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Abstract

Previpitated-iron Fischer-Tropsch catalysts wers sulfided in the range 500 - 20000 ppm
S/Fe with an aqueous sulfide souros (NaS, (NHL),S, (NEL),Ss) during the precipitation
process. Sulfidation was performed at pH 10.75, 8.5 and 6.9, Sodium ions were removed
by centrifugation, and atomic absorption analysis confirmed low sodivm levels (0-51
ppm). Based on solution speciation models, ferrous sulfide (FeS) which formed from
aqueous HS species, was found to influence the iron-oxyhydroxide crystallite
morphology. It is proposed that, when suilfide was added at pfl 10.75, FeS molecnles
finctioned as muclei for arystellite growth, while &' pH 6.9 they assisied with the
aggregaﬁon of particles. The prdcessaa of nueleation and aggregation appeared to be in
oompet:non following sulfidation at pH 8.5, resulhng ina compomte morphology that
produced an inactive catalyst. ' _

. The bulk struciure of the catalysts was elucidated using XRD, SEM and nitrogen
porosimetry. All sulfided catalysts exhibited enitwnoed BET surface areas and total pore
volumes with & maximum st 2000 ppm S (surfacé area = 166 m®/g, total pore volume = -
0.254 cm’/g) ¢ pared to an unsulfided catalyst (surface aren = 58 m*/g, totel pore
volume = 0,184 om’/g), Furthenmore, for any series of cataiysts at the same lovel of
sulfidation, the BET sutface areas were observed to decrease as the pH of sulfide addition
decreased. Increasing levels of sulfidatiun (to 20000 ppm) brought about an increase in
crystallite size and therefore, improved crystallinity as determined by XRD measurements.
Materials with larger crysiallites possess smaller eurface ateas, and thus the crystallinity

' wusfomdtomcmsaasthepﬁofsulﬁdmondecreased '

~ Surfuce characterisation by XPS after calcination at 400°C and reduction (400"0),
 revealed silfate species (169.4 V) on catalysts sulfided with 500-2000 ppm, while suifide
specles (162.0 eV) emerged at higher sulfide content. No sulfites were observed on
reduced catalysts following calcination at 200°C, '



The effect of sulfide addition on the efficacy of fon catalysts in the Fischer-
Tropsch reaction was siudied using fixed bed reactors. Catalysts were calcined (200°C or
400°C, GHSV = 2000 ), and reduced (400°C, GHSV = 500 1), vrior to commending
Fischer-Tropsch synthesis at 250°C and 8 bar pressure (GHSV = 400 ). A specific
- artivity of 0.35 pmolC/s/g was obtained in the absence of sulfur. Catalysts sulfided (et pH
6.9) with 500 and 2000 ppm § exhibited activities of 131 and 0.67 pmalC/slg,
respectively. Indeed, all catalysts su** ‘ad in this range (500-2000 ppm S} ﬁt cither pH
10.75 wr 6.9, showed higher CO conversions (50-75 %) than the unsulfided catatyst (30
%). In contrast, oﬁalysls sulfided with between 5000 and 20000 ppm S showed evidence
of sulfide pmsomng. For example, a outalyst sulfided with 20000 ppm 5 operated at 10 %
CO conversion (specific activity = 0.11 pmolesfg)

SulﬁdauonstpHSS in the range 2000 to 20000 pym 5, resukedmpoor Cco
conversions (10-15%). A lack ol carbide formation was observed on all low astivity
catalysts. This has been ascribed to a weakening of the Fe-C interaction by suifide; the
'reduced CO dissociation also accounting for the high oxygenate selectivity of these
catzlysts. In addition to alcohols, high yields of methane and low o-values chmnctemed
~ the product distributions of low activity catalysts, -

_ Low-level sulfided catalysts were less selective towards the formation of methane
than the unwlﬁdet_:l catafyst, and gave good yields of CrCys hydrocarbons. The olefinity of
products was also enbanced and o-values in the range 0.78-0.83 were determined fof low-
" level sulfided catalysts. In the absence of sulfisr, an o-value of 0.80 was obtained.
' A study of the effect of calcination temperatur was made using a catalyst sulfided
at pH 10.75 with 2000 ppm polysulfide. The catalyst calcined at 200°C exhibited poor
activity (0.10 yunolC/s/g) compered to the catalyst caloined at 400°C (0.64 pmolC/a/g).
The source of sulfide appeared to Lave no effect on Fischer-Tropsch actmty, and a
 prefiminary study on & oatalyst impregnated with 500 ppm sodium sulfide showed
promising results {specific activity = 1.05 pumolC/s/g).
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Puy' A. Charactensatmn studies

This section, which spans Chapters 3 to 7, deals with the
effects of sulfide addition on the mbrpholbgy and composition
of preclpitated-irm Fnscher-’l‘ropsch catalysts Firstly, the bulk
morphologymdmcussedwnhreﬁ:remetom SEMand_-_
porosimetry resuits, Then, the effect o£ sulfide species. on the
structure and composition of the catalytlo surface s deal with
usingXPSa;&DRIF’f‘“ studies, The_'inﬂuemeofsuiﬁdeions
on the chenﬁcﬂmmafthe iron atoms in the catalysts
is further investigated using Mossbauer spectroscopy: Finﬁll;g a
solitios speciation model is constructed fn zn attempt to
rationalise the observed sonrphology, .



| Chaptet 1

Introduction

Foreward

. "This thesis deals with the addition of aquecus sulfur species to precipitated-iron Fischer-
Trapsch (FT) cataiysts, However, in order to place this siady in perspective, & certain
ot of background information is required, This chapter provides an introduction 0

- some of the more pertinent topics.

The ﬁmorpomtidn of wilfur into Fischer-Tropsch catalysis is expected to alfer not only the

_ mﬁrphology,' but also tﬁe catalytic behaviour, It is therefore instractive to review the
chemistry of sulfir and its compounds. There are certainly many aspects of sulfur
chemistry which are not discussed; rather, referenae Hias been made to the tore salient
topics which have bearing on the effects of sulfur on iron Fischer-Tropsch catalysts,

The current status of the Fischer-Tropsch reaction, and in particular the use of “ron
" caialysts is then considered. Notable emphasis is placed on the development of
unmpported iron ca'.,-zlysts. The npp!icability of the smdy of sulfur and its relation to
catalysis is then demonstrated in & disoussion of the effects of sulfur on the Fischer-
Tropseﬁprocm_. "



1.1. Some aspects of sulfur chemistry
Suifur, a name apparently derived from the Sansmtssdvere and based on the Latin tevms
sulphurim and sulphurium [1] bas found wnention in tewts & diverse as potry and
alchemy. In Mﬂ vernzcular it was referced to as bﬁmstone, which symbofized the wrath
 of God to tho inhabitats of Sodom and Gomorrab, who “witaessed brimstone md fre
from the Lord out of heaven™[2], In similar fashion, its highly inflammable nature was used
bymwthmnmry poe:stb invoke imagery of Hell’s inferno [31:

“Ap when that devilish iron engine, wrought

¥ deepest hell, and fram’d by fuies’ slcil,

With windy nitre and quick sulphur faught,

Aud ramoyd with bullet round, ordain’d to 1L,

Concotveth fire” |
Edmund Spenser, 1599

The Faerie Quee:se book 1 ¢ VI, xiii

1 was described by seventeenth century philosphers as ;“mysﬁu, inscrutable spirit® [1], |
and elicited much interest from alchemists who endeavoured to unravel its mystery. From
the_ ‘ﬁ:ung’ of mercury with sulfur 1o the chshllatmn of sulfrous eompounds, the#e carly
expecimentalists formulsted vheir remarkeble theories which have endured for nearty
fifteen centuries, The synthesis of sulfuric acid from sulr and pyrites is _perﬂaps the most
outstanding dise-very of the occidental alchemists, while the use of sulfur in guopowder
can be credited to the 12 th century Chinese phlogistans [4].
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There was however, in those early days, stilt much debate as to the prec!se pature of this

“chemical emgma IR Glauber, in the mid 1600°s, advocated the hypothesls that sulfiric
acid and 2 combustible substance were whe chief constituents of sulfiur {1]. ¥t was not until
the 18" century that A.L. Lavoisior and other anti-phlogistans demonstrated the fallacy in
such hypotheses, and proved that sulfur “does not consist of Qariou's elements, but

Tepresents one element”[4].

Atomic number 16, sulfi, i the fteenth most abundant eloment in the eart’s crust, It i
essential for the survival ofliving_.prgm_.ﬁsms, and exists in various allotropic forms, Four «.
the ten reported isotopes or sulfur are stable, with & distribution of 95.1% ¥, 0.74% 8,
4.2% '8 and 0.016% **8 [S-}.

The physical properties pertinent to the cheristzy of this yellow, nonmetallic element are

summarized in ‘Lable 1.1;

Tabile 1.1: Physical Properties of Sulfir

Atomic number 16 T
Relative atomic mass 32,06

Relative density (rhombic forn) 2.07

Mekting point 112.8°C

Boiling point .1 444.674°C

Allotrogest '

Rhomhic ' <95.6°C

Triclinie >95.6°C

Molten sulfur _  112.8°C - 160°C
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Rapidly cooling miolten sulfir results in the formation of a reddish-brown solid known as
plastic sulfur. Flowers of sulfur, used as a plant fungicide, is obtained by subliming sulfur
_ #apuur. The Iatter is comprised of S5, Ss, S5 and Sy moleoutes.

Naturally oceurring compounds of sulfir are widespread, partwulaﬂy sulfides and su'fates,
and pative sulfur deposits are found in Sicily and the USA. Equally, 43 a result of its
abundance and reactivity, tﬁe range of synthetic products containing sulfir is impressive

and encompasses both 6rgauic and inorganic compounds.

Sulfides are inorgaic campounds of sulfur with the more electropositive elements. Tonic
-aulﬁdes containmg the §* ion, are formed with mctals, wheress orgasic tlnt»complexes

are considerably covalent

Sulfides of allcah metals with 5°p® configuration and low cahomc charge (eg. Na*, KD have

Targe sohubility products and frequently exhibit deliquiscant behaviour. This tendency is
accounted for by a preferred coordination with oxygen mﬁx&r than gulfur, Despite such
high solubility, the oryata!' struchires of two hydrates of soﬁium sulfide, namely,
NeoS.5H:0 and NesS.SHEO have been determined. Anhydrous NesS assumes the
antifluorite type struoture, where the cations are tetrshedrally coordinated and the sulfide
ions ave surrounded by eight sodium neijghbours forming a cube, This sntifluorite structure
is anglopous to that formed by the cormisponding oxide, selenide and telluride of sodium
[5].



Introdustion
In contrast o the bonding between sulfide and alkali metals, the bonding in trausition
metal sulfides is of a more covalént nature thanmthecorrespondmg oxides, due to sulfisr _
‘having a lower electronegativity than oxygen [6]. Tiis relates to pea:s;m's Hsrd-Soft
Acid-Base Theory [7], in which coulombic attraction is significant for the hard-hard
interaction, while covalence is of importance in the so-calléd sofR-soft complexes, As a
copsaguence of their being non?ionic, inetal sulfider form non«s!aoiéhiomeuic phasas Each

 phase exists over specific ranges of terperature and sulfur pressut ..

For gas-phase sulfidation by FL.S, iron has low fres energy of ulk sulfide ormation
(A (600K) = -57.3 K¥/g atom), n addition, most metals nsed as éatalysts (¢g. Fe, Co)
~ do not form stable bk sulfides under reaction conditions, and sulfite poisaning may hence

be rationalised in terms of siface sulfide thermodynamics [8]. =

The aqueous chemistry of sulfr is extensive and involves complex equilibria, In addition,
 sulfor speciation i largely dominated by kinetics, not thenmodynatics. Sulide jons are
sirong bases, and hydrolyse to give ES below pH 7, and HS at high pH values, Some
typical decomposition foutes of sitAde ar shown in Figure 1.1 [9], .
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Figure i1 Tjrpical decomposition routes of sulbide %1

"The S concentration is strongly dependent on the pH of the solution and the presence of

oxidising or reduamg spsmaa This in turn affects the formaﬁnn of mefbal sulﬁdes, the

solublhty product of which may be teadﬂy neorrelated with the electromc onnﬁguratlon and
" chargs of the metal cation (Table 1.2 [5]).
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Table 1.2: Logarithms of the solubility products of some sulfides i water at 25°C [5]

TP S
Mn§ (green) _
MaS (pick) | 10 2
FeS BT 26
CoS (o) 0 52
[ CoS(R) 25 53
NiS (&) C A1 -25
- NiIS@®) 24 27
WS | 26 2
TGS 35

The range of metal suifides is certainly extensive and a discussion of th2 chemistry of each
.one is beyond the scope of this review. However, since the main focus in this study is on
iror, the chemistry of iron sulfides is explored in mare detail,

Tron sulfide ubfqined by prehi;iitation from aqueoué solution iy of & mermodynanumﬁy
ut_tstaﬁlu form. Both water held in the fresh precij:itate, a# well as exposure 4o air, converts
this unstable product to FeS; (pyrite or mareasite form), Also incorporated are hydroxides
and sulfite-contsining compounds, Precigitates of Fe,S; have been reported but they
decompo-- ~eadily [S), -
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The persistency-field Eh-pH diagram for pyrite is given below, showing the domain of
pyrehotite (FeS), o other thermodynamically stable sulfide phase [10].

wl N

1 e ang
d g 04
{ Dl %213

Figure 1.2: Eh-pH diagram for pyrite [10]

Polysulfides are homonuclear sulfar figands of the form 5.7 (n 2 2). Owing to thee bigh
coordination number thase polydentate hgmds constiiuts a vast and rapidly expandmg |
facet ofsulﬁde chemistyy,

: Slﬂﬁlrnhains, 8.7 withn >3, exhibltstereochemtstry A. dihedral angla.rangi_ngﬁ'orh 60°
B to 110° between sulfur atoms in the pq!ysulﬁde chain has been ﬁannd For instance, S5*
.mayoe'cur gither os the cis or trans jsomer, with & dihedral angle of 90° as iustrated in
Figure 1.3 [6). '
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| Figare 1.3; Pentasulfide isomeﬁém

: A. median bond length of 2.02-2.06 A has been reported for terminal §-8 bonds in
:_{emsulﬁd_a and longer chain polysulfides, with intrachain S-S bondlengths in the range

2.05-2.07 A. Théa bonds ace all shorter than the 2.08 A determmed by Pauiing on the
. basis of pure p-bonding character. Hence, it is inferred that p-x boixiix,.ﬁ-.of TESONANCS
&.;ft_bct's assisf in the distribution of negative chérge evenly along the sulfu. cham, and so0
' .'ioingreducebondlemguﬁ [ o

D;gestmg sulﬁ,lrmth uqueous suifide stil! remaing ono of the most w:dely usad me!hodé
for obtaining polysulfides (mainty S, and 8%} in solution. Preparations in liquid ammonia
are however also common, and produce sulfur chains varying in length from S; to S [13],
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There are several routes to polysulﬁde complexes [11], such as the omdatrve addition of _
elemental sulﬁ.lr to a coordmamely unsaturated electron-rich metal This method has
found particular appncatmn in the synthesxs of organometallic complexes such as
‘CpRh(PPh)(Ss): Direct substitution of .ot'her lig_é.nds by pblym]ﬁde- ations 18 a2 sther
method which has been used to goo;:l e&'ect..

In aqueous media, polysulfides undergo hydrolysis with thermodynamio stability
decrensing from peatasuilfide to disulfide [9). The polysulfide species in equiliorium with
sulfite and sulfide is shoven in Figure 1.4 as & fumotios: of pi and Bh.

£ fmax 107 &) o BM(mcI0TM)
“ -
y X % ™~
a9l e
[] 1 [ [ 1 [ ] ) 9 a8 4 L] ]
w ot
L T 8" fmt 102 M)
wid) ’ . I e
OO X
¥ ' B \
- T
e e
ety s,
-1 |

“Figuro 1.4 Ei-pH diagrams of polysulfides at 25°C [5]

0
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| Polysuifides are also unstable in acidic media (pH < 5), decomposing rapidly tﬁ yield
lementsl suffir and E,S [14j. This is the principal inberent in the turbidimetrio
- determination of polysulfide in aqueous samples. In mildly acidie to alkaline soiutions,
polysulfides can be precipitated by a large number of metal jons.

- Acéording to Giggenbach [15], 8,* and S, are formed exclusively in'amemely aﬂmﬁne
slutions, while 8¢ and S/* predorinate under most conditions. These findings have been
disputed by Clarke a7 al [12], who asserted that tisulide domsinated over tetra- and
pertasulfide in the pH range 7.0-8.5. Furthermore, they observed the formation of

o polysulfides during the oatenaﬁon of nﬁnﬁsu!ﬁde to S; inthe presence of chelated Fe (D).

B@nginhmmlylabﬂexpedes,sfﬁgmdsmmmmdmﬁergobammtmmd
intermolecular redox reactions [16). Novel ligands such as $:0. or 0% may be formed
by oxidation of $.* by O, and, via a reduotive-elimiastion process, CeMox(S:)l.aERO
* can generate §; The ohemistry of Cp;TiSs is extensive and is of singuler importtnce in the
synthesis of polysulfur xings [.17].. Owing to the _ofmphilicity of titantum, displacement of
the pentaslfid ocours readily and this consttutos the basis of high yield syntheses of
cyélo.-—Sa and cyclo-8y, via the Schmidt transfer reaction, - |

11
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“T% . decomposition of polysulfide is accelerated by increasing temperature as shown by
the decreasing values of the equilibrium constants in ‘Table 1.32 and 1.3b below [18;

Table 1.3a: Estimated thermodynamics for polysulfide species

8 () 5% (aq) = S77(aq) -1500
S (31) + 5:2 (ag) = S Xaq) -1400 14
8 (&) + 852 (eg) = 84 (nq) -1100 13
S (sD+ 8,7 (aq5=ss"(aq) 800 13

Table 1.3b: Equilibriumn constants for polysulfide species

25 | <110 -1.03 -0.81 059
100 -1.00 088 | o7 | .08
200 091 076 | 061 0.48
250 088 | 072 058 | 046
300 08 | -06s8 -0.56 0.44

12



Introduction
ndeed, Giggenbach {19] is of the opinion that the presence of polyéu!ﬁdes in solution
| need not be considered above 240°C. aneﬂwless,_ hey form part of a complex
equilibrivm [13; |

- S§+HS 8,7+ H0

which is affocted hyﬁHand temperature.

1.2. The Fischep’l‘fopsch Process
Defined 86 & ‘hyrdrogenation of oxides of carhon produciog higher hydrocarbons and/or
~ aleohols, the carbon chains of the hmlemﬂee being predomin.atly straight in the range Cs
1o Cy¢’ [20], the enormity of the contzibution made by the Fischer-Tropsch process both
economically and in the profific amount of literature genersted as a result of rescarch,
 should not be underestimated. |

Mechanistic studies have elncidated most, if not all, of the reaction pathways that present |
themselves in what is argnebly the most diverse of product distributions, However, from a
more fundamental parspective, the entire process when performed over iron catalysts, can
bemndensedmoim generel rcactions [21;

co +2H_z->—{CHz]-+HzO AgHzzpe = -165 kI

€O+ HO — Hy+COx ' Axfarre = 398 kT

200+ Hy—> (CH)~+CO:  Daizme=-20481
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Thepﬁnﬁpdrmﬁmhﬁmﬁedsm&rﬁumeqﬁﬂbﬁmmdmemfomhhlﬁneﬁcg
and ot thermodynamics, which govern the yield of products [22]. However, the

o _mamnwmtempetaturemﬂmblemhmtedbyasm&msrlectwﬁymwmsmethme,and '

- aeeelerated carbon deposition at hlgh temperaturc which feads to catalvst deactivation
[23].

Consequently, the relatively high exothermioity associated with FT polymerisation
necessitatea efficient heat trausfer to avoid overheating of the catalyst and this is
effectively achleved for example via fluidised bed roastors. High gas velocities permit rapid
 heat exchange and fasilitete the introduction of frosh catelyst into the reactor without
dlsmptmg thé on-line process, Despite the disadvantage of having to remove catalyst ﬂnes -
.ﬁ-omproductstreams,.ﬂuidisedbed reactors have proven cost effective alternatives 1o |
fixed-bed systems, In particular, shirry pﬁase systems, in which catalyss are suspended. in -
a liquid ‘are more isothammai than mmrﬁ:ceﬂ-bed cum#erpar;s and can bel.-operat'ed at _
| I_lngher temperatures {21]. Pore diffusion limitations are alao minimised by the smali
catalyst pamcles

14
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As with any_'reautor system, there are disadvantages, and as far as fluidised bed reactor-
design is concerned, the formation of wax constituies a setious problem. At low
temperature the wax may becomne 00 viscous and inhibit figidisation of the catalyst, while
at high tumperatures hydrocracking of the wax takes place. In addition, carbon denosition

1 iron catalysts induces deactivation at the higher temperatures Beacuse of this, ﬂuidised |
ed roactars are used selectively in the synthesis of low tolecular mass olefins and oils

[24],

Wax production s carried out using fixed-bed reactors of the ARGF type developed by
Ruhrchemic and Lurgi in post-war Germany. Packed with iron-based catalysts, tuese
reactors are operated at temperatures of between 225°C and 280°C, since this 1 the
regime most selective for wax formation and low catbon deposition. Moreover, higher
reaction temperatures would result in catalyst overheating owing to ineffi.ient heat
transfer. Currently, removal of heat generated by the reﬁction is achieved through the
production of steam on the +ater walls of the multitubular reactor. Many advances on
these stalwart reactors coupled with an increased demand for bigh mblecular weight

waxes, have ensured that they still ocoupy a niche in the industrial FT process. Indeed, the

divegsity of reactors currently in aonunercial' use iy testimony to the fact that reactor

design is as orucial to a catalyst’s performance as its compozition and structure.
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To supplement tho advances mado in catalyst and reactor design, efforts are being

expendd to reduco the uaavoiduble dowatime that resits from oatalyst deaotivation due
to coking, The Fischer-Tropsch reaction lends itself idestly to the notic. of periodic
operation, since hydrogen is both a constituent of syngas and is used for catalyst
regeneration. Alternately switch? ;2 between two predetermined syngas compositions, one
richer in hydrogen, allows the production of hydrovarbons to mﬂhme even as the oatalyét

s being regenerated.'Forced composition cycling, as it is also known, enhances catalyst
longevity and results in signiﬁcmrt selectivity modiﬁoaﬁons Most notably, the yield of light
_hydrocarbons is improved as a direct consequence ofthe hydmgenauon of deposited
carbon to yxeld ‘CHy’ species [25]

A myriad of hydrocatbons and oxygenates feature in the exteasive produ&t spectren, -
Selectivity for lovger chain products is governed by the ability of 2 catalyst to
preferentmlly enhance the rate of chain propagation above that of chain termination,
According to the Anderson, Schultz, Flory (ASE) polymesisation Kinetics model, the
product distribution may be determined using an equation which mcorporates the chain
- growth probability, o '

Woln = (1~ a)’ a™!

A least squares regression of the logarithmic form of this equation affords o via the slope |
and in: cept [26], Unpromoted, unsuppotied iron catalysts are generally associated with
low o-valuws indicaling & propensity towards gaseous products,

16



However, modifications in feedstock ratio, reaction temperature and catelyst design, bave
procured a product distribution that is specific for higher molecular welght long-chain
hydracarbons,

In a competitive market-drivén econormy, optnmSwon of reactor design and catalyst
pﬁfonnanoensesserma! Ths"pm"smtofeme]lenoe”reqmmacomprelmve
understanding of the elements of a catalyst and their synergistic effoct. The application of
principal component analysis (PCA) or ANOVA tables to a 2° factorial forrulation would
promote ﬁlture FT catalysi design [25]. Furthermore, the use of advanced computational
techniques bas proved its worth in the characterisation of hetemgmeous catalysts, The
approanhishasedonamodelgeuemﬂedusmguuﬂaldataalldteﬁnadmhth_ea.t_d of
experimental resalts, | |

For FT catalysts, FTIR sj)éah‘osuopy,' SEM, XIS and SIMS would perhaps constitute the
basis of experimental data used to qualify the proposed model It is the collaoration of a
number of techniques which culntinates in a comprehensive elucidation of the surface
‘topology of an FT catalyst [27), | ' |
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1.3. Iron Catalysts for use in the Fischer-Tropsch Reaction

Iron catalysts have heen the mainstay of the industeial Fischer-Tropsch process since circa
1920 because not only are they refatively inexpensive to prepare, but give gaod product
tornover with s broad produot spectrum. OF late, much work has been done on tailoring
iron-based catalysts to home in on specific products such as hght olefins, oxygenates, ete,
Such modifications have be&n brought about *hrough the incorporation of structural and |
| .chemic_ml promoters (28], Indeed, extensive literature is a ailable on impregnated catalysts,
| mppmted on 2 host of nxide materials that fange from titatia and silica to thoria,

Unsuppbﬂe&__imn catalysis, perhaps regardead as the traditional _Fischer-'l‘ropscﬁ catalysts,
have lso been modified in verious Ways. The Kolbel-Relek sturty-phase system uiised
pulverised catalysts propared by precipitation or from fused iron [21]. Reoeat wark has
been baged on spherical particles prepared by spraydrymg [29]. Ultrafine iron oxide
* catalysts have aiso found use, and exh:bzt high activity and oxygenate selestivity. | |

Precipitated iron catalysts stll find applioation in fxed-bed reactors 128,30), Various
© supporis, sucﬁ as sifica and zinc oxide, have been added o improve the stability of these
catalysts towards thermal sintering [31], Furthermore, the rate of veduction of iron has
-been enbanced through the icorporation of copper.
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The additon of sikali metal promoters such s sodiam and potassium fas been sed to
increase the average molecular weight and olefinity of the hjdréca:bons prﬁdu;.éd, as well
* as promote water-gas-shift activity {26, 28]. Recent work has shown that such promotion
increases CO conversion through & maximum, whereafter furiher addition of promoter

causes a decrease in product tumover.

The presence of sodium or potassium alters the binding enetgzy and sticking probability of
reactive moleeules, improving the rate of OO dissociation [32) and stabifising reactive
intermediates, At high allcali content however, accessible actwa metal surface area is

* reduced, and this .immc'ts negatively on sotivity and selecﬁvify [25].

Of all the aspects of commercial Fischer-Tropsch catalysts, it is the kinetizs of especially
iron-based catalysts, that has received the most attention [22]. The complexity of the
mechanisms and sequence of reactions has complicated kinetie smdies and kg
promulgated many schools ofthﬁught with oftentimes conflicting opinions. Nonetheless,
assurping Lasgmuir adsorption theory, the identity of the surface species involved in the
rate~determiting step is not cucial in deriving & rate equation.
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Whether it be the time honoursd proposal of Anderson, advocating CO dissociation giving
tise to surface hydroxyl species, or the more recent formulation of hytrogenation of
adsorbed CO to afford methylatie groups, the mte of FT reaciion over iron catalysts is
given by [22]:

e mPasPeo
: Poo P

- “where the k:oﬁstaht, m, incorporates the rate constant as wel! as various expatimental
 parameters, It mey be instructive to mention tha catalysts exhibiting high water-gas-shift
(WGS) activity, tend o be loss active towend T reaction, a inferred by the foregoing tate

e on

. The formation of liquids 2 high molecular weight compounds weaults in diffbsion
livitations, particalarly for large particle sizos. However, Dry sttests that the ratos of
diffission are dependant on oomentratm gradients, which in turn depend on reaction rates
- &t the surfuce of the vatalyst. Thus the rute constant, m, incoprrates a diffusion fator |
- which varies for particle size and reaction conditions. Consequently, the afirementions
rate equauon adequately desoribes the kinstios of afl systems, from fixed-bed fo slurry-
 phase [22].
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 Mechanistic studies have been complicated by the heterogeneity of the surface of the
wotking iron catalyst. Early an to explain the mechanisn; {nvoked surface éatbidaa
and hydroxyl carbides {33]. The insertion of methylene into the carbon-carbon double
bond of a surface vinylidens complex has also been proposed as a mechanism [34]. This
vinyliﬁene compiax is mposedly formed by the reaction of a ‘uaked carbon atom’ with
surface methylene species. Cuﬁeﬁt consensus among the protagonists in FT rescarch, has
shown carbene .. Js to be involved in the chain-zrowth mechanism, and ox¥ygenate
aeﬁvit& 1o arise from CO insertion [24]. A Jetailed description of this mechanism is to be
fouﬁd in a review presented by Dry [22], wherein it is emphasised that the identification of
8 surface speoias does not conclusively prove its mvoivameut and hence that this uurrmt

mechamwpﬂaﬂosalisopentomprovement :

_ : An agpect not addressed by this mechanism is that of monomethy! branching, which is
~ found to _decrmée with {ncreasing éa_ﬂmn menber, To this end, Dry has proposed a
mechanism based on a two-point attachmsnt o the catalyst, which procesds via &
metallacyclopropans intermediato [22]: |

ﬁ'lz""-(Hz * CH{/ _ .

—CHCEHS
/FH‘ . a)\M_/' b

M

Owing 10 stesic hindranco, methylene insattion st (s) is more likely than at (b) and heace
this mechanism elucidates the formation of monomethyl alpha olefing or the fully
hydrogenated monomethyl parafiing.
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_Fuﬁhwnore, the symmeiry of the éthylme (Cy) group allows for rapid CH; insertion, and
this manifests itself in & lower than expected C; fraction in the ASF carbon mumber

disttibution,

Oxygenated products are purported to be formed via chain termination reastions or by CO
insertion, Bthanol snd methanol dominnte at 220°C, while signifioant quanfities of ketoncs

and acids ate produced at higher temperatures [22].

The effect of gas composition is also dapandﬁnt on temperature, The ratia of h_wimgen to
CO omrelates well with pmduct selectivity at low texnpemmres (220°C), while a
correlation fastor is required for catalysts operating &t 330°C since WGS actmty 8
favoured at the higher temperature.

Whie alkal 'rhm_ls and Jight transition metal oxides (such as those derived fom M) liave
beent chown to amelicrate the pelfbfmunce nf iron catalysts [35], variovs faotors are
lmown to aecelerats their demise, Desctivation by sulfur and other clectromegative
contaminants has been extensively docnmented [36, 37, 38, 39, In Jidition, fouling of
catalyst porea by coke deposition Toduces activo surfice aves, 18 2es acurulation of

WHREEH,
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Sintering is another factor resulting in loss of active surface area as crystallite growth
oceurs following exposuie to heat {24). For slurry phase systems, sgglomeration of
- perticles may ocour, particulady. when liquid waxes are produced, leading to loss of
Bcn.iityl

Recent ressarch endeavours have coricentrated on developing iron catalysts which exhibit
@ propensity towards linear paraffins, waxes and alpha olefins. Fuel production is 10
- longer profitable owing to low crude oil prices [22), and indee_;d the Synthol CFB reactors
~ which were responsible for fuel production - have been put out of aotmmssmn by Sasof
[22]. The aforementioned produots howeve, are consideced to be high in value since they
can be sold to other chemical concerns as feedstocks, Biodegradable dutergents are
produced from alpha olefins vix the OXO-process, while the Aromax pfocess requires Cs

© to Cs Fastions for the synthess of benzens, toluene snd xylene BIX’S) [22]. Moreover,
supported iron-menganese catalysts have been used in the production ot' 03-04 |
hydtorarbons as enrichment gas for SNG (substitute natural gas) [40].

1.4. Sulfur and the Fischer-Tropsch Reaction

Owing both to its ubiquity and deleterious effects on iron Fischer-Tropsch catalysts, sulfur
is among the most despised of catalyst poisons, As early as 1935, Fisoher (20] cited a
pretical upper fimit of 1 0 2 mg S/ of synthesis gas) and currently, the Rectisol
process is employed to reduce the sulfur content of noal~base& {eedstocks to practicable
levels [41].
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As g consequence of the detrimenta! effects of sulfur on the activity and selectivity of
catalysts, it has become the subject of a plethora of studies and imvesiigations. Numerous |
review articles summarize the vast amount of literature that has been generated as 8 result

[24, 31, 42,

Prior to 1960, the issue of sulfur poisoning had been little studied and the more
noteworthy contributions dealt with the mm to sulfr deactivation conferred by

- alkeli promoters, pasticluarly potassium {43]. The majority of this pionesring work was
dpne using H,S; however, conceﬁtraﬁon gradients along the catab(st bed made
interpretation of results exceedingly difffoult. To circumvent this, Anderson and collegues _
[43] prepoisoned their alkali-promoted oatalysts by immersion in 4 solution of a sulfar
compound and heptane. Inoreased selectivity towards low molecular weight products was
observed with increasing sulfr contert.

The HzCO usape ratio also increased and such modifications were purported to be
suggestive of sulfur having reacted with the potassium prowoter. These fin"ngs are
supporied by the eatly work of Fujimura who observed similar pmmo_ier—depmdm effects
L | _ _



Introduction

The selective poisoning of hydrogenation sites by sulfir bas proven a convenieat method
for enhancing clefin selectivity [42], Myddieton patented & Co:ThOykisselguhr catzlyst
which, when opemted .in synthesis gas containing 57 mg crganic S/m’ of synthesis ges,
exhibited no signs of deactivation and enhanced olefin sélec&vity Asimﬂaruﬁalkaﬁzed
camhrstoontmnmgsmallquanhmsnf}hs or CS; showedamarkeddmasemtheyxeld
of gaseuus products, with & propensity towards the hquul hydrocarbon fraction {36].

There has been considerable criticism levied at (these) early poisoning studies by
Bartholomew et al, who clmmed that they were carried out under conditions of beat and
mass tmnsport eﬁ'ects which disgnised the conséquences .of iaoisuning [37]. Furthermore,
 ill-deiined regimes of Prss/ w; did not provide the data. necessaty to predict deactivation
rates duting exposure to commercially applied sulfir levels. .Consequemly, the authors
pursued denctivation studies of the effects of in situ low-level HzS exposure on the activity |
" pod product distribution of cobelt and i iron catalysts

They were able to dlﬂ‘erenﬁate between. monolayer surface sulﬁdes formed at low I'I-.-S
| 'eoneentmﬁons (< 2ppm) at S00K, and bulk sulfide formation which was observed at
higher sulfur levels and lower tempetamres. For equi_valent S/metel coverages, in situ
poisoning faduced greater foss of actht_v.r than presulfiding. Determsinutior of deactivation
rate constants indioated that potassium end boron conferred sulfur resistance by slowing
catalyst desct vation, Their mode of operation is proposed to be either direat soavenging
of sulfr or an glectronic modification of iram, rendering it resistant to poiscning,
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The use of an additive as a ‘sulfur-sink’ is also documented in & stm:i}' of coprecipitated
Fe/Mn catriysts sulfided with H;S. The rapid formation of MnOS protects the iron from
deactivati-.m by sulfir {44]. The formation of mangar se sulfide is thermodynamically
' ﬁuvnumdmmchanettentthatmlfurlsmnovedﬁomthegas-phase,beﬁomany
detnmentaleﬂ‘ectoncmalytac efficacy canbe observed.

Thenaun'e of the fron surface can also deteunhetheea&enttowhichsulﬂzrpoisoningis
allowed to proceed. In a study of the poisoning of precipitated-iron oxide copper oxide
catalysts by orgamc compou~, Rapoport amll Muzovskaya obse. - that parhally
.reduoed catalysts were more resitant to sulfus poisoning [43]. They alluced o the
presence of iron oxides in resmtmg dt:actiﬁou by sulfur, Carbided or nitrided catalysts
used by Anderson were also more sulfr-rolecent then untreated reduced samples {203,

intriguingly, despite the negative publicity surrounding the presence of sulfar i om

 catalysts, there are reports which intimate catalyst promotion by sulfur compounds,
Stepger and Sattelﬁel" 145)] reported a 60% i increase in the activity of a fised magnetite
catalyst exposed to synthesis gas conteining 1.3 mg '§ per gram of iron, as .S, Some
twen;ermpﬁmtothis,Andmrepoﬂedthatcatalyétspﬁpoisomd with less than 3
mys CSy/g Fe were more active than fresh catalysts, The higher acivities were attributed to
disintegration by excessive carbon deposition, although sinilar promotion of nitrided
catalysts could not be accounged tor [431, | '
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Ideed, @8 far back as 1920, a patent was awarded to 1G. Farbenindustrie
Altiengesslischaft for  sesies ot iron-cobalt catalysts which exbibited extonded catalyst
fife and enbenced olelin selectivity. Sulfide, sither in the form of an dlkali sulfide or via
syngas oontauung 8, was a.'idediﬁ guantities of betweeﬁ 0.15 and 0.4 percent of catalyst
* weight [42] in this early study. | |

As shown iu Vable 1.4, the addition of sulfur as H;S of 0,67 mg 8 per gram of a 100
Co;18Th0x100 Kieselguhr catalyst resulted in marked increase in liquid hydrocarbons
with a decrease in the gaseous fraction, 1t hes been noted however, that such promotion
was observed for sulfur contents of fess than 0.13% by weight, and that excessive

quantities of sulfiar canse severe poisoning f42].

Tabie 1,4: Influenice of HzS on 100 Co: 18 ThO, ; Kieselgulir Catalyst [42]

o0 | 183 10 1%
0.67 18 23 1.0
3.30 183 | 21 0.8
"7.94 183 I 05
Tha 195 2.0 13
3.4 195 15 .
335 207 12 2.1

P= amosphoric; Catalyst= 12 g it & Tabular Fxed Bed Reactor

27



Introdnctior

Studies on an iron-manganese bimetallic catalyst ulfated with ammonium sulfate (Fe:S
200:1) have revealed increased stabilty at 23K and exhanced light olefin selestivity. Both
the deposition of carbon and productiue of methane are suppressed by this sulfation.
However, the suthors make mention of the fact that the amounts of sulfite added may not
excesd 1wt % §, otherwise complete deactivation occurs [46], Unfortunately, reduiced

The nature of sulfier species prasent depends on the source snd _quautity of the sulﬁding
agent used, As mentioned préﬁonsly, monolayer sulfides are formed at .S oonoem:muons
below 2 ppm at 500K, whilé bulk sulfides are forme& st bigher sulfur levels or lower
temperatures [37] |

In addition, the pretreatment and synthesis conditions to which the catalysts are exposed
has a dramatic effect on the sulfar speciatios, Pyrrhotite (Fer.S) and pyrite (FoSy) are
- converted 1o triolite (FeS) under reducing conditions at 400°C and 25 psig. According to
the authors {47), Fischer-Tropsch reaction over synthetio pyrrhotite esulted in complete
convession to triolits based on the following scheme; -
. FeS;
l H; 0r CO

FerxS X Hy or CO
FeS HS or COS
This scheme affords an explenation for the desulfurization uci'vity of iron omdes in coal-
gasification. E
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 As a poison, the mode of action of adsorbed sulfur Is principally elestronio i nature.
although chemical effeots dominate under certsin conditions, For instance, the preferential |

formation of sulfides on sites of highest electronic density [48] serves to decrease the
affinity with which the meta]lic.catalyst attracts reactant molecules, Weakening of the CO-
bod and  dscresse in the biading energy of bydrogen chemtisorption are consequences of
the reduction in sito density on metal osntres, Moreover, the adsorption of olefinic
compounds is eshanced under these conditions andtlusaecountsfmthelnrwer
hydrogenation aetmty that exists in aﬂﬁxr—pmsoned caxalysts [48]. A compent:on scefiario

. ls oreated as the adsmptlon of unsaturated hydrowbaﬂs increases the electron deaslty at

' the active site, andﬂuscmmuctlontolowerthetommtyoftha adsorbed sulfur. -

1.5. Aims of this study |
"Most stadies of sulfur interaction with izon catalysts have relied on the sulfur-contairing
compound hmng 2 gas-phase adsorbent. It is therefore the aim of this study to investigate
the presence of extrancous sulfi compounds added as dissolved salts during. the
prempumon step of catalyst preparation. The effects of catalyst pretreat:nent an.d reaeuon
cond:tlons on sulfir spematmn, &s well as structural modtﬂcatwns brought ghout by the
- sulﬁ:rareto be considered as part of 3 detaﬂedxurfacemdmctorstudy
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The use of varioys characterisation techniques in the elucidation of bulk and surface
morphology is to be mvesligated These techniques include Mdasbeuer Spectroscopy, X-
ray Powder Diffraction (XRD), Diffuse Reflectance Fonrier Transform Infrared
Spectroscopy {DKIFTS), and X-Ray Photoelectron Spectroscopy (XPS).

It is further hoped that the effest of sulfide on the aqueous precipitation system of iron

 catalysts, can be quantified as part of a sohition speciation study. ;
Finally, the Fischer-Tropsch activity of catalysts co-precipitated with sulfixr is to be
investigated. The cffeot on product selectivity and rate of CO conversion are o be

compared to an unsulfided catalyst.

As a footnote, a preliminary study on the effect of sulfide on impregnation is anticipated to
shied some fight on the influence of sodium promotion of mxlﬁded catalests,

3




Chapter 2

Experimental Metnods

2.1. Introduction |
It is both-tﬁe chemioal composition and physical structure of catalysts thet prowide the
aehvnynudselecﬁwtytheyexhibit Thersfore, in order to fully unravel the mystery
“beliind these essential components of industrial chemistry, a diverse assortment of
e}rpenmental methodology is requ:red |

The availability of highly specialised equipment has opened a whole field of chemisiry
in the form of catalyst characterisation. Modem literature abounds with methods for
the elucidation of surfice structure and bulk morphology These techniques wtilise th’
interaction of elewom;metm radiation, eleirical fields, and neutral or chn:ged '
pm’ﬁclesmﬂimnfauesmchmctensethelrgeommmmremdchmcal
composition [49]. A comprehensive list of such techniques is given by Hirschwald
- [49]. Tncluded in this are o plethora of spectroscopic techniques, as well as various
forms of mieroscopy, snd X-ray analysis. Many can be used for quantitative analysis,
and some also have the facility for in sifu characterisation. The latter feature makes
. thesetechmques apphcable tc the study of caﬁalysts
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Experimental Methods
Controt'ﬁf.syntheﬁc procedures to ensure'_ consistency in cataiyst preparation is an
important ise in catalyst synthesis, This is tru for precipitated-iron catalysts where
vanabllrty in temperature, concentration of reagents and PH of precipitation can rosult
in markedly different produets [31]. Since it was beyond the scope of this study to
 examine the effects of such preparation variables, il catalysts were prepired under

conditions of controlled temperature, pEH and precipitating reagent corcentrations.

Therefore in this investigation, catalyst differed only in the quantity of sulfr added, the

 source of sulfide, and the pi of sulfidation.

Numerous methods were used to assess the effect of added sulfur on the structural

morphology and chemical reactivity of iron Fischer-Tropsch catalysts. Bulk

charactesisation via Mossbaner spectroscopy, XRD and AAS provided insight into the

cherica! vomposition and distribution of iron phases Surface analysis was performed
using XPS and DRIFTS.

Solution speciation modeling was then invoked to expiain the observed morphology in.

 terme of the metelligand equilibrie present in aqueous precipitalion systems.
' Furthermore, the behaviour of catalysts under Fischt;r;-Tropsch reection conditions was
rationalised based on these mode! systems. |

The sbility of catalysts o hydrogenate carbon monoxide by the FT process was

mveshgaxed using ﬁmed—bed reastors coupled to in-liﬁe gas chromatographs. After an

induction period, the activity and product selectivity was determined from & carbon
| mass balance under steady-state conditions, | | o
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2.2. Catalyst Preparation |

Ferric .nitrate. (ﬁ‘e@?da)ssﬂ;()) from Saarchem was used ae the SOuree'of irﬁn, fmd
sodiums carbonate (ACE chemicals) as tho precipitating agent in the preparativa of the |

: premp}msd:ron catalysts (Figure 2.1). In all instances, 300 ‘0.71..61'\11
Fe(NO; ) 90,0 at 75°C was zmxeﬂ while stiring, with 400 ml 0.7 M Na;COs.

- Precipitation ﬁras- allowed to We watil pH 6.9 Washit_rg of the preeipfta‘!e to
remove sodium ions was dmehy sucorssive centrifugation steps; th§ pellet being
resuspended in deioni#ed water between washes, Conductivity meésuremeuts of £200
WS of the supematant wero considered s low sodium levels The catalyst was drisd

overnight at 120°C in a fan-oven and then crushed to 1180- 850 jim particles.

- automsted stirrer
iron titrate solution— - B
hot plate ~—— - thermometer
r .

| & _ |~ sodium carbonate,
Iab jack, —— ) _ ' \ solution '

_. | o)

o8 0.0 hotplate

Figure 2,1: ‘_Precipitat’ioﬁappmtus For the prepa"ation of iron catalysts
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2.2.1. Co-precipiteted subiided catalysts
A rén_ge_ of co precipitated sulfided catalysts were also prepared. The nethod used is
 analogous to that mentioned sbove exocpt that sulfxr was edded ot various gl values
as shown in Téble 2.1, Amnmmum .sulf.ide, (NHL):S, was obtained as a 10% solution
from Sasrchem, For the polysulfided catalysis, smumonium pentasulfide (NEL),Ss was
pre?ared acrording to the method of Krause ef af [50], by the addmon of sulﬁ:r o
ammoniym sulfide atroomtempemtm'e,_whilst stimngforl hour:

| ' 4(NFIipS +ss¥+2(1\1H4)ass
.Whﬂe this proaedure y!elds predonnnantl}r peniasulfides, migor qtmmt:es of (NH4)283
and (ML);S; could 2iso be fomled [50]
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Table 2.1; Preparation of sulfided precipitated-iron catalysts

1 X B R 1075
2 NazS 1 500 85
3 NesS ' 500 6.9
4 Vs 2000 1075
5 NesS 2000 85
5 NelS 2000 | 69
7 NeS | 5000 1075
8 NS 000 | 85
g Naz$ 5000 69
10 Na;S — 20000 | 1075
11 NezS 20000 8.5
2 NazS 30000 6.9
13 (NFL8 2000 10.75
14 (NH)S | 2000 . '8..5_
15 (NH.).S 2000 1 69
16 "~ (NEL),S; ~ 2000 1075
17 (NHL):Ss 2000 1 83
18 (NE)Ss 2000 6.9
Tl OELGSs | 500 69
20 - QVEL)Ss 5000 BT
21 TS 20000 " 59

* ® pasts per miltion by moss



2.2.2. Impregﬁated catalysf _
A dried, unsulfided precipitated-iron catalyst (pore volume 0.5 ml/g) was impregnated
with 500 ppm Na,$ in 2 ml deionised water using the incipient wetness procedure,
 Dehydration at 120°C in a fan oven afforded the sulfided catalyst,

2.3. Elemental Analysis ‘
Atomic absorption speciroscopy (AAS) was performed on a Varian SpectrAA
spectrometer equipped with Na lamp (330.2 mm, slit width 0.5) and ¥e lamp (292.0
nm; it width 0 2). Standards were prepared using Fe{NO,);.%O (ranga 200-1000
Prm Fe) and NaCi (range §- 206 ppm Na). Samples (0.1 g) were dissolved n warm
aqua regia (2 HCL:1 HNO;) and made up in deionised water.

* Sulfur analysis was done extemally on-an ICP-MS apparatus with a detection limit of
0.1 % by mass,

2.4. Catalyst Pretreatment |
Calcination was performed to remove nitrates aﬁd other potentially poisonous surface
adsarbates prior to commensing Fischer-Tropsch synthesis. Catalysts wero heated in
-gir (GHSV = 2000 k') at temperatures of cither 2OD°C or 400°C for 16 houts ‘Where
 stated, calcined samples were characterised using the same techniques as frashly

prepared catalysis. |
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2.5. Scanning Electron Microscopy
A Jeol (/5M.840) Scaming Eleotron Microscope (SEM) with 2 LINK analytical
energy dispersive X~ray analysis facility (EDX) was used in the visus! characterisation
_ of the catalyst suriace. Samples were mounted on aluminium stubs and :_:a_rbon—uoafed
for improved resolution, To obtain a secondary elestronic image of the catelysts, beam
encrgies of 10 or 20 keV were used. Better clarity was obtained a:t the higher voltage,

but sample degranation coourred rapidly.

2.6. X—Ray Powder D:ﬂi'actmn Analyms

Catalysts were analysed both before and after calcination, and after Fischer- Tmpsch
synthesiy. X-ray powder d:ﬂ‘ractogmms were recorded on a Phillips PW1830
goniometer and optical system equipped with a Cn radiation source (CuK,=1.5418 4),
opmtmgwithagenmformhagéofwkvm current of 20 mA. A scan rate of 2
seconds per step (step size: 0,02° 20) was implemented in continuous scans of samples |
i the 10-140° 20 range, Finely ground sa}nples were éither packe& into aluminium

' saﬁiplé hbﬁdem or mounted as thin films on silicon wafers. |

The database compiled by the Joint Comumittee on Powder Difffaction Studies

(3CPDS), published by the International Centre ot Diffraction Data, was used in the
identification of iron phases [51].
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The crystaltite size of caalysts was inferred fom the Scherrer equation which derives
from X-ray fine broadening [52};

{in% ........................ .1 |

where <L> -pmdedlmenﬂonmthedzmcnmpapmdimdartothereﬂm
plane
A = x-ray wavelength
B = peak width -
{({width of broadexed peak of sample)-(width of standard peak)}
0 = gngle between beam and the normal on the reflecting plane (Bragg

K =constant (0.9
Owing to the relatively brond peaks absetved for precipitited-iron catalysts, & certain
degreeufermris'assodatedwithfheesﬁiﬁateofcrystalﬁfu Tze |

2.7. Therrmogravimetric Analysis
. Speat oatalyst samples were hieated under oxygen atmosphers (30 mmin) on & Di
Pont 9900 TGA using & linsar temperature program (10°C/min) to assess the level of

carﬁutiza_tion that took place during exposure o synthesis gas.

2.8. Colour Evaluation
A colour plate of all catalysts is included in Chapter 3 for visuel assessment of the
effects of sulfir on the typical dark-brown colour of hematite.
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2.9. Poroshunetry | |
Using we method of Brunniauer, Emmett aud Teller (BET), the specific surfuce areas
and total poré volumes of cetalysts wﬁm measured using either an in-house built
appm,mS,. or a Micromeritics ASAP 2010 porosimeter. Hysteresis plots of selected
catélystsweregenemtedusingthelattareqmpment, and this information used in the

estimation of pore shape,

Agproximately 0.2 g of sample (uncalcined, calcitied or post-reaction) was dried at

120°C prior to the adsorption of nitrogen at its Hquefaction temperature. This thermal
deliydration was carried out under fiowing He on in-house constructed 'aquipmefn,
where only single-point BET values were determined. On'the more sophisﬁcatgd
- Micromeritics e‘éuipmmu, samples were degassed under vacuem fnr.approxi:hately 5
hours before multi-point BET analysia. Total pore volumes were determined at P/P, of
0.975. | |

Nitrogen, at its liquefaction temperature, is one of the adsorbates most. commonly used
in the characterisation of surfaces by porosimetry. The quantity of sas adsorbed on 4
solid &t constant temperature expressed asa funetion of the relative pressure (P/P,) is
termed an isotherm. The monolayer capacity (Van) of the solid may bo determined
frorm the platean of the adsorption isotherm. This quanity is used in the measurement
pf the specific surface area of the solid atcording to the BET equation {531, _
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2.9,1. Estimation of pore shapes
Following an initial proposal by Brunauer e’ al, adsorption isotherms have been
classified " aeéording to the shapes the;r assume (Figure 2.2). These sbapes are

dependent on the mean pore size of the adsorbent end the intensity of the adsorbate-
adsorbent interaction {54).

Figure 2,2: Shapes of adsorption isotherms

Type IV isotherms are typical of mesoporous solids (such as hematite) and wxhibit
hysteresis loops (Figure 2.3),

@nma%‘ %@1%@ = Eﬁ,ﬁ’

Ro<Ry<2Ry Ry 2Ry

Yigure 2.3: Type IV isothorms showing different hysteresia foops
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These indicate the tortuosity of the pores of the adsorbent and are thought to arise
~ from capillary condensation otcurting simoltancously with multi-layer adsorption.
Cotsequently, different radii of curvature for adsorption and desorption processes

_ | result at any given pressure within this hysteresis {55].

Aszooiated with these hysteresis loops are various pore-shapes as proposed by de-Boer
[54]. However, these wery initially based on ides] solids with uniform pore-size, and
gince it is more common to find pore size distributions, slightly modified hysteresis

loopsérblikelyto.beobservedinreal solids.

The Type A hystoresis lbop (Figure 2.3) is associated witﬁ cylindrical pores of
approximately constant cross-section. Slit—shapgd pores give rise to Type B hysteresis
toops, while Types C and D derive from Types A and B respectively. Seldom
encountered, they indic#B cone-shaped pores (Type C). and thosé formed by non-. -
paraliel plates (Type D). The most cosnmot. hysteresis isotherm is Type E, which
B '.corresponds to pores that have cnnstm:ted necksgwmg them the characteristic “Snk-
boftt!e” structure, Spheroidal cavities are also reported to yield Type E hysteresis loops
0 _ -
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‘The modified Kelvin equation (2.2) is used in the measurement of mesopore size as the
adsorpﬁbnfdesorpﬁon isotherm becomes asymptotic st high refative pressures {56]:
2veodVi 1

Re= i xlnPi T (2.2)
P a S
3
3
= 354[1111&!?.,] ! @3
RemReHt oo @4

where Ry =the Kelmn radius (A)
v = surface tetision of nitrogen (8 85 erge/ort’)
@ = contact angle
- Vi =molar volume of adsorbate (34 65 ml/g-mol)

R - =gasconstamt = -

T = analysis tempsrature (X)

P/R, =relative prec are (at least 0.99 to ensuresatumtzon)

t = ptatistical thickness -

R, = pore radivs (4)
Since nitrogm is a wetting liquid, the contac angle () of the meni_sw:z it forms in a
~ pore of Kelvin radius (Re) is often equated to zero, Such practive has been decmed to
" be aceeptable for desorption but is questionable for the adsorption of nitrogen [57].
‘Henos, desorption isotherms are regarded as a trua refloction of the textural properties

of a solid,

The fma pore size .is the sum of the Kelvin radius and the statistical thickness, 1,
' accordmg to equation (2.4). Deternined fom a de-Boer modified Halsey equation
(2.3'), the :stnﬁsﬁcal thickness is the monolayer thickmess r.-f adsorbed nitrogen
' molecules on the inmer wall of the pore.
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In evaluatmg the tortuosity of mesopores, the adsorpticn path of the hysteresis yields
| cavity size, while the pore neck size may be determined from the desorption isotherm
at any given relative press re, by substitution fnto the Kelvin equation (2.2). Using
. nitrogen as adsorbate, the lower limit of the range of pore sizes for which the Kelvin
equation is vaiid is 17.5 A, while the upper limit i approximately 1000 A,

2.9.2, Estimation of pore neck and cavity sizes
The method of Barrett, Joyner and Halenda, (BJH), developed in 1951 was employed
“to determine the neck and ctvity sizes of the peres [58]. Based on the Kelvin model of
pore filling, and an assumption that the pores assume an approximstely cylindrical
shape, the BJH method relates the volume of adsorbate evaporated to the pore volume
by the following equation:
Vi = RaVe - Raodi T107 ™ A o (2.5)
where Vi = mesopore incremental volume
~ Ra  =ratio of the square of pore radius (R,) to the squareofthemnnofthe
* Kelvin radius (Rg) and the change in wall thickness (3t)
AV, = yolume desosbed {n the nth desorption step
¢ =ralio of averags core radins to average pore sadius
Ay =porg ares of pores undergoing a thinning of their desorbed Iayers due

to & desorption step. The summation of the area of these pores is
oversbeps1==1tu] =g~



2.10. X-Ray Photoelectron Spectroscopy

XPS spectra were recorded on a VG ESCALAB MKII spectrometer equipped with a
heatuable reaction cell attachient which could also be preswriséd. Unmonochromatized .
Mg Kut X-rays at 15 kV/20 mA and an incidence angle of 45° were used to irradiate
the samples. An analyzer slit width of 6 mm and pass energxes eV for wide scans
“and 20 &V for narrow scans were found to be optimal,

Calmneﬁ samples were reduced in-sitw at either 300°C or 400“(: under flowing
hydrogen for 1 hour, The sanmleswereﬂlen cooied to near amblenttemperature
before evacuahonandanalyms

. Linear baekgrmmd subtraction was performed prior to peak-fitting and S (2p) spectra
were fitted aocordiag to the metbod of Termes ef af [59], with doublets having (12,

3/2) components and an intensity ratio of 1:2, constrained 3 & 20% Lorentzian, §0%
Gaugsian lineshape end a scparation of 1,15 V. -

2.11. Auger Electron Spectroscopy
Auger electyon spectroscopy was conducted on a oatalyst sulfided with 20000 ppm
NusS after 1 had been caloined and reduced ex sifi st 400°C. Messurements were
performed on 2 PHI 595 Scanning Auger Microprobe with electron beam voltage of
3 KV and current of 1 wA (stepsizo 0.5 6V). Depth profling was cstied out using 3
KV Ar* ions at 30 pA/om?. |
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2,12, Diffuse Reﬂectanbe Infrared Specfroscdpy
BRIFTS._ analysis wﬁs perfomled on a Nicolet Impact 420 spect;‘omqt& which
cox'npris'ed a KBr beamsplitter, lﬁ‘I‘GS detector and Ever-Glo™ mid-IR source, The
~ sample eomﬁartmeﬁt was eqmpped with ‘a Harrick “Pmyung Mantis” DRA-2CI

DRIFTS attachment. Powdeed samples were contained in a variable tem;ierature

reactor cell as shown in Figure 2.4,
’. /4
C
D . [
: . N

" A: stainless steel dome H: Zn$ hemispherical window

B: powdered catalyst sample It quartz powder -

C: fiitted disc ¥ compressionnut -
D: thermocouple XK water-cooled jacket
E: heating cartridge L: water outlet

F; screw M: gas inlet

G: base-plate ﬁ - N gas outlet

Figire 247 Longitudinal sestion through the verisble temperature DRIFTS reastor
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The cell was ﬁeated viz a cyhndncal heating cartridge (150 W) », ' h was inserted
below the _sample .':':up. A J-type tﬁermocouple #nd RKC Rex;f'gn tempefam
controller were used to contro! the vemperature of the sample, The cell could b
_pressurized and therefore was sealed via o-ring seals. The use of a hemispherical ZnS
single crystal window significantly reduced the distance that the IR heam had to
traverse m air, thus improving the signal obtained from the samiple. This window was |
held in plage by a stainless steel dﬁme. '

‘Each measuremont coraptised 1024 scans in the region 4000-1200 cni”, Initial spectra
were recorded using an activated carbon reference spectrum, Appmx.imately 100 mg
of each catalyst was used, and oaro was faken fo exure minimal differences in sample
packing, Unless otherwiie stated, all samples were calcined (200°C or 400°C) and
reduced (300°C or 400°C) in-situ st the temperatures h;dicéted. Calcination was
performed in dry air (Bow tate of 3 mifin) for approximately 4 hours. Theteafier, the
sample was reduced in a 1:1 HyHe mixture (flow rate 2 ml/min) for 5 hours, Room
temperatuire CO adsorption was performed after reduction at pressures of 2 to 8 bar
using pure carbon monoxide, Fi#cherfTropsch synthesis was conducted in a 2:1 COH,
smixture (flow xate 2 ml/min) at 8 bar pressure, and a temperature of 250°C. Catalysts
were felt oline for 3 hours, but analysed every 30 minutes, Samples were purged for
30 minutes with nitrogen gas after completion. of each experiment to remove gas-phase

reagents.
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- 2.13. Méssbauer S_pectrostibpy
Uncalcined and oalcined (400°C) catalyst; sulfided with 2000-20000 ppm § from
smono- and polysulfids sources (NesS and (NEiSs) were amalysed by Mbssbauer
spectroscopy. The effects of exposure to FT synthesis conditions on the phases of iton
.present in catdlysts sulfided with 2000 and 5000 ppm sulfide were also investigated.

Mbssbauer equipment consisted of a constant velocity drive with ancillary electronics
“and & “Co(Rh) y-ray source. The source velo.city- was varied over 8 range of
- approximately 14 mm/s. Spectra wete collected over 1024 channels with o dwel time
of 100 us per channel. Approximately.:’aﬂ mg of sample Was anafysed &t 298 K tor

room temperature measurements, and at 77 X ysing liquid hittqgen as 4 cryogen.

Inm.aldataexpressed%mycountsasaﬁmehon ofsourcevelomty,v Umngtheﬁrst

order Doppler shift, this was related to y-ray energy, E, [52]:

By = E{l +I-:-:-)-T ................. {2.65

where_ E, = energy of the nuclear transition

¢ = speed of light

A least-squares curve fitting procedure which utilised & Lorentzian lineshape profile
‘was employed to model the spectra as a series of quadmpole doublets and hvperﬁne—l
split sextets. Isomer shiﬁs are quoted with refemnce to m—Fe (0 12 mm/s). Instrument
cahhmtmn was performd using Fe foil. -
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2.14. Solution Speciation Modelling

| _ The aquec'ms. system present at pH 10.75, 8.5 ;md 6.9 during the precipitation of iron
oxide from solutions of Fe(NO:);.9H;0 and Na;COs at 75°C was modelled using
MINTEQAZ (Version 3.10). The input dafa file was mamd in PRODEFAZ; and the
pammem's. uséd are found in Appendix 1. |

- In order to assess the impact of aqueous .sulﬁde speéies, the system was morelled
following the addition of 1 ml, 60 mi, and 300 ml of 0.716 M Fe(l(dz)s.QH;O fo
solutions containing aodium.me and the roquired total dissolved sulfide added
ﬁbm ammoniun or sodinm-based sources. .The system was then modelied at the pH
*Values caloutsted at the aforementioned addiions of iron ritrate, namely pH 10.15,
8.54 and 6,88 respectively. Increasing concenirations of sulfide from any of the
sources studied had no significant effect on the pH of the solution. |

The carbonate concentration represented the total inorganic carbon content. The jonic
strength was computed as pert of the model, and activity coefficients oomputed using
the Davies equation [60], Mathemat:cal details are given in Appendix 1. |

An Eh value of eithér 100 or 28v mV was sper.iﬁed to allow the model $o. reach
convergence, and the system did not appear to be seasitive to Eh inside this range. The
- Th of the system was not measured experimentally, rather, the range selected was
esﬂn’ated from an Eh-pH diagram of water [61).
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Indeed, it is noted by Brooking [61], that mmy problems are assaciated w:th Eh
maamn'ementssmcehalf-oellcuuplu in water are often not in equilibrium, The Bh
repion selected in t_hu=r study is typlcal of bog waters, which are said to be mildly
reducing [61]. Armrding 1o the Punrbmx diegram for the Fe-HzO system, this Eh
Tange #uggests that suspended oxyhydroxides are the dominant species between pH

10,75 and 6.9 [62].

" 2.15. Temperature Programmed Reduction
- The Gibbs free enerzy for the reduction of Fe;0; to metallic iron is given by the

expréssion [52]):
AG= AG" + nRTin[%{’m—i} esnesresomteess ey @7

whers AG = change in Gibbs free energy for the reduction of hemate
AG® = Gibbs free energy change under standard conditions
= gtoichiometric coefficient of reaction -
= gag constant
" =temperature
"= partial pressure

el

Despite'a positive value of AG® for the process, the reduction of Fe;Os becomes
thernmdynanmcally feasible as the ratio of pariiel pressures decreases sufficiently at
elevmd temperaams
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‘Fhe reduction behaviour of the unsulfided catalysts was investigated using in-house
developed Temperature Programmed Reduction (LPR) apparatus [63]. Approximately
0.05 g of catalyst was heated to 950°C under flowing hydrogen (5% Hy/N; mixture) in
a quartz reactor. The verious reduction steps were recorded using a low te:hperatn_rc,
dusl filament theemal conductivity detector. ?ﬁor to analysis, sﬁhples were outgassed.

for 40 mirattes at 150°C using UHP N,

2.16. CO Chemisorption
' The use of CO chemisorption for the determination of the spemﬁc iron surface area.
origingtes from the work of Bmmmer and Ennnett [64] Owing to the dissociativs
 adsorption of CO at 300 K, low temperature chemsorption (194 K) is recommended.
Unﬁominateiy, this was not possible with the equipment used m this stus-}, and hence
co chenﬁsmpﬁonwasperﬂmed at 300K, |

Metallic surface area wes determined using CO chemisorption on an ASAP 2010

Cherni Instrument. Catalysts were reduced fwsity for 16 hours, whercafer CO

adsorption was measured at 35°C.
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The following table (Table 2.2) surumarises the tasks performed by the chemisorption

unit in the analysis of sulfided iron catalysts:

Table 2.2¢ Task description for the chemisorption of CO on iron catalysts

nagdy

= RN S Sl S e
2 Flow Ho 350 100 30
3 £ He 100 10.0 15
4 Evacudtion | - 50 10.0 30
5 1 Fow H; 100 10.0 10
6 Flow H, 400 10.0 960
7 Fvacuation | - 35 10.0 90
8 Evacuatioi - 35 10.0 10
9 Leak Test 35 10.0
10| Evecuation | - 35 10.0 20
11| Amigsis | CO 35 10,0 |

Samples were 5tbor0qu dried and cleancd during the helium pretreatment to avoid

erroncous resuits. A maximum outgas rate of 10 umHg/min was allowed for the leak

test, and the freo space above the sample was computed during this procedure.

An equilibration interval of 100 seconds was found to be optimal during CO

adsorpﬁon in order to achieve a tolerance of 5.000 mmHg at pnessmreé ranging from

100 to 450 munHg. ;?ollowing unrestricted evacuation for 60 minutes, & repeat analyais

was performed.

51



Expesimental Methods
The volume of CO adsorbed per gram of sample was deterrsined based on the
assumption that Fe comprised 60%% by mass, and  stoichlometry of 1:1 {CO:Fe). Since
mamly linear c¢arbony! species were observed using DRIFTS, gn adsorption
stoiqlﬁomeﬁ of 1:1 CO:Fe was used. However, based on arguments of chemical
bonding and steric reasons, many authors assume ﬁ 1:2 CO:Fe stoichiometry [65].

2.17. Fischer-Tropsch synthesis
Cataiysts (2 g were caloined st 200°C or 400°C a5 mentioned previously (section 2.4),

' and activated by reduction at 4,00°¢ (GHSV = 500 ™) for 16 hours, Fischer-Tropsch
synthesis was performed at 250°C (GHSV = 400 k) using synge: (CO:HzAr,
30:60:10) at 8 bar pressure using a .plng-ﬂow reactor system described in detail

. elsewhere [66]. |

- A schematic diagram of the plug flow reactor system is given in Figure 2.5, showing

the locatioﬁ of pressure gauges and thermocoupies, Separate gir, hydroren and syngas
lines were fed into & manifold and directed to each of three reactors.
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het
D

Purge
L]

Ts wielyala

Liguid &upa '

Figure 2.5: Plug ¥low Reactor Systein for Fischer-Tropsch catalyst testing

The plug flow reactors _ﬁare hoixs:ed' in ant outer vasing which was sealed via an
hexagonal nut pressing against an aluminium plmé inserted on a knife-edge at the top
i the reactor casing, The actual reactor goraprised three segments; tho first being a
gas prehieater, and e second the catalyst bed which was tined with 4 wire mesh, The
ﬁnai section was a iquid prqduct disengagement [66]. Renctors were heated by jacket-
 type solid elements (200 W), RKC Rex-P100 t_emperﬁtﬁfe' cuﬁtrollsrs coup[aa to J-type
thermocouples mmeiymo:ﬁtored the temperature of the catalyst bed.
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A wax trap maintained at 140°C, followed on from each of the reactors, in which high-
boiling fractions were retained for off-line analysi.s. More volatile products exited the
trap and wete dlrected towards the onine gas chromatograph (GC) vis a séries of
electronically controlled sofencid selection velves maintained at 170°C, Flow rates

were measured using & soap bubble-meter.

A series of sampling valves permitted automated injection of sample gas into FID and
_: 'I'CD -'sample loops contained with the GC system which was 5. Varian 3300 series gas
chromstograph, Permanent gases, being CO, Ar and Hy, were anslysed vaing a thermal
conductivity detector (TCD), with hehum as carrier gas to minimise the detection of
: hydrogen Gas sepa:atmn was achisved wl.th a Carbnsu':ve S-XE (2 m, 5", stainless
steel) packed ‘column, in conjunction with two Porapak Q colomns, The cofumn
ari'angement was designed to protect the carbosieve column from contaminstion by
hydracarbon products, Initially, the entire sample was injected into the one Poropak Q
column, and ance the permanent gases had eluted onto the carbosieve column, the
- sample valve rotated to backflush the hydrucerbons onte the second Poropak Q
colurzm.

Hydrocarbon reaction products were analysed usmg a flaroe mnlsaﬁon detector (FED)
vnthmtrogenas arrer gas, Separation ofproductsupto Cy was acluevedmth a2s
m, ‘!a“, stainless steel Poropak column (PPQ); whils a Megabore, 30 m wide bore
(0.53 o) fused silica capillary cclumn with OV-5 stationary phase permitted

separation of Cg to Cys.
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A, software program written in Turbo Pascal (Borland Inc.) [66], and executed by an
IBM PC enquipped with an VO card, controlled the operation of the GC system and all
sampling valves, The proéram was writien in such 2 way as to permit sequential
sampling o€ rsactor and syngas feed lines. Both TCD and FID were analysed in paraliel
and the results recorded on a Speotra-Physics 4290 integrator.

The catalysts were alfowed approxirutely 4 days to reach .steady state activity,

- whereaffer 4 carbon mass balimce was conducted over a pesiod of 4 days.

2.17.1, Mass Balance Procedure
The prevailing ambient conditions . temperature and ateriospheric pressure were
rqourded daily, as well as the reaction temperature, pressure and product flow rate
Used in conjunction with the daily average product output recorded on the integrator,
this data formed the basis of a carbon mass balance. |

A pre-mixed calibration standard containing CO, Az, COs, CHi, CF and C5s was
usedtqdetnmﬁnethamolepamento{'.aﬁproducts. Olefinic hydrocarbon ureas were
normalised to that of C;I-h, and those of paraffinic products cosrected to C7H;, using
response factors presented by Dietz [67]. The Cs fraction was used to standardfae the
m'eaa of products separated on Poropek Q and hﬁegnbor_e columns, A spreadshect was
0. nptled from this date, togsther with the analysis of waxy prudt_icts obtﬁined using an
oftline GC, and & carbon mass balance caleulated from the moles .of carbon enteting
the reactor to the moles of carhonaceous prdduc_t fot_med. |
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The conversion of carbon monoxide to the myriad of pmducis observed was calculated
according to equatior * 8: |

| A Y
COh = COW(::“ ]

ot

X100 o 2.8)

<o,
where the (Ar./Ar,;) ratio is a gas contraction factor.

Using the ideal gas equation, and inlet and outlet gas flow rates, the moles of CO-
) oonvérbe;z.tu products couid be determified; and ﬁ)is'yielded the specific sotivity,
' quoted as pmol C converted per gram of eatalyst per setond. |

The selectivity of product i has been defined as:
| CAETC N2 T TS (1 J— (2.9

where m; = mass of component i,

m olefinity of products was defined by the olefin to paraffin ratio:
[} 0t + )] % 300 ... 2:10)

for carbon numbers greater than two.
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2.18. Heavy hydrocarbon Separation

Off-line analysns of oils and wax ﬁ-a.ct:ons was done on a caplllaxy column in a Flewleit-

Packard GC coupled toa Spectm-Physlcs 4290 Integrator.

2 19. Wax Extractmn

_Pnorto ounnnenmgpost—runmﬂys:s of catalysts, heavyhydmcarbonsmdwaxes )
were rmnoved by exhaustive extraction with refluxing xylene (16h) in a Soxhlet
apparatl.!s Thereafter, the:wleuawasramovedunderreﬂuxoverazmurpenodma'.
_ 1:1 mixture of methylethylhstona and bpazene, '
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Chapter 3

The structural morphology and chemical
comaposition of sulfided iron FT catalysts

3.1, Introduction
The laws governing the precipitation of solid substances from agqueous solutions were
- formulated by von Weimarn at the turn of the century [68]. These laws expressed the
magnitude of the ultramic.corystals of a precipitate in terms of the concentration of
reasting solutions, Furthermore, the varisbles regulating the dispersoidal s;qmsis of
such ultramicroorystals and their aggregates, were given zigbmua mathematical
trestment. It was establisﬁed that separate ‘_inﬂuenm‘ were respbnsibls for the _
* dimensions of each of these particles, and that the mean dimensions of tho disperse
phase pf’ @ suspension were determived by a superimpogiﬁoﬁ of two such *influences’.
Despité a somewhat fleeting reference to the presence of reaction by-products, no .

mention was made of the presise nature of these so-called “influences’,
In more recent times, Haberman and Gordon {69], have proposed that precipitation is

unt:ated by supersaturatmn, whxch is defined i i terms of the ratio of the jon produot
() and solubihty product (K.g) [69% |
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. The presence of nnpunttes was noted to aﬂ"ect the critical superﬁamﬁon ratiﬁ (Serit)- |
For example Betedetti-Pickler [70], have accounted for the surprisingly small pasficle
sizes of strontium sulfate prec:pntated from solutions in terms of trace amounts of

Noneﬂ:eiess, when Su is exceeded, homogeneons micleation 6cc:ns spontaneously
[71]l.Ina discﬁssicn on the enerpetics of precipitation, Nielsen [72] desoribed the free |
' energy of nucleation, dGn;- a8 being govemed by the supersaturation of the solution
aﬁdthe.ﬁ'eeenergyattheimaﬁwe ofthenewiyfonne_d.embwo. Thgrate'of
nucleation, X, is in turn related to AG,, and is hence affected by similar parameters; as

St is exoceded, T, increases rapfdly [711.

The presence of a solid phase can serve to lower AG, and thus increase J. Su&h' a
situation could atise from the presence of minute pertioles of & foreign phase already
precipitated, or from crystals of the phase that is crystallizing, The phenotenon of
heterogeneous nucleation thus occurs at o lower level of supersaturstion than its
homogeneous analogue, |

Asoording to Dunning [73], the kinetic processes which determine the structure of a
precipitate are nucleation, growth and ageing. Ageing s the term whick is used to
oonnoteallixreversiﬁenrtextural changes which oceur in a precipitate when still in
contact with an aqueous medium [73]. & is dwring this latter stage that changes in

shape, stmcuﬁeand size of crystallites is most likely 1 oocur.
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However, reﬁdual water which is trapped inside the precipitate, .a!s'o promotes ageing,
. particularly at elevated temperatures ['f4}. Indeed, the total ﬁomty of premptta.hed
zatalysts is-largely determined by the amourit o, ‘hrinkage that accompanies drymg
B1. |

3.1.1. Preparative variables affecting precipitated-iron FT
The impast of the variables controlling tha initial precipitation, _subsequém ageing and
deying « - - ‘scher-Tropsch catalysts has been detailed in a study by Davis ef al
£75]. The decrease in surfice ares and concomtiteat increase in pore size following heat
treatment of the oxyhydroxide precipitate may be aitributed to sintering of catalyst
particles. Yron catslysts co-precipitated with 6% ALOs, Si0z or ZrO; promoters
exhibited improved bigh temperature stability under reaction conditions, Exposuré to
synthesis gas resulted in gradual broademng of pore size d:stribuhons and larger pores
.Th:s ageing effect is reduced in the promoted catalysts. Moreovar the addition of
amal quantities of potassium enhanced the eurface area during reaction and hence

improved conversion activity.

* “The initisl stage of precipitation of iron catalysts requires the hydrolysis of Fe (IIT) saits
in acidic solutions via one or more of the following reastions [713;

Fe* + 0 ->FeOH" + H'
 Fe® + 20 - Fe(OH)" +2H*
Fe** + 20~ ¥FeQOH + 30’
OFe™ + 30 - FeaOs + 6H*
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Alkati-induced hydrolysis resulis in the formation of femihydrite (FEOOH), a
 thermodynamically upstsble product. Internal dehydration and mngmmt '
processe  “ausform this product into hemme Factors sssisting the aggregation of
ferrihydrite particles, mchasaﬁnalpl_—l of 7-8, which is near the pze (point of zero
charge)_ of ferribydrite, promotes this transformation,

It has been well established that each of the variables involved in the preparation of
precipitated-iron FT catalysts has a pronounced effect on the composition and

‘morphology of the final product. The role of pH was investigated by Diffeubch and
Fauth.[so], ;anr" ,ound to influence the Cu/Fe and Na/Fe ratio in. promoted catalysts.
Such effects were ascﬁbéd to the charge borne by thelron species at varioys pH :
values. Above pH 6.7 (the isoelectric point), negatively charged species were formed,
while in acidic media, catlomc species predominated, S:gmﬂcam: differences in surface
amaandpores:zed:smbutton accumpamed changes in pH, with 2 maximum BET and
total p'ore vofume baing found for the catulysts prepared between pH 5.8 and 7.6 [30].
Hence, in this study, a pH of 6.9 was seleeted & the end-point ofprec:p:tlation when

preparing sulfided catalysts.

The chemical naturs of the premp:tatmg agent aly » has an intluence ofi the structure of
' the premp:tate Preference is usually given to precursor compounds that decompose at’
low temperstures to minimise sintering of the resulting iron oxide, For this reason,
carbonates, hydroxides and mitrates are prefrred over sulfates [76], |
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Indeed, the poor activity exhibited by catalysts prepared from sulfate and chloride
precursors [31_'1. may be ascribed to the presence of Iargé quantities of these ions |

-contaminating the surface even afier calcination and reduction pretyeatments.

Notwithstanding this, the oxidative hydrolysis of iron () sulfate hes been used in the

production of o-Fe;03 [77k

- 4FeS04+ BNH: + 6H20 + 02 - 4F§OOH + AN 2804
| 2Fe00H + O3 Fe:0: + H;0 |
Tﬁe first reaction is purported fo proceed via a Bbmogeneaus process catalysed by
Mn?" ions, followed by a heterngeneous reaction which takes place on the surface of
the already formed iron () oxyhydroxile. The homogeneous reaction is the
transition—me_tal catalysed oxidation of ferrous ions, and .dominates at low _
temps: 1. dres. Inumasmg both the metal prw.ifsor and reaction temperature resnlts ;’n.a
propevity tow: Js the heterogensous enlergement and aggregation of intial partiles,

Barly workers determined that hydroxide precipitating agents generally resulted in the
synthosis of poorer catalysts than wher carbonates were used as precipitating agents
[78]. It has since been established that the pH of ihe precipitating agent solution is

instrumenta! in controlling the pore size dist-bution, with carbonates giving siotably |
lasger pores [31] than bydroxides. Xt is suggested that the lower pH of soc'mnn.
carbonate (10.75) is conducive to the formation of porous precipit: = Moreover,
significant diffbrences in pore volume result when the sequence of addition of iron
solution and precipitating agent is reversed. -
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From the foregoing, it is apparent that the preéence of additives alter not only the
chemical composition, but significantly affect the bulk morphology of precipitated-iron
catalysts, To date, no studies bave been réported on the influencz of sulfide ions on the
morphology of such systems. However, from the above overview, the ou-precipitatinﬁ
of & sulfiding agent with & metal precursor, may be expectad to modify the pore
structures and crystallnites relative to the standard iron oxybydroxide catelyst,

'i‘o obtain information on the bulk morphology of sulfided precipitated-iron catalysts
Scanning Electron Microscopy, X-ray diffraction and Porosimetry were used as
evaluation tools. An attempt was made to correlata mo:?hology with the level and
source of sulfide added.

3.2. Results und Discus.ion |
The catalysts used in this study w.re prepared using hot solutiﬁns (75°C) of metal salt |
and precipiteting agent, Snch condifions are reported to favour tue precipitation of
hematite, particutarly for nitrate or perchlorate-derived metal salts {79].

Thorough washing is needed to remove NOy, CO;‘;*‘ and Nf jons from the iron
precipitate [71], since they constitute contaminants. Centrifigation was the methad of
choice nﬁring to poor vaouum facilities in our lsboratory which mad. filtration
impossible. The small particles of ferrthydrite ure known to clog Jlters and render this
method impractiosbly stow [71],
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Highly dispersed suspensions also present problems during centrifigation, since loss of
the very small perticles can occur, More importanly, as electrolytes are removed, the '
dispersion of the precipitate inméases to compensate for the drop in the ionic st:mgth
of the supernatant. ansequem'!y, longer centlﬁxgatlon times are required 10 achieve
sedimentation, Sﬁc:h phenomena were indeed observed, and on fiumerous océasions a
. solid precipiate was not obtained. Thus, conductmty measurements were applied to
monitor the rate of sodium removal lmtil the concentration. of sodium ions was
sufficiently low without causing dissofution of the iron hydroxide precipitate, Without
doubt, the most effective method for the 're_mqval of sodium, and other undeﬁle
contaminasts, is dialysis, Unfortunately, implementation of this techrique is impractical

as the procedure requires 1-2 weeks to reach completion [71].

The recommended temperature at which drying should be done is 40°C, since phase
‘modification iz minimised [71]. This procedure is u'suglly .only lmpurtant when
metastable phases need to be retained, In the present study however, the precipitates |
were dried at 120°C in a fan-oven to speed up the removal of water. Crushing and
serecning to a partl.ele' size range of 1180-850 pum afforded the fresh catalyst.
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3.2.1. Effect of sulfide on the colour of pmciéitated-irom
" catalysts '
3.2.1.1.. General .aspec#.:& of colour
Chatge transfer transitions are responsible forthe. colouts of iron-oxides, viz:
‘Fe¥ -0* — s Fe™ -0
Qwing to the large distances traversed by the electrons, the colours are intense and
range from yellow to black. For magnetite, which is obtained after reduction of -
hernatite, the black colour is due fo charge transfer from Fe** to Fe* [71].

Reﬁentance_ spectra (the complement of absorbance Speotm) can bo used in conjumiction
with Kuben{a-mﬂ: theory to nssess the colour of iro oxides, 'fhis technique has
found spplication in the estimation of the colour of hematite in soils. The Munsell
system utilises a coloyr chart as @ basis for colour specification. According to this
method, .th_e hue of hematite is deflied as SR-2.5VR. where (R) denotes red and {Y)
stands for yellow, The numerical value indicates the lightness of the colour, on a scale
of0 (biack) to 10 (white). | |

A system' which givés the exact rmmemal deseription of a colout, but no infotmaﬁon_
 regarding its actual appearancs, is the CIE anternauunalCommmmn on Mumination)
Systems, Currently, new versions of this system whioh generate chromaticity
nbordinahés that can be converied into the more familiar Munsell notation are being
doveloped [71]. | |
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3.2.1.2. Effect ﬁf sulfide on colour of iron catalysts

The unsulfided catalyst appeared a dark-brown colour after drying. Sulfided catalysts
were lighter in colour, appeating almost yellow, when the catalysts contained 20 000
ppm sulfur (Table 3.1). Addition of dissolved sultide to the procipitating iron-oxide
resulted in Jocalised areas whick resembled iron sulfide, These were raidly assimilated
as precipitation continued and at pH 6.9, when precipitation was stopped, no evidence
of iron sulfides was disceinsble, Generally, however, the suspension appeared fighter in
colour afer sulfidation when compared to the unsulfided hematite. Also, fhie
'suspension obtained after 5dding 20 000 ppm sulfide settled qui&kly, as oﬁpos_ed to the
other prempztates whwh remained in suspensmn for a considerable tims. The dried,
lnghly sulfided catalyst was far more powdery and appeared to be lacldng in
techanical strength.

Tabje 3.1: Colours of selected precipitated-iron catalysts

wslfided Gark red-browm
2000 ppm NapS ) " red-brown
20000 ppm NazS ' T Gohreous

Théwioﬁrofanirqnoﬁdeinpowdemd_fomdépendsmainlymﬂscmtulmm
7). Vari'aticn. in srystal size and morphology cantribute to the range of colours
absetved in Plste_l (overieaf), Small crystals of hematite ara.bright red in colour, and
this redness is graduslly replaced by biue hues as crystallite size inoreases; hence larger
erystals appear darker. The yellow colour of 2 catalyét sulfided with 20000 ﬁpm NaoS
* could be due to the prese:nce of geothite since there is no yelloﬁr hematite.
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| Colour Plate I

POOOOE
OOOO®®
PEEEE®®

(@@ WE)

=

zg\oeeqmmnmuuo_%f

Unsulficked 20000 ppm NasS pH 6,9
530 ppm NS pH 10.75 13 2000 ppm (NH.;) .S pH 10.78
500 ppm Nap$ pH 8.5 14 2000 ppm (NH)2S pH 8.5
500 pprir NaxS pH 6,9 15 2000 ppm (NH ,).8 pHL 6.9
2000 ppm Na.S pH 10.75 16 2000 ppm (NH 1) 285 pH 10.75
2000 ppun NagS pF 4.9 17 2000 ppm (MH ,).8; pH 2.5
2000 ppm NapS ol ¢, 18 2000 ppm (NH 1,85 pH 6.9

| 5000 ppm Na,$ pH 50.75 19 . | 500 ppm (NH,) 55 pH 10,75
5000 ppm NawS pH] 6.5 20 5000 ppm (NH o) 7S5 pH 6.9
5000 pp NitpS pH 6.9 21 20000 ppm (NH. 3,55 pHL 6,9
20000 ppm NaoS pH 10,75 A Spent 2000 ppm (NH )28 pH6.9 | -
20000 ppm Na,$ pH 8.5 B Spent 20000 ppm {NH 4) 285 pH 6.9
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However, the {nitial product of precipitation, ferrihydrite, can appéar ochreous when
formed by the rapid h_v,-rdrolysis of Fe™* salts [71], at teniperatm‘as exaeeding 80°C.
.Inducing hydrolfsis by the aﬂditibn of alkali is noted to yield protofemh}rdnte, a dark
- sed-brown material. |

The synthesis of all catalysts, sulfided end wunsulfided, was conducted at 75°C, a8
previousty stated. The observed dxff'ermes in precipitation product can hence onlybe .
att:ibuted to the preserce of sulfur. Jt may be postulated that sulfide ions accelerate the
hydmlysis of ivon (TII) nitrate, to a&‘ard the more yellow product The affect wouid be
more pronounced whee sulfide fons are present &t the start of precipitation and mdeed,
siccalysts sulfided at pH 10.75 are observed to be lighter in colour, becoming more red
in hue as the pH of sulﬁd#tion is decreased. This trend is particulady 'notioéable for the
‘range of catalysts su!ﬁded with 200.00 ppm S, In addition, as is apparent from Plate I,
the greater the level of sulfidetion, the more ochreous the prﬁ.duct, itrespective of the
sulfide source.

3.2.2, Chemical Composition of the pmcipimtes'
Total chemical énnlysis using Atomic Absorption Spectroscopy (Table 3.2j confirmed
the conductivity meﬁsurements made during oermiﬁgaﬁon, and reveﬂed_ that ihe
washing procedure had effectively removed the sodium iocus, which would otherwise
have complicated the study of the effects of sulfur on oaiélyst performance. Bulk iron.
_ | analysis reveated that sulfidation had not affected the irnn confent either,
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Table 3.2: Elementa! analysis of sulfided precipitated-iron Fischer-Tropsch catalysts

bermicAbwrpﬁonSpe&tmmopy
unsulfided | 781 | 10 1 ™ 1
1 738 1 12 7 0
2 e | 51 13 777 2
3 | 781 0 14 821 3
4 766 0 15 784 7
s 755 1 16 T 623 26
6 815 7 17 742 14
T 757 12 18 726 |9
3 201 o | 1 7 18
S 824 0 20 827 10
10 770 2 21 ~BI6 16
“Numhé:sasper'l_‘ab_lﬂ.linﬂhnpteri ' ' '

Ta quantify the sulfur incorporated, bulk analysis was sttempted on numercus smhples
by 1CP, but onlf those to which 20000 ppm S had héen added, gave recults that were
above the 0.1 % deiection limits of the equipment (Table 3.3). Thus, a degree of
speculation exists s o0 the preciso suifirr content in the catalysts sulfided with 500-

5000 ppm 8.

‘Table 3.3: Sulfur content of Na;$ sulfided catalysts as determined by ICP onalysis

S sahafobinticx
20 000 ppm pH 8.5 410
36 000 ppm pH 6,9 380

“The total incorporation of 20000 ppm S Should gve 3.3 % §+ Fo.
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 "The interdependance of the elemental composition nd bulk structure of solid catalysts,
suggests that the addfion of sufur should have a marked efft on the morphologioal
properties of - iron-oxide. Indeed, scanning electron microscopy revealed distinct |
differences between s:ﬂﬁded and unsulfided samples in terms of locel composition and

structure,

323, Scanining Electron Microscopy

The scanning el_eutron microécope (SEM) has emerged as a versatile tool for the
characterisation of catalysts and metallurgical samples. It holds ar advantage over the
 optieal microscope in terms of magnification capabilities (which exceed 50 000x) and
in ts sbiliy to interprat the three-dimensionsl reliof of surfaces. The later feature i
| attributebl to a depth of field which is 300 times superior to tha: of the optical
MS@e [80]. This is achieved tin‘ough the use of secondaz}' electrons emitted from
the sample when bombarded with an incident beam of high-energy electrons,
Dependmg on the mchnahon of the vatxous tOpogmphml feafures, the number of
secondary clectrons captored by the detector will vary accordingly and hence produce
an image which reflects the surface relief of the MIe.

'Improvgd toimgraphic' contrast ma.y. be ‘attained using backscattered eectrons,
pﬁrﬁcularly since the scattering coefficient incresses with increasing afomic mumber,
ma!ung this terhmque ideal for imsging the atomio rumber d:ﬁ‘erence between varions
regions of & specmn. A complementary method which involves the use of diffusely
scattered electrons in Scauning Reflection Electron Microseopy hes shown pronJiSe in
the elucidation of surface topogtaphy, particularly of smorphous samples [81],
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Figure 3.1a: Electron micrograph of an uncalcined, unsulfided precipitated-iron
catalyst taken at 2000z magnification

Figure 3.1b: Micrograph taken at 2000x mégniﬁcation of a calcined, unsulfided
precipitated-iron catalyst

i
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Figure 3.2a: Uncalcined catalyst sulfided with 2000 ppm (NEL)Ss at pH 6.9 viewed
at 2000x maggification

Figure 3,2b: Spent catalyst sulfided with 2000 ppm S viewed at 2000x magnification
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Sdnﬁng electron mic&.:scupy of uncelcined, caldined and spent catalysts was uged to
provide information regarding the effects of sulfur on the pature of the precipitation
.prouess.. Exammaﬂon of the eleciron micrograph of the unsulfided natalyst pri ¥ to
calcination (Figure 3.1a), revealed & surface with irregularly-shaped precipitates of
iron-oxide, Pores (markeﬁ with an arrow) were observed to be scattered spoz;adicallf
over the surface of the sample. For visual compasison, Figure 3.1b is included, showing
the unsulfided catalyst after calcination, The effect of calcination will be discussed vide
e,

By comparison with other micmgmphs taken at 2C00% magnification it can be seen
 that the wnsnifided catalyst displays few of the taxiurl festures cxbibited by fhe
. catalysts to which sulfur had been added. The surface of the catalyst sulfided with 2000
ppm 8 (Figu_te B;Za) also apj:eared to be porous but exhitrited a vastly different surface
morphology to jts unsulfided counterpert. A miccograph of a catalyst which ad been
exposed 1o synges is slso inchuded (Figure. 3.26) for comparison with fresh aud
calcined samples, No sulfur species were deteated on this 2000 ppm $ catalyst, but
' modifioation in the surface structure i certainly evidest. The randomly orientated
crystals shomﬁxFiguteiiZaaresaidtobeequiaxed [80] since thelrgrowthmall
du'ecuons is lmnte& by ne:ghbowing crystals m.eleated at approximately identical
times, According to Reed-Hill el al [80], heterogeneous nuclention is far more the rule
than the exsepuonwhenrwomestopremp:mtmn Nucle:mayfomouihewans of the
container or on impurity particles [82].
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¥igare 3.32: Equim;éd crystals-viewed at 2000x magnification on a cawalyst sulfided
with 5000 ppm S before calcination '

Figure 3.3b: Micrograph of & catulyst sulided with 5000 ppm S showing dendritic
growth at 2000x magnification
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From the findings of Wocdrnuff, a heterogeneous nucleént such as an impurity, is only

active in foraﬁug a nucleus when certain sonditions on both the crystallographic

orientations of nucleant and nuclens surfaces, and their mutual orientation, are. satisfied

such that the degres of atomic mismatch is low [82]. Thus, the incorporation of sulfur .

into the growing precipitate is dependent on the formation of an iron-sulfide with the

 correct crystallographic orientation to the iron-uxide being precipitated.

Equiaxed ccystals, produced by very rapid nucleation, were also encouatered on
catalysts sulfided wnh 5000 ppm S (Figure 3.3a). In.additibn to these spherical crystals
' 'lwiwever, dendrites of the type shown in Figure 3.3b were ob:arved. The
developmente! process of dendritic growti is illustrated in vhe sehemutic representation
 below (Figura 3 4a) [83]:

Tigurs 3.4a: Schematlo roprosentation of dendritic growth
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. During the fret stage of dendrite fommtiqn a temperature inversioh is thought tc exist
at the'solid-liqtﬁci intezface (Figure 3.4b) 80]. ’I‘he temperature of the liguid drqps.i_n
advance of the interfaco and this facilitates outward growth of the orystal, The

direction in which these cells grow is crystallographic and is termed the dendritic

growth direction.

b [ [ d
Barg Liguid ' ) U ™
' ’ . - atondacy
“armk
Bandnie growth ' #::g .
=~ érestion i
Fa & .
Gantnyt - )
Intorfacs Sendrla orey
woe ‘i‘ d
q [

Figure 3.4: b) Representation of the first stage of dendritic growth. The temperature
in the liquid drops in advance of the interface, failitating the ontward growth of the
crystallites ¢) Secondary dendritic arms are formed when a temperature gradient exists
at a point cloge to a primary arm and moves to 1 point midway from the primary arms

For forihydrite and hematite, both which assumie hexagonal close-packed (h.¢:p)
 orystal structures, the denditio growth direction s <1 0 T 0> [82]. Secondary and
even tertiary branches may form in directions perpendicular to the primary dendrites
 (Figure 3.4¢) [80]. As they inorease in length, dendrite branches also mcrease in

' thicltﬁéss until they oventually grow together to form a nearly homogenzous crystal
[80]. It is possible that such a .pheﬁuinenun is responsiblc for the coalescent structur 3
visible on the surfuce of ths catalyst containing 20000 ppm § (Figure 3.5).
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Figure 3.5: Coslescent structures observed st 2000x magnification on a catalyst
suifided with 20000 ppm S

Rigure 3.6t Surface of a calcined catalyst sulfided withh 2000 ppm § viewed at 2000x
magnification
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Increasing the sulfur content of the catalysts results i & progressive increase in the
erystallinity (see section 3,2.4). This improved ciystallinity is also observed through the
formation of dendrites at high levels of sulfidation.

Similar morphologmal modifications of hematite have reportedly been effected using
diﬁ'erem metal precursors, precipitating apents and ageing times [76]. The ageing hme
in particular, has been invoked s one of the most important preparative variables
jnvolved with gonirolling precipitate morphology. For instance, & few bours are -
required for diskiike a-Fe,0s structures to form, whilo spherical a-FezOj particles take
v;p 1o 2 weeks to form st elevated témpmntures [791, Since both the unsulfided and
. sulfided precipitates were aged overnight i the mother liquor priul;_ to centrifigation,
the structural modifications observed in the present study cannot be ascribed to ageing,

but rather to the presence of extrancous sulfur.

The elomental composition of each catalyst wes investigated using the Energy
Dispersive X-Ray analysis (EDX) facility coupled to the SEM. No sulfur could be
detected on catalysts sulfided with between 2000 ppm and 5000 ppm S. However,
qnalysis of the catalyst sulfided with 20000 ppm sulfur from both polysulfide and
sulfide sources revealed occlusions of sulfir on the sucface, An example of stuch an
ceclusion which was found to comprise S and Fe is shown in Figure 3.7a, Elemantal
_ manping ix a feature of EDX (Figure 3.7c) and a dot-density map oftlns sulfur-rich
region is also pmented in Figure 3.7b.
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Figurs 3.7: a) Micrograph of sulfur-rich region on catelyst suifided with 20000 ppm §
at 2000x magnification b) Dot density map of sulfur ¢) EDX analysis of sulfisr rich
region
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Figure 3.8: a) Surface of & calcined catalyst sutfided with 20000 ppm S viewed at
2000% magnification, showing ocelusions of sulfur b) BDX analysis of sulfur rich

region -
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Catalysts which had béen caleined also appeared different than before, now exhibiting &
- more “molten-like” texture (Figure 3.1b and Figore 3.6). Occlusions 61‘ sulﬁar were
also more abundant on the surface of the highly sulfided catalyst after it had been

caloined (Figure 3.8).

Having therefore ascertained the nature of the precipitation process, und observed the
formation of dendrites which are noted to improve the crystallinity of rron oxide, the
crystaliographic features of the sulfided catalysts were investigated usine Xeray
powder fliﬁimtion {XB.D) ~This  technique permit- . uification of the
abuvﬁemeﬁfioned phenomm | o |

3.2.4, X-ray Powder Diffraction
X-Ray Powder Diffraction has found application in the ﬁlassiﬂcétion of iron oxides
[71]. Valusble information regarding crystal size, structursl parameters, degree of
isomorphous .substitution and crystallinity may be gleaned from this non-destructive
— _ _ o

X-ray diffraction is the elastic scattering of X-ray photons by atoms in a periodic lutﬁee '
" {52]. Using the fime horowred Bragg relation, lattice d-spacings, which are
characteristic of a compound, can be derived. | When applied. to onialyst
 charagterisation, XRD provides information on the erystallographic phases that may be
present In a catalyst, 1t bas found p-idas s3yienci, in the characterisation of
Fischer-Tropsch catlysts [52]. | - | |
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Intensﬂ_y

100

Flgure 3.9; Diﬂ‘ractogram of anunsulfided catalyst a) uncalcined b) calcmed ¢} spent
 where  * = FeDs F5304
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The diffractogram of the uncalcined, unsutfided catalyst (Figure 3.9a) is typical of the
imitial product of precipitation of iron-oxide, that being 2-ine ferrihydrite [71]. This is
- also referred to as protofertitydrite, since it_ladcs the essential features offenﬂx}dﬁte, '
~ and is reported to be almost entitely X-ray amorphous.

The broad peaks of low intensity in Figure 3.9a are poorly resolved and bear testimony
tothe amorphbl_ls nature of thé catalyst containing no extraneous sutfur, In wddition; an
XKD measurement pesformed betsteen 5 and 20° 20 revealod a high background,
- typical of sémples of poar crystalhmty [84). According to the JCPDS mmeral powder
difftaction database, the phase that best corresponds to the set of devalues obtained
from Figure 3.92 is 330664 FeOs [85]. The kkl-indexed XRD pattern of this phase s

given for comparative purposes (Table 3.4).

.Table 3.4: Major Miller Indices and d-spatings of JCPDS databage iron oxide muuber

330664

“3e84 | 30 o 1 )
2.700 100 - 1 o | 4
2519 | 70 1 1 0
2307 | 20 1 T | 3
1340 40 0 2 4
Tesd | 45 | 1 1 i
1598 | 10 o1 g
1.485 30 2 1 4
1311 | 10 1 0 10
1259 | 8 Tz 2 0
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30 7

28 -

Frgure 3.10: Diffractogram of a spant catalyst sulfided with 500 ppm Na;S at
pH69 where #=Fe0y & =sg-carbide
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10 30 50 70 9 110 130
. 28 .

Figure 3.11: Difftactogram of catalyst sulfided witki 2000 ppm NeoS at pH 6.9 a)
uncalcined b} calcined ¢) spent where * = FesOy # = Fe;0; % = y-carbide
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20

G

Figurs 3.12: Diffractogram of catalyst sulfided with 20000 ppm Na,S at pH 6.9
where *=Feg;O; ®=Fe§ Re=-Fe

a) uncalcined b} calcined ¢) spent
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*

b
0 3 B0 70 %0 110 130
.

Figure 3.13: Diffractogram of & c..alyst sulfided With 20000 ppm (NFL)Ss at pH 6.9
- a) uncaleined b) calcined <) spent where * = Fey0; M= g-Fe :
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The addition of sulfur is observed to result inl a significant increase in the orystaflinity

" of the iron-oxdde phase (Figares 3.10- 3.13). Not oy were the diffractograta peaks of
the sulfided cataly:sté more intense, buf they also appeared narrower, indicating
improved eystallinity as the sulfar content was increased from 500 to 20000 ppm
(Figure 3.14).

Indeed, the difftactograr, of the most highly sulfided catalyst, containing 20000 ppm. §
at pH 6.9 (Figure 3.12), showed excellent correlation with 330664 Fe,Os. A small

. amount of iron sulfide (FeS) was also discernable on the diffractogram.

... G0

fn

]

> 80

g 50

E 4

S 30 -

g 21

g 10 4

[+ I

500
Sulfur Content {ppm)

 *Whero arbitrary unifs efer to the peak infensity 4t 33.1° 26, corresponiding o 2 d-spaciag of 2.700 A
Figure 3.14: Variation in the erystallinity of iron-oxide as a function of the sulfur

content
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For any set of catalysts corr.taining' the same amount of él.l]ﬁxr, sulfidation at
incfeasingly lower (inore acidic) pH values also resulted in more crystalline iron oxide,
This is evident from he stack-plot of the 35° 20 region of the diffiactograms obtained
from catalysts sulfided with 5000 ppm § at the start, middle and end of precipitation

~ (Figure 3.15).

.2 22 24 28 28 30 32 84 38 38 40
B o 20

Figure 3.15; Stack-plot of diffraction patterns obtained from catalysts sulfided with
5000 ppm NazS a) Catalyst sulfided at pH 10.75 b) Catalyst sulfided st pH 8.5
¢) Catalyst sulfided at pH 6.9

The catalyst sulfided at pH 10.75 bears strong resemblance to 2-fine farribydrite
{Figure 3.16a) while éulﬁdation at pH 6.9 yields a product which is smular to fi-line
fertihydrite (tigure 3.16b). According to the Lterature, the latter product is obtained
. by rapidly heating the reacting solutions to 80°C, while the less crystalline 2-line

- fesrihydrite is prepared by adjusting the pH to 8 with alkali [71].

39
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&0 7 8o . &b 40 028 Co Ao

Fignre 3.16: a) 2-line fordiydr, b) 6-ime Eervihydrite [71]

X is also this diﬁ’erenée in crystallinity which i§ accountable for the range of colouirs

obssrved. The more orystalline 6-lino ferrihydrite is ochreous, while the 2-Jine product

- appears da._t_‘k—broﬁn in qoiom' [71], which is in accordance with the resulis observed
for catalysts 11 and 13 inPhteI. : |

.Calc.natmn is petformed to remove nm'ates and other such mpmmes which may be

B danagmgtocatalyucactmty Literauuampommdlcaiaﬂmtmmﬁnngom

"foﬂomnghumentmmate!mtedtmmmmdthatrwdhtemmmu

under these conditions [31] Congomitantly, the erystalh:ﬂty improves and this was

evideat from all the samples, both sr&ﬁded and unsulfided, after they had been ceivined -
(Figures 3.9b-3,13b). | |
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Larger orystallites give rise to more crystalline material and this is comoborated by the
results shown in Table 3.5, where the Scherrer equation was used to determine

 crystallite size at 28'=62°,

As is evident from -zhe ata presemted in Table 3.5, ctystallite growth is favoured at
higher levels of sulfidation and by the addition of sulfide at lower pH values.
Furthermore, polysulfided catalysts genrally exhibited larger crystallites than those
prepared using monosulfide sources, R

Table 3.5: Crystallite sizes of iron-oxide catalysts as determined from the Scherrer

_equation
2000 10.75 (NH,);$ 226
2000 T 85 (NHL)S 262
2000 69 (NH,),S 407
2000 | 1075 TS 245
2000 85 | uHSs 302
2000 6.9 . (NEL;);Ss 435
500 ' 69 (INEL)2Ss . 356
5000 ' 65 T HYSs | 480
20000 69 | (NHuSs 549

" Obtained from XRD data using the Scherrer equation
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The observed growth in crystals whi{:h occurs following the addition of sulfur, and
B whicﬁ is .m'o_re pronounced at pE 6.9, could be aftributef'. to the process of
heterogeneéus.m:cleati&n. The sulfide fons act as nucleating agents and could assist
-with the aggregation of smatler orystallites. As discussed previously, for an impurity to
function in this way, it must assume a crystallographio orientation which is nearly
identicel to that of the iron-oxide. The iron sulfide, pyrrhotite (FeS) (JCPDS 40832) |
identified in the diffactograms of the highly sulfided catalyst, assumes hexagonal
close-packed geometry. This is also the drystaliograpﬁic system ofirox_x oxide so there
.is 1o nusma’nchbetween the geomt_:tries. of the two precipitating systems, |

The apparent increase in crystaliite size sccompanied by an increase in mysta]hmty :
following the addition of sulfur is in conflict with the findings of other wotkers who
have investigated the effect of additives on precxpltm‘,ed Fischer—'l‘rbpsch cataiysts [86].
Shao-yi Peng e af [86] observed that the addition of rare-earth (RE) mfdd.es (RE:Fe =
1:100) to fron-copper coprecipitated catalysts resulted in a decreass in the intensity of
the XRD patterns, T has been proposed by the aithors that the role of the rare-trths
is twofold: firstly, the dispersion of the.iron particles is increased, and seuﬁndly the
smell pasticles are stabilised by inbibited crystal growih. The degree of reductions of
iron oxide to metallic iron was slso observed to decrease as & consequence of the
presence of these lanthanide oxides. |
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Catalysts which had been exposed to syngas (sée Chapter 2) were also analysed by
XRD. The unsulfided catelyst compnsed mainly magnetite (Fe;O,;)_ with _onlj trace
| emounts of carbide formation evident. “he catalyst to which 500 ppm S had been
added, exhibited bulk carbides.as well as magnetite (Figure 3,10). The form of carbide
swas idmtified 8 &-FeC, in which the carbon atoms reside in octahedral infersices
* [87). Another type of iron carbide, x—Fe;_@; was found to be the major component of

the spent catalyst that had beer sulfided with 2000 ppm S (Figure 3.11c).

The formation and distribution of these bulk carbides is setisitive to the
physieochmnicél_ state of the catalyst Thom;un.'et al, suggested that the type and
composition of carbides formed o iron catalysts was & fanction of jon particle size
[87]. Smaller particles were found to preferentially form e-Fe;C, while larger particles
formed 7 FeC. | |

According to the JCPDS database, the cartide identified in the 500 ppm § sulfided
catalyst was s-Fe,C (see sbove), However, it is reported in the literature hat it is not
possible to distinguish between 5-Fe,C and &"-Fe,C by XRD sinos they have identica
difffaction patterns, and. ‘most authors folivy  the assignment mede by
Niemandtsverdriet ef af and use the latter classification 7] when referring to either of
these carbides. Notwithstanding thls; the &'-carbide is unstable end transforms to 3-
_Fe;,,C under reaction conditions [88]: -
| 2.5¢'FeasC ~» 2.2y FeasC +03C

93



The structural morphology and chemice! composition of sulfided catalysts
This transformation has been associated with the onset of FT catalyst deactivatica
which is associated with the buildup of mucleate carbon [87]. This inactive
' carbonaceous materil is produced as & direct consequence of the &' % carbide

transformation.

Wodk by Jung and Thormson [88] on an uncalcined iron _catalys’t under FT conditions
using Dynamic XRD (DXRD), showed that magnetite indeed converted to x-carbide
 via a shrinking core process. No mucleate carbon was observed and hence deactivation

. rates were significantly lower than have been found for catalysts exhibiting &'-Fe;C.

I-Iighly sulfided catalysts however, did not appear to fbmi an,v. bulk. carbides
- whatsoever and comprised _essenﬁally vnly o-Fe even aﬂ:er fourteen days of exposure
to smthems gas. The sbsence ofsarbide.was commion to catalysts prepared using both
* polysulfide and monosulfide souross, Thes results suggest that the sulfur assists in the
reductmn of hemame, 50 that only o-Fe is Present afler exposure 1:0 hydrogen at
400"0 Moreover, it must create an environment whmh is not conducive to caﬂnde

- formation gnd hence precludes FT synthesis.

3.2,5. Thermogravimetric analysis
Finely divided ironemetal is known to exbibit pyrophoric behaviour [89] in axidising
atx_nospheres. The spent hfg?zly sulfided catelysts ignited sponianeously at 300°C
during thermogravirmetrio analysis in oxygen, supporting the presenco of metalic iron
in this saniple; A mass increase of 25% was measured as méta!li;u iron was oxidised to

iron-oxide (Figure 3.18),
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The thermograﬁl of tﬁe spent unsulfided c&taifst showed a weight loss at 300°C as '

carbonaceous material undervent combustion i the presence of ozygen (Figms 3.17),

Percentaga Walght loss (%)

i

{

" “'-wu—

12 } o
13 108 198 282 382 438 511 580 645 705 752 8‘!7

4 .L.. Il
i ¥

Tamperatum {oC)

Figure 3.17: Thennogrmn of a spent unsu]ﬁded catalyst recorded in an o:ndlsmg

atmosphea'e

Percentage wsight gain (%)

iy
T

22 117 208 289 388 444 517 555 650 711
- Temparatuye (oC)

760 821

recorded under oxygen

Figure 3.18: Thermogram of spent catalyst sulEided with 20000 ppm NezS ot pH 6.9
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The structural motphology and cliernicat composition of sulfid-d catalysts

Similar pyrbphoﬁc tendancies were observed with other highly sulfided catslysts,
prepared st different pH values. The percentage weight gain measured from the
- thermograms of these samples is presented in Table 3.6.

Table 3.6 Pmentageweight gain for catalysts sulfided with 20000 ppm § at

different pH values obtained from TGA

10.75 4
85 | ]
65 | 24

3.2.6. Pore Structure

Beside: the structure of & oafalyst surface, the texture is also an important physical
feature. Acoording to Lec? :ux [54], textuce defined as geumetry of the void space in
oa‘talyst particles, and encompasses pore shape and surface area measurements. The
~ general approash to demmmmg the porous texture of solids is based on the phymcal
adsorption of gelected adsorbates The meohmm of phw n‘phon depauds on tha _ |
: _nauu‘eozfthe solid, viz, themgeofpom s:zemtexlu‘blts furnwsupcrroussohds, with
pore dinmeters between 204 and 5004 {531, a secondary adsorption mechanism based |
on capillary condensation is opetative. This condensation is preceded by mulh«myer

_ physisorption on the walls of the pores 57
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The adsorption-desorption isotherms of selected catalysts shows. in Figures 3.192-d are
- all typical of Type IV isotherms. The shapes of the hystereses indicate capillary

cpndensatibn' which is charactenshc of mesoporous solids {90]. Also noteworthy in
-' Figurés 3.19a-d is the fact that the volume of gas adsorbed by the unsulfided catalyst is

approximately half that adsorbed by the sulfided catelysts.

Using BIH adsorption and desorption cumulative pore volume plots, the average pore
neck and cavity sizes Were determined ln conjunction with the pore size range {Table
'3.7). For comparative ﬁmpos;-s, the avemés pore diameter, determined ﬁ;cun the BET
© cquation s lso presented. The pore size rnge is extremely broad and it would appear
that the avemge pure.diameﬁe'r is possibljr 2 more aceurate reflection of the maximum

in the pore size distribution plots.

Table 3.7: The efféct of sulfidation level on the pore shapes of calcined catalysts

i 150-8%0 310 290 208
2000 ppm S pH10.75 | 180-1000 | 400 450 307
2000 ppm S pH 6.9 150-950, 525 310 | 320
30000 ppra S pH 10.75 130-950 g0 | ss0 | 208
20000 ppm § pH 6.9 150-1600 600 350 297
2000 ppm 8 pH 10,75 (NH):S | 230-1000 700 480 TTA00

*Determined fom BET measurements 4V/A where V = volume Nz adsorbed A=
surface srea
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Figure 3.19 a-d: Adsorpiion-desorption isotherms of calcined cataiysts
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The data presented in Table 3.7 suggests that the presence of sulfur vesults in an
increase in pore neck and cavity sizes. Close inspection of the hysteresis loops

~ (Figure 3.19a-d) show them to be typical oftﬁe Type A and Type E curves in the de-
Boer classification. However, according to the BIH pete distribution analysis regort,
the fraction of pores open at both ends is zero for the catalysts uvestigated. Therefore,
it. may be more appropriate to visi_mlize the pores as “fnk-bottle” shaped, with
@ﬁndﬂca] rather than slit-SIinped pores,

The width of the hysteresis loop &lso gives an indication of the pore-neck shape. Thé.
narrow hystereses ofcataiysts sulfided at pH 20.75 with 20000 ppm Na;S, 2000 ppm
NesS, and 2000 ppm polyS respectively are suggestive of wide-necked pores which
facilitate ease of desorption of adsorbates fom the pores. The unsulfided cotalyst is
noted to exhibit the broadest hysteresis implying & narrow pore-neck which would
hinder the desorption of molecules (Figure 3.20), While it is conceded that 5 certain
- degree of error is associated with the BJH method of determining pore neck and cavity
sizes, the trends are bome out by the shapes of the lystereses as well.
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| unsulfided

200 A
oy

g
300 4
2000 ppm pH 10.75

450 A
e T

400 A

20000 ppm pH 6.9

350 A

20000 ppm pH 10.75

550A
dd—————-—-h-_

Figure 320 Proposed' pore shapes of calcined catalysts
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Catalysts sulfided at the start of precipitation were found to exhibit wider necks than
those to which sulfur was added at pH 6.9, that is, the end of pmcipitaﬁon'(’l‘abie 1.8).
. Such trends were observed irrespective of the amount or source of the sulfix

{Figure 3.20).,

Talvle 3.8: Variation in pore neck size with pH and source of sulfidation

 2000ppmS . | NaS _ - 10.75 | 450
2000 ppra 8 (NFLe)sSs. %5 310
T 2000 ppmS (NH)S 10.75 480
20600 ppm S NasS 10.75 350
20000 ppm S NozS &9 350

It woul'd_. appear that (NEL);Ss vield pores with narrower necks than Na,$ and
(NH,:,S. At any given pH, the pore neck size is found to increase as the level of
" sulfidarton is increased from 2000 to 20000 pprm..

' Porasimetry measyrements were also undertaken on catalysts after FT synthesis. i‘rior
to analysis, exhaustive extraction of wex products wasperfbrmed in a Soxhlet
appW. The isothermss obtained after exposiag the catalysts to synthesis conditions
revealed sigoificant changes to the pore stricture (Figure 3.21). The shapes of the

hystereses loops are typical of cylindricd pures with constant cross-sections,
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The data obtained from the BIH cunwlative pore volume plots (Table 3.9) confirms
that after Fischer- ropsch synthesis the neck and cavity sizes are more slike (Figure

3.22).

Table 3.9: Pore Neck and Cavity sizes of spent cataiysts

T~ Ea— s T

| 2006 ppm pH 10,75 Poly S | 300 | 200 | 100870 | 146
(000 ppmpH 69 150 80 40-400 53
20000 ppm pE 6.9 | 180 100 | 100300 | 62

- [2000ppmpHIOTS 600 300 300-1000 208

' For th- unsulfided catalyst and the ones snifided with 2000 ppm S, the decrease in pore
volume may be due to pore blockage caused by carbon laydown, The catalyst to which
20000 ppm § had been added showed virtually no Fischer-Tropsch activity and the

- alterations in pore struoture could be attributed direotly to the presence of mulfur, As
veas shown by the XRD data, this cmlystwasreduoedmot—Fémddidnotshowaﬁy

. evidence of carbide formation. Thus, the posi-reaction pore stracture is that of bulk

metat encapsulated by a thin Jayer of ivon oxide due to exposure to air,
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Figure 3,22: Proposed pore shapes of spent catalysts
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- 3.4. Conclusion
_‘t‘hmugh the iniplementation .of. various éhmcterisat’:on techniques, the bulk
mmﬁhology of sulfided precipitated-iron catalysts has been elucidated. Heterogeneous .
nuleation resulting in dendrite formation is bserved to prooeed preferentially i the
presence of sulfide jons, This gives rise io a more orystalline ferrihydrite which
transforms into an equally crystalline hematite as evideniced by XRD measurements.
The Istter msteriol, when highly sulfided, appars ochreous compared with the dark
a brown. qolonr of unsulfided hemaﬁﬁe Modiﬁcaﬁons in pore strizcture are a further
cansequence of pnecipitatioh in the presence of sulfide. An increase in pora volume is

accompanied by the formation of pores with wider necks and cavities.

 After exposure to synthesls conditions, catalysts sulfided with 2000 ppm S e
converted to magnetite and exhibit bulk carbides and pore blockage due to aarbon
luydown. Highly sulfided catalysts show pyrapl_mﬁc. behaviour and comprise essentially

| r.mly o-Fe, | | | N
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Chapter 4

Surface characterisation of sulfided precipitated
iron Fischer-Tropsch catalysts by Electron
- Spectroscopy?

The field of electron spectroscopy smbraces a number of techniques inciuding X-Ray
a photoslectron and Auger electron Spectroscopy, both of which have found widespread

application in the study of heterogeneous catalysis |91}

| 4.1, Introduction - |
© X-Ray photoelectron spestcoscopy (XPS) is well entenched as a standard techrique for
the elucidation and characterisation of reactive surfaces, fis application in the feld of
heterogeneous catalysis ha; been known since the pioneering work of Siegbshn and
Hes been extended to include a plethora of industrially iinportant catalysts in use today
[©11

Mote specifically, iis usefulness in the stady of Fischer-Tropsch (FT) catalysts
encompasses active metals, structural and chemical promoters, and catalyst poisons
[92, 93, 94, 95]. For example, in a study of promoted iron FT wtalysts, Bulttus and
collsagues revealed evidence of the sirfece re-distribution of potassiom [95).
Moreover, the segregation of promoters contained within fsed iron catalysts has been
shown using XP3 to occur with the following order of mobility: K>Ca 2 51 > Mg = Al
[96]. XPS has also been used to identify reactive intormediates in the FT reaction.
Thus, as part of » mechanistic stady, Benziger and Madbx [97] were abie to identify
. metﬁyl and ca:rbuxylate intermediates on Fe (100) surfaces.

" ‘This work has een sccopted for puvlication: Bromfield, T.C. and Coville, N.J. Appl. Susf Sci. (in
. press) . _
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‘Unsupported FeRu altoy cmlyst; have also been the subject of an intense XPS study
[98, 95, 100].'Init_isi work focussed on the surface morphology of the fresh catalyst
(98], and iffustrated the surface enrichment of Fe following reduction and passivation
[100]. Ensuing stadies concentrsted on the deposition of carbon during Fischer-

‘Tropsch synthesis, monitored in sifu using XP$ [99].

The involvepsent of XPS in the study of the interaction of sulfur atoms with metal
* oxides has largely been restricted to FS adsorption on such surfaces [100]. However,
- isolated accounty of the detecﬁon of the segregs.taon of sulfir species by XPS have
been reported [101, 102],

: Augar Electron Spectroscopy (AES) is a technigue which is cumplemema:y 10 XPS
and has also been nsed in FT (and related) studies. An AES study of the activation of
iron ﬁsnher—'l‘fopsuh catelysts revealed significant differences in surface mbrphoiogy
which is related to catalust activity [103]. The surface composition of iron catalysts for
 use in ammonia synthesis also has been eliucidated using AES, snd an equation from
which the surface coticentrations of iron and promoter conld be determined usmg
Anger currenth'asbeen developed [104],

Unfortunately, one of the lmitations of AES is ity lack of sensitivity with regard to the

oxidation states of certaln species, notably sulfir, A variety of sulfidés have been

studied by AES [105}, but no correlation was found between the Auger line-shape and
the presence of oxygen o the surfice, Nevertheless, in a study of the intsraction of
 sulfir with palladium surfuces, evidence was found for the migration of bulk sulfur to

o the surface [106], Consequently, the major application of Auger spectroscopy is in
depth profiling [91], | - |
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4.2. Experimental

C@alysts were preparsd by precipitation of iron hydro:ude from 0 715 M
 Fe(NOs) 9,0 and 0.785 M NaCO5 al 75°C and a pH of 6.9, Sulfidation was
performed during the precipitation stage, at pH intervals of 1075, 8.5 and 6.9. Sodiure

| sulfide, ammonmm sulfide and ammoniutn polysulfide 507 were used as sources of
' mlﬁrﬁdcatdysﬁweremﬂﬁdedwhhbetwemzoou and 20000 ppm sulfur. Catalysts
were calcined ex-sif in air (GEISV = 2000 1*) at 200°C or 400°C for 16 hours. An
unsulfided precipitated-iron catalyst prepared under identica) conditions to the sulfided
'.c_atalysts was used o5 2 1*eﬁn‘en§e to permit comparison of the effects cf various -
colcination and reduction pretreatments. | -

XPS spectra were recorded on a VG ESCALAB MKII spectrometer equipped vith 2
‘heatable reaction cell attachment which could also be pressurised. Usnnnochromatized
Mg Kot X-rays at 15kV/20mA and - incidence angle of 45° were used to ircadiate the -
samples. An analyzer slit width of 6 mm and pass energies of 50 eV for wide scans and

2ﬂerornmows(:msv}&efomdtobeopﬁmal. B |

Calcined samples were reduced in-sity at either 300°C or 400°C under flowing
' hydmgen for 1 hour. The samples were then cooled to near ambient tempemmre
. before e’kuatlonandanalyms

Linsar baciground sublraction was performed prior to peak-fitfing and § (2p) spectea
were fitted acoording to the method of Termes ef af [597, with doublets having (1}2_,
3/2) components and an intensity ratio of 1:2, constrained to a 20% Lorentzian, 80%
Gaussian lineshape and a separation of 1,15 ¢V. |

108



Snﬂ'awchmmﬁsaﬁnnofimﬂmmb'swbyﬂlmmw

Auger electron spectroscopy was conducted on a catalyst sulfided with 20000 ppm

-~ Na,8 after it had been calcined and reduced ex sitr at' 400°C, Measurements were

performed on a PHI 595 Scanning Auger Microprobe with electron beam voltage of 3

- kV and current of 1 pA (stepsize 0.5 eV). Depth profiling was carried out using 3 KV

Ar" ions at 30 A e,

4.3. Results and Discussion

" No sulfur spesies were detected by XPS on the surfaces of presulﬁded catalysts
{2000-20000 ppr_n 8) prior to reduction, even after caicmation at _200"0 and 400°C,
Although hematite is intrinsically difficult to analyse by XPS owing to charging effects
[52], this cannot be exclusively responsible for the insbility to detect sulfisr on the
mufaoa of these catalysts. Turther, mgu:ﬁcant loss of suifir from the surface, eg. as
SO is not expected to occur during caleinetion. Rather, sulﬁ:rpresentmtheblﬂkls

_ expected to be encepsulated by an oxide layer generated at the surface [107].

Notwithstanding this, the calqinaﬁon temperature and sulfide concentration affected
 the natute of the species present after reduction, Generally, calcination of F-T catalysts

is performed at low temperatures to minimise {oss of surface area due to sidtering. .

However, nitrates trapped during precipitation, could constitute catalyst poisons and

" are hence usually oxidatively removed at temperstures above 200°C. Thus XPS stud! ..
were palfbnﬁed on catalysts containing varying amounts of sulfur, after calcination at
200°C and 400°C, and reduced at either 300°C or 400°C.

For the low level sulfidsd catalyst (5000 ppm) calcined at 200°C, no surface sulfirr
-spreies were detected after reduction at either 300°C or 400°C. However, after
calcination at 400°C and reduction at 300°C, the detection of oxidised sulfur species in

the form of sulfate at 169.4 €V (Figure 4.1) indicates that & sequence of redox '

~ Teactions ave initiated at this higher temperature,
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Figure 4.1: § (2p) photopesk < catalyst sulfided with 5000 ppm NeoS, calcined at
400°C and reduced at 300°C. -

' _The présence of sulfate is not unaxpected since the major product of the oxidation of
iron-sulfides is 2 basic :ron sulfate, "FeOHSO," [108], & dimer, in whmh aach iron
atom is octahedrally coordinated with two hydroxyl and four sulfa*> oxygens [109]. A
scheme anaiogous to that proposed bj Kyotani [110] for the regencration of Cu,S to
CuO which culminates in the production of a sulfate, can account for the formation of
sylfate in our samples. By contrast, XPS data on highly suifided catalysts (20000 ppm
$) caloined at 200°C (and reduce’ at 300°C) suggest that osidation of the sdded
sulfide is incomplete at this temperature, as evidenced by the presence of both sulfide
and sulfate species (Figure 4.2). -

To establish the effect of reduction temperature on surface sulfur species, two sanples
" of the catalyst sulfided with 20000 ppm Ne;S at g 10.75 were calcined at 200°C. One
was exposed to hydrogen at 300°C, and the other at 400°C for 1 bour,
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Figure 4.2:n) Evolution of sulfide (162 6V) and sulfate (168 6V) on a catalyst sulfided
 with 20000 ppm Nag$, after calcination ot 200°C and reduction ot 300°C b) Fe 2p
() photopeals of the same catalyst showing the presence of iron-oxide {712 €V) after
 hydrogen activation, '
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Figure 4.3 a) S {2p)co 2 level spectrum of catalyst sulfided as in Figﬁre 4.2, but
reduced at 400°C, skowing conversion of suilfate to sulfide b) Fe (2p) photapeak

typloal of metallic iron, formed after reduction at 400°C
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Exanination of the § (2p) sore-Jevel spectrum (Figure 4.23) revealed tho presence of
both mlfate (169,§ eV) and sulfids (162.3 ¢V) ions after reduction at 300"(1; while -
only the sulfide is observed after exposure to hydrogen at 400°C (Figure 4.33). The '
- 162.8 eV photopeak is also enriched from 1.3 to 15.6 atomic percent, suggestmg that
the diffusion of sulfur speciés to the surfice is favoured by higher reduction

tamperatm‘es '

Reduction under hydrogen affects both the sulfur specistion, and the_svohrﬁoﬁ of
d:ﬂ*'erent iron specﬁes..at the surface. As illustrated in Figure :;fb, the Fe 2p Gr)
photopeak for the catalyst reduced at 400°C is at 707.1 6V and is typicsl of Be", unlike
that of the same catalyst reduced at 300°C (Figure 4.2b), which appears at 712.0 eV,
and may be assigned to Fe™/Fe?" species. For both the unsulfided catalyst and those
 catalysts contairing 2000 ppm eulfir, studied under identical. conditions, the fron
shotopeak is typical of magnefite (FesOf) [111], This finding is supported by
Ter oecature Programmed Reduction studies (Chapter 8) which show that, partionlarly
" at higu levels of sulfidation, the temperawre of the hemaht&-nmetﬂetmhonis
considerably luwerth!m ir the absence of extraneous sulfur. ..

Tt will become apparent in later chapters that catalysts with sulfide species at the
sueface show effects of poisoning, while sulfate-bearing catalysts exhitnt an
enhancernent in activity. These results suggest that complete reduction to metallic iron
in the presenice of sulfur is undesirable since it is accompanied by the formation of
poisonious sulfide species. Indeed, Muzovskaye and Rapoport, cited in [112], alfuded
ta the presehoe of iron oxides as being necessary to prevent repid deactivation by
sulfur, since catélysts reduced predominantly to metallic iron were easily poisotied,
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Examinetion of the S (2p) core-level spectrum (Figure 4.2a) revealed the presence of

both sulfate (169.2 oV) and sulfide {162.3 eV) ions after seduction at 300°C; while
only the sulfide is observed after exposure to hydrogen at 400°C (Figure 4.34). The
162.8 &V photopeak is also enriched from 1.3 to 15.6 atomic percent, sugaesting that
the diffusion of sulfur species to the surfuce s favoured by higher reductton

~Reduction under hydrogen affects both the sulfur speciation, and .the evolution of
different fron species at the surfuce, As ilustrated in Figure 3b, the Fe 2p (3/2)
photopeak for the catalyst reduced at 400°C is at 707.1 eV and is typical of Fe’, unlike
ﬁat of the same catalyst reduced at 300°C (Figure 4.21?}; which appears at 712.0 eV,
and may be assigned to Fe'*/Fe** species. For both the unsulfided catalyst and those
cetalysts contsining _2000 ppm sulfur, studied under identical conditions, the ron
photopesk is typiost of mugnetite (FesOs) [112]. This finding is supported by
Temperature Programmed Reduction studies (Chapter 8) which show that, particulasly
4 high lovels of sulfidation, the temperatuce of the hematite-magnetite transition is
considarably lower than in the absence of extrancous sulfur.

It will become appacent in later chaptets that catalysts with sulfide species at the
 wurface show eifects of poisoning, while sulfiie-bearing catalysts exhibh an
euhancement in activily. These results suggest that 'complete reduction to metallic iron
in the presenize of sulfr is undesirable since it is accompanied by the formation of
poisonons sulfide species. Indeed, Miuzovskaya and Rapopor, cited in [113], alluded
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 Segregation of sulfur ocours following exposure to hydrogen, with higher reduation
temperamres prorﬁoting migration, Additionally, higher reduction temperatures assist
in the conversion of sulfate tb sulfide, Int a study of metal sulfides by XPS, Lichtman
{105), alluded to the presee of oxygen as having a profound effect on the evolution
of a sutfhte peak. The observed impoverishment in oxygen following reduction is then-
accompanied by a concomitant enrichment in sutfide at the surface. '

"The thermodynamic driving force behind surface segregation has been suggested using
ASED-MO thenty, to result from vacancy formation ensrgy [113], arising from lattice
vacancies crested by the removal of oxygen, For sulfur migration in iron, this

corresponds to a segregation energy of 1.64 eV,

Owing therefore to t.e migration of gulfur being suvoured by oxygen depletion at the
m the mechanism of segregation may be postulated s based on the phenomenon
of site competition [114]), In this ﬁmcess, oxygen replacement by sulfur has been
proposed to occur in two di&ﬁnc_-t regimes which depend on the amount of oxygen |
present on the surface, Whm oxygett is abundant, displacement by sulfisr octurs in a.
21 ratid, that is, thé removal'oftwo Oxygen atoms is pfooeeded by the segrepation of
one stom of sulius, This continues until the oxygen is depleted to the extent that atom-

~ for-atom replazement cocurs,

| _ Systematically inoreasing the level of sulfidation from 2000 to 20060 ppm revealed that
the more sulfide added, the greater the amount of segregation. For catalysts sulfided
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~ with 2000 ppm sulfide, the S (2p) spectra exhibited only one photopeak at 1694 £V,
characteristio of 2 SO, (sulfate like) species. The evolition of this peak is independent
of the sulfide source or the pH of sulfidation. Thess results are consistent with Jow-
exposure HyS studies in which only sulfite species were observed [101]. Further, it has
been reported that annealing Fe,05 in a gas mixture containing small quantities of
sulfur resulted in the formation of a sulfate surface layer [115].

At Tow sulfide levels the surface species cbserved were independent of the sulfide
source, However, sulfidation with 200le ppin sulfide produced significant source-
‘related differences, ater caloination at 200°C. Use of both (NELYS asd (NEL)S;,
* resulted i the evolution of targe sulfide peaks aceompanied by smaller salfate peaks.
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- Figure 4.4: Expanded view of sulfide peak at 162 ¢V of catalyst in Figure 4.3a),
- complete with peak-fit,
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1t was in the deconvolution of the sulfide peak that différences became apparent. An
expauded view of the sulfide region betweeen 160-166 eV for the catalyst sulfided
vith sodium sulfide, fitted with (112, 3/2) two component doublet is shown in Figure
4.4, A similar peak ~fitting procedure emplayed for the sulfide peak of the polysulﬁded '_
catalyst (Figure 4,5) necessitated the insertion of & second doublet 8t 163.0eV.
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Figure 45 Expansion of sulfide mgibn ofpolysulﬁd'ed catalyst conteining 20000 ppm.
(NEL),Ss. Lines A and C constituto one doublet nsed in peak-fitting, while lines B and
" D malke up the other doublet. | |

While the first doublet at 162.0 ¢V in Figure 4.5 corresponds to a sulfidic species
attached directly to a metal atom, the position of the seoond is midway between that of
a purely sulfidic species and elementa? sulfier which has a binding energy of 164.0.6V,

7



Sutface charucterisation of iron FT catalysts by Electron Spectroscopy

These distinct sulfide species are analogous to the structurally different sulfisr atoms
_ obmd in the triphenylphosphonium salt of [Cus(S4)s* .[59}_.. This suggests that the
85> polysulfide may have fragmented in the calcination/reduction process to ine 8
{two dﬁublets expected) and § (one doublet expeated). |

Polysulfides are thermodynammal!y unstable and can fragment in aqueous solvents due
10 their small bond energies (145 k¥mol for $4*) [12]. Blemental sulfur is reportediy &

product of this decomposition according to this reaction:

8.7 = HyS + (n-1)S(s)

Although these polysulfide ligands are lebile, kinetio studies indicate that their
decomposition i sufficiently slow at low temperstures for them to exist for 2
reasonable leogth of time. However, at temperatures of 100 - 150°C, their
deedmposiﬁon is accelerated [116], tmdiﬁ supposedly complete below a temperature
" of 200°C. Moreover, it has also been postulated thas the reduction of linear or eyclic

polysufides is & source of inorganic sulfide [117]. ' |

Tt is also possible that, the 8 did not ﬁ‘agment and that. a cyolic Fe-polysulfide
complex may have been formed, If so, there should be three distinet sulfide species
| idontifisble by XPS [118], The peak.fit obisined for our data (Figure 4.5) is not
unique, and it may be possible to insert & small doubles at &ppmxiﬁaately 164 oV, and
stiff obtam A reasonable data-fit,
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I-_iowever, this doublet appears to be outside the renge of binding eneigies expected for
sulfides, aﬁd Iﬁay too closely.resembie elemental sulﬁxr. Nevertheless, it must be bome
- in mind that this intermediaty sulfiur atom is in the mﬁst 'sulﬁu'-ﬁuﬁ‘ environment of all
the atoms in the ligand and may experience no effect of the metal centre whatsoever,
and hence exhibit 8 binding energy similar to that of S,

Cerﬁninly, the existence of a petk between 168.8 and 169.5 eV is suggestive .of
polysulfide decomposition, yielding a sulfate. -Unfortungtaly, owing to its law intgnsity,
the pasition of this “sulfate” peak could not be accurately determined. However, it is in
@ region that is.typical not anly ﬁf sulfates, but also other oxidised specles, suck as the |

central sulfur atom in 5,05 which has a binding energy of 168.6 eV [119].

In addmon, the oxidation of 8.2 ligands by molecular oxygen is possible and would
fead to novel ligands such as S:07 or 8,0* [120]. Nevertheless, although partial
decomposition to an axidised specics may well have occurred, it was mot possible to
approximate the peak at 160-166 eV thlt mﬂy a single sulfisr species (donblet), henna
confirning the existence of at least two sutfide entities. |

Owing fo its superior depth profiling capability {91], Auger electron speétmscopy
. (AES) was invoked to confirm the proposed murface segregation of bulk sulfide, The
Auger electron spectrum of the calcined, reduced catalyst sulfided at pH 10.75 with

20000 ppm S is shown in Bigure 4.6,
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The presence of sulfur is shown by the LMM peak st 151 V. This is in good
agreement mth the Anger. line for FeS which occurs at 151,2 &V [105). The large
exygen KLY, peak at 508 eV, as woll as the smaller KLL d_oublet at 470 and 485 eV
indinats that oﬁdaﬁon of the _surfaoe has occurred during _traﬁsfer ¢ ~ he sample from
the XPS fustrument. This exposﬁre.lto air was unfortunate, and resulted in the | _
émergence of a. doublet .a't 42 end 50 &V, which has .bean aﬁsigﬂad to the MVV peaks

of oxidised jron [104].
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" Wigure 4.6: Auger electron spectrum of a calcined, reduced catalyst suifided with
20000 ppra Na;$ at pH 10.75 - -

The origin of the spurious carbon peak at 272 oV is unclear (Figure 4.6), although

 geaphitic carbon was also observed at 295 6V during XPS measurements, 1t has been
suggested that this may be due to surface contemination of the sample, |
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A depth profile was constructed using an argon sputter gun (Figure 4.7). The lower
‘surface coneentration of iron can be seen in the peak-to-peak spectrum, associated

with the large amount of surface oxygen.

T,
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1
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Figure 4.7: Peak-to-peak Auger depth-profile of surface of the catalyst in Figure 4.6

More im;iortant is the high concentration of sulfur close to the surface, whihh att*esté to
the proposed migration phenomenon. While the presence of oxygen has & profound
- effeot on the sulfide XPS speci;rmn, fittle or no correlation is foﬁnd between Auger line
' structure and oxidation of the surface [105]. Hence, it is impossible to ascectain
| _ nhambiguonsly wha{ the effect of sulfate wduid be on the Auger spectnn » of suldde

[105].
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4.4. Conclusion |

Results of tho XPS analysi confirr the segregation of sulfur to the surfice of sulfided
procipitated-iron catalysts. This surface enrichment dramatically alters the composifion
and morphology of the sarface-bulk imterface and facilitates the formation of & iow; | _
dimensional structure of extraordinary properties, The data sugaest tu.® surface
sulfstes give riso to an enhiancement in catalyst activity, while sulfides induce poisoning
(see Chapter 8). The relative proportions of these spét:ies can be controlied by careful
manipulation of both the level ofmaﬁdaﬁomdtheprmatmma conditings. |
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Chapter 5

 Surface characterisation of sulfided iron
catalysts using Diffuse Reflectance Fourier
Transform Infrared Spectroscopy (DRIFTS)

5.1. Introduction:

' The elucidation of surface processes such a8 the sdsorption of molecules, is imperative

in the study of catalysts, Of the techniques available, vibrational spectroscopy is
unsurpassed in its ability to provide information on the nature of the interaction

. between adsorbates and catalytic substrates [121].

Diffuse reﬂectance FTIR spectroscopy (DRIFTS) is a field of vibrational spectroscopy

particulasly well suited to heterogen=ous catalysis, since speties adsorbed on powdered
samples ¢an bo charzoterised, This el'minates the enctgy loss st lngh wavetumbers
caused by scatiering, s encountered with pelfetized samples [121], Another sigpificant
advantage of DRIFIS over other FTIR fechniques, is the facility 0 perform in-sit
studies:under simuiated reaction _conditioﬁs [122]. This provides an ever more accurate

asgossment of the intaraction between gas-phase reagents and catalytic surfaces,

Carbon monoxide is an ideal probe molecule for the charactetisation of Fischer-
Tropsch catalysts using DRIFTS. Ite intense absorptidn in the 2000-2250 cm"‘. region
is uniquely sensitive to the oxidation state of the metal substrate to waich it adsorbs

[123].
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According to a proposal by Blyholder, based on molecular orbital calculaﬁons {Figure

5.1a), the metal-CO bond comprises both o and % dative bonds [124]. The former

‘ocours via the fill.d CO o-orbitals and unfilled metal d-orbitals [123]. Synergic

bonding between filled metal dn-orbital and vacant CO w*-orbitals serves to further

strengthen tha M-CO bond, simultancously weakening the carbon-cxygen interaction.

It follor  that the greater the 7 character of the metal-carbon bond, the weaker the

C-Q bond, and this shifts thé frequency of the veo stretching vibration ﬁom 2143 om™
(g2 phase) to 2100-2000 o™ [123]. A scheme desoribing the orbitel interaction of a

metal with CO is shown in Figure 5.1b.
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Figure 5.1 a) Moleoular .ital dlagcem of the bonding between & metal and GO B) A
schematic representation of the orbital overlap in & metal-oarbonyl complex [123]
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CO cau also bridge two (or more) metals resulting in both single-site adsorption (3-
CO) and muli=site adsorption (B-CO), which can readily be differentiated by IR

© 5pectroscopy.

Since carbon monoxide is a constituent of syngas, t_hb interaction between this
adsorbate and metal surfces can be used o probe mechavistic features of the Fischer-
Tropsch reaction, Varibus factors, including the chemical epvironment of the metal
stoms at the surtace of FT catalyst, oan infuenc their iforaction with adsotbed CO
- molecules. Thus, through the addﬂ.mn of promoters or pmsons, the strength of the
metai-CO bond can be vaned resulting in subtle chauges to the position and mensxty
of the vco vibration, Indeed, CO adsorption has been employed in the study of
unpromoted u&talym [125], as well as those promoted with additives such as
 potassium [32] and silica [125, 126, 127},

‘The consequences: of sulfide additioﬁ on the a_dsorﬁtiqn of carbon monoxide on

Ni/ALO; catalysts have been studied by Rewick and Wise [128], It was established thet

the smount of single site CO adsorption (-CO) increased. in the presence of small

amo'.mts of st- at the expense of f-CO (:_mﬂti-site adsorption). Fmther EXPOSUIS to
.S Mteﬁ in & more tapid decroase of B<CO than 3-CO. Similar effects v@m _
*observed by Krosker e affor CO adsorption ou RiVAI model caaiyss slfded with
a5 [1291. It was ﬁ:uud that bridged CO species converted to lineat carbonyls in the
presenoa ofpre&"sorbed sulfixe and this resulted in an increase in the density of species
with one CO molecule per Rh atom. The implication is that the bond between the metal
and CO was weakened by the addition of S o the catalytic surfice.
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In the present study, the adsorption of CO was used to determine the oxidation state of
| iron in.éulﬁded aod unsulfided catulysts after reduction in hydrogen ‘Furthermore, the
effect of added sulfide on the performance of thesz catalysts in the Fischer-Tropach
reaction was investigated #n-situ under conditions that simulate those vsed for the

reactor studies,

5.2. Experimental
Tron catalysts (prepared as described in Chapter 2) were pulfided in the range 500-
20000 ppen §, using sodium and ammonium-derived sulfide sources. Stdfide was added

dveing precipitation at pH 10,75, 8.5 and 6.9.

DRIFTS anslysis was performed on 8 Nicolet Tmpact 420 spectrometer equipped with
a Harrick “Praying Mantis” DRIFTS attachment. Each measurement comprised 1024
goans in the region 4000-1.2.00 om”. Approximately 100 mg of each catalfst was used,
aad care was taken to easure miriuel differences in sample packing, Unless otherwise
stated, all samples were calcined (200°C or 400° C) and reduced (300°C or 400°C) i~
stiu at the temperatures indivated. Calcination was performed in dry air (flow rate of 3
mlfmin) for approximataly 4 hours, Thereafter, the sample was reduced in a 1:1 HHe
mixture (flow rate 2 mb/min) for 5 hours, Room temperaturs CO adsorption was N
performed after reduction at pressures of 2 {0 8 bar using pure carvon monoxide.
Fischer-Tropsch synthesis was conducted in g 2:1 COH; mixture (Row rate 2 ml/min)
at 8 bat prassure, and & temperature of 250°C. Catalysts were left on-line for § hours,
bug zﬁmlysed every 30 minutes, Samples were purged fer 30 minutes with nitrogen gas .

after oampleﬁon of each experiment to wé.mira gas-phase reagents,
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5.3. Results and 'Discua'siqn
© 5.3.1. Effect of reduf;tion temperature on CO adsorption
co adsorption studies were einplofed to investigate the oxidation state of iron under
Fischer-Tropsch oonditions, It is widely accepted that the adsorption of catbon
monoxide on metallic iron ocours below 2020 om™, mdthat peak mamma at higher
wavemusbers correspond 10 CO adsorbed on fonic states of iron [130]. For the
 calcined, unsulfided presipitated-iron catalyst (reduced at 400°C) used in this study, &
' peak at 2013 er™ was assigned to linear carbonyl specles adsorbed on Fe(O) at. 8 baf
* pressure. This correlates with the position: of the =0 stretuving vibration of species
adsorbed on the zerovalent ion species of the typs Fe(CO)s, at 2014 arn [123].

~ The effect of redution tamperawre oz CO adsorption was investigated in detail using
| the catalyst sulfided with 20000 ppm polysﬁmde" at pH 6.9, As shown in Figure 5.2,
tho pesk at 2013 o’ is much smatler in the caralyst reduced at 300°C compated to
* tho pesk obtsined ater reduction st 400°C. This confirms that the amount of linear
‘- carbony! sppmesgauerawdmreiatedtnﬂmdegrea of reduction, asmam&stedbytln,
-. | amountofmetalhclrononﬂwmface |

! ItwillbeshownmChapteerhmmemmnfMEdehasmgﬁgibiammtb;mmbﬁn
properties of suifided precipitated iron entalysts. Hence, the use of a polysaifided cotalyst mthm
instance can be fuken to b representative of all the catatysts used in this study.
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- Absorbance

2200 2100 2000
: Wavenumbers :
Figure 3.2: The effect of reduction temperature on the evolution of linear

¢ stbonyl species op 20000 ppm polysulfided iron catalysts a) reduced at 300°C

b} reduced at 400°C

- 5.3,2. Influence of sulfide content on CO adsorption
~ In order to establish the effect of sulfidation level on CO adsorption, infrared spectra of
cotalysts sulfided in the range 500-20000 ppm § were recorded. The veriation in the

velative intensity of the peak assigned to linear cacbony! species is plotied versus

- ulfide content (Figure 5.3),

| Superimposed on this graph is a plot showing the effect of increasing sulfidation on the
temperature of he Fe;ﬁO;-—-:-Fé;O; transttion, as determined from Temperature

Programmed Reduction (TPR) cxperiments (prescated in Chapter 8),
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Figure 5.3; The effect of increasing lovels of sulfidation on the evolution of finear
carbonyl species.on the surface of iron catalyéts, showing correlation with extent of

reduction, Catalysts were sulfided at pH 6.9 using N_azS. |

The iligraasing tinear M-CO content with greates Jevels of sulfidation is clearly evident
 from Figure 3.3, This effect can readily be explained by the .abﬂify of sulfide to increase

the amount ofmeta_lli# iron after reduction at 400°C {see Chepter 8),

In the ¥T reaction, CO dissociates un iron to yield iros-carbide spevies which are
'b_elieved to be active sites for chain growth [131]. In the carbide-forming resction, a |
bond between carbon and Fe is formed and a _concomitant weakeni.ng of the CO i:onﬂ
* takes place. Hence, the stronger the Fe-C bond, the more rapidiy carbiding oceurs.
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XRD analysis (Chapter 3} of the spent highly swifided catalysts h&s. shown that no
carbide formation took place, aithough isese catalysts fad been reduced to Fe(0) prior
to commencing FT synthesis. XPS studies (Chapter 4) revealed that these sucfaces also
contained sulfide species, Thas, the lack of carbide formation m~+ be rationalised by a
weak Fe-C bond caused by the presence of alet‘tron-mthdrawmg sulfide specles [132]

wlnch retarded CO dlssomanon.

- As shown in Figure 5.3, low level sulfided catelysts, partimlaﬂy those sulfided with
500 ppra sulfur, siso show enbanced mtens:ty linear CO adsorption (compared to the

' unsulﬁded' catalyst} f(hich éorrg!ates with the lower reduction tempersture calolated
from. TPR mpenments Only sulfate species ware deteoted by XPS on the sutface of -

i these reduced low-level sulfided catalysts, Futthennore, carbide formatlon proceeded

.mpid;y on these canlysts (as shown by XRD data) and they were highly active for
Fisches Tropsch synthesis. This suggests that the identity of the sulfide-containing -
species in the reduced catalyst may be important in determining whether or not carbide

formation ecurs under reaction conditions.

Although the addition of sulfide was found to enhance the surface areas of iron
catalysts, the increase in adsorbed carbonyls cannot be ascribed 10 & sutface area effect
(a6 shown in Figure 5.4). The varistion in surface area does not follow the sarme trend
as the relative intensity of linear carhony? species, |
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Figure 5.4: Comparison of BET surface areas and relative intensities’ of lingar _
 carbonyl species adsorbed on iron catalysts as a function of sulfide content

“Theimmﬁityufthe linear carbonyl peak is taken relative io that of the most interisé gas phase peak
at 2113 cm '

It is therefore apparent that the enhanced (non-dissociative) adsorption of CO on
highly suifided catalysts is a consequence of a larger metallic surface aren effected by

improved reduction, rather than due to an increase in the total (BET) surfece area,

After ea_:pnsing & catalyst sulfided with 20000 ppm em]fwr 1o carbon monoxide at 8 bar
pressure the systems was purged, This not o.nly reﬁmved all evidence of gas-phase CO,
but also reduced the amount of linear carbonyl species (Figurs 5.5). This suggosts that
 linear Fe-CO species are not strongly bound to the surface of highly sulfided catalysts,

In comrast, the intensity of linear carbonyl species udsorbed on catalysts sulfided in the

5002000 ppm S range, remuains liitle changed after purging, confirming a stronger

Fe-C interaction.
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' Figure 5.5: The effect of purging with nitrogen on the intensity of adsorbed finoar

carbonyl species as a function of sulfide content -

5.3.3. Effect of sulfidation pH on CO adsorption
An effect of the pH of sulfidation on CO adsorption wes also 'boserved'. Catalysts
sulfided with 2000 ppm S midway through the precipitation process (pH 8.5) exhibited
'a greater relative concentration of linear carbonyl species (Table 5.1) than those
~ sulfided at pﬁ 10.75 or 6.9, This may also be attributed to the degree of reducﬁoh,
since cetalysts sﬁlﬁded at p.'_[-I. 8.5 possessed a reduction peak.tha:t was st least 10°C
lower in teﬁaperahxre than the other catalysts containing the samé amount of sulfide,
“but added at pH 10,75 or 6,9 (Chaptet 10).
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Table 5.1: Effect of pH of sulfidation on the position of the linear carbony]

peak’

500 ppm NagS pH 10.75 0.1 0.36
PH 85| . 7 0.30
PH 69 02 ' 0.28

2000 ppm NazS pH 10.75 08 T 032

- pH 85 121 0.40
pH 69 1.8 0.28

-mmmﬁaepﬂsiﬁmofummmlmadmhedmanmﬂﬁm.mm“
{veo=2013 cm™ )
® the intensity of the linear cacbonyl peak refative to the v = 2116 cm™ peak of gas ,-ase CO
? for reference purposes, the relative inteisity of veo = 0,19 for the unsulfided cat; st
'Also evident from Table 5.1 is the shift of veo to higher wavenurmbers for CO adsorbed
on catalysts sulfided at pH 8.5. This implies reduced metal-carbon interaction

aratogous in nature to that observed on highly sulﬁded_ catalysts,

5.3.4. Bffect of sulfide source oi CO adsorption
The identity of the sulfiding agent may also be expected to affect the interaction
between iron and adsorbed CO. The effect of mono- versus polysulfide addition, as
 well g the influence of the counter-ion (sodium or ammonium), on the position of

linear cachonyl vibrations is presented in Table 5.2,
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Table 8.2: Effect of sulfide source on the position of the linear carbonyl peak” '

2000 ppm pH 10.75 Nag | 408
2000 ppm pH 10.75 (NHe)sS | 19
2000 ppm pH 10.75 (NH; )55 ~ 138

Inierestingly, Table 5.2 reveals an influence on the Fe-CO irteraction for the Na,S |
sulfided catalyst, However, the position of the peak ‘maximuzm is obssrved to be sl*lﬁerl
m..tgi.mly to higher wavenumbers for this sodium sulfided catalyst, confirming the lack
of alkali promotion, Indead, 1tlsknownthat the electron—donaung property of atkali
promoters fcilitates the dissociation of carbon monoxide on catalytic surfaces [125],
For instance, it was noted by Kazansky e al [130] that the frequencies of CO
adsorption on potassium doped ironfalumina catalysts were shifted by 1020 e to
lower wavenumbers relatwe to unpromotéd ‘catalysts, The authors report that atkali
promoﬁbn results in en increase in the fracifon of iron in themem!!ic state, bronght
- about by & possible decreass in the amount of surface lydroxyls which would retard
the reduction of Fe**.

Having established that there is essentially no effect of the counter-ion on Co
- adsorption,  is interesting to zote that the identity of the sulfide ion itself is also not
important. Catalysts sulﬁded with either mono- or polysulfide sources exhibit alaost
identical shifts in lmear carbonyl paak mmnma (Table 5.2).

134



Surface characterisation of sullided iron catalysts using DRIFTS

Furthermore, it will be shown (Chapter 9) that the identity of the sulfide ion has no

effect on the catalytic propeties of sulfided catalysts,

§.3.5. CO adsorption on a sulfide-impregnated caualyst
A cataiyst prepareti by sulfide itnpregnation of a dried precipitate waa also investigated
using CO adsorption. As shown in Figure 5.6, a lincar carbonyl peak for this catalyst
appeared at 2013 om™, and was considerably more intense than the corresponding peak

~ or the unsulfided catalyst (not shown),
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Figure 5.6: CO adsorption on a 1000 ppm $ catalyst prepared by incipient wetress

#) adsorption at B bar pressure b) nitrogen purge spectrum
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Removal of gas phass CO under nitroger: had negligible effect on the intensity of the
CO stretchmg vibration, agein mggesﬁve.of 4 strong iron-carbon interaction. it must
be borne in mind. however; fhat the addition of 1000 ppm 5% by incipient wetness from
a sodiutr-derived source, is accompanied by the presence of twice as many sodium

ions, 'I‘hese woiﬂd_l remain on the catalyst suﬁ‘ace and r ay exert a promotional affect
on CO adsorption. However, the peak position (vco = 2013 cm™). appeared to be
unafféoted by the presence of sodiuim or sulfide, since no shifts reative to the pasition
of the linear carbonyl vibration on the unsuifided catalyst were observed.

5.3.6. Pretreatment studies of sulfided irqi: catalysts
The inftared spectrum of the unsulfided catalyst prior to calcination (Figure 5.72)
- reveals the presence of surface carbonates (veo,= 1480,5 om™) and nitrates (o= 1354
om™) [.33). Adsorbed water can be identified through stretching vibrations at

Vo= 2448 om” and bending vibrations at Bgon = 1654 can™ [134),

Calcination of this catalyst at 400°C (Figuve 5.7b) sees the removal of adsorbed water
and the emergence of a peak at 3640 om™ which may be assigned to OH vibrations of
fres hydroryl groups on hematite {1353, The 1540 om™ band which emerges when
heaﬁﬁg m—FézOz {0 400°C in oxygen is presumed to be a multi-phonon or combination
band involving lowe: frequency I tice findamentals [134]. |
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Figure 5.7: a) Unsulfided precipitated-iron catalyst prior to calgination b) After

calcipation af 400°C

The infrared spectra of sulfide ¥ catalysts were also recorded, the example shown in
Figure 5.8 being the catalyst sulfidea with 2000 ppm Na,S at pH 10.75. Nitrate and
carbonate peaks were also extibited on the surface of these catalysts, before and after

calcination.
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Moreover, combination bands are evident, although somewhat obscured by the nitrate
pesk, In addition to these vibrations however, is a sharp peak that .emerges after
calcinaﬁon at 1292 cm?, and which has been assigned o a sutfaee sulfate,
Experimental data exists to show that v(3=0) and v(8-0) wbr_ations ocour in thé

1400-1100 cm™ region [136].

Absorbance

4000 3500 3000 2500 2000 1600
Wavenumbers (cm-1) T

Absorbance

a000 3500 2000 . 2800 2000 4500

Wavenumbers (cn-1)
b

Figure 5.8: a) Catalyst suffided with 2000 ppm NazS prior to aalcinafian b) Following

valcination at 400°C

This sharp peak near 1300 cm* wes observed on numerous sulfided catalysts after they
_had been caleined at 400°C. Another example of ﬁ catalyst showing thiy peek is to be
seen in Figure 5.9, which shows a catalyst sulfided with 2000 ppm (NH3):8 at pH

10.75,
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Similar peaks were observed on highly sulfided cetalysts after calcination at 400°C.
The uncslcined catalyst suffided with 20000 ppm NS exhibits & peak at 1226 oo’
(Figure 5.11a). This falls within the 1235-&100 cm” region that characterises fhe Ve
vibration of metal suifates [136]. Following thermal activaﬁon.pfthis catalyst in air at
400°C, this peak shifis to 1287 cim>* (Fignre 5.116). Onoe again, this may be attributed
 tothe sffect of the dehydroxylation of hematite on the va-o vibration (as previuﬁsly
| mentioned). According to data avaliable from the fiterature, the assignments of sulfate
vibrations on hematite are summarized in Table 5.3,

Table §.3: Pesk Assignments of stretching vibrations of sulfate groups 138, 139)

~Debydratad o Oide “Fiydrated Yron Oxide
Peak (cm") " Assignment Peak (o) Assignment
340 Va(5=0) o Vek§=0)
1140 V{5=0) 1050 ' TS0y
1015 Val5-0) 1015 ved5-0)
515 V{(§-0) 55 HE0)
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Figure 59: Cafalyst sulfided at pF-10.75 with 2000 ppm (NI-L;};,S, after calcination at-
400°C, showing a sharp peak near 1300 cm™

Similar oxidatiuﬁ reactior .. sulfide over metal supports have been reporied in the
literaturs. For example, the oxidation of H;S in excess Oy over ALOs or TiO; under
anhiydrous conditions yields an infrared spectrum which is characterised by an intense
sharp band near 138D cmi” and a broad doublet near 1040 cm™ [137]. As shown in
Figure 5,10 below, the asymmeuia 8$=0 stretching vibration in the presence of F'*0

. resembles the sharp peak observed near 1292 om? on caleined sulfided catalysts,

A
{ A

NAYt

R
1500 3300 100 ot

Figure 5.10: Sulfated TiO; after exchange with ;0 at 450°C (adapted from [137])
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: AGGOrdmg to Nekamoto [136], the spectrum in Figure 5.10 closely approximates that

of & bidentate sulfate of the type proposed by Kayo ef al [138], for a hydrated

- ammonium-sulfated Fe(OH); sample, In {"ic case, bands at 1271 [vg(%)], 1090
[v.(S=0)], 1015 -[va;(;S-O)] and 915 cm™ [v,(S-0)] indicated a species of reduced Cp,

' smmetry [135]‘. Removsl of water »..:  vacuum ét elevated tem;:efatur_es resultedin

a second set of adsorptions (1340, 1140, 1015 and 915 om™) [139),

~ The effect of adscrbed water on the formation of sulfate on iron oxide is illustrated

. below [138].
Lewls acld e

é:?%f e oéi?%#

S(8)

 The 'vi.,(s=o) peuk at 1292 em* for the catalysts sulfided with 2000 ppm Nao8 (Figute
5.8) s slightly bigher in wavenumber the the 1271 cmi* (Table 5.3) reported for a
full}r hy;frated sa.ﬁfated. Fe(OH); sample discusséd by .3t et af [138]. However,
 whereas thel measurements were conducted at room temperature, the spectra of
caloined catalysts were recorded ot 400°C and hente & shift towards higher
* wavenymbers is expovted. A broad band in the region of 3440 cm® (Figure 5.85)
signified the ﬁmsence of resu!ual bulk or surface QF-groups at 400°C, These have
been known to persist during thermal activation of Fe;Os under oxygen [135]
" Nevertheless, the preserie of aurfaoe-hydroxyls would preclude the svolution of the
second set of atstrption peuks waserved by other workers upon evacuation at hsgh

temparnmfes [139]
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Figure 5.11: =) Infrared spectrum of unica'cined catalyst sulfided thh 20000 ppm

Na;S b) Same catalyst after celcination in air at 400°C -

As noted by Ka;yo ef af {138}, in the absence of Qater, shifts to higher wavenumbers
suggest a stronger §=0 bond. Hetice, the removal of structral and physisorbed.wate:
. promotes the ﬁmnation. of sulfate duting calcination pretmat:hent, Furthermors,
surface hyd:osyls have been shown to retard the reduction of Fe** {130] and the
therraodynamios of Sll.]ﬁltf.‘ formation may serve to reduce the surface OH-
concentration. and hence promote the reduction of iron-oxide. The temperanure of
calcination is also apparently important, since 1v. sulfite peaks were discernable on the

surface of vatalysts calcined at 200°C (Figure 5.12),
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Figure §.12: a) DRIFTS spectrum of & catalyst calcined at 200°C by The same
catalyst calcined at 400°C |

Owing to the poor resolution of catbonate and nitrate stretching vibrations in the
1500-1300 cm” region, the existence of sulfate species could not be unequivocally -
- confirmed pﬂﬁr to reduétion. However, sulfate peaks were observed on calcined low-
level sulfided catalysts even after reduction in H; at 400°C, For example, the exﬁanded
view nf‘ the 1700-1200 cm™ region of & redﬁoed catelyst culfided with 500 ppm § at
pH 10.75, recorded after CO adsorption at room temperaturs is sﬁown in Figure 5.13.
Two broad.peaks are disc_émable; 'éne typical of water at 1620 cm™, and the other at

1251 em™ which corresponds to the asymmetric stretehing vibration of §=0.

143




Surflce citracterisation of sulfided iron catalysts using DRIFTS

0.08D
D050
G040
0.050°

Absorbance
a4

oMo

0,000

1700 1600 1600 1400 1300

Wavenumbars {cm-1)

Fig_nre 5.13: Expanded view of 1700-1200 om™ region of the DRIFTS spectrum of a

catalyst sulfided with 500 ppm Nas$ recorded after CO adsorption

The origin of the water may be due to the condensation of vaponr on the Zn§ ﬁrindow
et ambient temperatitre, At any rate, the adsorption of water induces & red shift in the
asymﬁletxic stretching frequency of $=0 [140]. This frequency shift corresponds to 4
* decrease in the bond order of the SO covelent double bond. |

Indeed, the shifi has .been reported to be quite considerable, For example, the
adsorption of water induces a red shift of Av=65 cm™ of the 1380 o™ peak for SO
WMed FeJ(frIZrO; superacid cetalysts [140]. In the case of the catalyst shown in

Figure 5.11a, the shift is 57 om™ relative to the position of the sulfate peak observed
after caIc_inatiap {Figure 5,1 lb). |
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Therefore, to conclude, the presence of a band at 1251 em™ in Figure 5.13 serves to
ghow that segregation of sulfide species does oceur under conditions of calcination and
' reduction, and ths: oxidation to sulfate proceeds rapidly in the precence of oxygen,
‘With regard to the laiter reactiﬁn, it is worth siressing that complete reduction of iron
| oxide to metalic iron is undesimbie in the presence of snﬂﬁde; sincé this would
predude the formation of sulfute. Residual oxygen which is present on the surface of
partally reduced catalysts converts sulfide, which segregates .during reduction, to

sulfate species,

5.3.7. In situ Fischer-Tropsch study | |
The synthesis of hydrocarbons is initiated by the dissociative chemisorption of CO and
H, which refeases carbon and hyd-open adatoms. It is gmaraﬁy proposed that methyl
groups result from the stepwise hydrogenation of surface carbon atoms, and sot as
 precursors to the formation of methane and Cy, olefins and parafins. The growth of
hydrocarbon chains is initiated by the addition of a methylene group. Olefins and
paraffins are formed by sither f-bydrogen elimination from, or o-hydrogen addition to,
the adsorbed alkyl intermediates [141].

145



Surface characterisation of sulfided iron catalysts nsing DRIFTS

infomaﬁon gleaned itom CO adsorption studies shoul thus provide valable insight

into the xﬁeéhanisin of the Fischer-Tropsch prbgess at the surface of iron catalysts,

Ficher;Tmpséh synthesis was conducted on both sulfided and unsu_‘lﬁded catalysts,
and monitored in situ _o{rer q penod of 5 hours using DRIFTS. A iypical spéctrum
(31002800 cm™) observed for FT synthesis on an unsulfided catalyst is shown in
Figure 5,14a, Sui:eriinposed on this spectrutn, is the DR!FfS spectrum of a highly
' active catalyst sulfided with 2000 ppm NazS at pH 10.75 (Figure 5,148
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Fignre 5.14: a) Hydrocarbon formation on an unsutfided iron catalyst b) Fischer-
Tropsch synthesis on a catalyst sulfided with 2000 ppm Na$ at pH 10 75
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The evolution o. peaks at 2926 and 2851 cni” herald the formation of hydrocarbon
spetﬁeé. These correspond to CHa asymmetric and symmetric stretching vibrations,
 respecively. Following the assigoment of MeQuire -ﬁnd Rochester [142], the pair of
beads at 2926 and 2851 are ageribed to CH; segmenté ofdkyl chaing unpermrbed by
the catalyst surface, The bands at 2920 and 2862 (sh) are assigned to those CH;
fragmerts in direct contact with the iron surface, In add:ﬁon,beendmg vibrations
characteristic of methylene and methy] groups occur at 5 =.l465 em™ and §=1378 o™
@wﬁﬂy. The band at 2961 cm™ s charcterstic of the asymmetric methyl.
stretohing vibration (vo,CHy) [142], | |

A compatison of hydrocerbon synthesis afier 90 mimutes for the unsulfided catalyst
{(Figure 5.14a) and the catalyst sulfided with 2000 ppm NapS a.t pH 10,75 (ngure
_. 5.14b) reveals severad significont 'diﬁ:‘erences. Immediateiy apparent is the enfianced
aotivii; of the low-level sulfided catalyst, evident from the intensity of the peak
taxiomum at Ve, = 2026 ¢m® cotspared to that at 2961 oo™, The latter vibration is
intringically more intense [1_433, and therefore the observed reversed intensity relation
indicates an abundance of CHz groups,

Indeed, enhanced FT activity was observed for all catalysts sulfided with 500-2000

ppm § af either pH 10.73 or 6.9, Additional exampies of DRIFTS spectra of highly
active sulfided catalysts are shows in Figure 5.15.
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~ Tigure 5.15: a) FT synthesis on a catalyst sulited wifh 500 ppm NaS at pi 10,75
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The promotional effect of sulfide may be rationalised in terms of the CO species
 adsorbed during hydrocatbon. synthesis. Linear carbonl stetching vibrations on the
 unsulfided catalyst. appeared at 2013 o™ The fow-level sulfided cataysts also
sxhibited Ynear carbonyl peaks at v = 2012 om shomng enhanced interaction
between Fe and C and this may acoountforthe carbiding that_was abserved by XRD,
as well as the high activity (Chapter 8). During FT synthesis, the intensity of the linear
carbonyl péak at v=2013 em” decreased, but a peak at v = 2080 om™ remained, For
all catalysts, the band st 2080 ™ may be assigned to CO adsorbed on Fe™* [144], and
confirms the presence of magneﬁte during Fischer-Tropsch synihesis,

The inear cacbonyl peak for the highty sulfided catalyst (20 000 ppm S) appears at
- v=2018 em’ indicating a weak interaction between the iron and ca:bon atomg. Thls
nmnhes retarded CO dissociation and hence no catbide formetion since the dassamaﬁon
of COisa prereqms:te for FegC formation {145]. The shift in the v = 2013 cm‘1 peak

to higher wavenumbers for catalysts sulfided at pH 8.5 may be also attributed to higher -
levels of surface sulfide, This will be discussed in raore det Jt in Chapter 7, which deals
specifically with the effect of pH of suifidation on catalytic activity.

During FT synthesis, all catalysts also produced varying quantities of CO; (§213-2393 |
o), Although a Juantitative estimate of CO; yield was not possible, it did appe'ar.
that highly active catalysts produoed relatively less carbon dioxide than the uﬁsulﬁded

catalyst. Cettainly, catalysts sulfided with 20000 ppm § produced CO; almost

 exolusively, presumably via the water-gas-shift reaction.
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There are also notable differences in the types of hydMon species present on the
surface of each of the catalysts studied. For the unsulfided catalyst, a minor peak at
5033 9 e (Fig_me 5.14a) is characteristic of olefinic C-H stretching vibrations [146,
1471. The intensity of this peak wﬁich appears at 3032_.5 o', is considerably enhariced
in the sulfided catelysts shovn in Figure 5.14b. Similar trends are evident in Figure
5.152 and 5.155. This coﬁélaies with the high olefin selectivity observed for low-level -
_ sulfided catalysts during the rea.@pr smdxes (Chapter 8). |

Further, an intense vibration at v = 2904 cml is observed to accur on the surface of
_ the sulfided catalyst (Figure 5.14b). T‘hi§ pesk, in conjunction with the one at v = 2983
om” bas been previously essigred to the - retchirtg vibrations typical of ethoxy groups
(OF#) [142]. Indead, all ulfided catalysts extibited such pesks (Figures 5.14b, 5.152,
5.15b, 5.16) and also showed a piopensity toward oxygenated product formation. |
Moreover, alkoxy groups have been shown to function as reactive intermediates for |
' Fiéchér-Tropsch synthesis | on iron _oaialysts [148]. No evidence of oxygenate
intermediates cﬁuld be detected on the surfaoe of the unsulfided catelyst, suggesting
that the presence of sulfide may serve Yo enhance the concentration of reactive

intermediates,

The phenoihenon of sulfide-induced surfase reconstruction has been dealt with by
Somorjei [38]. It is noted that impurities such as § always oocupy defect sites,
irrespective of whether they arg inttoduced onto the surfave by adsorption or 48 a
result of sepregation from the bulk, The surface recoustruction that follows cen leud to
the appearance of new active adsorption sites or to the elimination of other sives.
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In a similar vein, Jeckson ef al aﬂuded to the reconstruciion of the sﬁrf‘ade of RW/SIO;
ontalysts as a consequence of the presence of rulfur [149], which led to a gmter g
number of suitable sites for the adsorption of intermediates, This proposal was made in

-order to account for the eshanced rate of CO hydrogenation obtained with catalysts
mﬁning'lﬂ% of a mondl;_;_yer of COS, Thus, in the present study, the presence of
sulfide may facilitate reconstruction of the catalytio surface in such 2 way as to increase |
the number of adsorption sites for ethoxy intermedistss.

The intensity of the ethoxy peak at 2983 em’! compared to tﬁe CH; peak at 2926 t;m“
s Med at lngh sulfide content (20060 ppni) and this is in agresment wrth the
- reactor studies which showed increasing a!co_hal selecﬁvi_ty at high Ievels of sulfidation.
.A somewhat cfude estimate of the OFt:CH, peak int_ensities for this camlysf was made,

and yielded a value of 1.11 (owing to fhe Iow level of FT synthesis tha'é took place on
“the highly sulfided catalyst during fn sitt DRIFTS studiss, the spectrum is exiremely

noisy and is therefore ot shawn). For the active catalyst sulfided with 2000 ppm §, |
this ratic was fbund tobe 6,08. From anﬁcﬁnnistic standpoint, the presence of ethoxy
groups aorx'elatas mth reduced CO dissociation, a3 observed from the CO adsorption
mcpemnents Ancordmg to Kishi ef al [132], the clectron-withdrawing effect of sulfide
on CO adsorption serves to increase methatol production,
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A mechanism for the formation of methaniol from syngas has been proposed by Kellner
ef al [141], where CO hydrogenation WMS véithont rupture of the C-O bond, As
illustrated in the scheme Below, the mrual stage requires the rearrangement of linearly
adsorbed CO to & i-bridge-adsorbed structure. Hydrogenation of this intermediate is
postulated to oceur at the carbon end of the C-O bond, and gives rise to methoxy
species at the surfuce of the catalyst. Methano! is then formed uy the process of
reductive elimination which is facilitated by hydrogen adatoms. This scheme may

equally apply to ethanol synthesis.

1CO+84>5~C= 0
28-C=20+8<8-C=0..8
3H:+28 ¢ 28 '

45-Cs 0S4 & S-CH =08
58-CH=084s © 8-CH:~0-§'
6.5—~CH2-0-8%Fs <» 8+ CH: -0 5"
- T.CH20 = 8'+Hs <> CH:0H + 848

(5= metal substrate)

An alternative meohanism. involves CO insertion into surface methyl groups {iSO].
Alkoxy intermediates have been proposed to yield not only oxygenates, but also CH,,
CaH and C7Hs [148]. Indeed, highly sulfided catalysts produced more methane, light
- hydracarbons and alcohals than catalysts sulfided with 500-2000 ppm S.
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Surfice characterisation of salfided iran catalysts using DRIFTS

The polymerisation capacity of sulfided catalysts was also investigated by comparing

peaks at 8,CH; =1378 em” with 5CH, =1465 em™ (Figure 5.16),

Absorbance
B

1500 1450 1400 1350 13U0 1250

Wavenumbars (cm-1)

Fignre 5.16- Expanded view of Fl‘ synthes:s of 4 catalyst sulﬁded with 2000 ppm

"~ Nag§, showmg 1800»1200@1 region

It is instructive to note that the symmetric CH; bending vibration (ut 1378 om™) is
intrinsically stronger than the scissoring vibration of CI-I; groups at 1465 om [143]. -
Hence, if the intensity of the latter is -greatgr, the presence of long hydrocarbon chaing
is mfbrred The CH,:CHa intensity ratios far selected ca’cé_leh' are compared.in.'l‘ahle
54, |
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Surfiace characterisation of sufided iron catalysts using DRIFTS

Table 5.4: Catenation ability® of sulfided catalysts during in situ Fischer-Tropsch

. synthesis
unsulfided 0.11 004 18 0.80
(500 ppm NagS pH10.75 | 027 0.09 3.0 0.81
'[300 ppm NasS pHES o7 007 | 24 | 069
500 ppm NBQSIPH 6.9 0.32 0.11 .30 0.78
2000 ppm NezS pH10.75 0.23 0.10 23 | 0.8
2000 ppmNu;SpHSS | 014 0.08 1 18 0.65
{20600 ppm Na;SpH 69 | - 0.0026 0.0021 "1z | 053

* Measuzements were mnde afier 90 minutes expasure 1o synthesis gas

Evident from the above table is the increased chain length of products sulfided with
5002000 ppm § at pH 10.75 or 69, relative to the unsulfided cetalyst, Trends
correlate with o-values determined from full reactor studies (Chapters 8-10). While
this method of correlating band intensities to the probability of C-C bund formation
may seem crude, it is not unprecedented. M°Guire and Rochester have previousty
compared the ratio of the 2931 and 2857 on™ bands to the 2960 o band and
correlated the data with hydrocarbon chain-lengths produced using vasious. CO:H,
mixtures [142}, | . |

lmw&aﬁmm@mmﬂhmﬁmwmmmhw1350-11anm*1regam,v.=ﬁ¢h

may be sssigned to the wageing of methylene groups in irany comfirinution [143). The manbes of bands ie

chuitacteristic of the chain length such that  n-CEhy~ (bands) %2 fornoven | |
={(bands)x 2] -1 forniodd

Although not used in the present study, s rovides an ltective meftod for the defermination of i gl

Uinfrtunstely, swing 10 the pour sighal o noise ratio i the 1400~1200 cm® wgmofaDRIFTSspeotmm,ths

methudwmasmeﬁﬂastbempmmnmﬁ:ﬂizvﬂmﬂm

154




Surface characterisation of sulfided ixom catalysts vsing DRIFTS

According to Table 5.4, for low-lovel sulfided catalysts, the inoreased intensity of CH

" vibrations signify not only more effective chain propagation, but also highsr reaction

rates since methylene groups constitute reactive intermediates in the Fischer-Tropsch

process [151].

The use of paak intensities to gauge the average chain length of hydrocarbon speéies '

formed over iron FT catalysts has been reported elsewhere [152]. A series of empirical

formlae wese derived by Jones [153] for the determination of hydrocarbon chaine

lengths ofn-vparaﬁns in soluhon. Accordmgtntheseformu!ae, the mtensrty of the CH;

vibratmn at 2070 om™ is (81 + 258), while that of the CH; peak at 2925 cm™ is (77n -

18).- While _their aceuraoy in solid—_state_FI‘lR is quesl_:ionahle, these equations can
certainly provide an assessment of the trends that are present. This approach was nﬁed
by Galuszka ef af [152) in the estimation of the relative chein lengths of oligomeric
spesies adsorbed o supported iron catalysts. However, it has not been used m the
present study since the peak intensiﬁas of the DRIFTS speotra were not of sufficient _ |
magritude to be applicable to the Jones formulas,

The effect of sulfidation pHl on the catenatmn ability of catalysts sulfided with 500 ppm

Swasmvesugatedandtheresuhsm shownm Table 5.5. In analogous fashion to |
F:scher—'l‘ropsch activity, the chain-lengthening capability of catalysts sulfided at pH
8.5 is inferior to that of catalysts sulfived at the start and end of precipitation.
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Surface characterisation of sulfided iron catalysts using DRIFTS

Table 5.5: The effect of sulfidation pH on hydracarbon chain length for catalysts

 sulfided with 500 ppm Na,S after 50 minutes FT synthesis

The effoct of reduotion temperatute on FT activity was also mvesﬁgated' DRIFTS
spectraobtamed usmgacatalyst sulfided at pH 10.75 with 500 ppm Na;$ areshownm
Figare 5 12.1n Flgure 3 17a, reductlon at 300°C yields a catalyst wnth low activity

eompared' to the highly active cetalyst obtained after reduction at 400°C (Figure

5.17b).
E- g = awm s IR = N. o] " om
o] B BRR RERE & 2 &
i
3
&
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¥igure 5.17: a) FT synthesis on a catalyst ra £300°7
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Surfiace characterisation of sulfided iron catalysts using DRIFTS

== — BN

RS

R T T T T

Figure 5,17 ) Highly active oatalyst generated by reduction af 400°C

Lsodvithstanding the obvious lack of hydracarbon synthesis on the cetalyst reduced at

300°C, an intense peak at 3016 cm™ is observed in Figure 5.17a which may be

assigned to methane [142].
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Surface characteiisation of sulfided iron catalysts nsing DRIFTS

Methane formation was also observed on meny other catalysts which showed poor
. activity, For example, a catalyst sulfided at pH 8.5 with 500 ppm S (reduced a\ 300°C}

is shown i_n.Figure 5.18. Both P- and R-branoh band envelopes are clearly evident in.

this figure [142].
Teod Suu w98 25k 53
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| Finure 5. 18: P- and R-branch band enveiopas as obavrved on a sulﬁtiui% catulyst
reduced &t 300°C during F I'T synthesis
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Surface characterisation of sulfided iron catalysts using DRIFTS

Besides methane, catalysts reduced at 300°C produced large quantities of CO;. Other
Iydrocarbon intermediates are in evidence in small amounts (Figure 5.18), such as

Yor: = 2906 cm™, vet are insignificant in comparison to the intense vibrations of CE.

5.4, Conclusion |
Using DRIFTS, Fischer-Tropsch synihosis over low-level sulfided catalycts was
observed to pmceed at & more rapid rate than for the unsulfided catalyst. A 1. ssible
rationnhsanon is proposed 124 involve a strengthened metal-CO intefaction which
-~ allows for the formation of surface catbide, Forthermore, low-level suifidation resulted _
in an mcreased concentestion of linear carbonyl and ethoxy gmuﬁs which are well -
known intermediates in the FT reaction, It s pdssible that surface reconstruction in the
-~ presence of small amounts of sulfate creates a large number of sites suitehle for the

adsorpiion of reaotive intermediates.

The add:tlon of large amounts éf sulfur creates an environment that is not de to
g’ﬁrhide formation and heace blocks Fischer-Trapsch activity: CO adsorption studies
reveal weak interaction betwsen iron ana CO on the highly sulfided catalysts, and this
may account for the lack of carbide formation, A further point concerning the
decreased CO dissociation relates to oxygenate selectivity. Highly sulfided catalysts
have been shovmto extibit apropensitytéwﬁrds methanol and ethanal, at the expenso
of longer chain products, A similar product spectrum was observed for catalysts
 sulfided at pH 8.5, irmespective of sulfide source or Jev + © sulfidation. Catalysts

prepased &t this pH appear to have higher concentrations of surfsce sulfide, which has |

a deleterious offect on CO adsorption and FT activity.
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" Chapter 6

Characte: isation of sulfided precipitated-iron
Fischer-Tropsch catalysts by Mossbauer
| spectroscopy |

6.1. Introduction
For selected elements, Mossbauer spectroscopy hes become a routine tool for
~ obtaining information regarding the natﬁre of the. phases present in catalysts,
particularly poorl- crystalline or amorphous materials [154]. Where techﬁimvas such as
XPS and DRIFTS give information exclusively on the surfaces of catalysts, Mossbauer

_ spectroscopy is penerally used as 3 bulk characterisation method [155).

The widespread applicstion of Mossbauer spectroscapy for the study of Fischer-
“Tropych catalysts stems ffom the Sact hat, in addition to jron, rathenium and cobalt
can be analysed using this technique [156]. For example, the influence of reduction and
Fischer-Tropsch synthesis conditions on the state of iron in FeRa/TiO; catalysts was
investigated by van der Kraan ef af [157], and the presence of Ru was shown to
enhance the reducibility of iron. In addition, Missbauer spectra recorded after FT
synthesis revealed exteusive carburizetion of iron-rich catalysts, Hﬁgg carbide, %-

‘FosC, was identified as the phase formed from o-Fe ard bee-FeRu alloys.
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Characterisation of iron, FT catalysts by Musshaner speclioScopy

The .bulk oxidation state of iron that exists after various preh‘euhnem proceduyres has
| also béen_ elycidated using M&s#baﬁer spectrosaopy. [155, 158, 159]. Fudhermore, the
effects of Fischer-Tropach synthesis oﬁ.phase modiﬁéa’tion can be quantified by making
use of an in sifu facility coupled to a Mosshauer spectrometer [155). For instance, an
.i?r sity study of silica-supported Fe-Ru catalysts revesled increased stability and
suppressed carbide forﬁlaﬁon [160].

As a bulk cliar&cterisnﬁon technique, Mdssbauer specﬂ‘oécopy ‘hag been used to
characterise precipiteted-iron FT catalysts [158]. It has been reported by Rao et o/
[158] that %-carbide formed after CO reduction, and a correlation between FT activity _

and y-carbide content was found for these catalysts,

In the present study, the effects of sclfidation during precipitation on the bulk
oxidatin. staie of fron were investigated. The cbservetion of iron-sulfides was not
 expected since their concentration wouild be below the detection limit of this anslytical
method. However, it can be anticipated that the presence of sulfide niight influence the
disteibution of iron phases in thee catalysts, |

Furthermore, catalysts which had been exposed to synthesis conditions for a
oc.asiderable Jength of time were analysed to establish whether & correlation existed
between XRD data on spent catalysts and the phases ideniified by Mossbauer

spectroscopy.
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Charactetisation ofiron FT wm by Massbaner spestroscopy
6.2, Experimental
Uncalcined and _oam (400°C) catalysts sulfided with 2000-20000 ppm $ from
' mono- and palysulfide sources (NazS and (NEL,)2Ss), prepared as detailed in Chapter 2,
were analysed by Mossbauer spectroscopy. The efﬁcts ofaxppmre to FT synthesis
conditions on the phéses of iron present in c#tnlysm suifided with 2000 and 5000 ppm
sulfide were also investigated, |

Mussbaver equipment consisted of a constant ve!odt;r d;_'ive with anciflaty electronics,
and a ”Co(Rh) y-ray source. The source velocity was vatied over @ range of
approximately 14 mn/s, Spectra were collected over 1024 channels with a dwell time

| of 100 ps per channed.

- Approximately 30 mg of sample was required for each analysis. Room temperature
measurements were recorded at 298 K, while liquid nitrogenwasused 48 a eryogea for

 measurements recorded at 7K.

Imt:al data expressed y-ray counts as e funciion of source velocity, v. Using the ﬁrst
order Disppler shift, this was reluted to y-ray enesgy, E, [52]:

By =1+

whera E. = energy of the nuclear transition
| ¢ = speed of light
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Characterisation of iron FT catalysts by Massbauer spectroscopy

A Jeast-squares curve fitting procedure which utilised 2 Lorentzisn lineshape profile
~was emisloyed # model the specira as a series of quadrupole douhlets and hyperfine-
split sexteis. Isomer shifts are quoted with reference to e-Fe (0.12 mm/s). Instrument

calibration was performed using Fe foil,

6.3. Results |
*The Mossbauer spectra of an unsulfided precipitated-iron eatalyst are shown in Figure
'6.1. A quadrupole-split doublet is the major camponent shown in the uncalcined
speﬁtrﬁm (Figure 6.1a); # hyperfine-split sextet (H = 49.1 T) being the minor

componeit.

Calcination of this sample at 400°C sces the disappearance of the doublet,
compensated for by an increase in tﬁe intensity of the sextet [Figure 6.1b) compared to
 tho uncalcined sample, Furthermore, the spectrum shown in Figure 6,1b was fitted with
a second small magnetically split sextet which had 2 smaller hyperfine field (B = 45.4
* T) than found for the major spectral coﬁlpunmt H=4937T).

The hyperfintc paraseters obtained for all samples at 298 X are presested in Table 6.1,
- which also includes an nesignment of the iran species identified,
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Figure 6,1 8) Unsuifided provipiteted iron catalyst (uscaloined) b) Catalyst caloined at
400°C
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Characterisation of iron FT catalysts by Mossbaner spectroscopy

Table 6.1: Hyperfine parameters caloulated for precipitated-iron cathlysts at 298 K*

2000 ppm

5000 ppm

' ron unsulfided _ 20000 ppm
Species Parameters ] Na;:‘:‘ Puly‘S Naz:‘.':
_ (uncalcined) | (uncalcined) | (uncalcined) | (uncalcined)
Figwe6.la | Figure62s |  Appendix Figuee 6,3
Fe | & (mmis) 043 042 0.29 0.30
particle size | AQ (mm/s) 0.11 0.08 0.11 0.10
| >101m HD | 491 49.7 49.9 49,5
_ RA (%) 18 31 N/A 92
Fe* 8 {mm/s) - - 0.34
particle size |  AQ (mun/s) - - 0.06
4-10 nm H({D) - - 4.1
- RA (%) - - 9
Fe* 8 (mm/s) 041 0.59 “
particle size | AQ (mn/s) 033 033 -
<4nm RA (%) 82 69 -

Tron - | unsulfided | 2000ppm | 2000 ppm 20000 ppm
Species FParameters | NagS Poly S Poly S
(calcined) | (calcined) | (uncalcined) |- (calcined)
_ | Fpguresdb Flgggﬁ 2¢ | Appendix Figme 6.4 |
. P& 5 (mm/s) 039 035 0.44 018
particie size | AQ (nm/s) 0.10 0.11 011 - 0.11
>10nm H(T) 49.3 50.2 49.7 52.1
| _RA(A) 93 95 58 93
Fe' 3 (mm/s) 0.18 0.27 . 0,07
| particle size | AQ (inm/s) 0.12 0.11 - 0.1
4-10 nm H(T) 45.4 449 . 470
RA (%) 7 5 - 7
Fe | 8 (/s - - 0.42 -
particle size | AQ (mavs) . - 0.34 -
<4nm RA (%) 42

-*8 = isomeric shift (10.02) AQ= quaclmpnlesphttmg{iﬂOZ) RA= relahwabmdanoe(ﬂ) '
He=thyporfine fisld (42}

NfAOMnglopourspecualremluﬁm,ﬂlerdaﬂveabmdnmebfthisphme cauld not be defermined
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Chatacterisation of iron F catalyts by Mbssbaner spoctroscopy

Tho unsaloined catalyst suifided with 2000 ppm NaxS (Figuce 6.22) gave ise to &
'apematzgs K, not ualike ofﬂlgmcalanedunsmﬁded catalyst except that, in
thh former case, the sextet is increased in intensity relative to the quadrupole split
doublet, A quadrupole interastion of 0,33 mns determined for the doublet is typical of
paramagnetic Fa’*_; At 77 K fhis @blﬁ is partially transformed into 3 magnetically
_ sphit sextet (F - 423 T )as shown m Figure 6.2b. Moreover, the quadrupole splitting
of this doublet {s greater at 77 K than at 298 X, suggesting & temperature-dependency -
(Table 6.2).

Table 6.2: Hyperfine Parameters coloulated at 298 K aod 77 K for the uncaloined
catalyst sulfided with 2000 ppm Nas$

Tron Parameters 298
Bt 3 (mm/s) 0.58 027
particle size |  AQ (mnvs) 0.08 0,07
>10om | H(D 49.7 512
1 RA(%) 3|56
Fe* 5 (mm/s) - 024
particle size | AQ (mm/s) - 02
6-10 fim H(T) - | a0
_ RA (%) - 3
i B & (mm/s) - 0.30
| pacticle size | AQ (mm/s) | - 0.06
. 2-6nm H(T) - 423
RAM)_ | - 1| 20
Fe* 8(mnv/s) 0.59 0.28
purticle size | AQ (mm/s) 033 | 045
<4nm RA (%) 9 21

* Spectrum not very well resolved (Figure 6.2b)
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Characterisation of iron FT catalysts by Malssbaver spectroscopy
As with the calcined uné.ulﬁded catalyst, the room temperature spectum of the low-

| level sulﬁded catalyst (Figure 6.2¢) showed only. the presence of two sextets with
 hyperfine fields ofHL= 50.2 T and 44.9 T (Table 6.1).
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Figure 6.2: a) Uncelcined catalyst sulfided with 2000 ppm NeaS recorded at 298 K
- b) Massbaner measurement at 77 X. ¢} After calcination ot 400’(:, recorded at 298 K
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Chamct;ﬁmtion of iron FI‘ catalysts by Mosshaver spectmsmpy
Increasing the sulfide conmtent to 20000 ppm Ne,S resulted in the complete
disappearance of the doublet in the imcaioined sample (Figure 6.5), The sextet with 2
hyperfine-splitting of H = 49,5 T dominates the spectrum.
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Figure 6.3: Uncalcined sample sulfided with 20000 ppm NazS

A 20020 ppm nwiysulfided catalyst that had been calcined at 400°C was also fitted with

two magnehcaﬂy split sei:tets_(H =52.1 and 47.0 T) as iilustrated in Figure 6.4.

L]

= —— i i e———

_ Velochly (mmfe) _
Figure 6.4: 20000 ppm polysutfided catalyst aRer calcination at 400°C

..
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Characterisation of iron F catalysts by Massbauer spectcoscopy
_ Several catalysts Mﬁch had buen ca!c.inéd, reduced, and exposed to FT synthesis
condxt:ons for 14 days, were analysed to establish the effect of sulfide on bulk phase
_ morphology (Table 6.3). The catﬁlyst sulﬁded with 5000 pplﬁ_polysﬁlﬁde yielded a
: Mﬂsshauer spectmm typivel of metallic iron (B = 332 T). No i lsomenc shit or .
quudmpole sphttm,gwas evxdent (Figure 6. 5).

3l .
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 Transmisston (%)
a

E

8.0 Ty T 40 - B0
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Figure 6.5: Mossbaner speohum of spent cata!yst sulfided with 5000 ppm polyr'ﬂﬁdt |
recorded at 298 K
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Characterisation of frpn 1T catalysts by Massbauer spectrosce iy

In coxitmst, 2 spent catalyst sulfided with 2000 ppm polysulfide exhibited primarily

 Hligg cabide, and required at loast 3 sextets to fit the spectrum skown in Figure 6.6,

The sextets used to fit the data reprmént one of niany possible combinations, since a

distn‘bution of fields was used in the ﬁtﬁng progess. Thus the catalyst compbsition

propoaed is not unique and no duubt ather hyperfine parameters conld he obtained

uszng different fitting consu'amts Nonetheless, the pmmetm pertmmng to the,

carbides pmportedly preseni are given in Table 6 3.

RELATIVE TRANSMISSION

ey

7 6 oL 0 4k +§ 1
| VELOCITY ( mm/s )

Figure 6.6: Mossoancr spectrum of & catalyst sultided with 2000 ppm polysulis,
after FT synthesis, showing carbide formation (recorded at 298 K)
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Characterisation of iron FT catalysts by Moisshaner spectroscopy

Table 6.3: Hyperfine parameters caldulated for gpent catalysts

T Parameters

5006 ppmn

3000 ppm
Species poly S poly S
Fe carbide | 3 (mm/s) 0.24 .
Q (mmv/s) 0.22 .
f H(T) 173 -
RA (%) 29 -
¥ecarbide | 3 (mm/s) 0.22 -
- Q (mm/s) 0.46 -
H(D) 21.5 -
RA (%) 23 -
Fo carbide | & (nvs) 0.10 -
Q (m/s) 0.07 “
HD) 252 .
| RA (%) 29 .
FesOp | O (mans) 0.07 T
Q (nmv/s) 0.16 -
HT) 46.6 -
. RA (%) 19- .
Fe' 3 (mmy/s) - 0.00
Q (rums) - -
H(T) - 332
RA (%) .

- 100

171



Characterisation of iron FY cataysts by Moiscbauer spectrascopy

6.4. Dlscuasmn

6. 4 1. Effect of sulfide addluon on 1ron pai‘hcle size
In Mossbaver spectroscopy, thei are three pm*ametem that charactense a chem:cai
species or phase: isomeric shift (5), quadrupole splitiing (A) and magnetic hyperfine
ﬁsld ) t1563. The latter is the one most easily attributed to a compound, and is
therefore commonly used in the identification of chemical components. For hematite, a |
Serromagnetio sextet (3 = 0,40 mufs, A = 0,11 mms, H = S1.5T) s ypical [161],
In the present study, the set of experimental parameters for the unsulfided catalyst G =
043 ws, A= 0.11 mofs and H = 49.1 T) shown in Tabls 6.1 and figure 6.1e,
correlatewrth the above dataforhematlta The Jower magnetic feld is pmsumably an
effect of particle sizs [162],

The magnetic hyperfine field is dependent on the particle sive aeoordmg to_the relation
[163]; | |
H#H@ﬂn(l-i:Tﬂ(V)
with bulk=fnﬁiylargep&fﬁcia(greaterthm 50 nm)
k = Boltzmann constant
Ksmagueﬁc_aniéompyoom
V = yolume of the parﬁcle

Usmgtinsrelntmn,andeonmdenngtheparﬂdesassphenca! the radii can be
determuied,
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Chatamﬂsahnn of iron FT catalysts by Mdsshaver spectroscopy
In addition to the magnetically split sextet, the spectrum of the uncalcined unsulfided |
catelyst (Figure 6,1a) hes also been fitted with a paramagnetic Fe'* doublet. Indeed,
this doublet is the major spectral component and indicates the pressnce of very _sma]I
particles (less than 4 nm), The magneticaliy split sextet siguifies particles greater than

10 ma in size,

As shown in Figure 6.1b calcination results in a dramstic increase in the relative

intensity of the sextet corresponding to Fezdg. In addition, & second sextet (H = 45.4T

 becoimes evident end may be attiibuted to small particles of hematite (4-10 arm), It is
‘wiell known that the field of a-Fex0s decreases with decreasing pérticle size dus to
superparamagnetio eﬁ"eots 162}, Thase'particies are bigger than those which gave tise
to the doublet prior to calcination, yet smaller than the major spectml somponent of
the calcined samples, '

~ Prior to calmnahon, the spectrum of the low-level sulfided catalyst (Figure 6.2a) is
sirilar to that obtained in the absence of sulfide. The differcace is that the hyperfine
split sextet contributes 31 % of the total specérum in the former case, while osly 18 %
in the spectrum of the ynsulfided catalyst. Once again, the quadrupole doublet shown
in Figure 6,22 can be attributed to the presence of hematite with very small particle
size, presumably in the region of 4 nm, ¥t is interesting to ﬁute that the paramagostio
doublet is characterised by an isomeric shift of 0.41 mmys. This is the same value
obtained for & paramagnetic doublet assigned to SFeQOH [164]. |
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Charactzrisation of iron FT catalysts by Mossbauer speciroscopy

To establish whether the paramagnetic doublet (5 = 0.59 mms) observed in Figure
6.2 for the uncalcined low-level sulfided catalyst was due to small particles, &
measurement was performed at 77 K (Table 6.2).. This spectrum (Figare 6.2b) was not
particularly well resoived, yet the presénc‘e of an intense sextet could be confirmed.

.(H = 51.2 T). The partial splitiing of the the doublet into a sextet (E = 423 T) is an
' indication of a wido distribution of particle sizes, in the range 2 to 6 n, The broad
line-width of the sextet also confirms the wide range of particle sizes. Furthermore, a
third sextet (= 47.0 T) giving a spectral contribution of 3% is suggestive of particles
in the range of 7-10 nm. The increased quadrupole splitting of the doublet at 77 K is

ting ascribed to temperature dependency [156],

Pfogfessively increasing the sulfide content from 2000 to 20000 ppm S brings sbout
considerable chenges to the Mbssbauer spectca of catalysts prior to calcination (Toble
6.1). At 5000 ppm (polysulfide) the magnetically split sextet was estimated to
contribute 80% of the spectrum, although the spectrum was pooly resolved. At a loval
of 20000 ppm S (Figure 6.3) this doublet has completely disappeared and the majority
ofpartihles are now greater then 10 nm (Table 6.1). The second sextet of low intensity
(Figure 6.3) with &= 0,34 min/s, A= 0,06 mmys and H = 44.1 T that exist for the
catalyst sulfided wih 20000 ppm Na;S could also be stiributed to hematite, but with
reduced partiole size compared to those that give rise to the main sextet, This indicates

a narrow distribution of sizes for these catalysts..
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Characterisation of iron FT catalysts by Massbauer spectroscopy

It is apparent from the data presented in Table 6.1 that, for uncalcined catalysts, _the
effect of increasing sulfidation at pH 6.9 is to reduce the proportion of small particles. .
This is readily seen By plotting the spectral contributions of particles less thau 4 nm and

those grester than 10 nm as a function of sulfide contént {Figure 6.7).
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Figure 6.7: The effect of increasing sulfidé content on particle size disiibution of
uncalcined catalysts sulfided in the range 2000-20000 ppm S at pH 6.9
® The S000 ppm S sextet has been estimated to contribute 80 % of the speclirum

The trend shown in Figure 6.7 is in good agreement with estimates of o1 'stallite size
* made independently using XRD data end the Scherrer cquation (presented in Chapter
- 3). Hence, it cant be concluded that increasing the level of sulfidation at pH 6.9 results
- in an increase in crystallite size of the precipitate. The effect of pH as & variable was

rof investigated using Mossbauer spectroscopy.
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'I'l:efeque, as the smount of sulfide added is increased, the percentage of the
| paramegnetic phase deceases in the uncalcined sampies. This effect seemes to be more
pronoonced in the case of polysulfided cataiﬁsts compared to those sulfided with Nap$.
For instance, as shown in Table 6.1, at @ level of 2000 ppra S, the spectral contribution
of the quaﬂmboie doubiet is greater for a monosulfided catalyst compared to that

prepared using a po!yﬂﬂ:ﬁde source,

No direct evidence could be found for the edstence of bulk sulfides in any of the
samples studied, This is not unexpected since the f.hnﬁmt of iron sulfides that could
 have forﬁted is expe&ted to be below the detection limit of the Mossbauer technique,
Notwithstanding this, the effect of increasing sulfidation is detected by a reduction in
the fractior. of small particles.

Afer caloination, the verage partile sizep a7e bserved to increase (since the fraction
of smll paticles is eliminated) as skown in Table 6.1, The increase in particle size s
paticularly apparent from the increase in the magnetic hyperfine field, For exempte,

H =497 T for the uncalcined low-level sulfided catalyst, and after calcinstion H =
502 T Furthermore, the trends abserved prior fo calcinaﬁon with respect to
s.ulﬁdatior% lovel are maintained in the alcined satnples. The magnetio hyperfine field of
52.1 T observed for the calcined highly sulfided catalyst (Table 6.1, Figure 6.4) is
typical of crysialiine Fe,0 [162]. '
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Characterisation of iron FT catalysis by Mossbuuer spectroscopy
6.4.2. Effect of sulfide content on the chemical state of imn
The isomeric shift arises from the coulombic interaction of the mudlear and electronic
charge [156). A significant part of this interaction is attributable to s-elsctron density,
and therefore isomeric slnﬁs are sepsitive fo the oxidation state of the iron in the
absorber ['sz_]. Moreover, within one oxidation state, the magnitude of the shift can
generilly be ecaelated with the properties of the utoms attached to the Mbssbaver

atom [156],

 Assuming that the gtomic iron nucleus is spherical, with radius R, and that the nuclear
cherge Ze is distributed homogeneously, the isomeric sm'fc ia related to the s-electron
charge density |y, (0) according to [156):

v,

where Ry and R, rofer to the radii of atomic aucle in ground and excited states and

=25 - z_
8= Ze* (R R,*)}w,_(o)j

v, ()" is the s-electron density of the radintion source.

Morepver, it has been shown [156] that for iron nuclei (as absorber) an inverse
proportionality exists between the isomeric shift () and the value of |y, (O)f . The
relationship between the isomeric shift and the electronio structure of *'Fe is illnstrated

by.a Walker Diagram [156} (Figurs 6.8).
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Characterisation of iron FT catalysts by Mossbauer spectroscopy
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Figure 6.8; Walker Dingram of iron species showing relgtionstip between & and

s-glectron dansity'

As shown in Figure 6.8, the eleetro:i density aronnd an iron nucleus can be distorted by.
the nephelauxetic effect [156]. This relates to the degree of covalency of the metal-
- ligand bond. An inorease in covalency is acoompmned by an increase in s-elect:mn
density on the iron atom, and hence 2 deorease in isomeno shift. Based on these
findings, a nephelauxetio serles of donor atois has been established [165]: |
- F<O<N<Cl<Br<I<S<Se

© . Furthermore, it was shown by ﬁmm [in 156], that a decreasing éequ'enca of isomeric )
shifts of iron complexes correlated with this sertes.
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_ Characterisation of iron FT catalysts by Mésshaner spectroscopy

For uncalcined catalysts (Table 6.1), the isomeric shifts of catalysts sulfided with
| _ (sooo;zoooo'ppm ) polysulfide or Nas$ are lower than expected for normat hematite
'(5== 0.40 men/s) and also fower than found at 2000 ppm § sulfidation. This can be
tentatively attributed to the nephelauxehc effect of increasing covalency as oxygen
atamm‘eraplaoedbysulﬁuatumaatmwmglevelsofs:ﬂﬁdatmn Furthermore,
these trends are maintained after calcination where the values of isameric shifts are
evea loiwe, suggesﬁveofag even stronger Fe-S interaction after thermal activation in

" air,

As mentioned previously, no bulk iron suffides were deteoted in any of the saruples
studled. It has been caloulsted that, should 20000 ppm sulfide have been incorporated,

a spectral comribution of 4 % due to FeS would expected, Indsed, it has been shown

by ICP-MS (Chapter 3) that only o fraction of the added sulfide was in fact
incorporated and this may account for the sbsence of any iron sulfides in the
Mossbauer specita of sulfided samples. However, the above data on the effect of
sulfideiion on the isomeric shift of hematite suggest that the sulfur atom may be

- present as part of a defect structure of the type Fe;8,0:.. In this way sn eﬁ‘eét of
covalency is observed, whereas if all added S was present as an eatirely new phase, no

effect on the isomeric shift of hematite is expected. '
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Charactorisstion of iron FT catalysts by Mtssbauer spectroscopy
6.4.3. Analysis of spent cataly'sts.

Mossbauer studies of the spent catalyst suffided with 2000 ppm § rovealed buik
" carbide formation (Table 6.3) The three sext..: shown in Figure 6.6 correlate with the
 presence of y-carbide. This is reportédly the main caidide observed after FT synthesis
én unsupported iron catalysts ['15‘7]T A spectral mnﬁbﬁﬁoﬂ of 19 % due to magnetite
: .(I-I =4707T) w:as. also observed. This low-level sutfided catalyst wﬂl be shown vidé

infrarto bo highly active for FT synthesis (see Chapter 10).

Ag. o aly sulfided catalyst that did not show any activity during Fischer-Tropsch
R reaction was also investigated following eaq)osufe_ to syngas (F'igm'e 6.5). The
nypa'ﬁne split sextet uﬁe'd to fit tlua spectmm.may be agsigned tﬁ metalhc iron [156).
No carbi_de fotmation or oxide species are discernable,

6.5, Conclusion

Mossbauer speciroscopy has once again proved an indispensible tool in the
characterisation of catalysts, The emergence of a hyperfine splt sextet, indicative of
larger partcles, is evident at high levels of sulidation. This s in good agreement with
XRD data showing that crystallite gmwth is favoured by the presence of sulfide at pﬁ
| 6.9. .Calcination is also found to influence the growth of particl&s, due pethaps fo pore
collapse. The presenos of bulk carbides in the fow-level sulfided catalyst coincides with
high Figcher-Tropsch activity, suggesting that these are the active phases for reaction,
This conglusion is further strengthenod by the absence of such carbide on the highly
sulfided catalyst which was mactnfedtmng FT synthesis. The bulk structurs of this
catalyst was fuund to be a-Fe, in agreement with XRD results, |
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Chapter 7

Solution speciation modelling as applied to the
precipitation of sulfided iron catalysts

7.1. Introduction.

A comprehensive understanding of the structure of a soﬁd catalyst requires knowledge
of the chemical species in existence at the time of catalyst preparation. For supported
catalysts, this entails a study of the interaction between the support and the

' impregnating solution. Such information may be obtained using techniques such as X-
Ray powder diffraction, SEM or Mﬁssbaﬁer Specﬁ'oscopy which mfer a deseription of
the catalyst based oﬁcombined analysis of the _acti_ve metal and its support in the sohd ;
state. Elowever, in the case of precipitated catalysts, the metal-ligand eqmlibna présent

 in aqueous envirouments are the decisive factors governing catalyst morphology and
composition, Frequently, these equilibrium p.ocesses are extremely obmpligated and
hbﬂe, and render the system inaccessible to direct mﬁyhcai measurement [166]. In
addition, the concentration of additives (such as sulfide in the preseat study) are often
Belcw the._sléteoﬁon fimits of most analytical techniques and henoe their influence on
the final preoipitate Tomais undeterted,

" Chemical Speciaﬁon Modelling iz a procedure that enables the extent of aquecus
meraligand interactions to be quauﬁﬁed as percentages of the total concentrations of
any component present in a solution {166}, In this context, the term speciaﬁbn is used

to connote the chemical form of & given metal jon or ligand with respect to valence
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state(s), concentrations of complexes and free aquated metal ions in equilibrium with

 solid precipitates [166},

 Solution-chemistry computer simulation pi wra.s are based on the laws of Mass
As:tion and Mass Balance, and solve complex mass balance relationships in terms of
metal on and ligand [167). Extensive databases containing thermodynamio formation
| . constanty of pdssible species as weli as Deby&-Hilckel parameters, are often coupled to

these simulation programs meking them applicable to B diverse range of agueous.
systems. Cleady, as noted by Duffield ef o [166], the quality of the clmmcal
" predictions i criically dependent upgn the acouracy of the thermodynamio data
contmned within the database. An exsmple of a well-ostablished thermodynamic
[t Sase is the compilation produced by ﬁe National Bureau of Standards [61].

Associated with the simulation of any chemical syster: are various sources of
uncertainty. These have been oatepolized in ferms of “modelling”, “data” and
“corapleteiiess” uncersinties and their bearing on solution speciation has been dealt
with in detall [166]. It appears that, besides poor quality thermodyaamic data, the
mccess of a computer-based specigﬁon analysis can be jeopardised by an imperfect
understanding of the processes being ﬁode.‘tled, as well as by an incomplete kuowledge
of the equilfbria which are relevant to the system of nterest,

An approach known as MASAD (Multivasiste Approach To the Sensitivity Analysis of

Data) is one of the procedurs.: employed in the development of speciation ntodais
[168]. The axm of MASAD is to determine the sensitivity of a speciation model to
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Solution speciation modelling as appfied to the precipitation of slfides iron catalysts

changes in the value of input parameters, notably formation constants, fog B and log
K@ A multivariste approach is apphed to identify the so-called "vaotal” chemicel
gpecies which lead to significant perturbations it modelling predictions.

In tﬁe present study, the aqueous systems applicable to the precipitation of iron
* catalysts has been modelled using a geo-chemical equi]ibriﬁm speciation modelling
computational package called MfNTEQAZ (Version 3.10), developed by the U.S.
Hivironmental Protection Agency [60], MINTEQAZ is capable of computing equilibria
involving the dissolved, adsorbed, solid, and gaseous species typically present in
environmental systems. The required input file is generated using an interactive
‘program, PRODEFA2, that also allows access & the extensive databese of
thermodynamic data used by MINTEQAZ,

7.2. Expenmental
The aqueous system prosent at pH 10.75, 8.5 end 6.9 during the precipitation of u‘on.
oxide from solutions of Fe(NO), 9H0 and NapCO; at 75°C was modelled using
MINTEQAZ. The input data-file was created in PRODEFA?2 and details of parameters
used by MINTEQAZ may be found in Appendix 1,

In order o assess the impact of aqueous sulfide species, the above sysiem was
modelled following the addition of 1 mil, 60 ml, and 300 ml of 0.716 M Fe(NO,)s.9H:0
to solutions containing soditw carbonate (400 ml, 0.785 M) and the required total
dissolved sulfide (500 - 20000 ppm S/Fe) added from auumrﬁuin or sodium-based
sources {NazS, (NFL25, (NEL);Ss). |
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Sclution speciation modeiling us applied o the precipitation of sulfided iron catalysts

The system was then medelied at the pH values calculated at the aforementioned
additions of iron nitrate, nemely pH 10,16, 8.54 and 6,88 respectively, An Fe*'/Fe™

redox couple was specified (see Appendix 1).

Increasing concentrations of sulfide from any of the sources studied bad no significant
effect on the pH of the solution. The carbonate concentration was reported to
MINTEQAZ as the “total inorganic carbon content™. The ionic strength was computed
by the program, and activity cocfficients estimated using the Davies equation [160]
(see Appmdix 1). AnEh value of either 100 or 280 mV was specified, and the system
did not appear to be sénsitive to values of Eh iﬁside this range, The Eh of the gystem
was fiot measured experimentally; rather, the range selected for the model was
-esimated from a  Eh-pH diagram of water [61]. Indeed, it has been reported by
Brookins [51] that meny problems are associated with Eh measurements since half-oell
couples in water are often not in equilibriom, The Eh region selected in this study is
typical of bog wm which ave said to be mildly reducing; [61]. According to the
- Pourbaix diagram for the Fe-H0 sy#em this Eb range saggests that suspended
: pxyhydrm:ides mre the dominant species betweea pH 10.75 and 6.9 [62].

In the figures used in this chapter, forric species ave presented a3 a percentage of total

added Fe', ferrous species as a percentage of total Fe?, and sulfide specics (even
those containing Fe®) are given as a percentage of total added S, where n=1 or 5.
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Solution speciation madelling as applied to the precipitation of sulfided iron catalysts

7.3. Results
7.3.1. Eifect of sulfidation level at dﬁferent pH values
7.3.L.1, Sulfidation at pH 10.75 |
In the absence of sulfide, the predicted iron oxyhydroxide species at pH 10.75 is
Fe(_OH}.{ (Figure 7.1). Indeed 99% of all Fe** is bound os Fe(OH)4™ irrespective of
sulfide content at pH 10,75. A ﬁaimr component, Fe(OH); (aq) was also identified and

its concentration found to be independent of the amount of sulfide added.

The percentsge of Fe® bound either a3 Fe{FS): (aq) or Fe(HS); is observed to

increase with higher sulfide levels (Figore 7.1),

90 1
70 |
50 §

30 |

{Fe species}[Fe total]

. 10 |/

et

«10

0 500 2000 5000 £ 20000
Sulfide content {ppm} ' :

o FoHS), (a6) —Fe(HS), - Fa(OH), fag) ~—Fo(OH), —FeOH'
Figure 7.1: The effect of increasing levels of sulbidation on ferric and ferrous fon
‘solution speciation” at pH 10.75: ' '

* Acmeons ferric specles are expresscd as a perceniags of toinl Fe* odded, shmilarly. ferrous
spacies are exprossed as o percestioge of total Fe™* prosent (as detenmined by a Fe*'/Fs™ redox couplo)
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Solution speciation modolling a8 applied 10 the precipitation of sulfided iron catalysts
The aqueous Fe(HS), species in particular, passes through & maximum at 5000 ppm
sulfide addition. At low sulfide fevels, the major ferrons species is FeOH' and
incrensing additions of sulfide shift the equilibrium toward Fe(HS)™ (x = 2 or 3)

species,

An'al}rsi.'; of the effect of sulfide content on sulfide speciation (Figure 7.2), reveals that
while 91% of added S is HS' at low S levels, a1 20000 ppm suifidation the proportion

_ of HS in solution_ decrenses to 84%.
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Figure 7.2: Effect of sulication level o the equilibrium distrisation of mﬂﬁde species
at pH 10.75. '

Concomitantly, the percentage. of §% in solution increases with increasing addition of
sulfide, The dissolved HaS concentration is observed to decrease with sulfide content,

This may be asciibed to # shift in equilibrium toward the formation of Fe(HS), species.
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Solution speciation modelling as applied to the precipitation of sulfided i+ 4 catalysts
7,3.1.2. Sulfidation at pH 8.5 _
' As shown in Figure 7.3, the addition of § at pHI 8.5 has #n effect very sitnilar to that
observed ut the more alkatine pH of 10.16. Once again, Fe(OH)4 predominates,
although the concentration of Fe(OH) (aq) is now no longer insignificant (14% of

Fe™). The emergence of Fe(OH);* becomes evident and as found before, the speciation

is independent of su'fide content,
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i
T
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Sulfide content (ppm) 20009

— FeHS), (ag) — Fe(HiS); -~ Fe(OH);" ~—Fe(OH); (aq)

e Fe{OH)g » F&* ~ FoOH"

fligure 7,3: Effect of increasing sulfide addition on the solution speciation” at pH 8.5

® Atjusous ferric speci 4@ expressed 48 4 percontuge of tuinl Fe** added, similarly, forrous |
species ure expressed 45 & petcentage of tatal Fe®* present (as determined by a Fe™*/Fe
redix conple) '
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Solution speciation modelling as applied to the precinitation of sulfided iron catalysts
As expected, the distribution of ferrous species favours the formation of Fe(HS), at
this pH (Figure 7.3). At 20000 pptn S, 77% of ferrous jons are Fe(HS)« (aq) and the
remainder is Fe(HS). This is in stack contrast to the 52% Fe™ present as

uncomplexed ions in catalysts sulfided with 500 ppm S,

As far as the distribition of sﬁlﬁde speﬁies i concerned, the concentration of ferrous
bisulfide Fe(HS), species .reach_es & maximum &t 5000 ppm, whereafter it drops off
significantly at ligh sulfidation tevels (Figure 7.4). Tiis is accompanied by an increase
in the HS" and H,S (aq) concentration relative to the low-level sulfided systems. The
decrease in aqueous Fe(HS), species at higﬁ sulfidation levels may be ascribed to the

preferred precipitation of FeS (s).
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Figﬁre 7.4: Distribution of sulfide apecies at pH 8.5, with increasing sulfide content
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Solution speciation modelling as applied to the precipitation of sulfided fron catalysts

7.3.1.3, Sulfidation at pH 6.9

At pH 69 the situstion is soniewhat altered, and .as shown in Figure 7.5, the
distribution of mbst ferric axyhydroxides is now strongly dependent on sulfide content.
" Up to 2000 ppm, Fe(OH);" stll predominates and comprises 50% of dissolved Fe™
-3pecies. -Beyond this point an inversion ocenrs and the Fe(OH)s" conoen&éﬁon is
superceded by both Fe(OH)," and Fe(OH); (aq); the latter being the only oxyhydromde
whoae concentration is mdependent of sulfidation, -

76 L Fe(l .

-500 2000 5000 -20000
' : Sulfide content (ppm)

e Re(HS), P’ ——Fo(OH);" — Fe{OH)s (ag) — Fe(OH):

Figure 7.5; Solytion speciation” st pE 6.9 23 & function of sylfide content

* Pe(HS), exprossed as 4 percentige of total Fe?* species, andFegOED,Spmesexmmdasa
pemenlageol‘tmalFe"‘ added,

The distribution of aqueous ferrous species in Figure 7.5 follow the same trend
observed at tore alkaline pH, with Fe(HS), being favdured at high sulfide content.
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Solution speciation modeling as applid 10 tho peciptation ofsuifided ron catalysts
With reference to sulﬁde speclaﬂon at this pH (Figure 7.6), notwithstanding the

emergence of Fe(I-IS)3 at h:gh sulﬁdanon levels, the Fe(HS). (aq) and HS

distributions are virtually independent of sulfide content. No trend in H,S formation is

immediately apparent.
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Sulfide content (ppm}

—HS — Fe(HS), (a5) — Fe(HS)y ~— HoS — FeS (s)

Figure 7.6 Distribution of sulfide species at pH 6.9 as a function of sulfide content

7.3.2.Effect of suifidation pH
The effect of sulfidation p on the sysiem sulfided with 500 ppm § (NS source) is
shown in Figure 7.7, The deoroase in HS" concentration as & fumction of pH is
accompanied by the formation nf Fe(HS), (aq), which is in turn in Qquilibrium with
FeS(s). The decrease in S* is compensated for by an increase in the HoS aqueous

species at Jower pH.
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Solution speciation modelling as applied to the precipitation of sulfided iron catalysts
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 Figure 7.7: Effoct of sulfidation pH on the system sulfided with 500 ppm 8

& X refers to gither sulfide, ferrous or ferric

At a pH slightly grester than pH 8.5, the formation of Fe(HIS), and FeS becomes

significant, and the HS" concentration drops to below 10% of the total sulfide.

Furthermore, the formation of oxyhydrosides of the type Fe(OH);" and Fe(OH)s (aq)
begins to ocour at this pH.

The fraction of sulfide precipitated as FeS at pH 8.5 however; increases with sulfide
content, such that 60% of the added suifide is present ag FeS(s) for the catalyst
sulfided with 20000 ppm § (Figure 7.8).
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Solution speciation modelling as applied to the precipitation of sulfided iron catalysts

This solid would act as a nucleus for the growth of iron oxide crystals. Moreover, the

proportion of aqueous Fe(OH); is at ity maximum at pH 8.5,
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—HS" —— 8% H;8 (aq) —— Fe(H8); (aq) ~—FeS (8) ~—Fe(OH); (ag)

Figure 7.8; Effect of sulfidation pH on solution speciation in a system sulfided with
_2000(_1 ppm Nay8

© * ayjfide-containing species are expressed as @ percentngs of total enlfide added, and Fe(OH),
spenies expressed as a percentags of total Fe¥* added. Therefore, X refers to sulfids, fersous
or fertic ' .
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Solmion speciation modelling as applied to the precipitation of sulfided iron catalysts
7.3.3. Effect of aulﬁde souree
The effect of sulfide source on sulﬁde speciation at ﬂH 10.16 is illustrated in Figure

7.9. While 90% of monosulfide is presant as HS', almost 98% of added polysulfide

. remains as Sg*.

[S spsciesHs total] at pH 10.75

"l HYS TS
Sulfide source (2000 ppm)

EHS M B 87

Figure 7.9 Effect of sulfide source o the distrbution of sulfide species at pH 10.16

At pH 6.9, practically all added polysulfide still exists as Ss™ and ﬁis remding in
solution. Consequently, the Fe(¥S), species are greatly reduced in the polysulfided
- system, compared to those systems containing NasS and (NHy)%S as shown in Figure
7.10, : |
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Figure 7,10: Effect of sulfide source o the distribution of sulf*de species at pH 6.9

The polysulﬂde concentration s essentially unaffected by pH and decreases from 98 to
- 96% I'of' total sulfide from pH 10.16 to 6.9. Tlua 1s due co the formation of protonated

species, of the type, 5451-1' at lower pH values [19], which could then result in
 polysulfanes, Si¥ly. ¥t is interesting to note that, according to Giggenbach [19],
between pH 6.4 and 7.9, the optical absorption .of aqueous polysulfide solutions was
found to be largsly due to the doubly charped species (S.5%) and that hydropolysulfide
ions were viftually absent. o | | '
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Sofution speciation medelling as applicd 10 the precipitation of sulfided iron catalysts

Rather more interesting are the iron-sulfide species present in the polysulfided system

which influcnce the precipitation product. Thé distribution of these species as a

fuuction of pH is shown in Figure 7.11.
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Figure 7.11: Effect of pH of polysulfide addition on ss:dﬂde solution speciation, where
X refers to sulfide, or ﬂatuc

{since the polysulfide (S:*) concentration remains unalfected by pI-I it has not been included in this
plot)

As a result of' the preponderance of Ss¥, the amount of FeS (s) is considerably less for

polysulfided catalysts compared to monosulfided systems, Indeed, at pH 6.9 the FeS
voncentration in the system sulfided with NaoS is 100 fold greater than when (NEL)2S3
" was empléyed. Less than an order of mognitude scparates sodium and ammonivm

based FeS concentrations for tohosulfided systems,




Solution speciation modelling as applied 1o the precipliation of sulfided iron catalysts

The sodium ion concentration is predicted to be negligibly affected by the sulfide
source and independent of the pH of sulfide addition, Furthermors; the final dissolved

concantration of ammoniurn ons is négiigible, owing to the formation of ammonia.

B 7.4, Discussion
According to tﬂe speciation model nsed, close to the start of ﬁredpitation (pH 10.16),
the addition of monosulfide results in a high concentration of aquécms HS" species, and
. very little Fe(HS).. Only with further 'addition of ferric jons is the HS population
reduced, When sufficient Fé(HS); speoies have been fom@& snlxd FeS begins to
premp:tate, viz: Fe(HS),»>FeSy; + HaS. Assummg this reaction occurs sufficiently
l:[mckiy these FeS species could provide nuclei for the ndhesmn of iron oxyhydroxides

and hence allow this materis! to pretipitate out of solution.

Increasing the sulfide content increases nﬁt only the Fe(HS), {ag) caneentratmn, but
also the fraction of ferrows ions complexed with HS". Since very litile soiid Fes hﬁs _
formed at this stage, tha distribution of aqueaus ferric complexes is independent of
sulfidation level (Figure 7.1). |

These trends are mwintained at pH 8.5, the only point worth noting is that the

concentration oi 1'e(GH)s (aq) has hegun to 1 crease; and that of Fe(OH)q to decrease,

as bulk precipitation commences (Tigure 7.3),
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At pH 6.9, a strong sulfide dependency is obgerved for ferric oxyhydroxide species |
(Figure 7.5). Yt would appear that the addition of suifide in excess of 2000 ppm §
results in the rapid Mimﬁon of fertihydrite, expressed in Figure 7.5 as a decrease in
Fe(OH)y~ concentration, At this point, most, if not alf of the added Sulﬁde. is complexed
as Fe(HIS); (eq) or solid FeS. Hence high-level sulfidation (greater than 2000 ppm §) at
ﬁH 6.9 serves to precipitate iron oxide. 'i'his growihi of crystaliites glves rige to 8 more
 crystalline material, as shoﬁm_ by powder diffraction studies (Chapter 3),

Therefore, increasing levels of sulfidetion at high pH (pH 10.75) implies larger surface
areas due fo fhe presence of mucleating agents. This suggests smaller particles.
However, at pH 6.9, the précipitation of iron oxides at high sulfide content indicates

the presence of larger crystafline particles.

The effect of suifidation pH is best illustrated using the catalyst sulfided with 20000
ppm NeaS. As can be seeanggma 7.8, the enncentratlon of FeS (8} paaks at pH 8.5,
and differs considerably from that of Fe(HS)x (aq) at this pH value. At !owaf_ievels of
sulfidation, the difference between these ferric sulfides is less obﬁuus (Figure 7.7).
Nouetheless, the presence of FeS signifier st possibility of meny smalt erystallites of
oxyhydroxde developing, However, saturation of the systom in ferms of iron oxide
has already been achieved and hence some of the Faf metecules would adhere to these
- gpevies, This results in larger crystallites formins; then would be the ocase had
sulfidation been performed at pEL 10.75. At the siart of preoipitation, ﬁle re(HS)z (2q)
generatos the feS © which forms the nuclei from which erystallites of FeOOH and
FeaQ; develop.
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The concentration of FeS (s) begins to decrease at lower pH owing to the formation of
| s;:)lid sulfir. Hence fewer nﬁclei are évailable and urysﬁllite size inorenses. Moreover,
aggregation of smaller crystailites is facilitated by solid FeS. A cartoon depicting the
proposad effect of sulfide additiqn at different pH + alues is given in Chapter 10.

With regard to iron oxyhydroxides, precipitation gains momentum at pH 8.5, where
~ the concentration of aqueous Fe(OH); reaches & maxumum (Figur2 7.8). This species is
an intermediate in the precipitation of ferrihydrite and hence its concentration begins to

decreass a8 sulids precipitate,

The introduction of sulfide ions at pH 8.5 generates a large amount of FeS (5) at
precisely the point where iron-oxide precipitates are forming, Consequently, these FeS
erystals can be expected to be incorporated oloser to the surface of iron crystallites,
than if sulfide had been present prior o the introduction of iron, Indeed, orystallites
sulfided at pH 8.5 have Jarger FeS content than those sulfided at pH 10.75 or pH 6.9.
At pH 6.9, the addition of sulfide serves to aggregate iron-oxide crysmﬁtés, while at
the start of precipitation the presence of sulfide creates a massive pool of nucleuting
agents. Thig has the effect ofcreaﬁng many small crystallites at pH 10.16 and hence |
the crystallinity of the material is lower than when aggregation occurs at pH 6.9, This
‘proposal rationalises the XRD rosults which indicated increasing orystallinity (larger
erystallites) with decreasing pH of sulfidation (Table 7.1).
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Table 7.1. Effect of solution speciation on crystaliite size determined using XRD

BT e T “First Fos (s),thenFe(OH)g

85 ' 262 ‘Some Fe(OH)s, then Fes,
then more Fe(OH),

69 407 " Tirst Fe(OHD,, then FeS

The addition of sulfide from different monosulfide sources had. no effect on solution
speciation (Figure 7.9). The concentrations of all .species produced a8 a consequence of -
Na;§ or (NH;),S addition were within an order of magnitude of each other, The
addition of polysulfide bowever greatly affected the distribution of sulfde species.
Where HS” predominated foliowing 8> addiﬁon; S<* remaing the dominant species in
polysulfided systems. Howeves, it exists as a dissolved aqueous spacles and hence is
not expected to affect the formation of iron oxide precipitates, Rather, its
incorporation may be due to occlusion rather then formal previpitation. This would
account for the detection of polysulﬁde on the surface of highly sulfided catalysts by
- XPS8 (chapter 4).

ir. aqueous solution, polysuliide ions disproportiunité according to the equilibrium;
mS.S* +Hz0 ¢ nSuS* +8H" + OH" where p = m+1" [169], The HS‘-producgd
2s a result reaches 4 maximum dissolved uoméniration at pH 8.5, along with aqueous
Fe(OH), (Figure 7.11). Hence, the effects observed with monosulfided catslysts are
mirrored by.polysulﬂded system in terms of HS" speciation.

! the euthor inadvertently referred fo n.= m-1 {169].
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As 2 result of the preponderance of Ss* {(ag) the amount of FeS (5) praduced in

polysulfided systems is subrtantially less .than tbat found in systems sulfided with Na,$S

or (NH;),S. Consequently, the crystallinities of ﬁolysulﬁ?led catalysts are more alike
(Chapter 3), since the pool of nucleating agents is not as large as with monosulfided
catalysts, It appears rather that #ggregaﬁon of crystallites oocurs, This meansthat the

surface areas of polysulfided catalysts would be expected 1o be smaller than would be

the case if many nucleating agents were present, The latter case gives rise to small

crystallites which result i  large BET surface arca for the catalyat,

This model des&ibes the solution speaiaxion. as it s expected to be et 75°C, the
tempe: e ot which precipitatiqn was carried out. According to Giggenbach [19],
polysulfides are stable up to 150"0, whereafier they dissociate into short-chain
polysulfides, and HS; or X8, Thiosulfate may also be formed and thié suppasedly

reacts with HS” or HL,S to form__zerovalent sutfr.

A poit worthy of mention s that a ol pH values, for alllevels of sulidtion, the HuS
| (aq) contribution is insiguificantly small, and can therefore be neglected. One reason
for the fow H.S concentration in the presence of ferric lons is the formation of
zerovalent sulfir [170]: | _
| | EBS + 2T —» 8° ¢.+2Fe’*.'+2H*

Fot polysulfided systems st pH values below 7, hydmpuljasulﬁde ions (8,SH) are
expeatsd 10 be the predominant zerovalent sulfuin-containing species in solution [19].
Using equilibrium constants derived at various temperatures, Giggenbach determined
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that polysulfides beuum§ thermodynamically wnstable above pH 9. However, their high
kinetic stability ‘at high pH may be explained in terms of the pentashlﬁde ion being the
 main reactive polysulfide species tl?]], #s shown by the mte expression for the

 disproportionatior * . ~lysulfide according to the equilibrium:
48,8 + (3n~OH" ¢ nS20:>" + {2+ 4)HS"
This reaction is govérned by the expression:

U] g S 1I0R - (SO S TOH T

The chemical ider e counter-ion is not predicted to influence the morphology
ot the finat precipitate. The concentration of ammonium ions_ié negligible compared to B
aqueous N, accpfding to the speciation model, Furthermore, systems contalmng the
same amouni of sulfide, from any of the sources studied, were predicted to Ean’e the

same sodium concentration,

7.5. Conciusion
The solution speciation of aqueous iron v bydroxides in the presence of sulfides has
been suacessfully modelied using MINTEQA?2, The species breﬂicted to predominate
at various sulfidetion levels aﬁd PH values appear to ratioxiaiiae the observed
morbholngy and composition of the final precipitated catalyst,

fm' _cé.'z-;fs;ttz _st-‘;ém':ns _mllﬁded at the same Jevel with different sousces of éulﬁde, no

counter-ion effect way observed. However, aqueous pentesulfide predominates at all

pH values, This leaves & smuller base of nucleating agents than that generated by $%
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addition. Consequently, polysulfide crystallites are larger, and ﬂﬁs implies that they
would exhibit smaller surface areas. ' '

F_ina_lly, ~while the speciaﬁon models appear to accurably describe | the aqueous
| processes involved in the precipitation of sulfided catalysts, they are subject to certain
limitations. One important ]imifation of this type of solution speciation is that it
.'_supposes;all processes fo be at equilibrivm and thi may not ﬁecessarﬂﬁ be the case.
Furthermore, no information is presented on the lanehcs of teactions [61] in these

speciation studies,



Part B: Reactor studies |

cwm 8 mugh 11 describe the influence of sulfide addition
on the catalytic function of precipttated-iron F;scher-'rropsci:
catalyrts, Each chapter covers a separate issue, relating for
mstance,to the eﬂ‘ect. of sulfide source or sulfidation pH.
Therefore, imsofar 2 the sspect of sulfide addifion being
discussed is concerned, each chapter is um.que However, since
 each chapter is essentially “stand-alone”, some repetition of
methodology is unavoidable, | |



Chapter 8

The effect of increasing sulfide content on the
catalytic efficacy of iron Fischer-Tropsch
catalysts o

8.1. Introduction
ﬁﬁth what. is arguably the most diverse of product distributions, the Fiasher-Tmpseh
 spectrum  encompasses olefinic and paraffinic hydrocarbons from Ci- to Cavs,
 oxygenates, water and carbon dioxide. However, industrially, the present economic
cﬁﬁata dictatés that the yield of high-value products iﬁ the above distribution should
| .be maximised, To this e.nd,. catﬁlysts have been tailored to allow selective acceleration
of the formation of highly sought-after regions of the wide ranging product slate.

For instance, presipitated-iron catelysts moderately promoted with manganese oxide
have been found to exhibit enhanced olefin to paraffin relectivity [172], Similarly, the
use of potassium and sodium es promoters in FT catalysts is extensively documented
132, 28, 173] and results in higher o-values, lower methane selectivity and increased |
oleﬁiﬁty. The mode of action of these promoters is firstly to enhance the ‘mmcﬁon of
CO molecules with the catalytic substrate, and subsequently to facilitate a weakening
-ofthé intramolecular CO bond [52], Extensive studies have shown however, that o
matter what promoter is used, enhancement in uctivity and selectivity is only abserved
when the promoter content is low, For example, 4 report by Dry [31] indicated that
sitica supﬁoned Fe,0; catalysts promoted with K;0 were increasingly active in the FT

reaction up to a critical potassinm content.
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Potassium loadings above this level decreased oatalyst activity but improved heavy
hydrocarbon selectivity, .-Consequently, these cafalysts have been used exclusively in
the production of wexes and are operated at high pressures to compensate for the loss
of activity incurred by high alkali content.

In this chapter, precipitated-iron catalysts sulfided with between 500 and 20000 ppm
NaaS were evaluated for their performance as Fischer-Tropsch catalysts in s fixed-bed
reactor, The effect of sulfidation level on the reduction heWw was alao considered,
To avoid complications arising from the sulfide source, this study of the level of
sulfidation .wa's madé using catalysfs prepared wrth sodium sulfide as sulfiding agent.
- The effect of sulfide source will be dealt with in a later chapter.

8.2. Experimental

| The catalysts used in this study were sutfided at pﬁ 6.9 in the 500 and.20000 ppm 8

 range using sodium sulfide as detailed in Chapter 2. Caleination was pélfonneﬂ at
.400"0 for 16 hours, whereafter the catalysts were activated by reduction under flowing
hydrogen at 400°C for 24 hours, Fischer-Tropsch synthesis was then commenced at
250°C and 8 bar pressure, using a CO;H; ratio of 1:2 and a GHSV of 400 k™, All
catalysts were monitored over an induction period of.4 days, followed by & four-day
mass balance . Gascous aud liguid product factions were analysed by on-line gas
chromatography, while sepai‘ation of the waxy products components was achieved
using an off-line capillmy—colinnn gas chmﬁ:atograph.
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The effact of increasing sulfide content on the catalytic efficacy of iron catalysts

8.3. Results and Discussion

8.3.1, eactor Study
Catalysts_au!ﬁued with increasing amounts of sulfide were e shuated for their efficacy

- inthe FT reaction, and the results obtainerd are summarised in Table 3.1.

 Table 8.1 Evaluation of sulfided cafalysts in the Fischer-Tropsch Reation

Fomeuibded 265 | 080 3 035
S00ppmS | B | o | 1 131
2000 ppm § 3.9 083 B 06T
5000 ppmS | 48.0 0.65 88 053
20000 ppm 5 | 995 | 053 10 0.11

= all catalysts wers sulfided at pH 6,9 nsing sodiom sulfde ' -
® TON (turnover number) refers to the number of CO saolecules converted to produuts -
per exposed active site ' _ :

Catalysts sulfided with between 500 and 5000 ppm § exbibited enlbanced spoific
activity as depicted in Figure 8.1, The most highly sulfided catalys* however, showed
“evidence of the deleterious effects of sulfur on activity, and performed poorly under

synthesis conditions.
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Figure 8.1: Variation of specifio activity with sulfide content

The plot of specific activity versus sulfide conlent passes through a maximum with the
addition of 500 ppm 8 (Figure 8.1), Owing bowever to the difficulties encountered
with ascertaining the precise sulfur iucorporation ht this level, no attempt was made to

prepare sulfided catalysts containing less than 500 ppm 8.

The low-level sulfided catalysts which showed enbanced FT activity also exhibited

surface sulfate species which were detected by XPS. Formed during high temperature

calciniation by the segregation of sulfide to the surface, these species affect both the

structare and chemistry of the working iron catalyst. TPR evidence (section 8.3.4)

shows that sulfate species wiﬂmfand a reduction tempmwré of 400°C, and assist with’
the reduction of hrmatite to metallic iron, This appeafs to increase the number of
active sites for reaction.
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However, as shown in Teble 8.1, chemical modification is algo evident from the TON
(Tumuvef ._1\ .@bw) which refers to the number of CO 'ﬁzolecules converted to
prodﬁcts per éxposed active site [174]. It would appear that low-level Sulﬁdatioﬁ
results in the generation of metal centres with enhanced activity, That the effect is not
merely one of inoreased xctivity associated with larger available surface area for
@ﬁiom is illustrated by the specific activity per unit BET surface area (Figure 8.2), A
.detailed discussion on the effect of sulfide content on BET surface area is presented m
section 8,3.2. Nonetheless, the trend shown in Figure 8.2 is analogous-to that in .Figure

8.1, confirming the existence of sites with higher activity in low-level sulfided catalysts,
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Figure 8.2: Activity per unit area of sulfided catplysts as & function of sulfide c’ontént
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Improved chain-growth probability was also observed for low-level sulfided catalysts,
pﬁiicularly those to which 2000 ppm S had been added, A sigﬂiﬁdmit quantity of wax
was produced as indicated by the high o-value (Table 8.1).

o The_re. ia considerable debate smounﬁing the use of 3 single a-value to descsibe the
Schult%—Flmy distribution of products from a precipitated-iron c&talyst. One opinion
‘has asserted that unpromoted catalysts yield a product slate that can be adequately
described ysing a single chain-growth probabifity [175], For alkalized shurry phase
catalysts however, Domelly and Satterfield [176] proposed a do.ul:ila. a-distribution
calentated using a non-finear semi-logarithmic least squareé regression of the volatile
_C; 0 Cys range of the ASF plot. The sécond o-value showed good corralition with the
o-valiie caloulated by finear regression of the plot of the wax sample. To add to the
controversy,; Davis et al detenmned one o-value for the C; 1o Cyy fraction and a
second for the Cro-Czo wax product obtained from 8 prempltated-lron catalyst [26]. In

the present study, only one a-value was determined from the C,-Cy, range.

Typical o-values of iron based catalysts rangs from 0.75 to 0.89 and changes can be

 effioted cither by the presence of sites soitable for the production of heavier
. hydrocarbons, or by the re-incorporation of olefins into the grov.vmg chain [23]. The

_ addltlon of alkali promoters has been shown to improve the yield of longer chain
moleciles, mdthepresenceofsmallamounts ofmlfatemthecatalystsulﬁdedthh
2000 ppm S, may achieve similar results as shown in Table 8.1,
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Low-level sulfided catalysts also showed & propensity towards the production of
olefins (Figure 8.3). Formed according to the following reaction [177], |
1nCO + 2nH: —» Calln +nELO

- a-olefing are among the primary products formed in the FT reaction.

388

w & ot @
1

| %Olefin/(Olefin+Paraffin)

_B

& 7
Carbon Number

&

{ lunsulfided EES00 ppm S CI2000 ppm S 35000 ppm & 1$20000 ppm S |

Fignre 8.3; Olefinity of sulfided catalysts s a function of carbon number

This observed promotional effect has been comhﬁrated by & study of iron-mangaﬁese
oxide catalysts containing small amounts of sulfate [46), According to the authors, the
addition of sulfate below 1 wt % resulted in enhanced light olefin slcctivity, and
reduced methane pmduéﬁon; However, it wes found that exceeding ﬁ SFe fatio of

1:200 Brought about complete deactivation of the catalyst.
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Diotot and Bel [178] reported that alkene seloctivity was greater in the presence of
| potassium, Potassium is k_noﬁén to enhance CO chemisorption at the expense of H,
chemisorption end this retards hydrogenation activity [175, 28] An altemative
 explanntion given by Herzog and Graube (in [28]) sugg, ..* enbanced dosorption of
alkenes as a result of competitive CO aﬁsorpﬁﬁn. This is in keeping with an

observation that selectivity for olefins increases with incressing CO conversion [177].

Studies by Bukur _er.a; .[23] oa promoted precipitated-iron catalysts Wed that
potassium suppresses the secondary hydrogenation of olefins, resulting m increased
olefin selectivity for h!gher carbon pumbers, It is the incorporation of olefins into
.Iouger chain mblet_:uies that lends the bell shape to the curve inFigure 8.3.

According to a group of workers cited in ti 80], iron oxide is thought to be an active
spesies for light olefin production, and the sddition of nou-reducible oxides, such as Ti,
V and Mn, is thought to ratﬁ the reduction of iron gxide to metalfic iron and hence
maintain high olefin selectivity. Surface sulfates nury function as a source of oxygen, to
maiﬁtain iron oxides as ac_ﬁve sites for olefin production. Alternatively, ﬂwu' role may
imitate that of potassium and involve the seléctive chemisorption of CO and reduced
 bydrogemation. Furthermore, it has boon cstablished that sulfur desctivatos
hydrogenation sites [48] and this may also account for the improved alkene salectivity. |
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‘c2-C6 c7-C11 G12-C15
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Figure 8.4: Produet selcctivity of catelysts sulfided in fhe raoge 500-20000 ppm S

| hltereslingly, catalysts cont&ining_ between 5000 and 2000¢ ppm S e?dnblted poor
olefin selectivity (Figure 8.3) and functioned essentially as hjdrogenation catalysts,
Purther, & shift in product selectivity toward gaseous light hydrocarbons (Figare 8.4).
was observed for these highly sulfided cetalysts as evidenced by a low a-~value and the
absence of any wex formation, The methanation activity was also enhenced by us much
as 100% compared to the unsvifided catalyst. The increased selectivity to methane and
gaseous Cy-Cs hydrocarbons is analogous to the observation made by Zhao-Tie Liu ef
4l [181] of & co-previpitated Fe-Cu-K ocatalyst poisoned with COS. The increased
- methane selectivity is purported to be due to the presence of suitable hydrogenation

sites 23]

The value of the TON (10 x 10 s) caleuluted for the catelyst sulfided with 20000
ppm S (operating al 10-% CO conversion) oan be compared fo the 9.3 x 10° 51

observed for supported Fe:Co (2:1) catalysts operating at 9.0 % ccnversion [182].
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The de.creese in activity of the highly sulfided catalyst may be ascribed to sulfdic
species which were detected on the surface using XPS The deleterious effect of suifide
i:resmt at the surface of catalysts is considerable since 2-10 iron atoms are poisoued
for every S atom [183]. The electron-withdrawing sulfide reduces electron density on
Fe and lowers CO chemisorpiion [184]. This has the effect of not only lowering
activity, but also of producing smaller cvalues siice the prbbability of chain

propagation is severely retarded

- High nethane selectivity is presuﬁwd by Donnelly ef of [176] to be due .1:0 the absence
" of an alcalizing agent, which improves substrate-binding by donating electrons o the
uctive centre. According to Lox ef af [185], the selectivity to methane i_.ﬂ_, independent
of the carbon monoxide conversion. Again the reduced clectzon density on iron,
attributable to sulfide, is responsible for the high methane selectivity observed with

highly sulfided catalysts. |
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Yigure 8.5: Comparison of the oxygenate selectivity of sulfided catalysts
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DRIFTS studies of sulfided catalysts zsverled the presence of ethoxy groups on the
surface during FT reaction (Chapter 5). Hence, the observed propensity towards
' oxygenates. particularly methanol and ethanol (Figure 8.5), is not muexpected and can

be rationalised in terms of an increased concentration of reacfive ethoxy intermediates.
Surface reconstruction Broﬁght about tin'ou'gh. the presence of suifirr, has been known
4o result in » higher concentration of suiteble adsorption sites for reactive intermediates

[149]. Similar sentiments are echoed by Baker et af [186].

Stablo alkwxy intermediates have been shown to. form on Fe (100) surfices during
Fiéclier—Tropsﬁh synthesis [148]. Furthermore, both methoxi.de and ethoxide species
react to give CH, and C;He as well as aloohols. Thus higher mstbanol selectivity is
associated with higher yields ofmgﬂﬁne, as found for highly suxﬁde& catalysts,

Primary _sleohols ave incorporated into other Fischer-Tropsah sroducts, while

* secondary and tertiary hydroxyls aro not able to form stabls iitermediates die to steric

- constraints [148]. Howover, as a consequence of reduced mtera,chon between the

catalyst surface snd émductsfonned on suifided cat#lysts, re-iﬁcorp_cnmtion of p‘-‘nnary
_ alcohols 1s not ohserve_d. ' |

The only oxygenate observed on an unaﬂcahzed pmcipitatéd-m catalyst was. niethanol
. [l'fﬁ}; however, promofion by pdtassium vielded a range of higher aieohﬂls. K has
| been shown by Orita ef af [187] that C; bxygenate formation occurs in two stages, tiue '
first resulting in the formation of a methyl group us carbon becomes availabie after CO |

dissociation.
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 Based o.n mechunistic studies, Poﬁeﬁ et al purported that the second stage proceedsd
via.CO insertion {150]. For the higher alcohois, a chain growth scheme propesed by
Srmith and Anderson [188] assumes carbon addition at the ai- or B~ carbon atom of the .
growing alcohol. Large methanol sel_ectivities are shown to result from the rate-limiting

d—addition step.

8.3.2. Surface Morphology of sulfided catalysts:
BEY surface area measurements {Table 8;2) were made prior to calcination, and the
. data revealed that increasing thie level of sulfidation resuited in an increase in surface

area (fom 58 m%/g to  maximum value of 166 m¥/g at 2000 ppm).

Table 8.2: Surface ai‘eas of sulfided catalysts

| unsulfided - 58 31 . 8.82
500 ppm § . 97 - 348 _ 7.88
(2000 ppm S o186 : 371 3.04
5000 ppm S 104 ' 39.0- ) 16.09
20000 ppm S 85 407 20,61

® singie point BET measurement performed on in-house e“&;xpment
* determined from multi-point BET mevsurements .

Beyond this maximum at 5000 ppm S, the surface area was found to décrease, but
even at o sulfidation level of 20000 ppm the BET value was 85 ni¥g, which is still

igher than the unsulfided catalyst (Figure 8.6).
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BET surfaca area (m/a)

Figure 8.6: Vatiation of surface area with sulfide content prior to calcination,

Traditionally, mechanisms ativanced tf_} account for en increase in the surface a;-ea of
catalysts have generally invoked the participation of a support of some kind. However,
there are reports of the effect of additives on the surface area of unsupported'cataly'sts o
[31, ?5]. Furthermore, Kolbel et al (cited in [28]), have reported that the ﬁddiﬁon of -
small amounté of potassmm to precipitatéd-irqn catalysts stabilized the surface area of
iron oxyhydroxides, aﬁd protected the surface against re-crystallization during

calcination.

The growth of iron crystallites is presumed to involve subsequeht e heing
deposited on existing layers, such that the surface becomes a manifestation of the core
- structure, The addition of sulfide ions apy ~ affect the morphology of the growing

precipitate in such a way as torender ity . arcus,
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A further issue, is that while irom-sulfide may be instrursatal in assising with the

épitaxial gmwth of orysta]lites. during ‘precipitation, reconstruction of the entire

otystallite may accur as nascent sulfur is released at the end of the formal precipitation

stage of catalyst prepgmtion [12]. A possible reaction propoéed by van der Kraan ef al

[189] relates tﬁ the sulfidation of hydrated Fe,Os: |
 Fe,0,.H,0+3H,S - 2Fe§ +4H,0 +§

Therefore, vacansies created by the loss of free sulfur may sccount for the inotease in-

porosity of sulfided 'cabulyst_s..

After calcination to remove- nitrates and ﬁther possible surface oonmnnnants, the
available surface area is observed to decrea#e 45 & Tesult of pore cpﬁ'apae (Table 8.2). It |
. was also found that the most highly suifided catalysts, those to which 20000 ppm S
 had been added, appearcd to be significantly resistant 10 pore collapse. Agein, the
sulfide ions may be instrumental in mcreasing tile resistance 1:0 pore collapse by acting

as a support, hence maiataining the digpersion of the iron centres,

 'The trend in total pore volumes (Table 8.3) is analogous to that found for surface
areas, and once again reaches s maximum between 2000 and 5000 ppm S. After

calvination, pore volumes decrease owing to a collapse in the bulk structure,
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Table 8.3: Total Pore Volumes of Sulfided Cutalysts

vnsulfided B X TS 0020 0.055
500 ppm S 0241 0202 0.020
2000 ppr: S 0254 | 0245 T 0.004
5000 ppm 5 o338 | 03E 0035
. 00ppm§ | 0281 o304 | 0032

One explanation for loss of pore volume after reaction is that catbon deposition could
cause pore blockage in the active catalysts' Since no FT activity was abserved on
_ highiy sulfided catalysts, the pore volumes ere unaffected by by carbon laydown and

merely reflect the structure of bulk o-Fe with an oxidised surface.

8.3.3. Influence of sulfide on zatalyst reduction température
Temperature Programmed Reduction was employed to elucidate .tl.:e reduction profile
of these catalysts. The reduction pfoﬁlé. of the unsulfided catalyst (Figure 8.78) i

- typical of the two-stage reduction of hematite [190);
3Fe20s + Ha > ZFes0s -+ FaO )

FeaOs + 46z ~» 3Fe + 4H:0 {ii)
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A complete phase diagram for the reduction of bulk iron-oxide in mixtures of Hy and

H,0 is given in Figure 8.8

b i
11T | 1|5
4 { 2 F] &

T el (t-lgmse

Figure £.8: Phase Diagrem of the reduction of iron oxide [52]

Physisorbed water would. also increase the temperature of reduction as r.hown in
Figure 3.8, particuladdy for the transition of Fe;O4 to Fe. Activation energies of the
reduction of magnetite to wetallic iron were estimated from Arhenius plots and found
ta be 172 k¥fnol n wet hydrogen and 111 kol in the sbeenoe of IO [190).

Work by Wimmers ef ol {190i on unsupported Fe,O; partioles reveuled that tha
formation of metalli iron muclei at the surfice of particles of Fex0y i the ratefimiting
step for the reduction of magnetite. Based on this, 2 nucleation and growth model was
proposed to descrive the reduction of FesO, to Fe [52), This model applies when the
initia! reaction of oxide with molecular hydrogen is diffioult,
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As soon as metallic nuclei are formed however, the rate of reduction increases untit

hydrogen diffusion becomes limiting [52]. The latter scenario can be rationalised by the

contracting sphere model [76]. Therefore, any agent which promotes the removal of

oxygen fiom the iron-oxide lattice would assist with reduction,

‘The reduction profiles of catalysts sulfided with 2000 and 20000 ppm S are shown in

Figure 3.7b. Several differences between the spectra are immediately apparent, Firstly,

the temperature of the hmnatite-magnetite transition is lowered (425386 °C) as the

sulfur content is increased. This trend is summarised in Figure 8.9 and was found

irrespective of the suifide source used.

480

ettty e indanmn s
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magnetite for precipitated-iron catalysts

Figure 8.9: The effect of sulfide content on the reduction peak of hematite 1o
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‘Independent XPS measurements (Chapter 4) revealed that the lngher the level of
sulfidation, the greater the aniuunt of segregation of éulfm'to the surface of catalysts
uader reducing conditions, Through the process of site competition [ 1'14], this surface
enrichment of sulfur is accompanied by a rapid depletion of surface oxygen. The
oxygén in turn, would be reaet!ve towards moleoular hydrogen and produce water.
Equation. 8.1 descnbes the effect of water on the the:modynﬁnﬁcs of iron-oxide

reduction [52],

AG:nRTln[[l’.“ﬁ]f[l’-“‘i] :ISI

- FPor the reduction of Fe,05 at 400°C, the equilibrium ratio of p(I-'I;»O)fp(H;J has been
found to be 0.7 [52]. Hence, to ensure that reduction is thermodysamically feasible, the
experimental ratio of p(Hg,O)/p(Hz) ﬁ:ust be smaller than the equilibrium value of 0.7,
and consequently the efﬁmency‘thh which water is removed becomes & decisive factor |
in determining reduction teoperature [52], |

Smea the TPR expériments pe:fonned i this study were conducted in flowing
hydrogen, the water formed in sifs would have been efficlently removed from the
svsten) 50 that:it.-did 1ot retard the reduction process. On the contragy, the deplétion of
. oxygen facilitated the conversion of hemafite to metallic iron, because at high
temperatures, the partial pressure of water wauld be lower for sulfided catalysts. As
shown in.- Figure 8.8, reduction commences at a lower te:;npetamm. when the ratio

 p(ELO)p(H,) is decreased.
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It removing oxygen ffom the surface of the catalyst, sulfur also allows the formation of
metmhc iron nuclei, This acce!emtw the rate-limiting step of the reducuon process,
that being the transition of magnetite to me* 1lic iron [190]. It follows then fhat the
greater the sulfide content, the more pronounced the effect on the reduction process,
As b m in Figare 85, the termperature of the reduction of hematite to magnetite is
significantly fowered in the presence of increasing amounts of sulfide, The maxinum
rate of hydrogen consumption for the catalyst sulfided with 20000 ppm S is 70°C -
lower than in the absem.e_uf sulfur, Surface area meﬁsurements indicated that these
highly sulfided catalysts were resistant to pore conapée and hence the iron centres
would have remained fsirly well dispersed aer caloination pretrostment. This may also
contribute to improved reduction bebaviout,

A furiher difference apparent from Figure 8.7b is the additional peak at 445°C which is
exhibited by low-level .suiﬁde.ad catalysts, and. has been assigned to the reduétion of _
sulfate to sulfide. This ass:g:ment was confirmed with a TPR experiment conducted on
Fex(8Q4)s, wlnch yielded a bimodal reduction profile. For ferric sulfate, the first peak
at 450°C is due to the reduction of pulfate to iron sulfide; and the secand at 850°C to
the reduction of bulk FeS to metallic iron 1911 XRD measurements by Inamura ef al
[192] révealed that triolite (FeS) is the iron sulfide phase reduced at a tempemum of
850°C, |

Sulfate species are associated with- oxygen atoms at the surface and indicate

incomplete reduction. According to the XPS measurements, salfite spames were ot
present on the surface of the highly sulfided catalysts following reduction at 400°C.
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Consequently, there is no reduction peak at 445°C in the TPR profiles of these
catalysts, However, the high temperamte region clearly shows the mductlon of FeS to

metallic iron and HS. In a study of sulfided transition metal catalysts, Mangnus ef ol
observed that the hiydr  consumption between 1000 and 1200 K far exceeded the -
¥1,S production [191]. This suggests that a contribution from metallc iron is included
in this peak. Thus the large high tempel;am peak observed in the TPR proﬁla. of the
catalyst sulfided with 20000 ppm § is the hydrogen consurmption due to the reduction
of FeS, as well as a contribution. from metallic iron, Nonetheless, the: pyrqphoﬂc
behaviour of reduced highly sulfided ratalysts is testimony to the complete conversion
of hematite to metallic iton which has takes place at 400°C. Compositionat aﬂalysis of
the surface of reduced suifided catalysts by XPS confirmed the presence of larger
quantitiey of iron oﬁ the surface of these catalysts by compatison with the unsulfided

sampia,

Sinée all catatysts wers redﬁcec_l at 400°C, and the temperature of hematite reductlon is |
lowered 2s 2 consequence of high sulfide content, it is possible that the degree of
reduction should vary considerably for the range ‘of catalysts investigated, And,
according to workers who studied the effect of reduction of a fused magnetite catalyst
[178), increasing the extent of redustion resulted in substantial increases in activity,
which were attributed o an increase in pore surface area. Therefore, sulfided oatalyéts’
may be expected ta be more active than the oatalyst containing no extraneous sulfur,
purely as a result of a higber degree of reduction. However, it wil be shown vide #nffa
(in chapters to follow) that the effects of sulfirr on activity involve more than the extent
of reduction of iron brought aboﬁt through the presence of sulfur.
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8.3.4. Bulk morphology of sulfided catalysts after FT reaction
Carbide formation, ﬁssuciated with Fischer-Tropsch activity, was observed by XRD) to
occur to & greater extent on oatalysts sulfided with between 500 and 2000 ppm §
(Figures 3.1 and 3.12c) than on the unsulfided catalyst. Tron casbides are widely
regarded as the active sites for hydrocarbon synthesis [177]. Also evident from the
mugrm of.the low-level sulfided catalysts is that magnetite constitutes the iron-
phasé present after reaction. The existence of an oxide phase indicates that sulfate
species are likely to remain on the surface even after exposure to sjnthesis conditions,
Indeed, Tof- SIMS aualys:s of the spent uatalyst sulﬁded with 2000 ppm S conﬁ:med

the presence ofsurface sulfute spemes [193].

~ What phase is active for F‘ischér—Tropsch synthesis?

'The working iron catalyst is composed of many phases, mch:dmg o-Fe, FesO4 and -
Fe,C. Howeves, there s tuch controversy as to which of these is catalytically active
for FT synthesis. In 1982, Reymond et al [194] observed that active carbon species
were formed more sbundantly on FesOy than w-Fe, This led to the supposiruon that
miagnetite constituted the active phase. Later, this was disproved by Shroﬂ‘ ef al {195]

~ who observed no initial FT activity on a catalyst cbmposed only of magneite; only that
small amounts of COy were formed, Similarly, other researchers found poor results
when attempting FT synthesis on magnetite [196].

Tt has also been contended that metallic iron is the phase that is active for the Fischer-
Tropsch reaction. For instance, in a study of iron-manganese catalysts_, xheta]lic iron
was found to be responsible for initial activity [197]. However, it has been argued that
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compiete reduction to mets, - n‘on is undesirable sinbe it leads to an inactive catalyst
[195]. Once again this is the opinion of Shroff et a (amongst ofhers) and follows an
‘observation that ouly after carbiding had ovcurred did @ catalyst develop FT activity,
The catalyst that had been completely reduced to metallic iron did not_ca:bide easily _
anﬁthiswasthereason given by the authors for the poor activity. In contrast, &
catalyst contalmng some residual magnetite, ie._, partiafly reduced, was rapidly carbided
and hence exhibited hlghCO conversion [195). According to Shashkin ef al [196},
bigh catalytio activity is Jinked to the presence of x-iron carbide and non-stoichiometric
magnetlte, the Eﬁa being about 30 % deficient in Fe™ and O, These dg;fects are
purparted to facilitate diffusion through the cationic and a;iiopic sub-lattioes. Tt has
also been suggested thai the carbide ﬁhas'e consists of discrete porbus aggregates as
well as intercalating inclusions in the magnetite [196).

' ‘This has promulgated the theory that iron cacbide is apmsqmsﬁéfor_mive_w |
catalysts, However, while many authors concur that - carbides are vital, there is
consiéﬁrab‘le speculation as to the precise nature of their involvement. It has been
‘asserted by Matsumoto [198] and other workers [199] that carburization of iron
catalysts plays an important role in the format:on of active surfaces. A second scﬁooi
of thought shites the opioion that carbidio carbon is the reactive intermediate in
. - hydrocasbon synthesis. This relates to the “carbide mechanism™ first proposed by
Fischer and Tropsch [33]. Evidence against the latter was presented by Matsumoto,
who observed that hydrogeﬁaﬁon of carbidic carbon toak place at temperatures as hish
as .400°C, while hydrocarbon synfhmis (such as that ﬁmnd in the FT feaction) '
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| ._ prooéeded at 250°C, Hence it was deduced that carburization contributed not to the |
formation of reactive intermedistes, but to the creation of active surfaces [198].
. 'The term carburization has been_-us'ed by Jensen ef af [172] to describe ‘the surface
_and bulk propesty changes that occur to many Fischer-Tropsch catalysts’. These so- |
called changes refer to the diffusion of carbon atoms from the surfaoe of the catalyt to
the bulle during the start-up period of FT synthesis. According to the competition
model proposed by Niemantsverdsiet ef af [200), this induction period is associated
with fbw activity as bulk carbiding takes place. As s'oon as this process is complete, the
' fomlahon of hydrocarbons is mrtlatefi Hence, the overwhelnung tendency for CO to |
dissociate onreduoedFecanbe consuieredtobe due (at least partlally)to a
thqrmodynmnic driving force for bulk carburization [131]. Therefore, although metallic
iron itself showed littls catalyst activity, catburization resulted i & dramatio ncrease i
the rate of FT synthesis {198], Metailic iron iﬁ neccesarjr .for carbiding to M, hence |
the need for reduction pretreatment. However, the presence of magneute in

_ conjunction with tha oarhzde phase creates an active catal yst.

From the foregoing arguments, it is apparent that while there is stll some heated
debate over what constitates the “active phase * in FT caalysts, the evidence o iron-
carbides is overwhelming. Certainly in the present study, highly active catalysts
appeared to exhibii a greater degree of carburization than the umulﬂded catalyst,
Hiagg oarbide was identified as the mejor carbide phase using Mossbauer spectroscopy
{Chapter 6) and X—Ray powder diffiaction (Cha’pbér 3). In addition, magnetite was also

shown to be a companent of highly active catalysts.
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X-Ray diffraction studies and Missbaver spectroscopy of spent catalysts sulfided with
20000 ppm 3 did not reveal the. presende of any bulk carbide, These catalysts were

| showa by TPR studies to be completely reduced to ci-Fe 'during hydrogen activation at

-400°C. Furthermore, highly sulfided catalysts gave low CO conversions and only
metallic iron .was identified by postheaction XRD and Mﬁsébauer spectroscapy. Xt is - -'
‘also interesting to note that, at fow converswns, syngaé is reducing in nature, and the
oxtdlsmg praperties of the reactant gas mixture increase with increasing conversion
. dueto t.xeformaﬂonafwater {201] This ensures that magnetite is maintained asa
phase mthe active catalysts. .

This finding supports the hypotﬁesis_ that carbide fo_m:atidﬁ is a requirement for active
FT catalysts. It also suggests that complete reduction to meta]l_ic iron in the presence of
sulfr reates 2n ivironment that is not conducive to casburization. These sentiments
were 'e_choed by RapOpurt and Muzovskaya who proposed that iron oxides ware
' pegessary to avoid comp!ete deactivation by sulfxr [43], -

[

& 4, Conclusion
The addition of suﬁ?mently small quantities of sulfide is observed to result in
modifications of irott axyhydroxide morphology in terms of enhanced surfaoe aren and
porosity. These foatores are a mamfestanon of a prempmon process involving
epitaxial growth of crystallites which have incorporated iron-sulfide ito their
 siryoture, Simflerity in crystallographic onentanon between the iron suMfide and
hematite gives rise o an iron-oxide phase with improved orystallsity,
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Through the phenomenan of site competition, sulfur segregates under conditions of

calcination and reduction pretreaﬁnent. The forced removal of oxygen from the surface
assists with the reduction of hematite to metallic iron,

Low-level sulfided catalysts exhibited sulfate species on their surfaces which improved
Fischer-Tropsch activity. These sulfate groups are also associated with hlgher olefinity
and oxygenate selectivity. A higher concentration of reactive alkosy intermediates are
;\u_rported to be responsible for oxygenate selectivi_ty. '_I‘he preserice ofsulfa\‘;e specigs
confirms that orly partial reduction has taken place after exposure to hydrogen at
400°C, and this may also account for the observed sulfur resistance of these catalysts.
The importance of h‘on-mddes in resisting poisoning by sulfur has been alludeﬁ to in

previous studies [43].

Highly sulfided catalysts on the other 1and, are reduced to metalfic iron zﬁpidiy by
expostre to hydrogen and hence exhibit a high surface concentration of sulfide, Each
suifide atom: has been chown to poison 8-10 atoms of iron [183] and :his niay account
for the poor FT activity of thesa catalysts. A propensity towards tﬁethane and fig™t
brydrocarbons clearly refiects sulfur poisoning.

“The idenﬁty of the phase active for FT syuthesis has long been  bone of contention -
ashongst research groups. Iﬁ the present study, the. poor FT' activity associated with
«-Fe surfaces which have high sulfide levels suggests that iron carbide is the astive
phase for Fischer-Tropsch synthesis, The formmOn of Hagg cﬁrbide is enhanced on the
lngh!y active low-level sulfided catalvsts, while v cubiding is observed on highly

sulfided catalysts which were reduced to o-Fe.



Chapter 9

The effect of sulfide source on the performance of
sulfided pre01p1tated-1ron Fischer-Tropsch
catalysts .

9.1, Introduction

The sﬁlﬁdaﬁon of iron catalysts _does not only involve the addition of silfide ions to a
hematite watrix. To mamtam electrical neutrality, cationic species are nec_essm'ily
associated with the sulfide ions. Since there is 2o reason why these counterions should
not be occluded by the growmg pl;écipitate, it fbllowa ¢ the source of sulfide could
impact upon the activity of precipitated-iron Wsts. To this end, a study was

undertaken invalving the addition of three different sulfides, mmely NaS, (NHL).S and
* (NEL)sS5, t0 iron catalysts in an attompt to quantify the effect of sulfide source on FT

activity,

Sodium jons are commonplace promot&s of iron Fischer-Tropsch cﬁtalysts and assist
with improved olefin activity and suppressed methane selectivity [173], Their mode of
action is based on inductive electron donation to iron which weakens the C-O bond of
adsorbed carbon monoxide, and hence facilitates cerbide formation. Ammovium is
another common counter-ion associated with sulfide species, During caleination it
B decomposes to ammoﬁa which is lost ﬁ'om the surface [202] énd_hex‘jce should not

impact on catalytic behaviour,
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I"inaﬂy, the identits? of the sulfide ion is important to cousider, since longer chain
polysvifides might be expected to confer different catalytic properties to monosulfides.

To better understand the efftcts of the sources of sulfide on the morphology aud
fimction of precipitated-iron cétalysts, & study was undertaken using catalysts sulfided
at pH 10,75 with 2000 ppm sulfide. | |

9.2, Experimental |

~ Inorder to assess the possiﬁle effect of the source of sulfide, all catalysts were sulfided
with 2000 ppm S at pH 10.75. Sodium suifide (Ma,S), ammonivm gulfide ((NEL).S)
and Mﬁum p'olfmdﬁde {(NH,),S5) were used a sulfide sources,

Sulfided catalysts were calcined and reduced at 400°C prior fo commencing. Fischer-
Tropsch smtheﬁs at 250°C and 8 bar pressure (GHSV = 400 h'). Gaseous and fight
liquid hydrocarbon fractions were analysed by on-line gas chromatography; wiile the
senaration of long-chain waxes was achieved using an ofline gas ‘cbromatograph
equipped with a capillary columa. '
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9.3, Results and Discussion
The suri_‘dce areas of pre~cal§ined catalysts, sulﬁ_ded psing various sources, are
subsﬁmtia]ly different (Table 9.1). Indeed, all socum sulfid 1 cataiygts possessed
larger surface areas tham catalysts sulfided using mnmﬁnium—deﬁved' SOUrces.
Furthermore, polysulfided ocatelysts generally yielded smaller areas than their
monosulfided analogues. | -

- ‘Table 9.1z Surface Areas of catalysts sulfided at pH 10.75 with 2000 ppm S

oES | 130 242 570 726

(NH,);S: 6o 352 320 245

After calcmanon, the arcas are more alike, yet the catalyst sulfided with mﬁum sulfide
still has the largost surface area, ¥t is also more porous than the other catelysts studied
(Table 9.2). As dissussed in Chapter 3, catalyst_s pulfided with small quantities of
sulfide (50.-2000 ppm) exhibit cylindrical pores which permit easy access to active

si*ag,
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Table 9.2; Pore volumez of catalysts sulfided at pH 10,75 with 2000 ppm S

NagS = 0.29% 0.283 0.05 307

®NHyS 0.245 | 0243 0013 400
{(NHL):Ss 0206 = |  o0.198 0.02 350

Temperature pfogramnwd reduction studies. revealed that the reduction of Fe,0;

ocoursat 8 h:arginally Iower tempemum. when sodium sulfide is used Furthérmore, the

reduction peaks for the ammonium based catalysts aro nearly identical to each other

(Table 9.3). As previously stated, ammoninm ions readily convert 1o ammonis during
 heating, and thus this counter-ion escapes from the sutface. |

Table 9.3; Temperature Programmed Reduction of sulfided iron catalysts
Selids roun ' [ 5062570 TFa

NaS T4l 460 _ 853
(NE)S 417 455 605 854
(NHE)Ss RS 485 612 850

® Unsulfided catalyst, reduction temperature = 261°C

No particnlar trends are evident for the mducfion of sulfate to sulfide, or the formation
of metallic iron from mugnetite (Table 9.3); and the reduction of FeS appears
- unaffected by sulfide source. Alksli promation is purported te lower the temperatures
of reduction by accelerating the remaval of hydroxyl groups from the surface,
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Table 9.4: Reactor Daga of catalysts sulfided with 2000 ppm S from didsrent sources

1 .0.01.9

(NH,).S 66 | 081 671 0.028 | 2
{NEL),Ss 57 0.80 0,64 0.0235 26

All catalysts invesﬁgate.d exhibited lugher activity than the un:aifided catalyst (specific
acuwty = 0.35 umolC/g/s as shown in Chabtet 2). Moreover, the promotional effect
appears to be indébeﬁdent cfthe sulﬁﬂe source, it is the slightly Jarger surface area of

_ .tha sudimn.sulﬁded catalyst which may account for the higher a.ctmty shown in Table
9.4, especially since the aclivity per unit area is not as high as found for the other
catalysts, This finding, in conjunction with the sodium content of the catalyst sulfided
wih NasS, cénﬁmls that the abovementioned effect is sulfidic in origin a’nﬁ'not

' sodium-baseci, . '

According to the speciation model generated using diﬁ'erent_'sﬁfﬁde sources (Chapter
7), the chicice of cation has o effct on the solution species. The addition of NagS
- does not appreciably mcrease the total dissolved sodium concentraticn. Furthermore,
in the oass of ammonium sulfided systems, e predicted NFL,* (aq) concentration is

extremely low owing to the NE* > NHb (aq) equilibrium lying very far towards the
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Pélysulﬁded systems, by contrast, appear very different to their monosulfided
analogues, At sach of the sulfidation pH values, the distribution of aqueous sulfide
species favours 85 to the extent that it contributes more than 95% of the dissolved
sulfide conocentration, However, this sgecies is not expected fo precipitate, and remains
in solution possiﬁly a$ a polysuifane, 8,81, [1§]. Consequently, as with monosulfides,
the “pivoﬁal” chemical species in these systems are not polysulfides, but Fe(HS), and
FeS. And it is for tbls reason that very minor differences exist between mono- and
polysulfided catalysts.

| The existence bf HY in polyéﬁlﬁded systems cotnes ‘as a result of
usproportionstion: $+* <> HS™ +8"[19]. This hydrosulfids ion (HS) is then
résponsible for the formation of aqueous fecrous sulfides, whic! precipttate aé FeS, in
.analogous fashion fo monosulfided systems. Qoly in the latter case, is the complekaﬁon
of added §% ss ferrous sulfide at pH 6.9 almost.quantitative, while the proportion of
added polysulfide that precipitates as FeS is extreme'y small, The implication for
polysulfided catalyst morphology is that larger crystallites are formed, and this e:;plains
the smaller total surface areas exhibited by these catalysts (Table 9.1). Indeed, XRD
analysis of minor orystalline phases, revealed that polysulfided catnlysts contained less
FeS than catalysﬁ sulfided from other sources. Moreover, the speﬁatioh model

(Chapter 7) predicted that the FeS concentration it movosulfided systems should be
100 fold that found in polysuifided precipitates.
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The prediction that ail 85 would remain as aguecs species does not preclude the
 incorporation of these entities by the process of occlusion. The Jarger size of the
p&nﬁsulﬁde ion would dismpt the crystallinity of the precipitate and result in it being |
forced to the surface of the iron-oxide particles. As a result, just as _nih‘ate'and
carbonate jons decorate the surfice of dried. precipitaies, so too might polysulfide
species. This would rationalise the observation made using XPS, showing the presence
of at least a trisulfide on the surface of a reduced polysulfided catalyst. As discussed in
Chapter 4, which desls with the XPS study, the polyaulfids was osly detected on the
surface of the qe.téllyst sulﬁded with 20000 ppm (NHa)st._ No source-related effests
were found for low-level sulfided catalysts, where oaly sulfate species swere observed
following reduction and caloinauon.

Alkali promoters imptove the chain—lengthemng capacity of FT catalysts, aud hence
give 4 product distribution charactetised by higher a-values [32]. No such effect is
seen for the oatalyst sulfided with NaaS, and indeed there is Tittle vatigtion between the-
covelites obtained using any of the sulfiding agents (Teble 9.4). Furthermore, the

. product selectivity is essentially identioal (Figure 9.1), since the variation between
~atalysts is within 10 % for each of the product fraction#.

235



The effect of sulfide source on the performance of suifided iron FT catalysts

o
L=}

o
(=1

&

Selectivity (%)
g

Ty
k=]

sl
Q-

et

c2.ce

Joom

c12-c15

-

o7-Ci1 -

R NeoS M (NH.),S B (NHL):S:

Figure 9.1: Product selectivity of catalysts sulfided using different sulfide sources

Oxygenate seleciivities were also very similar (Figure 9.2), and only the sodivm
sulfided catalyst exhibited & marginally higher yield of ethanol, This was accompanied
by a greater prbpensity towards methane production than the other catalysts.
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Tigur 1 9.2: Digtribution of oxygenated products for various sulfided catalysts
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Little variation in the olefinity of hydrocarbons of these three catalysts is to be found,
except that the polysulfided catalysts appeared to prdduce slightly less olefinic

products than the monosulfided catalysts (Figure 9.3).

% Ofefln/(olefindparaffin)

8 ¢ 0 1

Carbon Number

B Nap,8 B (NH),S 0 (NH S5 .
Figure 9.3: Olefinity of products obtained from catalysts sulfided using various sulfide

SaUrces
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9.4. Conclusion
The addition of sulfide from different sources.does not siéﬁiﬁcantly affect the
distribution of products, This stems from the finding that HS" jons are the critical
species in determining oatalyst morphology. In monosuffided systems, all added sulfide
s protonsted o yield hydrosulide; while less than 10 % of polysuifide added is
| hydrolysed to HS". Consequently, .the monosulfided catalysts exhibit similar
morphologies in teems of crystallte size and surfoce ares. The reduced FeS
qoncentmtién in polysulfided catalysts results in lnrger crystaliites with low surface

|reas.

Aqueous Sf' ions may become occluded by the growing precipitate and hence form
part of the precipitate. These species are fairly large, and their incorporation into an
iron oxide orystallte may disrupt the orystallinity of the material, During catalyst
pretreatment, decomposition of the pentasulfide is expeated, slthough the deteation of
at least a trisulfide sugzests this decomposiﬁon to be kinetically un_ﬂtvﬁurabie.
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Chapter 10

- The effect of sulfidation pH on the morphology
~and function of sulfided iron Fischer-Tropsch
' -~ catalysts

10.1. Introduction
The Fiséher-’l‘rbpsoh process is propost - @ small ensemble reaction, involving
clusters of atoms that constitute active sites [203], As & result, FT synthesis is sensitive

to the structure and composition of the catalysts used.

Generally, the morphology of & catalyst can be inferred from measurements of surface
area, pore volume, reduction behaviour, and so on. With specific reference io
precipitated catalysts however, a knowledge of the solution chemistry pertaining to the

~ aqueous precipitation system is also essential in the elucidation of bulk structure.

The species that determine the cpmpositiﬁn zud structure of a precipitate are those
which are the most stable under the various conditions of pH, temperature and
concentratzm It fbllows that there are many synthetic variables that can be
manipulated to achieve the precipitation of materials with ranging morphology. The
effects of sulfide source and content on the s« .fure of sulfided precipitated-iron
catalysts have been dealt with in previous chapters (ses Chapters 8-10). Herein, the pE
of sulfide addition as a synthetic variable is discussed in terms of catalyst morphology,

and the consequendes for FT activity.
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Effect of sulfidation pH on iron FT catalysts

'Equilibria involviﬁg sulfur-contrining species are important for understanding the
chowistry of sulfidstion of carelysts at selocted pEl velues. Pourbaix diagrams,
cobsﬁucted from electrode petential data and acxd dissociation constants, describe the
conditions of Eh (electrochemical potential) and pH for which various species are
stable [18). Equilibrium diagrams for the S-H0 system are availahle ot temperatures
rénging from 0° to 150° C [204), thus pamﬁtting assessment of the equilibria at play
under a varisty of experimental conditions.

Although, in this study, the precipitation of iron catalysts was done at 75°C, no Eh-pH
diagrem was available for this temperature, Instead, the Pourbaix diagram for the §-
- ;0 system at 100°C is shown below (Figure 10.1) [adapted ﬁém 204}

--u'a'-t's'a'lh"fe,u

Figure 10.1; Pourbaix diagrazt for the S-H0 aystem at 100°C oonmdem:g only sulitsr,
sulfides, thiosulfates, tetrathionates and sulfites (log o = 0) '

where a, b, ¢, d refer to reactions of the solvent, viz:

a: reduction of B0 in gaseous H,

b: oxidation of H;0 in gaseous O,

o. dissuciation of liquid water

d: vaporization of liquid water
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Effect of sulfidation pE on iron FT catalysts

The Eh-pH diagram for various iron species at 25°C is shown in Figure 10.2, where
" Fe{OH); denotes the general stable phase for a generic Fe{Ill) precipitate which
comprises many Fe(IIT) aquoous species [61], While these diagrams are for smdies

- omned out at temperanm-s different from that used in tlus case {75°C), majur

: d:ﬁ‘ereuoesmnot expected,
12 Ry,
SYSTEM  Fe-O-H
10} ) 28C, 1 bar |
For
gkt )%
oa}
04f '
#
s Fo ‘a foHy,
Zoah
w
M\\
-0.2 ';" : S
-gal % ) Fe O}
Fa [OHI,
-0 N
'°j}'é T E T T
H

Figure 10.2: Pourbaix disgram for Fe-OH system at 25°C [61],

In this study, the morphology of iron catalysts prepared by sulfidation et pH values of

- 10,75, 8.5 and 6.9 is discussed, Figures 10.1 and 10.2 have been used in conjunction
. with the solution speciatioo. olodo!. presenteﬂ in Chapter 7, to pred:ot which species are
most Jikely to st uoder the conditions of pH and concentration used in this shldy.
This information was then correlated with the results obtsined using a vasiety of
standard catalysi characterisation techniques. Finally, lmring thus desoried the
inflnence of sulfidation pH on morphology, the xmphoat:ons for Fischer-Tropsch
synthesis have boen desoribed. '
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10.2, Experimental
Iron catalysts were sulfided with 2000 ppm polysulfide at various pH values (10.75;
8.5 and 6.9) during precipitation. Finely gradnated pHl paper was used to determine the
pH of sulfide addition, since attempts to use 2 glass electrode gave inconsistent results,

Tnformation regarding the morphology of the sulfided catalysts was obtsined using
various techniques, including XRD, TPR, BET surface area and pore volume

measurements, as detailed in Chapter 2,

Befors the assessment of FT activity, catalysts were calcined at 400°C for 16 hours,
and activated by reduction under flowing hydrogen at 400°C for 24 hours, Fischer
Tropsch synthesis was then commenced at 250°C aad 8 bar pressure, using a CO:H;
ratio of 1:2 and a2 GHSY of 400 b (see Chapter 2). All catalysts were monitored over
an induction period of 4 days, followed by " four-day muss balance, Gaseous and liquid
product ﬁ'ﬁcﬁona were analysed by on-line gas chromatography, while aéparaﬁon_ of
the components of waxy products was achieved uging an offline capilfary-column gas
chromatogeaph. |
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10.3. Results

10.3.1. Effect of sulfidation pH on cataljrst morphology
In Chapter 9, it was shewn that the use of mono- or polysulfides as sulfiding agents in
precibitated-iron catalysts yiclded similar resulis, Thus, in this study, the influence of
sulfidation pli on polysulfided mtalysfs is taken to be representative of catalysts
sulfided using eif or NezS, (NEL)S or (NE),Ss. To substantiate this assumption,
selected results obtained using catalysts sulfided with monasulfide sources (NesS o:
(INH,)28) will be presented where appropriate,

The effect of sulfidation pH on the surface aress of catalysts sulfided wlth 2000 ppm
polysulfids i¢, summarised in Table 10,1, Catalysts sulfided at pEl 10,75, that is at the
start of preoipitation, yieldad the highest surface areas, and those to which sulfide was

added at the end of precipitation gave the lowest surface areas.

Table 10.1: Surfice areas of 2000 ppm polysulfided catalysts sulfided at different pH

A | setaoe aren () | et are
TEE
85 302 56 238
6.9 435 48 203 [ 3

® arystallite size was dotermined from XRD data using the Scherrer formmla
b Catalysts were calcined at 400°C for 16 h prior to measurement
° BET measurement made after FT synthesis and exhaustive wax extraction
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Effect of sulfidation pH on iren FT catalysts

‘Thig trend of decreasing surface area with decreasing sulfidation pH was observed
ircespective of the sulfide source or level of sulfidation. For instance, the pre-
calcinatic BET surface areas of a series of catalysts sulfided with 500 ppm NaS at
pH 10,75, 8.5 and 6.9, were found to be 170, 124 and 97 /g respectively.

After ca_lcination, the surface areas of ali catalysts decreased considerably duz to pore
collapse (see below, 'Table 10.2), yet still generally maintined the same trend of
decreasing surface aros .th pH {Taﬁie 10.1).

The effect of sulfidation pH on crystallite size is also shown in Table 10.1, where larger
crfstsis possessed lower surface areas, A decrease in surfuce area implies an increase in
crystallite size, and hence improved crystallinity. The variation in crystallinity follows a
trend anglogous to that shown previously in Figure 3,16 (Chapter 3), in which a
decreaso in pH of sulfidation gave an increass in the intensity of Fe,O; difffaction
peaks 8 20 = 35° for catalysts sulfided with S000 pom NaS. This incrensed intensity
 is accompanied by a narrowing of the peaks, & phenomenon that is indicative of higher
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Rffect of sulfidation pH on iron FT caialysts

Improved pordsity is #notﬁer feature that has been detected afler early sulfidation
(Table 10.2), Trends similer to hose observed for BET surface sreas are found for

. pore volumes, and these trends are maintained after calcination pretreatment. The small
value obtained after reaction for the cutalyst sulfided &t pH 6.9 may be due to pore
blockage by residual wax products. '

Table 10.2: Total pore volumes of 2000 ppm polysulfided catalysts

An effect of sulfidation pH on pore shape was previously alluded to in Chapter LR
‘appears thet the addition of sulfide at pH 10.75 results in pores with broader necks
than those obtained after sulfidation at pH 6.9. An example of this is' given vsing
catalysts sulﬁded with 20000 ppm NS in Figure 3.21.

The reduction behaviour of the above cwtalysts was investigated using Temperature

Programpmed Reduoticn (TPR). As an example, the reduction profiles of the catelysts
sulfided with 2000 ppm § using N8 and polysfide are shown in Figure 10.3..
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Figure 10.3; Reduotion profilvs of catalysts sulfided with 2000 ppm S a) Catalyst
sultided with Na,S b) Catalyst sulfided with (NEL):S '
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Effect of sulfidation pH on iron FT catalysts

TPR studies confirmed that the hematite-magnetite transition took place at a lower

‘temperature in the presence of sulfide (Table 10.3). Catalysts sulfided at the beginning

end end of precipitetion exhibited reducuon peaks marginally higher in temperatue

than the catalwtsu]ﬁdedatpHBS

Table 10.3: Effect of pH of sulfide addition’ on the reduction of iron species

1075

“ie

435' i

612

350

85 410 a7 618 7T
6.9 430 484 622

2590

o Catalysts sutfided with 2000 ppm (NH.,);S,
* For the unsulfided catalyst, the Fe,0;-FesOy transition accurred at 461°C
According to Table 103, fhe reduction of miagnetite to iron is observed to ooém‘ at
higher temperatures with decreasing pH of sulidation. ?urthe:.‘more,. whilé the
reduction of bulk FeS is unaffected by pH, _the recuction of sulfate species is observed
ty roneed ot & lower temperature for the catalyst sulfided midway through

precipitation,
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10 3.2. Effect of sulﬁdatxon pH on catalytic eﬁ'icacy
F:scher-Tropsch synthesls was peribrmed using catalysts sulfided with 2000 ppm

polysulfide at pH 10.75, 8.5 and 6.9. Data relating to the activity of these catalysts is
presented i Table 10.4.

Table 10.4: Activity data of catalysts sulfided with 2000 ppm polysulﬁde at
Aifferent pH values |

peeme

064

10.75 57 0.80 128
8.5 12 0.73 28 0.13
6.9 73 082 75 0.75

= TON 1efrs to fhe Rmiber of Garbon atoms converted to product per exposed active s

. To confirm that the trends in Table 10.4 were reproducible, and that. source eﬁ‘eets
wero absent, the activity data relating to catalysts sulfided with 2000 ppm Nag§ at pH
10.75, 8.5 and 6.9 are also presented (Table 10.5):

Table 10.5: Activity data of catalysts sulfided with 2000 ppm NaS at different
- PH values |

1075

'5'5"

078

5.5 15 068 0.10
65 54 0.83 0,67




" Effect of sulfidation pH on fron FT catalysis

The data pfeaen{ed in Tables 10.4 and 10.5 serve to illustrate that catalysts sulfided at
pH 83 are inferior for the Fischer-Tropsch reaction sompared to those sulfided at pH
10.75 and 6.9, The effect of sulfidation pH on the distribution of products is dealt with

vide infra as part of the Discussion.

10.4. Discussion

10.4.1. Effect of sulﬁdation pH on cataljrst morphology
Tile data presented in the Results section clearly show that the catalyst sulfided at pH
8.5 is dissimilar ta those sulfided at pH 10,75 and 6.9, This suggests that two different

' factors are responsible for morphology and activity observed for the latter two

' _catalysts.. Furthermore, it appeats that these two phenomena are i_n competition at pH

8.5,

Since all catalysts in this study were sulfided ﬁm 2000 ppm polysulfide, tﬁe obs.erved'
differences in catalyst morphology, and hence Fischer-Tropsoh actmty, are exﬁected to
correlato with the species present in solution that dominate at each ofthe pH values at
which suifide wasﬁdded.

The infisence of P on the dissaciation of dissolved sulfide species at 25°C is
lustrated in Figure 10.4 [204]. ' "

tot ' . — s
b Ha8 / HS” 571

o 2 4 8 8 1 12 " pH

¥igure 10.4: The dissociation of sulfide specios 2 & fanciion of pFL at 25°C [204]
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Effect of sulfidation pE on iron FT catalysts
As mentioned previously, the preparation of sulfided catalysts was per] ormed at 75°C.
The equilibrium conditions that apply at this temperature may be renresented by thu
expression [204]: |

HS"
tog| 25} - 5,699+ pH
°g[st) "R

* Henge, the relative proportions of HS™ and HS at the pH values used for sulfidation

“can be determined (Table 10.6).

Table 19.6: The dissociation of dissolved substarices as 2 fimction of pH at 75°C

11246

8.5 T 63

€9 159

| In ﬁ!kalige solutions, at the stm of precipitation, essentiafly all added sulfide exists in
the semmi-protonated bisulfide form (HS). A solation of sodium carbanate has a pF of
approximately 10.75, which is not high enough for the stabilization of S species
(Figufe _10'.4). The bisulfide ions still predéminate ai pH 8.5, and to .a far fesser e::tent
at pH 6.9, the end-point of precipitation.
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Soluticn speciation modelling was appiied to the Fe(NQs);-Na CO; system which had
been sulfided with 2000 ppm NagS, The species present in solution s 8 function of pH

are shown in Figure 10,5,

Speciation (%}

10,16 : . 854 .88
. Sulfidation pH

| HS — §* — LS (a0 ~— Fe(HS)x (ag) —— Fe$ () — Fe(ORs (ag)

Figure 10,5: Effect of sulfidation pH ou the solution speciation of 2 2000 ppm NazS
sulfided gystem, where suifide species are presautéd as 8 percentage of total sulfide,
and ferrous species as a percentage of total Fe?'

It is evident from Figure' 10,5 that at pH 10.75 virtually all Fa’f is found us Fe(OH)y,

and S as HS". As the pH becomes less alkaline, ferric ions are reduced to ferrous jons

and this is accompanied by the formation of iron-sulfide species.
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Effect of sulfidation pH on iron L catalysts
The formation of ferrous species in & suspension of iron oxide can proceed according
to the reaction [101 '
FesOs+6H' +2¢™ ¢ 2Fe? +3ER0  Bh=0.719-0.1773pH-0.0591 log [Fe*]
This reaction is strongly pH dependent, and the yield of Fe** would therefors be

maximised under increasingly acidic conditions.

' Tbe first precipitate formed through the reaction between Fe(IT}.species and dissolved
__sulﬁt_le at ambient femperatures and pH < 9 i3 Fe(HS); [205]. The 'es_timated solubifity
of this phase is vaﬁnble, but is pmpoﬁed to. be one to two orders of ﬁa@itudes greater
then amorphous FeS This matenal is black in colour, and hence it is.possible that it is
the initial product formed following sulfidation of the iron catelysts during
 precipitation, since swirls of black were observed in the stirred suspension the instant
the sulfide was added, |

The precipitation process can be represemted by the following reaction scheme [205;
Fe* +HS™ ~» (FeSH)" uy)
(FeHS)* +HS™ —> Fe(SHh o)
Fe(SH): -» FeS + S
According to Rickard, the second step is rate~determining, while the first step occurs
rapidly. The third resstion represents » phase transformation to release hydrogen
sulfide, and marks the beginning of ordering of the precipitate; essentially crystal
growth {205]. |
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The concentration of Fe(HS), and FeS specios reach & maximum at pH 8.5 (Figure
10.5). At this pH value, the concentration of Fe(OH); g 8150 reaches a maximum
indicating that precipitation of iron oxyhydroxides is highly favoured

thermodynamioally,

1t is hence proposed that the effict of sulfide addition is to create FeS molecules which
act as nuclei for the proliferation of iron-oxide crystallites. When added at the start of
precipitation (pH 10.75) the FeS molecules supplement the pool of nucleating agenfs.

| '_ Together w1th Fe(OH); embryos, the iron-wilfide provides a large number of nuclei,
- giving rise o many small crystallites of iron o‘kyhydroxida ‘when precipitaﬁm is

. complete (pH 6.9).

The addition of sulfide at pH 8.5 introduces nucleating m at a point where the
formation of Fe(OH)y ¢ is most fé.vourabie,. that i, precipitatic . - of irbn
oxyhydroxides has commenced in eamest As a result, the Fef molecules becomé N
incorporated iuto the growing iron oxide crystallite, acting as sites of adhesion for
precipitating material, Furihermore, as shown in Figure 10.5, the fbrmatmn of FeS is
most favouted at this pH, and thus the system bes additional mucleating agents
following sulfide addition at pH 8.5, Thus the final morphology of tﬁis precipitafe is
characterised by crystaliites that are generally larger than those obtained after
sulfidation at pH 10,75, Moreover, the sulfide is situated closer to the surface of the
erystralite when added at pH 8.5,
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Sulfidation at the end of precipitation (pH €.9), introduces FeS species after most of
the formal iron oxyhydroxide precipitation is complete, Therefors, while some residual
nucleation may still take place, the majority of irop-sulfide functions as aggregating

apentg and promotes the prowth of iron-o<ide erystaltites,

The growth of crystalfites is accompanied by an increase in bulk crystallinity as
detected by XKD measurements. Indecd, an increaso in crystallite size with decreasing -
pH is shown in Table 10.1. This trend is reflected in improved crystallinity us »
function of decreasing pH (Figure 3.16). The crystallite sizes of sulfided catalysts
(Table 10.1) were found to be greater than that obtalued for the unsulfided catalyst |
(1314). Thersfore, sulfidation at pH 10.75 prﬁvides f S0UrCH ofaggregating agenfs as
well as nueled for crystal growth, giving rise to 4 more orystalline precipifate than in the
absence of sulfur, However, the proportion of FeS that function as apgregating ag}ents
is.small at pH 10.75 compared to pH 3.5 and 6.9. | |

"Matetials composed of small crystallites generally exbibit large BET surface areas and
sotal pore volum?s, and this is illustrated in Table 10.1 and 10.2. Certninly, for all
series of catelysts containing the same amoum. of sulfide, added at ditferent pH values,

the surface areas are observed to follow the trend shown in Figure 10.6.
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Figare 10,6 Varintion in surface area with pH of uncalcied catalysts sulfided with

2000 ppm S from polysulfide

Thus, sulfidotion at the end of precipitation promotes the growth of iron erystallites,
possibly by a process of aggregation of smaller particles, Low-temperature sulfidation
of noble metal caxaljsts is reported to yieki larger particles, and the formation of &
‘compouad bridge’ between smaller particles has been proposed [206]. In order 10
maintain crystallinity however, the phase of iron suifide that becomes incorporated
must closely approximate the phase of iron oxide being precipitated. Pyrrhotite (FeS)
was identified by XRD as the sultide phase prosent in uncaleined highly sulfided
catalysts (Chapter 3), and this indeed hag the séme hexagonal close-packed geometry

4% hemiatite.
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10.4.2, Effect of sulfidation pH on catailytic efficacy
According to Figure 10.7, which pictorially represents the data presented in Table
10.4; c#talyﬁfs sulfided at the start and.end of precipitation exhibit enhanced activity
(relative to the unsulfided catalyst - which has a specific activity = 0.35 umol C/e/g),

while the rate of product turnover for the catalyst sulfided at pH 8.5 is poor.

0.8

3 T *6.9
"% g; 1 %1075

g osy
' 2. 04+

ﬁ 03 +
- gf‘ ' . +8.5

% 0 : ; 4 } +

1 10 9
pH of sulfidation

8 7 6

Figure 10.7; Effect of pH of sulfidation on the specific gotivity of catalysts sulfided
with 2000 ppm polysulfide

The higher TONs caloulated for catalysts sulfided with 2000 ppm polysulfide, at pH
© 10.75 andl 6.9, are refiected in the enhariced activity per unit ares (Figure 10.8), Highly
active sites are geuefated by sulfidation at tie start and end of precipitation; while

poisoning appears to take place following the addition of sulfide at pH 8.5.
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Figure 10.8; Rate of product turnover per active site for catalysts sulﬁded with 2000

- ppm polysulfide at the start, middle and end ofprectmtatlon

The shape of the activity-pH plot (Figure 10.7) suggests that more than one factor is
responsible for the effects observed, Solution speciation modelling has once again been

invoked to assist with an understanding of the resuls.

The motphology of sulfided catalysts appears to be determined by the stage at which
suifide is added to the growing crystallites, During catalyst pretreatment however, the
segregation of sulfide to the surfacs has been shown to oceur (Chapter 4).

Therefore, the variation in depth of the sulfide within the crystallite of iron oxide

appears to influence the degree of sulfide septegation in these catalysts,
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- Figure 10.9: Schematic representation of the proposed model of the effect of sulfide

addition on iron-oxyhydroxide crystallite growth

According to the proposed crystailive growth mode! illustrated in Figute 10.9, the
addition of sulfide at high pH provides a source of nuclei through the tormation of FeS
molécules. These form the core of iron-oxyhydroxide crystallites and haﬁce are
.simat.ed far from the surface. As a result, very little sulfide segregates to the surface
during pretreatment, Similarly, sulfidation at the end of precipitation produces FeS

molecules once crystallite growth is essentially complete; or at least, large crystallites
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are alréady present, Rathier than acting as nuclei, FeS molecuies now act ag points of
adhesion for the aggregation of crystallites, Onoe agsin, this suggests that the added
sutfide is buried deep within the iron-oxide matrix, and therfore only  small porcentage
- segregates to the suface during calcingtion or reduction.

- At pH 8.5, the pfooesses of pucleation and aggregation appear to o@cur
simultaneously. As shown in Figure 10.5, the formation of Fe$ (5) and Fe{OH); (an)
are most favoured at this point. Hence, konoxyﬁydroxide crystallite growth has
already commenced before the introduction of sulfide, so & considerable amount of
* aggregation occurs following sulfidation at pH 8.5. However, tho thermodynamic
eqmlibnum favours the formation of FeS above i other sulfide species at this pH,
resulting in additional nucle for crystallite growth,

The éompeting progesses of pucleation and aggregation appear to create a catalyst that
éxlﬁbits the effects of sulfide poisoning, lsuch s observed with highly sulfided catalysts
(Cimpt:x ). Thig 1cads one to suppose that the FeS molecules may be closer to the
Mw of the m-ystallrtes than when sulfidation way performeﬂ at pH 10,75 or 6.9.

An slternative explanation suggests that individual erystalites mulfided at pH 8.5
contain more FeS (due to the competing processes for nucleation and aggregation)
than those slfided at pH 10.75 or 6.9. At each of the latter two pH valuss, only one of
the processes is occurring. This would then create a situation resembling that found at
high levels of sulfidation (at all pH values). Unfortunately, owu]g to the fact that the
 sulfisr content of catalysts could not be accurately determined, this prop‘dsal cansot be
confirmed, It is interesting to noie, however, that the results of the ICP analysis of
_sulfiw incorporation (Chapter 3), did show that the catalyst sulfided at pH 8.5
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contained marginally more sulﬁxr than the catalysts sulfided .at the other pH values.
While these ICP results are sugﬁesﬁve, thejr must be treated wﬁh due caution. The
difference in § content between the catalyst sulfided at pH 8.5, and wwose at pH 10.75
and 6,9 was found to be only 30 ppm, and this may actually * + ithin the margins of

Nosetheless, for this hypothesis to hold, the reduction behaviour and FT product
distribution of the catalyst sulfided with 2000 ppmn § at pH 8.5, should approximate
thet of the more highly sulfided catalysts. Anelysis of TPR data (Table 10.3) shows

" that the temperature of reduction of iron sulfite to iron sulfiie or for the catalyst

sulfided at pH 8.5, compared to the other t»-~ catalysts studied.

During celcination and reduction pretreatinent, sulfide has been shewn to migrate
" towards the surface of catalysts [91]. The larger the quantity of sulfide present on the
surface as a result of segregation, the less well distributed it is likely to be, Hence,
while this sulfide may be converted to sulfate during calcination, the likelihood of
reduction fo sulfide is also enhanced, This effect is then identical to that observed with
high-level sulfidation, but oceurs m‘espechve of the amount of § added at pH 8,5. This
effect is less noticeable for 500 ppm sulfidation, but becomes significant fof catelysts
- sulfided with betweoen 2000 and 20000 ppm S. Indeed, a sulfate reduction peak was
absent from the reduction profile., of higly sulfided catalysts. .
Furthermore, Mossbauer -spectroscopy and XRD m}alysis of highly sulfided spent _
catalysts revealed predominantly metallic iron, anit the abseuce of carbide formation,

The dfﬁimtogmm of the spent catalyst su!ﬁded. with 2000 ppme. polym!ﬁde atpH 85

shows evidence ofFeS-(tno]ite) species, No carbide formation is discers..ble and some
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metallic iron can belseen. By contrast, the catalyst sulfided at pH 6.9 comprised mainly

Hapg carbide and magnetite.

Tho tack of carbide formation is therfore in line with results obtained for highly
sulfided catalysts and correlates witn reduced interaction between Fe and CO as

-detected by DRIFTS, for catalysts sulfided at this pH (Chapter 5). Thia weakened Fe-C.
bond also implies a stronger C = O bond and hence the absence of carbide formation.

10.4.3. Bffect of sulfidation pH on product selectivity of sulfided

catalysts

Al low-level sulfided catalysts exhibited high olefiity, but fhie catalyst sulfided at pH
85 showed a propensity to form unsatorated hydrocarbons (Figure 10.10), and higher

methane selectivity as illustrated in Figure 10.11,
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Figure 10.10: Olefin selectivity of 2000 ppm polysulfided catalysts prepared by
sulfidation af pH 10.75, 8.5 and 6,9
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C2-C6  c7-c11
[CpH 10.75 MpH 8.5 BpH 6.9

Figure 10,11: Product seléctivity of catalysts sulfided at various pH values with 2000

opm polysulfide

The oxygenate selectivity (Figure 10.12) of catalysts sulfided at pH 8.5 is higher than
for those catalysts sulfided at the start and end of precipitation,
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Figure 10,12: Oxygenate selectivity of catalysts sulfided at various pH values.
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While the product selestivity of catalysts sulfided at the start and end of precipitation is
very similar, that of the catalysts sulfided at pH 8.5 is noticeably different, The high
oxygenaie and methane selectivity, cﬁupled with lower olefinity are synonymous with
high levels of sulfidation (Chapter 8). |

 This oonﬁnns that the presence of sulfide species (as opposed to sulfate species) on the ..
surface dd&eﬂously affects FI‘ activity. Moreover, it indicates that the morphology of
ostalysts sulfided at pHL 8.5 is affccted by the competing processes of nusleation and
aggregation fo the extent that it results in greater quanities of sulfide scgregating to
the surface during pretrestment. | o
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10.% Conclusion

The key fackor involved with the effect of pHE of sulfidation is proposed to relate to the
epitaxial growth of iron oxide cfystalhtes At bigh pH, the FeS forms the nucteus fom
which a precipitate develops, thus becoming trapped deep inside the crystallite. At pH
6.9, the FeS acts as points of aggregation of crystallites, These two processes are in
competition when sulfide is introduced at pH 8.5, resulting in an inactive catalyst. The
poor ‘activity, and high oxygenate and metbane selectivity Gorrelate with sulfide
poisoning.

The overall surfece area is anhmwedbythead_dition of sulfide, yet this is rot as

important in promoling catalyst activity as the surface speciation that arises from

segregation phenomene.
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Chapter 11

Preliminary studies on selected sulfided
- procipitated-iron Fischer-Tropsch catalysts

11. 1 Introductmn
’I‘he ability of a catalyst to actively and selecuvely convert reactants to products
depends on 1t3 chemical composition and morphology. The addlt_lon of promoters can
markedly affect the rate of produ#t tuenover as wel as the apmearance of the pmduct

siate,

Promotion of precipitated-iron catalysis is generslly achieved by the impreynation of
the washed and dried precipitate with potassium waterglass {31]. It has been fownd that
 the greatest promotion results when the alkali enntent is Jow, hence the precipitate is
washed thproughly to remove the large Mt of mdmm or potassium present as

counterions during precipitation, prior to impm@aﬁcm with 2 known qaantity of alkati.

The effect of low-lovel sulfidation during preci;ﬂtaﬁon has already been discussed, and
the logical progression would be 1o conmder ;he imptegnation of a dried precipitate
wnth an atkali-sulfide, In this instance, the mﬂueme of sodium as a promoter is under
gonsideration, Tts mle gs & chemical additive in FT catalysts has already been
denmnstrated by other workers {1?3]
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