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Abstract

The chemical and morphological transformation of ferrihydrite during calcination and subsequent sulphidation is addressed

using in situ techniques (BET, XPS, TPS). The sulphidation process (in 10% H2S/H2) appears to be diffusion controlled.

Surface and bulk composition after sulphidation are in close agreement (FeS1.4 ± pyrrhotite) and suggest the presence of

excess sulphur. This excess sulphur can be removed via simple hydrogenation to yield FeS (troilite). Strong structural collapse

occurs during sulphidation and is caused by agglomeration/sintering of primary crystallites. The BET surface area of the

sulphided material is found to be very low (2 m2/g). # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Ferrihydrite; Hematite; Pyrrhotite; Troilite; Precipitation; Sulphidation; BET; XPS; TPS

1. Introduction

Modi®ed iron catalysts are widely used as catalysts

for ammonia synthesis, Fischer±Tropsch synthesis,

styrene production from ethylbenzene and high tem-

perature shift reactions, e.g. [1±4]. They are further

applied as high temperature sorbents for H2S scrub-

bing [5]. Iron based catalysts have also been suggested

for the hydrotreatment of extra heavy fuels where the

catalyst is discarded with the residue [6±8]. These

catalysts have the advantage of being cheap and

environmentally safe. Their catalytic activity, com-

pared to other, conventional hydrotreating catalysts

such as supported CoMo or NiMo is relatively low [9].

In this context it is important to understand the

transformation of the precursor (usually iron oxyhydr-

oxide via precipitation from inorganic salt solution)

during the calcination and subsequent sulphidation

process, yielding the active catalyst, a substoichio-

metric iron sulphide Fe(1ÿx)S. These transformations

are addressed in this paper using in situ techniques.

2. Experimental

Ferrihydrite was precipitated from nitrate solution

at a pH of 7.0 using a continuous precipitation appa-

ratus. Details of the apparatus and the precipitation

procedure are given elsewhere [10]. Quasi in situ

techniques (BET, XPS) which have been developed

at Imperial College for the characterisation of oxidic

and the sulphided materials were employed in the

characterisation of the different materials. These

techniques have been described elsewhere [11,12].
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Temperature programmed reduction and sulphidation

experiments were carried out up to 10008C in pure H2

and 10% H2S/H2 atmospheres, respectively, using

purpose built reactor systems [13,14]. Approximately

500 mg of catalysts was charged. The gas ¯ow rate

was set at 200 ml/min (STP) and a heating rate of

108C/min was applied. XRD data were obtained with a

Philips PW1710 automated powder diffractometer. Cu

K� radiation (0.15405 nm) was applied at 40 kV and

50 mA using a monochromator. The 2� angle was

varied from 0 to up to 1208 in steps of 0.02. Small

powdered samples were usually distributed onto an Si

h1 1 1i wafer using acetone to evenly spread the small

particles.

3. Results and discussion

3.1. XRD and BET

Iron catalysts were prepared by varying the pH of

precipitation in order to establish the pH sensitivity of

the morphological properties of the catalysts. The

BET surface areas of all catalysts were found to be

rather high at around 140±180 m2/g. No particular

trend of the BET surface areas as a function of the

pH of precipitation could be detected. The average

pore size was also rather constant at about 5 nm

suggesting interparticular spaces [15]. The pure ferri-

hydrite precipitated at pH 7.0 was chosen for further

investigation. Fig. 1 shows the XRD patterns obtained

for the dried, calcined and subsequently sulphided

pure ferrihydrite catalyst. The diffraction pattern for

the dried sample (1208C, 4 h) corresponds to 2-line

ferrihydrite [15]. The pattern of the calcined sample

(4008C, 12 h) can be attributed to hematite or Fe2O3.

The diffraction pattern after sulphidation (10 vol%

H2S/H2 at 4008C, 1 h) corresponds to troilite or

FeS. Clearly, the crystallinity of the dried ferrihydrite

is low and is much increased for the calcined and the

sulphided sample. Using our quasi in situ BET tech-

nique, average pore sizes and BET surface areas of the

dried, calcined and sulphided iron catalyst were deter-

mined, Fig. 2. It is evident from Fig. 2 that strong

structural collapse occurs during the calcination and

particularly during the sulphidation process. The BET

surface area of the sulphided catalyst (troilite) is found

to be signi®cantly lower (2 m2/g) than that of the

precursor (ferrihydrite, 180 m2/g). The average pore

size on the other hand is increased from 5 nm (ferri-

hydrite) to over 35 nm (troilite). Particle sizes deter-

mined from the line widths of the diffraction peaks

(using the Scherrer equation, e.g. [16]) suggest an

average particle size for the calcined sample of

approximately 16.8 nm perpendicular to the h3 0 0i
plane. A particle size of 13 nm was determined for the

sulphided sample (h1 1 4i plane). Using the BET

surface areas and quoted densities [17], particle sizes

can also be estimated by simple geometrical consid-

erations. This leads to an approximate particle size for

the ferrihydrite of 9 nm. The particle size for the

hematite would be about 40 nm. In the case of the

troilite 630 nm may be estimated. The latter two values

do not correspond very well to those determined fromFig. 1. XRD patterns of dried, calcined and sulphided iron catalyst.

Fig. 2. BET surface areas and average pore sizes after different

treatments of Fe pH 7.0.
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the XRD data. However, sintering, twinning and/or

agglomeration of small primary crystallites would

explain the discrepancy between those values.

3.2. TPR, TPS and TPR-S

Temperature programmed reduction was carried out

on the calcined, precipitated iron catalyst (hematite)

and for comparison on an ultra pure iron oxide

(99.999 wt%) obtained from Aldrich Chemicals to

probe the reduction behaviour of the precipitated iron

catalyst. The TPR spectra of the ultra pure Fe2O3 and

that of the calcined, precipitated iron catalyst (pH 7.0)

are given in Fig. 3. Three similar peaks were recorded

for both samples, which may be assigned to the

following reduction sequence of iron oxide [18±20]:

I : 3Fe2O3 � H2 !
�a-reduction�

2Fe3O4 � H2O

II : 2Fe3O4 � 2H2 !
�b-reduction�

6FeO� 2H2O

III : 6FeO� 6H2 !
�c-reduction�

6Fe� 6H2O

Iron oxide (hematite) reduces around 4008C to

magnetite Fe3O4 which is further reduced to FeO

(wuÈstite) from 5508C and subsequently to metallic

Fe at around 10008C. Reduction is not complete for

both samples, the ultra pure Fe2O3 being reduced by

89.89% and the precipitated iron catalyst by 83.14%,

respectively. The ®rst peak in the spectra, correspond-

ing to the partial reduction of Fe2O3 to Fe3O4 com-

prises of approximately 7.58% reduction in the case of

the ultra pure Fe2O3 and 8.36% reduction of the

precipitated iron catalyst. This corresponds roughly

to the theoretical value (11%) which can be obtained

from the stoichiometry of the reaction. It is this partial

reduction which is important in the evaluation of iron

catalysts for hydrotreating processes as the relevant

temperature scale to be considered in hydrotreating

reactions lying in the range up to 4508C. The spectrum

of the ultra pure Fe2O3 is shifted towards higher

reduction temperatures as compared to the spectrum

of the precipitated catalyst. This is probably due to the

different particle sizes of the two samples. The ultra

pure Fe2O3 exhibited a BET surface area of approxi-

mately 2.6 m2/g while the calcined, precipitated iron

catalyst had a BET surface area of some 30 m2/g. The

average particle size of the precipitated catalyst is

hence about 10 times smaller than that of the ultra pure

Fe2O3. Particle size strongly affects the rate of diffu-

sion of hydrogen during the reduction process and

hence causes the apparent delay in the case of the ultra

pure material. The same argument applies for the

comparably more pronounced a-reduction of the pre-

cipitated iron catalyst. The lower degree of reduction

achieved for the precipitated catalyst may be due to

some nitrate retention even after calcination. Tem-

perature programmed sulphiding and reduction of the

sulphide was carried out on the precipitated iron

catalyst (pH 7.0, calcined at 4008C for 12 h). Fig. 4

shows the TPS spectra or patterns recorded with a

TCD detector (H2) and a UV detector (H2S) as a

function of the catalyst temperature. The isothermal

H2S uptake of the catalyst was determined as

6�10ÿ2 mol H2S/mol Fe. A much higher H2S uptake

was observed by Baird et al. [21] for pellets of

Fig. 3. TPR of iron catalysts.

Fig. 4. TPS of precipitated iron catalyst.
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feroxyhyte. This can be attributed to the large surface

area (180 m2/g) of their material which had not been

calcined prior to the H2S exposure. The sulphidation

of our catalyst starts essentially at room temperature

and is complete (no further H2S uptake recorded) at

approximately 5508C. A similar temperature is quoted

by Andres et al. [22]. Two features can be observed at

the low temperature side of the H2S uptake: a shoulder

at around 1008C and a small peak at 2408C. The

corresponding H2 pattern (H2 consumption during

sulphiding) is more complicated: the envelope

shows four peaks at 2408C, 3508C, 4008C and

5108C, respectively. The initial H2S uptake is not

accompanied by any hydrogen consumption or

release which suggests that at low temperatures

either OH±SH exchange occurs, or that the H2S

adsorbs on coordinatively unsaturated sites (CUS),

replacing the adsorbed water. Then, from 2008C
onwards H2 is consumed during H2S uptake. The

apparent peak at 2408C may be arti®cial and could

have been caused by H2 production around 2608C
(valley in the H2 pattern). H2 production in this

temperature region might result from the decomposi-

tion of surface SH groups or from the formation of

excess sulphur (Sx) [23,24].

The major peak of the H2 pattern coincides with the

reduction temperature of bulk Fe2O3 (Fe3�) to Fe3O4

(see TPR). Subsequent sulphidation of the oxygen

de®cient magnetite to e.g. Fe(1ÿx)S or Fe2S3 occurs

[18,21,23,24]. Initial reduction and subsequent sul-

phidation is quite likely as the diffusion of hydrogen

into the bulk of the material proceeds much faster than

the diffusion of H2S, leading to a core of partly

reduced iron oxide with a sulphide layer [25]. The

total H2 consumption amounts to 0.156 mol H2/mol Fe

which would mean that if all hydrogen was consumed

for iron oxide reduction, approximately 93.3% of the

initial Fe2O3 would have been reduced to Fe3O4. An

explanation for the H2 consumption peak at 5108C
may be that the actual sulphidation is complete

around 4008C and that some of the formed sulphide

species reduce at higher temperatures, resulting in an

H2S release which is overlapped by further consump-

tion at other sites, hence remains undetected. The

overall H2S consumption (including the isothermal

uptake) during the TPS experiment was determined

as 1.4 mol H2S/mol Fe. This immediately translates to

a bulk stoichiometry of FeS1.4 corresponding to a

sulphur rich form of pyrrhotite (Fe(1ÿx)S) or indeed

Fe2S3.

After sulphidation up to 10008C the catalyst was

reduced in H2/Ar, Fig. 5 (TPR-S). The H2S and H2

signal show a similar pattern. Both detectors recorded

a major peak (H2S release and simultaneous H2 con-

sumption) at 6308C. The hydrogen consumption cor-

responds to only about one-half of the H2S released.

From the amount of H2S released during the reduction

of the pyrrhotite (0.3 mol H2S/mol Fe) a stoichiometry

of FeS1.1 would follow. But clearly, the reduction

process is not complete as can be deduced from

Fig. 5. Since the previous TPS experiment was carried

out up to 10008C, a very stable form of iron sulphide

may have been produced (pyrite-like structure).

3.3. Quasi in situ XPS

Quasi in situ XPS was performed on the precipi-

tated iron oxide to establish the surface composition

after the sulphiding and the subsequent reduction

process. The experimental details of the treatment

conditions are given in Table 1. Fig. 6 shows the

Fig. 5. TPR-S of precipitated iron catalyst.

Table 1

Treatment sequence and conditions for precipitated ferrihydrite

Treatment Notation Gas Conditions

1 Sulphided I 10% H2S/H2 4008C/1 h

2 Reduced 100% H2 4008C/1 h

3 Sulphided II 10% H2S/H2 4008C/1 h

4 Nitrogen 100% N2 4008C/1 h

5 Sulphided III 10% H2S/H2 4008C/1 h
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spectra of the Fe2p transition collected after treatment

of the sample as described in Table 1 and also denoted

next to the spectrum. Table 2 lists the determined

binding energies (BE) of the major peak envelope

of the Fe2p3/2-transition, the S2p- and the O1s-transi-

tion, as referenced to C1s at 284.6 eV. Table 3 shows

the estimated atomic S/Fe and O/Fe ratios as well as

the resulting stoichiometry, using sensitivity factors

published by Wagner et al. [26].

The BE determined for the initial oxidic material

was 710.4 eV which is lower than the reported value of

711.0 eV for Fe3� in Fe2O3 [27,28]. Sulphidation

yielded iron sulphide with a surface atomic sulphur/

metal ratio of 1.41 commonly referred to as Fe(1ÿx)S

(pyrrhotite) [29]. Small amounts of surface oxygen

were still detectable (O/Fe�0.09). Upon reduction the

Fe2p3/2 BE increased to the initial value of the oxide

(710.4 eV) with a shoulder at the lower BE side. About

71% of the surface sulphur was replaced by oxygen,

the oxygen/metal ratio being 1.29. This is probably

caused by diffusion of oxygen from the underlying

Fe2O3. Resulphidation re-established the sulphided

state of the sample with an Fe2p3/2 BE of 707.6 eV.

The sulphur/metal ratio was determined to be 1.46,

similar to the ®rst sulphidation. A larger quantity of

oxygen remained on the surface, O/Fe�0.3. To

evaluate, if the re-occurrence of the surface oxide is

only a function of the H2S partial pressure or if a

reducing atmosphere is required, the sample was

subsequently treated with 100% N2 at 4008C. This

caused the Fe2p3/2 BE to increase again to the value of

the oxide (710.5 eV). Again some 67% of the surface

sulphur was removed. Another sulphidation cycle

yielded the well established Fe2p3/2 BE of 707.7 eV

and a sulphur/metal ratio of 1.48. The S2p BE in

the case of the sulphided samples exhibits values

around 161.5 eV which are slightly higher than the

value expected for S2ÿ in the pyrrhotite structure

(161.2 eV) [29]. This may be explained by the rela-

tively high sulphur/metal ratios observed. The state of

this excess sulphur is not clear though. Jones et al. [29]

Fig. 6. Fe2p spectra of ultra pure Fe2O3.

Table 2

Binding energies of major peak envelopes after various treatments

Treatment Binding Energy (eV)

Fe2p3/2 S2p O1s

Oxide 710.4 ± 529.7

Sulphided I 707.8 161.6 532.6

Reduced 710.4 161.3 530.0

Sulphide II 707.6 161.5 532.5

Nitrogen 710.5 161.2 530.0

Sulphide III 707.7 161.3 532.5

BE corrected for C1s�284.6 eV.

Table 3

Estimated atomic ratios after various treatments

Treatment Estimated atomic ratioa

S2p/Fe2p O1s/Fe2p Surface

stoichiometry

Oxide ± 1.58 FeO1.58

Sulphided I 1.41 0.09 FeS1.41O0.09

Reduced 0.40 1.29 FeS0.40O1.29

Sulphide II 1.46 0.30 FeS1.46O0.3

Nitrogen 0.47 1.25 FeS0.47O1.25

Sulphide III 1.48 0.26 FeS1.48O0.26

aSensitivity factors from Wagner et al. [26].
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suggest, based on the modelling of XRD data, the

existence of linear chains of Sn polysulphide like

structures giving rise to the shifted BE. The formation

of sulphate species which would contribute to a higher

S2p BE was not observed. Even when the catalyst

reverted to the oxidic state (containing still consider-

able amounts of surface sulphur) the sulphur and the

oxygen on the surface did not combine to form

sulphate species, although the O1s BE was strongly

affected by the changing surface composition (shift of

about 2.5 eV). This may be explained by the formation

of an oxysulphide or the presence of large amounts of

hydroxyl groups on the surface of the catalyst after the

sulphiding treatment. The atomic surface sulphur/

metal ratio of 1.4 is exactly the same as the bulk

stoichiometry determined in the TPS experiment dis-

cussed in the previous paragraph. This is clear evi-

dence that the surface composition in our experiment

is in thermodynamic equilibrium with the bulk. As

pointed out before, the re-occurrence of surface oxidic

material may be caused by oxygen diffusion from the

underlying bulk iron oxide. This is only possible, if a

surface sulphide skin is formed which does not allow

the sulphidation process to progress deeper into the

bulk of the sample. Compacted sample discs can also

restrict H2S access. This leaves a large reservoir of

oxygen in the bulk which may move to the surface via

interdiffusion in a reducing or even low H2S level

atmosphere. The experiment carried out under pure

nitrogen atmosphere is clear proof that the H2S con-

centration is the parameter which leads to the surface

composition oscillation. This is in very good agree-

ment with thermodynamic data [30] which suggest

that Fe3O4 is more stable than FeS in an atmosphere

containing less than 250±300 ppm H2S. This is an H2S

level which can easily be achieved in the quasi in situ

reaction cell of our ESCA III if no H2S is introduced

into the reactor gas stream. Levels below 50 ppm have

been measured there, resulting from H2S desorption

from the stainless steel walls. For comparison reasons

quasi in situ XPS was carried out on a model system

(Fe2O3 supported on an Si wafer) and on a slab of

natural pyrite (FeS2). The model system was exam-

ined to establish the surface composition after sulphi-

dation independent of diffusion restrictions. The

pyrite was analysed as it forms the sulphur richest

iron sulphide species. Both samples were reduced at

4008C with pure H2 to investigate the stability of the

sulphide under reducing conditions. Table 4 gives the

BE and estimated atomic sulphur/iron ratios of the Si

supported iron catalyst after sulphidation and reduc-

tion.

A slightly different picture emerges from the sul-

phiding and reduction experiments carried out on the

model catalyst (Fe/Si wafer). The Fe2p3/2 BE is now

closer to the value for Fe3� in hematite (711.0 eV).

After sulphidation the Fe2p3/2 BE decreases to

707.4 eV which corresponds to pyrrhotite [29]. A

rather high sulphur/metal ratio was established which

can again be explained by a sulphur enriched form of

pyrrhotite as no sulphate species could be detected.

The S2p BE which is higher than expected for the S2ÿ

in pyrrhotite may be a support to this view. Groot et al.

[31] claim, based on MoÈssbauer experiments, that

residual nitrate may be responsible for elemental

sulphur deposition which in turn causes the higher

S2p BE. Neither elemental sulphur nor residual nitrate

could be detected on the present model catalyst. Upon

reduction the Fe2p3/2 BE increased slightly to

707.7 eV and the S/Fe ratio decreased to 1.06 which

now corresponds to FeS (troilite). This ratio was also

found by Groot et al. [31] for the highest Fe/C loadings

of their catalysts. Thermodynamic calculations for

FeS indicate that this sulphide is stable under reducing

conditions down to a background H2S level of 20 ppm.

This low H2S concentration cannot be achieved in our

quasi in situ gas cell due to continuous H2S desorption

from the reactor walls in the order of 50 ppm. A

comparison with the in situ experiments carried out

on the bulk Fe2O3 shows that the transformation of

both catalysts into pyrrhotite/troilite during sulphida-

tion proceeds at a rather similar manner. The reduction

behaviour of the Si supported sulphide is different due

to the oxygen diffusion effect in the case of the bulk

catalyst. The estimated atomic ratios and BE of the

Table 4

Binding energies and estimated atomic ratios for Fe2O3 supported

on Si wafer

Treatment Binding energy

Fe2p3/2 (eV)

Binding energy

S2p (eV)

Atomic ratioa

S2p/Fe2p3/2

Oxide 710.6 ± ±

Sulphided 707.4 161.4 1.74

Reduced 707.7 161.2 1.06

BE corrected for C1s�284.6 eV.
aSensitivity factors from Wagner et al. [26].
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untreated and reduced natural pyrite are given in

Table 5. The Fe2p3/2 BE of the untreated pyrite was

rather low with 706.0 eV compared to literature values

of 706.5 eV [29,32,33]. Strong surface enrichment

with sulphur and oxygen was observed, leading to

high atomic ratios. This is supported by the high BE of

the O1s and the S2p transitions. Reduction of the

pyrite slab removed some of the surface sulphur

and oxygen. The Fe2p3/2 BE is now in good agreement

with published data. The estimated sulphur/metal ratio

of 2 corresponds very well with the stoichiometry of

FeS2. It is clear that a natural crystal always contains a

considerable amount of oxygen in the lattice [33],

hence the amount of surface oxygen present. An

explanation for the high BE of the O1s and the S2p

transition is not apparent other than the one put

forward in the previous section, that these values

are due to some oxysulphide or hydroxyl groups

present.

4. Conclusions

Strong surface area collapse occurs during calcina-

tion and particularly during sulphidation of precipi-

tated ferrihydrite. The collapse appears to be caused

by agglomeration processes. The sulphidation of the

material proceeds via reduction and subsequent oxy-

gen/sulphur exchange (sulphidation) and is diffusion

controlled. Bulk and surface composition are in close

agreement exhibiting a stoichiometry of FeS1.4 (sul-

phur rich pyrrhotite). The excess sulphur Sx is not

present as sulphate and can be removed via hydro-

genation, yielding FeS (troilite).
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