
Prellminary studies on selected sulfided precipitated-iron FT catalysts

No less important than catalyst composition, is the activation. procedure giving rise to

the active catalyst. The oxidative removal of surface contaminants is achieved by

calcination .n air at elevated temperatures. However, the temperature regime is

relatively narrow, since sintering must be minimised, yet surface adsorbates do not all

desorb at low temperatures. In addition, the surface segregation of species initially

contained within the bulk is known to occur during calcination [2('7]. This alters both

the bulk and surface composition of the catalyst. The effect of calcination. temperature

on the performance of sulfided catalysts was therefore to be investigated.

Finally, the high olefinity of hydrocarbons synthesised by low-level sulfided catalysts

may result from the higher syn88S conversion exhibited by these catalysts. Olefinity is

noted to increase with increasing CO conversion [177], and it was therefore instructive

to establish whether the product slate is an artifact of high conversion.

11.2. Experimental

11.2.1. Incipient wetness as a mode of sulfidation

A dried. unsulfided precipitated-iron catalyst was impregnated with 500 ppm Na2S

(dissolved in O.S ml deionised water per gram of catalyst) using the incipient wetness

procedure. Aftel' dehydration in a fan-oven at 1:20oC overnight, this sulfidej catalyst

was subjected to various characterisation techniques.
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Preliminary studies on selected sulfided precipitated-iron Ff catalysts

To assess its efficacy in the Fischer-Tropsch reaction, the impregnated catalyst was

monitored for hydrocarbon synthesis over a period of eight days at 2509C and 8 bar

pressure (ORSV == 400 h-J) in a 2: 1 H2:CO mixture. Product analysis was done using a

gas chromatograph, equipped with Porapak Q and capillary columns (see Chapter 2

for detailed experimental methods).

11.2.2. Effect of calcination temperature

A catalyst sulfided with 2000 ppm ('Nl-4)2SS at pH 10.75 was used to investigate the

effect of calcination temperature on FT activity, One 2 g sample was calcined in air at

200°C and another at 40()QC(GHSV =: 2000 h-i) for 16 hours prior to reduction at

400°C in flowing hydrogen. Fischer-Tropsch synthesis was performed at 250°C and 8

bar pressure in a 2: 1 H2:CO mixture (GHSV == 400 h-1) for a period of eight days.

which included a four dELYmass balance. Hydrocarbon products were analysed by gas

chromatography.

11.2.3. Same conversion study

The purpose of this study Was to determine whether the increased olefin to paraffin

ratio observed for low-level sul£ided catalysts was an artifact of high CO conversion.

Catalysts sulfided with 500 and 2000 ppm sulfide (Na:zSand (NHt)2SS) were tested for

FT activity at conversions comparable to that of the unsulfided catalyst (30 %). By

increasing the gas hourly space velocity, the high conversions of these sulfided

catalysts were reduced to between 10 and 30 %, thereby facilitating direct comparison

of product selectivity.
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11.3. Results and Discussion

11.3.1. Incipient Wetness as a mode of sulfidation

While investigating the effect of sulfide on the Fischer- Tropsch activity of iron

catalysts, the addition of sodium sulfide by co-precipitation was prererred to exposure

to H:zS owing to the experimental difficulties associated with the latter. In order not to

complicate the study unnecessarily, Na2S was added during precipitation so that

practically all added sodium would be removed during washing by centrifugation. The

effects of sulfidation during precipitation (herein referred to as 'co-precipitation') were

dealt with in previous chapters.

However, to establish whether the stage of sulfidation is an important variable, and the

possible influence of sodium, a catalyst was sulfided with ,00 ppm NazS by

impregnation of a dried precipitate using the incipient wetness technique.

In terms of mornhology, the addition of sulfide by impregnation appeared to

significantly increase the surface area 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,

results in a decrease in surface area [208] due to pore blockage. For example, Mothebe

observed that the surface areas of 10 % corno,}pol- catalysts decreased from 30.5

to 19.9 m2/g as the P loading increased from 0 to 1.0 % P[208]. Therefore, the effect

of the addition of sulfide in this way is rather bizarre and warrants further investigation

After calcination at 400°C, the surface areas of both impregnated and co-precipitate«

catalysts decrease, although the loss of area is greater for the former catalyst.
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Table 11.1~Surface Areas of impregnated and co-precipitated su1fided iron catalysts

Co-precipitated 97 34.8 7.88

Also, as evident from Table 11.2, is that the degree of pore collapse following

calcination is minimised in the impregnated catalyst.

Table H.2: Total pore volumes of impregnated and co-precipitated su1fided catalysts

,-------1---------1--------+-----------1
Co-precipitated 0.241 0.202 0.020~----~--~--~------~------~

The impregnated catalyst proved very active for FT synthesis, with a, specific activity

comparable to that of the co-precipitated low-level sulfided catalyst (Table 11.3). T1111

lower TON however, suggests thr.t the sites for reaction are not as active as those in

the' co-precipitated catalyst.
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Table 11.3: Co.nparison of co-precipitated sulfided and impregnated catalysts in the

FTreaction

- ~
Specific Activity TON>!Mode of % conversion eo-value

sulfiQation (!lmolC/s!g.;ru) ( 10'3 s'')
-Impregnation U6.J 0.70 1.05 98

Co-precipitation 53.7 0.76 1.31 171

a TON refers to the number of CO molecules coi.verted to product per exposed active
site

A vastly different product spectrum was presented by the impregnated catalyst. The

lower cc-value indicates reduced propensity towards waxes and greater methane and

light hydrocarbon selectivity (Figure 11.1). Moreover, the synthesis of oxygenated

products was reduced; with methane (64 %) produced more selectively than ethane

(36 %). The co-precipitated sulfided catalyst in turn, produced greater quantities of

ethane (86 %) than methane (14 %).
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;§ 30
Q)

'0
~Q 20c;,

5 7234 --~--~----~----.-~
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Figure 11.1: Product selectivity of'impregnated and co-precipitated catalysts
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As shown in Figure 11.2, The olefinity of hydrocarbons was found to be very low,

in the impregnated catalyst.

even below that of the unsulfided catalyst. This indicates greater hydrogenation activity

C1 C2-C6 C7-C15 OXYGEl\IATES
@£reCiP~ated • incipient wetne$~

Figure 11.2: Olefinity of impregnated and co..precipitated catalysts

The effects of impregnation are difficult to rationalise, and are expected to be mutually

dependent on sodium and sulfide. A further point worthy of mention is that, unlike in

the co-precipitated systems, all added sulfide is present on the surface of the

impregnated catalyst. This means that the surface sulfide is less well dispersed in the

excluded.

latter case, and hence the formation of sulfide from sulfate during reduction cannot be
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The increased methane selectivity and lower olefinity are typical of sulfide-bearing

surfaces. On the other hand, the high activity and lower oxygenate selectivity are

features that might be attributable to sodium. The effect of sodium should be quite

significant since two Na + ions are added for each S2- ion.

11.3.1.1. Conclusion

'l:lls study was not intended to be exhaustive, but served merely to investigate the

possible effect of sodium on sulfided systems. Further studies, which extend beyond

the scope of this work, could involve the addition of (NH.):zS and (NI:"4)2SS by

incipient wetness to establish the exact effect of sodium. Nevertheless, this preliminary

investigation into the effect of added sodium opens the way for future work. It also

illustrates the effect of sulfide being present directly on the surface of iron oxide

crystallites, and not being dependent on segregation mechanisms.

The addition of sulfide by the incipi~nt wetness technique lends a . .:w dimension to

sulfided catalysts. All added sulfid« is present directly on the surface, unlike in 00-

precipitated systems.

Even when added at the end of precipitation (PH 6.9), the sulfide is covered by

precipitating iron-oxide and is thus not at the very surface of the catalyst particles.

Moreover, the precise sulfide content of co-precipitated catalysts is not known, as

various solution equilibria are at play.
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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 polysulfide at pH 10..75.

Table 11.4: Reactor Data of catalysts sulfided witu2000 ppm polysulfide

400 53.5 0.64 0.71 3.20 0.020

As shown in Table 11.4, lower conversion was obtained using a calcination

temperature of 200°C. This is accompanied by a decrease in ce-value and olefin

selectivity (Figure 11.3), as the product spectrum shifts towards gasous light

hydrooa.bons, Indeed, the product slate obtained at the lower calcination temperature

is very similar to that observed for highly sulfided catalysts. It is dominated by

oxygenated products and methane (Figure 11.4), rather than liquid hydrocarbons as

found for low-level sulfided catalysts.

The surface areas and total pore volumes after reaction are very similar. Furthermore,

no difference in the pore shapes was evident, with the low temperature calcined

catalyst having a pam diameter of 117 A. and the catalyst calcined at 400°C a pore

diameter of 146 A.
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Figure 11,3: Effect of calcination temperature on olefin selectivity
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Figure 11.4: Effect of calcination temperature on product selectivity
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Highly sulfided catalysts exhibited surface sulfide species in addition to sultates

following calcination and reduction at 400°C. In contrast, only sulfates were detected

by XPS (Chapter 4) on the surface oflow-level sulfided catalysts exposed to the same

pretreatment. Calcination of these catalysts at a lower temperature results in product

selectivities l lmilar to high-level sulfided catalysts (calcined at 400°C), suggesting the

existence of surface sulfides. These species have a deleterious effect on activity and

shift the product spectrum from light hydrocarbons to oxygenates and methane.

Therefore, it appears that a calcination temperature of 200°C is too low to oxidise all

added sulfide to sulfate. This sulfide remains on the surface after reduction and poisons

catalyst activity. Certainly, it has been shown [209], that in o.der to convert sulfide to

sulfate in F~03-S0/- isomerisation catalysts, calcination at 400°C or 500°C was

required to fully oxidise S2- to sol. Moreover, calcination at 400°C may also be

instrumental in establishing an active catalyst in terms of iron oxide morphology. In a

study by Maiti et al, an exothermic peak in a Differential Thermal Analysis (DT A)

curve at 380°C was ascribed to the formation of a crystalline hematite phase [201].

Changes in surface area and pore volume that followed calcination were then attributed

to this phase change.

11.3.3. Is increased olefinity an artifact of high conversion?

The olefinity of hydrocarbons is knc..'t;,r;, to increase at higher conversion [177]. Low"

level sulfided catalysts proved more active than the unsulfided catalyst at the game

GH~ 1 vielded a more olefinic product slate. To investigate whether the olefinity

was e ,-",ise'iuenl.;e of high activity, a study of low-level sulfided catalysts operating at
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the same conversion as the unsulfided catalyst was undertaken. By adjusting the space

velocity of the syngas feed to each catalyst, the conversions were reduced to between

10 and 30 %, to allow comparison of product selectivity. Although compleze carbon

mass balances were not performed, CO conversions were calculated (Table 11.5)

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

% COcooverslon(f
,\'! .'

GHSV(h-~ ,
: "

18

400

.....auuySl:
, ,

Unsulfided 27

21 800

800

-------------~-+----------------~------~-----~--~2000 ppm polysu1fide 23 600

As shown in Figure 11.5, despite being slightly lower than at high conversion, the

olefin to paraffin ratio is still higher for the sulfided catalysts. This confirms the effect

of sulfate in creating sites that are suitable for unsaturated product formation.
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Figure 11,S: 01efinity of products obtained from sulfided catalysts operating at lower

CO conversions

Sulfided catalysts were also shown to be comprised of larger crystallites than the

unsulfided catalyst (see Chapters 8-10). Jones et al [210] have reported that steady-

state activity and olefin/paraffin ratios decrease with decreasing metal crystallite size

for the Fe/C system. III particular, the increase in olefin to paraffin ratio with increasing

crystallite size was significant, and is purported to outweigh any effect that differences

in percentage CO conversion might have had.

It has long been suspected that o-olefins are the primary products of'Fischer-Tropsoh

synthesis, although they are thermodynamically unstable under the reaction conditions

[:l11J. It appears that read sorption and subsequent hydrogenation occur readily, and

this may be a major reaction pathway leading to the growth of hydrocarbons during FT

synthesis (8]. Therefore, it is possible that sulfate species may lower the degree of

readsorption of olefins, thus reducing the yield of paraffins.
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11.4. Conclusion

Through the aoparently unrelated studies presented in this chapter, the proposals made

to rationalise the low-level sulfide promotion of precipitated-iron catalysts are

confirmed. Calcination at 400°C is necessary to convert added sulfide to sulfate. This

creates a highly active catalyst w:tich is selective for olefinic products and oxygenates.

High a-values also 't dicate good yields of wax products. In contrast, impregnation

with sodium sulfide 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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Conclusion

Tne main objective of this study was to develop a fundamental understanding of the

effects of sulfide addition during the preparation of precipitated-iron Fischer-Tropsoh

catalysts. The structural morphology of these sulfided catalysts was then correlated

with their catalytic activity and product selectivity.

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

i. The co-precipitation of sulfide into iron-oxyhy ·n":'ie crystallites, at various stages

of precipitation, alters both the bulk morpholog md surface chemistry. All sulfided

catalysts exhibit enhanced surface areas and PI e volumes, as well as improved

crystallinity relative to a catalyst containing no ex, ineous sulfide. Sulfidation at the

start and end of precipitation yields larger crystallites as a result of the processes of

nucleation and aggregation, respectively. However, these two processes are in

competition at pH 8.5 and this is reflected in the reactivity of catalysts sulfided at

this pH value.

ii, Low-level sulfidation (up to 2000 ppm sulfide) at pH 10.75 and 6.9, produces

catalysts which exhibit enhanced activity for the FT reaction compared to an

unsulfided catalyst. This promotion correlates with the greater degree of Hagg

carbide formation observed on these highly active catalysts. This may be ascribed to

enhanced Fe~C interaction which weakens the C=O bond of adsorbed carbon

monoxide. The product distribution obtained from low-level sulfided catalysts is

also altered with respect to that obtained in the absence of sulfur. Lower methane
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selectivity and improved production of C7~C15 as well as higher oxygenate

selectivity is observed. Furthermore, the olefinity of products is enhanced, and is

independent of CO conversion.

iii. The surface segregation of sulfide is observed to occur during catalyst pretreatment.

Sulfate species are formed on all sulfided catalysts following calcination at 400°C,

and these Species persist on the surfaces of low-level sulfided catalysts (168 eV)

after reduction in hydrogen at 400°C. At higher levels of sulfidation, sulfate species

are reduced to sulfides (161 eV). Therefore, the chemical modification of the

catalytic surface is a further consequence of sulfide addition. The presence of sulfhr-

containing species lowers the temperature of reduction ofF~O$ -t FezO<\ > and this

effect is enhanced at higher levels of sulfidation, Highly sulfided catalyst!' are

therefore reduced to metallic iron more easily than low-level sulfided catalysts.

iv, The poor Fischer ...Tropsch activity of high-level sulfided catalysts may be ascribed

to the presence of sulfide species. The electron-withdrawing tendency of sulfide

reduces the iron-carbon interaction, preventing CO dissociation. This precludes the

formation of x-carbide. rendering the catalysts inactive. However. the selectivity of

oxygenate production is enhanced through reduced CO dissociation. This is

accompanied by higher yields IJf methane and light hydrocarbons.
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v. Highly active catalysts are those which are not completely reduced to metallic iron

in the presence of sulfur, since this is noted to bring about deactivation. The

presence of some residual oxygen appear" to be imperative in resisting sulfur

poisoning, and in conserving sulfate species at the surface.

vi. The addition of sulfide between 2000 and 5000 ppm at pH 8.5 produces an effect

analogous to that observed at high sulfide content (20000 ppm). Poor FT activity,

and a shift in product distributa». towards gaseous products, lower olefinity and

higher yields of oxygenates indicates sulfide poisoning. This leads to the conclusion

that catalysts sulfided midway through precipitation exhibit a greater 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 occurred

during precipitation.

vii.The source of sulfide has no effect 011 the activity of catalysts. This correlates with

aqueous HS' concentrations Which appear to be the pivotal species governing the

formation of FeS. This ferrous sulfide is proposed to be responsible for the

modiflcatione in the processes of nucleation and aggregation that give rise to

sulfided precipitated-iron catalysts with high activity. Furthermore, the identity of

the sulfide cation (sodium or ammonium) does not appreciably affect catalytic

behaviour.
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,nii.The temperature of calcination is one of the most important variables in

determining catalyst activity. Although too high a temperature may induce severe

loss of surface area due to pore collapse, the oxidation of sulfideto sulfate must be

complete to avoid catalyst poisoning by sulfide. Furthermore, the oxidative

desorption of nitrates and other such contaminants requires the temperature to be

greater than 300°C.

ix, The addition of a promoter such as sodium to low-level sulfided catalysts could

provide a range of highly active catalysts with unique properties. This has been

demonstrated ulsng a preliminary study of a catalyst sulfided by low-level

impregnation of sodium sulfide. Results suggest that such catalysts exhibit high

selectivityfor light hydrocarbons, and reduced propensity towards oxygenates.
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Appendix I

A summary of some of the calculations performed by MlNTEQA2 (version 3.10) in

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

Mathematical concepts

A system of II independent components that can combine to form m species, is

represented by a set of mass action expressions:.
K; == (Si)TI Xj" (Al)

J

where Ki <;;: equilibrium constant for the formation of species i

(Si) := activity of species i

Xj == activity of component j

au ce stoichiometric coefficient of component j in species i

II :;-:indicates the product over all components in species i

In addition to equation Al above, the set of 11 independent components is governed by

11 mass balance equations of the form:

Yj::::Laue; -T] (A2)
I

where: Tj:=: total dissolved concentration of component j

Yj~ the difference bet ween the calculated total dissolved

concentration of component j and the known analytical total

dissolved concentration of component j



The mathematical problem (or the speciation model) is solved when the matrix set of

component activities which results in the set of concentrations, C, such that each

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

Correction of Equilibrium Constants

Equilibrium constants contained in the MINTEQA2 database have generally been

determined at 25°C. Since the precipitation of iron oxide was modelled at 7SoC, the

equilibrium constants were adjusted for temperature using the van't Hoff equation:

I gK -" K Lm; [1 1] (A 3'o T -log Tr ----- --- ....... .)
2.303R T T,

where: Tr:= reference temperature, 298.16 K

log KTr == logarithm of the equilibrium constant at the reference temperature

R ::::molar gas constant

T :-= temperature of the system to be modelled (Kelvin)

AI-lrO "" standard enthalpy change of the reaction

This method is limited to temperatures of up to 100°C, since the van't Hoff equation

implicitly assumes reaction enthalpies to be independent of temperature (and this is

generally not true at high temperatures).



Computation of Activity Coefficients

The Davies equation (A4) was used to compute activity coefficients (y) for charged

species:

2[ 1112 ]logy; =-AZi -1-)2 -0.24I (A4)
1+1

where: A = constant that depends on the dielectric constant and temperature

Z, = the charge on each species i

I := solution ioruo strength

Precipitation of solids

In order to decide which species would precipitate first, a priority sequence of

thermodynamic stabilities of each solid was established. This was done by comparing

the appropriate ion activity products (lAP) with the corresponding formation constant

after the aqueous phase had been equilibrated. The saturation index (AS) so

determined was calculated and used to establish the stability order for precipitation or

dissolution of solids.

saturation index= log ~ " (A.S)

A negative saturation index implies undersaturation of the solution in that particular

species.



Redox Reactions

The reduction ofFe3+ to Fe2+ was inserted as a thermodynamic redox reaction from the

MINTEQA2 database:

Table A.I: Formation constants of components participating in the precipitation of

iron-oxide in the presence of sulfide

C<?n1pon.ent 10gKU newlogKI>
'I

Fe2"/Pe3+ 13.0320 11.979

EO! 1.4477 4.053

FeS precipitate 3.9150 3.915

Fe4(OH)12 (Ferrihydrite) -4.8910 -4.891

Fez03 (Hematite) 4.0080 7.225

slo 4.4150 12.076

a According to MINTEQA2 database
I>Value predicted by model

Table ..4..2:Parameters of input datafile created in PRODEFA2

Parameter j ! I'

~, - ',' .........._.__
Temperature 75°C
1----:--"--
Units of concentration Molal

Ionic strength Computed: Davies Equatie.

Maximum Humber of iterations 200

Terminate if charge imbalance exceeds 30 % NO

Precipitation is allowed only for those solids specified YES



Appendix II

The Mossbauer spectra of unealcined catalysts sulfided with 2000 and 5000 ppm

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

99.S

99.4

..,.

. ,
'-l• ·-iil'\. ...'" ., "

Ii- ..

L·~---·a-.o------~-.o~~~O~.O~----4-.0~·'----e-.p~~~~~------~Velocity (mmlsl

Figure A.l: Mossbauer spectrum of an uncalcined catalyst sulfided with 2000 ppm

r--·---·,-----------------------------

96.4

-8.0 -4.0 0.0
V~tOClty (mmTs)

4.0 B.O

polysulfide

Figure A.2: Mossbauer spectrum of an unoalcioed catalyst sulfided with 5000 ppm



"W'hat you can do, or dream YOH can, begin it. Boldness has genius, power and
magic in it"

Goethe
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