoO; | K.Mo,0s AMoOs)s =2 -
KAI(MoO,), | (73.8%) (8.2%)
Al>(MoO Mo K,MoS very high
15K15M(H) | MoO; | K,MoO, AMoO4)s =2 ZH yhg
KAI(MoO,), | (78.6%) KMoS, (21.4%)

© 2015 Tous droits réservés.

*: The quantity of MoSwas determined by XPS. This phase could be preddyt Mo** specie.
**: The quantity of Mo oxysulphides was decided ¥iS. This phase could be presented by
Mo>* phase.
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The promotion of alumina supported molybdenum sdiphcatalysts using different
potassium precursors significantly affects theiralydic performance. Different basicity of
precursors KSQO,, K,CO; and KOH could be the principal responsible forsthesffects.
CO,-TPD results suggest that basicity of catalystseddp on the used precursor. The
catalytic activity decreases with the increaseanidity, while G. selectivity increases. Our
results indicate however that a moderate basicauldc be favorable for light olefin
production. Lower catalyst basicity favours prodluttof methane and light paraffins 8O,
promoted MogAl,Oscatalyst). Too strong basicity was also harmfulaose it would lead to
more alcohol and heavy hydrocarbon production (H®dioted MogAl ,O; catalyst).

XPS gave more information about Mo and S specidhéncatalysts. With different K
precursors, the same Mo and S species can be fMofd; Mo, Mo®"; &, S*, SQ”. The
ratio of these species also depends on the potassgitecursor. On KOH promoted
MoS,/Al ,O; catalyst, higher alcohol selectivity coincides wéthvery low ratio of M& [6].
The K,CO; promoted MoFAl,O; catalyst showed the highest light olefin selecfivithis
catalyst showed a lowest fraction of Maspecies. It is known that Mo species can be
associated to Ma941]. The Mo$ phase can be responsible for methane productipafé
is rather favourable for hydrogenation [42]. Inegmnent with the report of Colley et al [43],
high hydrogenation ability could be harmful for tlight olefin selectivity because of
secondary hydrogenation. Thus, lower fraction ofSvloould be favorable for light olefin
selectivity.

TEM provided interesting information on molybdenutispersion in the promoted
MoS,/Al,O; catalysts. Correlations could be observed betwegalytic performance of CO
hydrogenation and Mg@Sparticle size distribution. Jiang et al [44] reteor that the CO
conversion was higher on Co_MgoBased catalysts, with a smaller MoSab length. We
found that 15K15M(S) was the most active catalystvéver it showed the smallest slab
length. The slab length in 15K15M(H) was shorteanti5K15M, while the CO conversion
was lower on 15K15M(H). The highest olefins seldttiwas observed on 15K15M which

had higher number of stacking layer and smalldy lEagth.
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IV Conclusion

In this Chapter, different alkali metals (Na, K,da@s) and different precursors for
potassium promoter @CO;, KOH and KSQO,) were employed to modify the catalytic
performance. The best results in terms of lightfimlg@roductivity were observed with
potassium carbonate. The catalyst basicity andalliys size of mixed K-Mo sulphides are
important parameters affecting olefin productivijoderate basicity could be favourable for
producing light olefins. Large molybdenum supplieatticles result in higher yield of light

olefins.
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General Conclusion

Development of novel routes for the efficient atiliion of non-petroleum resources
including biomass and coal to produce chemicals atrdclean liquid fuels has attracted
much attention because of environmental concerdglapletion of petroleum resources. This
thesis addresses the effect of sulphur on FT sgigtlen supported cobalt and molybdenum
catalysts. The research work was realized in tmest of valorisation of biomass and coal.
The syngas feed from gasification of biomass aral always contains sulphur compounds

[1]. Hydrogen disulphide is one of the most impottianpurities in biosyngas.

In FT process, Co based catalysts present a higlytia activity, especially with noble
metal promotion. In this thesis we find that theegemce of kB, even at quite low
concentration, leads to obvious deactivation ofréha supported Co and Pt-Co catalysts. The
catalytic activity and € hydrocarbon productivity on both catalysts decedadramatically.
The XPS results showed the presence of Co-S spfC@&3Q) in the catalysts exposed to
sulphur containing syngas.,& could block the active site of cobalt based gataland cause

the deactivation.

Thus, the conventional catalysts for FT synthesedily deactivate in the presence of
sulphur in syngas. It is a necessity to find anvactatalyst in FT synthesis with sulphur
resistance. Our attention focused on the M&ed catalyst [2].The catalytic tests showed
that supported MoScatalysts presented a stable catalytic activityTinsynthesis with syngas
feed mixing with HS. On unpromoted Mg$atalysts, methane was the main product. The
supported Mogcatalysts promoted with alkali ions produce lighdfims, alcohols and heavy

hydrocarbons. The catalytic performance was a foncif the promoter and support.
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The CO hydrogenation with K promoted catalyst wasearsignificant than that of Cs or
Na promoted catalysts. The highest@ olefin selectivity was observed on the catalyst
promoted with K, while ¢ hydrocarbons was the main product on Cs promoatalyst.
Sodium promoted catalyst produce mostly light garsf We studied K promoted catalyst,
using different potassium promoters;G0O;, K,SO,and KOH. For the catalysts synthesized
with different precursors for potassium promotesGKs, KOH and KkSQO,), the best results
in terms of light olefin productivity were observedth potassium carbonate. The catalyst
promoted with potassium sulphate produced mostitliparaffins, while the catalysts

promoted with KOH showed highekGselectivity.

The structure and performance of Mdfased catalysts were also affectedialumina
or carbon nanotube (CNT) supports. The alumina sue@ potassium promoted MpS
catalysts showed higher activity in CO hydrogematichich could be attributed to a higher
Mo sulphidation degree. The promoter affects thaiditgy and influences reaction rates and
selectivity in FT synthesis in the MgSupported catalysts. Potassium carbonate was aalded
catalysts at different content. On alumina suppbg light olefin yield attained a maximum at
K/Mo ratio of 2.5. On CNBupport, the light olefin yield attained a maximatrK/Mo ratio

of 0.5.

The results obtained with different promoters anthwoS, catalysts supported by
y-alumina or carbon nanotube (CNT) suggest thatétalytic performance is influenced by
the presence of different molybdenum phases, sizesolybdenum sulphide nanoparticles

and catalyst basicity.

Two kinds of active sites, Mo sulphides and K-Maxed sulphides were detected on
surface of K-Mogcatalysts. The Mophase can be responsible for methane productioh, a
is rather favourable for hydrogenation [3]. Actisiées for the synthesis of light olefins and

oxygenates are probably contained in K-Mo mixedspla
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The catalysts with lower concentration of basiesproduce mostly methane and carbon
dioxide. A moderate basicity seems to be favourdbteproducing light olefins. Higher
catalyst basicity results in higher selectivity @, hydrocarbons but is unfavourable for

producing light olefins.

Layer stacking and slab length of Mogarticle can be detected by TEM. The relation
between Mo$ particle size and light olefin productivity is gented in Figure 7-1. Strong
interaction between alkali metal and Mo leads tigh slab length of MoS Productivity of
light olefin became higher with larger Mgfarticle, especially high Mg wumber layer. The
small MoS particles that favoured the hydrogenation on catal{4,5], these particles were
believed to be more selective for production of maee and light paraffins. High

hydrogenation ability could be harmful for the lighefin production.

9 .
@ Light olefin production
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Figure 7-1: Production of &C, olefins as a function of Mg®atrticle size (measured by TEM)
on MoS/Al,O; catalysts.

The reaction condition also affected the catalptcformance. Lower reaction pressure
could improve the light olefin selectivity but ittii the catalytic activity. Lower HMCO ratio

in syngas feed should improve the productivity ight olefin. The highest light olefin
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selectivity could reach 16.6% at T = 360 P = 20 bar, ICO = 1, GHSV = 2100°h with a

CO conversion of 20%, with the presence of 15%K15%/ML0; catalyst.

Perspectives

From our knowledge, application of MpBased catalysts for synthesis of light olefin
has not been studied. This thesis could be coresid®s a new development in FT procedure
on MoS based catalysts. In order to continue improving tiefin productivity, some

perspectives are summarized below:

1. More different reaction conditions should bedlved in order to modify the catalytic
performance. The different condition could be dif@ temperature, pressure,/EO ratio,

etc.

2. Synthesis method other than impregnation camdresidered, for example the thermal
decomposition method. Interaction between molybderand promoters can affect the

catalytic performance. The synthesis method cowdify this interaction.

3. The activation step is important for Mo&talysts. In this work we always used th&H
gas to sulphide the catalysts. However, some athhur compounds can be also used to
active the Mo based catalysts. These differenvaitin methods may help us obtain a better

yield of products in FTS.

4. We can used several new techniques to detecadiiee site of promoted molybdenum
disulphide catalysts, such as SSITKA (steady-sisteopic transient kinetic analysis) and
in-situ IR technique. In future work the FT reaatimn MoS based catalysts can be
researched by the density function theory modellirigs should be interesting to understand

the mechanism of FTS on Mel$ased catalysts.
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