Preliminary stdies on selected sulfided precipiiated-iron FT catatysis

No less important than catalyst composition, i3 the activation procedure giving rise to
the active catalyst. The oxidative removal of surface contaminants is achieved by
calcingtion .1 air at elevated temperatures. However, the temperature regime i#

relatively rarrow, since sintéring musst be mintmised, yet surface adsorbates do mot all
desorb ai Jow temperatures, In addition, the surface segregation of species initiafly
contained witkin the bulk is known to ocour during calciastion [207). This alters both
the bulk and surface composition of the catalyst. The effect of calcination temperature
on the performance of sulfided catalysts was thersfore to b investigated,

Finall, the high olefinty of hydrocarbons synthesised by fow-lovel sulfided catalysts
may result from the higher synpas convérsion exhibited by these catalysts, Olefinity is
noted to inorease with increasing CO conversion [177], and it was therefors instructive
to establish whether the product state is an artifact of high conversion.

11.2. Expetimental

11.2,1, Incipient wetness as & mode of sulfidation
A dried, unsulfided precipitated-iron catalyst was impregnoted with 500 ppm NS
(dissolved in 0.5 i difonised water per gram of catalyst) using the inciplont wetdeds
procedure, After dehydration in a fan-oven at 120°C overnight, this sulfided oatalyst

was subjeoted 10 various characterisation techniques.
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Prelimisary stud:es on selected sulfided precipitated-iron FT catalysts
To assess its efficacy in the Fischer-Tropsch reaction, the impregnated catalyst was
monitored'fof hydracarbon synthesis over a period of eight days at 250°C and 8 bar
pressure (GHSV“—= 400 1) in  2:1 Hx:CO mixture, Product analysis was done uging a
-gas chromatograph, equipped with Porapak Q and capﬂh@ columns -(see.Chapter 2
for detailed experimental methods). | |

11.2.2. Effect of calcination temperature

.A catalyst sulfided with 2000 ppm (NH,).Ss at pH 10,75 was used to_inv'estigate the
effect of calcination _temperahufe on FT activity, Ona 2 g sample was valcined in air at
200°C and another at 400°C (GHSV = 2000 1) for 16 houss prior o reduction at
400°C in flowing hyd;ogm. Fischer-Tropsch synthesis was performed at 250°C and 8
bar pressure in a 2:1 Ho:CO mixture (GHSV = 400 1) for a periad of eight days,
which included a four dey mass balance, Hydrocarbon products were analysed by gas
chromatogtephy. |

11.2.3. Same conversion study _ _
‘I‘hg purpose of this study was to determine whether the increased olefin to pevaffin
ratio observed for low-level sulfided catalysts was an artifact of high CO conversion.
Catalysts sulfided with 500 and 2000 ppm sulfide (Na;S and (NFL)S5) were tested for
FT activity at conversions comparable to that of the unsulfided catalyst .(30 %). By
increasing the gas howrly space velocity, the high conversions of ithese sulfided
vatalysts were reduced to betwm 10 and 30 %, thereby facilitating direct companson

ofprodnct selectmty

267
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11.3. Results and Discussion

11.3.1. Incipient Wetness as a mode of sulfidation
While investigating the effect of mifide on the Fischer-Tropsch activity of iron
catalysts, the addition of sodium sulfide by co-precipitation wus preterred to exposure
to HaS owing to the expenmemal difficulties associated with the latter, In order not to
complicate the study umnecessarily, Na;S was added during precipitation so that
pmcﬁcéﬂy all added sodium would be removed during WaShing by centriﬁ.lgaﬁan. The
_ aﬁects of sulfidation during precipitation (herein referred to as ‘co-precipitation’) were

dealt with in previous chapters.

k “However, to establish whether the stage of sulfidation is an importsnt variable, and the
possible influence of sodium, a catelyst was sulfided with 500 ppm Na§ by

impregnation of 4 dried precipitate using the incipient wetness technique.

In terms of morphology, the addition of sulfide by impregnation api:vm-éd to

siguificantly increase the surfuce aren and total pore volume of the catalyst as shown in
~Table 11.1. Usually the impregnation of a support by an active metal or additive,
* rosults in a deorease in surfhce area [208] due t pore blockags, For exaruple, Mothebe
 gbserved that the sucfice areas of 10 % Co/Ti0,/PO> mﬁlyats decreased from 30.5
to 19,9 m?/g as the P loading increased from 0 to 1.0 % P|208]. Therefors, the effect
of the addition of sulfide in tlis way is rather bizarre and warrants further invasﬁgation.
~ Afer calcination st 400°C, the susface areas of both impreguated and Go-pl‘eoiplm&(i.

eatalysts decmase, although the loss of area is grenter for the former catalyst. .
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Preliminary stadics on selected sulfided precipitated-iron FT catalysts

Tahle 11.1: Surface Areas of impregnated and co-precipitated sulfided iron catalysts

i1 3

Impregnated | 1524 424 3.21

~Co-precipitated 57 7T B 788

Also, as evident from Table 11.2, is that the degree of pote collapsz following
calcination is minimisec) in the impregnated catalyst. '

Table 11.2: Total pore volumes of i:hpmegnated and co-precipitated sulfided catalysts

Tmpregnated ~0.291 0.283 ~ 0,018

[ Co-previpitated 0.241 0.202 . 0.020

The impregoeted catalyst proved very active for FT synthesis, with & specific activity
comparable to that of the co-precipitated low-level sulfided catalyst (Table 11.3), The
Tower TON however, suggests thet the sites for reaction are not as active as those in

the co-precipitated catalyst,
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Fretiminary studies an selected sulfided precipitated-iron FT catalysts

Table 11.3: Coparison of co-precipitated sulfided and imprognated catalysts in the

_FTreé.cﬁon

[ Madeof | % conversion | oevalue | Specitio Actvy | TON
Comifidation  {oo P o | (umolClige | (10%67)
Tmpregoation | 863 |  0.70 1.0 98

- Co-precipitation §3.7 | Q74 1.31 171

“TON refers fo the mumber of CO molecules cor.verted to product per exposed active
site

A vastly different product' spm was precented by the impregnated catalyst. .Tﬁe
lower o-value indicates rednced prbpenéiiy towards waxes and greater methane and
 tlight hydrocarbon selectivity (Figure 11.1). Moreover, the synthesis of oxygenated
products was reduced; thh methane (64 %) produced more selectively than etﬁane

(36 %), 'The ccQ-precipitaxed mulfided catalyst in tum, produced greater quantities of
ethane (86 %) tﬁa:u methane (14 %4, .
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| Figure 11.1: Product sulectivity of imprégnated and co-precipitated catulysts -
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Preliminary studies on selected sulfided precipitated-iron FT catalysts

As shorwn in Figure 11.2, The olefinity of hydrocarbons was found to be very low,

even beluwthat of the unsulfided catalyst. This indicates greater hydrogenation activity

- in the impregnated catalyst.
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Figure 11.2: Olefinity of impregnated and co-precipitated catalysts

The effects of impregnatioh are difficult to ra_tionalise, and are expested to be mutually
dependent on sodium &nd sulfide. A further point worthy of mention is that, unlike in
the co-precipitated systems, all added salide s prosont on the surfice of tho
impregnated catalyst. This means that the surface sulfide is less well dispersed in the
latter case, and hence the formation of sulfide from sulfate during reduction cannot be

excluded.
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The increased methane selectmty and fower olefinity are typical of sulfide-braring
'surfa.ces‘ Ontheotherhmd,thehlghactmtyandlowwygenateselmmam
feattm that might be attdibutable to sodiun. The effoct of sodium shouid be quite
significant singe two Na* ions are added for each S* iont

_ 11.3 1.1. Conclusion
B study was nof uttended to be exhaustive, but served merely to mvesugate the' _
possmle effect of sodmm on sulfided systems. Furthar studies, which extend heyond
the scope of tlns work, could involve the addxtm. of (N8 and (NEL)Ss by
incipiént wetness to ustabhsh the exact effect of sodium. Nevertheless, this pralmunary.
investigation into the efféct of added sodium. opens the wey for future work. ¥t also
flustrates the eﬁ'e&of@bﬁdebeingpmsém directly on the surface of iron oxide
| crystaifites, and not being dependent on segregation mechanisms,

The addition of slfide by the incapxmt wetness techuique lends a * 2w dimension to
mlﬁdedcatalysts All added sulfidr: lsprasentdxre@tlyonthemrfaw,unhkemuo-
precipitated systems,

Even when added at the end of precipitation (5H 6.9), the salfide s covered by
precipitating ivon-oxide and ia thus not at the very surface ofthe catalyst particles,
Moreover, the precise sulfide content of co<precipitated catalyats is not known, as

various solution equ:!'bna are at play.
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Prelirinary studies on selected sulfided precipitased-iron FT catalysts
11.3.2: Effect of calcination Temperature
The effect of calcination temperature on the activity and selectivity of sulfided catalysts
was investigated using the catalyst sulfided with 2000 ppm polysuifide at pH 10.75.

Table 11.4: Reactor Data of catalysts sulfided with 2000 ppm polysulfide

[200 12 0.00 | 066 | 485 | 0014

460 | 55 064 071 | 320 | 0.020

As shown in Table 114, lower conversion was obuained using a calcination
| ‘temperature of 200°C. This is accompanied by a decrease in o-value and oieﬁﬁ
selectivity (Figure 11.3), as the product spectrum shifis towards gasfms hght
hydrooa.bons. Indeed, the product slate obtamed at the lr:wer caleination temperamrc
mvetysmulartothmtobservedforhgblys:ﬂﬁdedcaﬁalysts It:sdommatedby
 oxygenated products snd methane (Figure 11.4), rather than liquid hydrocatbons as
* found for low-lovel sulfided camiysts. |

Themnfaw&easudtumlpotevduméa_aﬁerm@mmvwﬂnﬂnﬁnih@om;
o dlﬁ'erenoe in the pose shapes was evident, with the low temperature calcined
catalyst having a pére dameter of 117 A, and the vatalyst caloined at 400°C a pore
diameter of 146 A. |
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Figure 11,3: Effect of caicinaton temperafue on olefin selectivity
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Figure 11,4: Effect of calcination temperature on product selectivity
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Highly suiﬁded catalysts exhibited surface sulfide species in addition . to sulfates
" following calcmat;on and reductlon at 400°C. In contrast, only sulfates were detected
by XPS (Chapter 4) on the surface of low-levet sulfided cﬂt:alysts exposed to the same
preu'eatnent Ca]mnauon of these catalysts at a lower temperamre regults in product
selectivities  imilar to high-level sulﬂded catalysts (calcined at 400°C) suggesimg the |
existence of surface sulfides. These species have a deleterious effect on activity and
shift the product spectrum from light hydrocarbous to oxygenates and methane.

Tl_zerefore, it appears that a calcination temperature of 200°C is too low to oxidise all
added sulfide to sulﬁte. This suiﬁdé remains on the surface after reduction and pdi.sons'
catalyst activity. Certainly, it has been shown [209), that in o.der .to convert sulfide to
sulfate in Fe;05-80,™ isomerisation catalysts, caleination at 400°C or 500°C was
required 0 fully oxidise S* to SO, Moreover, calcination at 400°C may also bé
mstnm'kental in establishiﬁg an active catalyst in terms of iron oxide morphology. Ina -
study by Maiti ef i, an exothermic peak in a Differential Thermal Analysis (DTA)
curve at 380°C was ascribed to the formation of a crystalline hematite phase [201].
~ Changes in surface atea and pore volume that followed calcination were then amibuted '

to this phasenhange '

- 11.3.3.Is mcreased olefinity an artifact of high conversion? _

The oleﬁmty of hydrocarbons is knovn: to hicrease at higher conversion [177]. Low-»I
level sulfided catalysts proved more active than the unsuifided catalyst at the same

| 'GHF 1 vielded & more olefinic. M& slate. To inveétigate whether the olefinity

Was o w .isequeﬁu.a of high activity, a study of low-level sulfided catalysts operating at
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Preliminary studies on selected sulfided precipitated-iron FT catalysts

‘the sa:ﬁe e.un‘.'ersion as the unsulfided catalyst was uﬁdertaken. By adjusting the space
 velocity of the syngas feed to. each catalyst, the conversions were reduced to between
10 and 30 %, to allow companscn of product selectivity. Although compleie carbor
roass balauces were not perfonned, CO conversions were calculated ('I'able 11.5)

Table 11.5: CO conversions of sulfided catalysts used in olefinity study

Unsulfided

17500 ppm NS e | 800
2000 ppm Ne$ 18 800
2000 ppm polysulfide | . 23 | 600

_ As shown in Figure 11.5, despite being slightly lower than at high conversis_m, the
olefin to paraffin ratio is still higher for the sulfided catalysts. This .conﬁrms the effect

of sulfate in creating sites that are suitsble for unsaturated product formation,
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CO conversions -

Sulfided catalysts were lso shown 10 be comprised of lorger crystaliites than the

: unsulﬁded catalyat (see Chnpters 8-10). Jones et gl [210] have reported that steady-
state acmnty and olefin/paraffin ratios decrease with decreasmg metal crystallite size
for the Pe/C system, In particular, the increase in clefin to paraffin ratio with increasing
crystallite size was significant, and iz purported to outweigh any effect that differences

in percentage CO conversion might have had,

It has long been suspected that ct-olefins are the primery products of Fischer-Tropsch
synthesis, elthough they are themio&ynanﬁcally unstable under the reaction conditions
t‘hl]. Tt appears that readsorplidn .and subsequent hydrogenation ocenr readily, and
this may be & major reaction pathway leading to the growth of hydrocarbons during FT
synthesis [8]. Therefore, it is possible that sulfate snecies tay lower the degree of
readsorption of olefins, thus reducing the yield of paraffins,
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11.4. Conclusion |
Through the anparently unrelated studies présemd in this chapter, the proposals made
to rotionalise the low-level sulfide promotion of precipitated-iton ocatalysts are
don.ﬁrmed. Calcination at 400°C is necessary to convert added sulfids to suifate. This
oreates a highly active catalyst wdch is selective for olefinio products and oxygenates.
High o-values also 't Jicate good yields of wax products. In conttast, 'impregmtiun
with sodium aﬁlﬁdn reduces the probability of chain-growth,' and creates a highly active
catalyst that is selective for light hydrocarbons and methane, as shown in this

preliminary study,
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Couiclusion

'Tne main objective of this study was to de\?elop a fundamental understanding of the
effects of sulfide addition during the preparatioﬁ of precipitated-iron Fischer-Tropsch
 catlysts. The structural morphology of these sulfided catalysts was then corrclated
with their catalytic activity and product selectivity.

Having thus completed this investigation, a number of conclusions can be drawn:

i, 'The oo-precipitatioﬁ of sulfide ipto-iron-oxyhs_ el e orystallites, at various stageé
of precipitation, alters both the bulk morpholog, s surfuce chemistry, All sulfided
catalysts exhibit enhanced surface areas and py @ volumes, as well ss improved
erystallinity relative to a catalyst containing no exi neous sulfide, Sulfidation at the
start and end of precipitation yields larger crystallites as a result of the processes of
nuclqation and aggregaﬁon, respectively. Howevef, these two processes are in
competition at pH 8.5 and thls is reflected in the reactivity of catalysts sulfided at
this pH value, |

| i Lofv-leval sufﬁdaﬁnn (up to 2000 ppm sutﬁdej at pH 10.75 and 6.9, pmduce.s
catalysts which exhibit enbanced activity for the FT reaction compared to an
unsulfided catalyst. This promotion correlates with the greater degree of Higg
. catbide formation observed on these highly active qatalyats. This may be ascribed to
enhanced Fo-C interaction which weakens the C=0 bond of adsotbed carbon
nionoxide. The ptbduct distribution obtained from low-level sulfided catalysts is -

also altered with fespoct to that obtained in the absence of sulfur. Lowet methane
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sclectivity and improved production of C-;-Cﬁ as well as higher oxygenate
selectivity is observed. Furthermore, the olefinity of products is enhznced, and is

independent of CO conversion,

iii. The surface segrﬁgatipn of sﬁlﬁde is abserved to oocm'. during catalyst prefreatment,
Sulﬁte species are formed on aff sulfided catalysts following calcination at'4UD°C,.
and these species persist on the surfaces.of low-level svlfided catalysts (168 eV)
after reduction in hydrogen at 400°C. At higher levels of suifidation, sulfste species
are reduced to sulfiGes (161 6V), Therefore, the chemical modification of the
catalytin.surfe.ce is a further consequence of sulfide addition, The pfeserxce of sulﬁ:r- |
containing speaies lowets the temperature of reduction of Fe;Os *—)-.FGBOa , and thig
effect is enhanced at higher levels of sulfidation. Hi_ghly suli_ided cotalysts are
theretbfe reduced to metallic iron more easily than low-level sulfided catalysts.

iv._Thé poor Fischaa;-'l‘ropsch.ac.tiv'uy of high-level sulfided catalysts may be ascribed
" tothe presence of sulfide species, The electron-withdrawing tendency of sulfide
reduces the iron-carbon interaction, preventing CO dissociation. This presiudes the
formation of x-cmbiﬁe, mde:mg the. eatalysts inactive. However, the selectivity of
oxygenate production is enhanced through reduced CO dissociation, This is
accompanied by higher yiélds of methane and lght hydrocarbons,
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v. Highly active satalysts.are those which are pot vompletely reduced to metailic iron
 in the presence of. sulfir, since this is noted to bring about deactivation, The
presence: of some residual oxygen appearn to be imperative in resisting sulfir

poisoning, and in conserving sulfate species at the surface,

| ~vi. The addition of sulfide between 2000 and 5000 ppm .at pH 8.5 pmduaes an effect
anelogous to that observed at high sulfide content (20000 ppm). Poor FT acti\rity,;'
‘and a shift in product distribution towerds géseous products, lower olefinity and
higher yields of oxygenates indicates sulfide poisoning. This leads to the concluzion
| that catalﬁts sulﬁdéd miciway through precipitetion exhibit a preater surface
concentration of sulfide species that those sulfided at pH 10.75 or 6,9, This may be
attributed to the competing processes of nucleation and aggregation that ocourred

during precipitation.

_ vii, The source of sulfide huz no effect on the activity of catalysts, This correlates with
aqueous HS™ concentrations which appesr to be the pivotal species governing the
formation of FeS. This ferrous sulfide is proposed to be responsible for the
m.odi_ﬁeations. in the processes of nucleation and ag_gregaﬁon that give rise to
sulfided precipitated-iron catalysts with high activity. Forthermore, the identity of
the sulfide .cation_ (sodiom of ammonium) does not appreciably affect catslytic

behaviour.
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_ Vil The temperature of ualéa‘na,tion is onme of the most imponaxit vatiables in
detanmmng catalyst activity. Although too high a femperature may induce severe
loss of surface area due to pore collapse, the oxidation of sulfide to sulfate mugt be
complete to avoid catalyst poisoning by sulfide. Furthermore, the oxidative
desorpiiﬁn of nitrates and other such comtaminants requires the temperature to be

- greater than 300°C,

ix. The addition of. & promoter such as sodium to low-fevel suifided catalysts could
provide a range of highly active catalysts with unique properties. This has been
demnnstr_at:ed uisng a prelimiﬁa:}r study of a catﬁlyst sulﬁﬂéd by laow-level
impregnation of sodium sulfide, Results suggest that such catelysts exhibit high
sglecﬁvity fior light hydrocarbons, and redﬁced propensity towards oxygenates,
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Appendix I

A summary of some of the calculations performed by MINTEQAZ (version-3.10) in

order to model the solution speciation of sulfided precipitated-iron catalysts is 'given.

Mathematical concepts |
A system of n independent components that car. combine to form m species, is
reprosented by a set of mass action expressions:

Ry = (S0 T%5™ v (A1)
J ’ . i

‘where K; = equilibrium constant for thé formation of species i
&y = éctivity of #péciés i |
X; = getivity of component j
a5 = stoichiometric coeffivient of component j in species i

I = indicates the product over all components in species i

Y addition to equation A.1 above, the set of » independent components is governed by

n mass balance iequations of the form:

where: T; =total dissolved concentration of component j
;= the difference between the calculated total dissolved

concentration of component j and the known analptical total

dissolved concentration of component j -



The smathernatical problem (or the speciation model) is solved when the mateix set of
compohent activities which results in the set of concentrationé, C, such that each

individual of the set of mass balance differences, Y, is equal to zevo,

Correction of Equilibrium Constants
' Buuilibrium constants contaived i the MINTEQA2 database have generally been
| detersiined at 25°C. Since the precipitation of iron oxide was modelled at 75°C, the

equilibrium constants were adjusted Yor temperature using the vant Hoff equation:

Aame 11
logK, = logKy, - 23031&[?"?] ~(A3)

.where: T, = reference temperature, 298,16 K
log Ky, = 'ogarithm of the equilibriuin constant at the refbreﬁce temperature
R = molar gas constant | _
T = temperature of the 'system to be modelled (Kelvin)
AH = standard enthﬁlpy éhmga of the reaction
Thﬁ method is Im:utad to teﬁpemtums_ of up to 100°C, since the van’t Hoff equation
implicitly assﬁmes reaction enthaipies to be independent of temperature {and this is

-generally not true at high temperatures),



Computatiog of Activity Cocfficients -
The Davies equaiion(AA) was used to compute acﬁvity coeﬁicients {y) for charged
.species: |
’ . . . 1”3 | ]
logy, =-—AZ§[W-O.24I] S— Y
where: A= constant th#t- dgpénds on the dielectric constant and temperatire
Z, = the charge on each spectes i

I = golution iome strength

Precipitation of solids _

In order fo decide which species would precipitate first, a priority sequence’ of
tﬁertnodynmic stabilities of each salid was established, This was done by comparing
the apprdpriate ion activity iaroducts (IAP) with the comresponding fqnnation consfa.nt
after the aqueous phase had been equilibrated. The saturation index (A.5) so
determined was calculated and used to establish thé stability order for precipitation or
dissolution of solids. |

saturation index—'-—log-I%?— VY 7. 8. )|
A negative saturation index implies prdersaturation of the solution in that particular

specics,



Redox Reactions _
“The reduction of Fe* o Fe™* was inserted as a thermodynamic redox reaction from the
MINTEQAZ database:

Fe** + e—Fe” log K = 13.0320

Table A 1: Formauon constants of components paruoxpatmg in the precipitation of

uon-oxlde in the presence of sulfide

__ - newlogKP
- 130320 BN
B T4t 4.053
FeS —r— 35150 3.015
FerO), Farydie) | 48910 | 4,891
“TFe;05 (Hematite) _ 4.0080 T 7225
Ss% - 44150 12076

* According to MINTEQAZ database
® Value predicted by model

. Table A.2: Parameters of input datafile created in PRODEFA2

._ e et ) . e
Units of concentration . - T Mol
Tonic strength o - Computed: Davies Bquatic,
Muaximitm sumber of iterations ' 200
Terminate if charge imbalance exceeds 30 % _ _ NO
Precipitation is allowed only for those solids specified | YES




Appendix II

The Massbauer specira of uncaloined catalysts sulfided with 2000 and 5000 ppm

polysulfide (referred to in Table 6.1) are shown below:

wod . ' o oo .

904

L 1 A
5.0 . A0 a0 40 an
Veloghy fmm/s) . :

Figure A,1: Mossbauer spectrum of an unsaloined catalyst sulfided with 2000 ppm

pulyswaide

100.0

Transmissian (35}
&
P

g

' Tigare A.2: Mossbaer spectom of an unoalcimed catalyst sulfided with 5000 ppm

polysulfide




“What you can do, or dream you can, begin it, Boldness has genius, power and
magic in it” ' .
Goethe
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