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Abstract

Sulphated and non-sulphated iron oxides derived from goethite have been compared as methane oxidation catalysts. It has

been observed that sulphation increases surface area, suppresses low temperature total oxidation and enhances the formation

of partial oxidation products. Characterisation of these materials prior to activity testing demonstrates that, although

transformed into haematite, both exhibit a relic morphology related to that of their precursor and that sulphation causes

extensive pitting of crystallites. Analysis of powder X-ray diffraction patterns indicates that the relic morphology is

multidomainic and that sulphation increases line widths in relation to the non-sulphated system. The post-reactor sulphated

samples were found to have lost crystallinity and both catalysts had changed phase from haematite to maghemite. # 1998

Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years considerable research attention has

been directed towards a number of sulphated metal

oxide systems primarily because of their ability to

catalyse alkane isomerisation reactions at low tem-

peratures [1±3]. In such systems, it has been demon-

strated that the way in which materials are prepared is

of crucial importance. Generally, sulphation should be

performed using a reagent such as sulphuric acid or

ammonium sulphate on the oxide precursor ± usually

the hydroxide or oxyhydroxide ± which is subse-

quently dried and calcined to yield the active catalyst.

The temperature of calcination to produce the most

active materials is dependent upon the identity of the

oxide and sulphation reagent. It has been proposed that

the interesting catalytic properties of such materials is

related to the development of `̀ superacidity'',

although this is currently a subject of debate, for

example [4,5].

The vast majority of effort to date has been directed

towards the isomerisation activity of sulphated zirco-

nia and related materials [6]. In this study, we turn our

attention towards the methane oxidation properties of

the sulphated iron oxide system. There have been few

studies of methane activation on sulphated metal

oxides. Lin and Hsu [7] mentioned that their sulphated

iron±manganese±zirconia system was able to convert

methane to ethane at low temperature, and Murata et

al. [8] have recently reported that lithium doped

sulphated zirconia is an effective catalyst for oxidative

coupling of methane. Our interest in sulphated iron
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oxide catalysts arises from the potential of combining

acidic centres capable of low temperature hydrocar-

bon activation with an oxide of pronounced oxidation

activity. In this way, it may be possible to oxidise

methane under conditions which circumvent the gas-

phase chemistry known to limit many systems.

In the following, we describe our preliminary stu-

dies on the characterisation and catalytic properties of

sulphated iron oxide derived from a well-de®ned

goethite precursor.

2. Experimental

2.1. Catalyst preparation

1. Goethite precursor. One hundred ml of a 1 M

solution of iron(III) nitrate nonahydrate (Avocado

98�%) prepared using distilled water was added

to a polythene screw top bottle. To this, 180 ml of

a 5 M sodium hydroxide solution was added with

stirring. This solution was then diluted to 500 ml

with distilled water and aged in an oven at 708C
for 60 h. The resultant bright yellow precipitate

was then ®ltered and washed with 4 l of distilled

water and dried in a vacuum oven at room

temperature for two days.

2. Sulphated iron oxide �SO2ÿ
4 =Fe2O3�. Two grams of

goethite was immersed in 30 ml of 0.5 M sulphuric

acid for 30 min. The solution was then filtered and

the filtrate was dried at 1108C overnight. The

material was then calcined at 5508C for 3 h in

static air and was pelleted and sieved (0.6±

1.0 mm particles) prior to activity testing.

3. Iron oxide �H2O=Fe2O3�. This material was pre-

pared in an analogous manner to the sulphated

system above except that immersion was per-

formed in distilled water.

4. aÿ Al2O3 (Aldrich, 99%) was pelleted and sieved

(0.6±1.0 mm particles) prior to activity testing.

2.2. Catalyst testing

Catalyst performance was evaluated in a ®xed bed

catalytic microreactor operating at 15 bar pressure. A

stainless steel jacketed quartz reactor tube (8.5 mm)

was used in which 0.75 ml of catalyst was held

centrally in the heated zone of a furnace by quartz

wool plugs. Methane (Air Products 99%), oxygen (Air

Products 99.6%) and helium (Air Products 99.999%)

were ¯owed over the catalyst in the ratio 46±4±

12 ml minÿ1 to yield a GHSV of �4600 hÿ1. Flow

rates were maintained using Brooks thermal mass ¯ow

controllers and the pressure was regulated with a

Tescom back pressure regulator. All lines downstream

of the reactor were trace heated to temperatures in

excess of 1508C to prevent condensation of products.

Analysis was performed on-line using a Varian Saturn

GCMS equipped with a thermal conductivity detector.

Megabore Poraplot GS-Q and Megabore GS-Moles-

ieve columns were used to effect the separation.

All experiments were performed in the temperature

range 250±5508C using 508C increments. The reactor

was allowed to stabilise for 1 h prior to data collection

and the results reported are the means of three analyses

made at steady state. The carbon balances of the data

were in the range of 97±100% in all cases.

2.3. Catalyst characterisation

Surface area determination was performed by the

BET method using nitrogen physisorption.

Transmission electron microscopy was performed

using a Jeol 2010 electron microscope, operating at

200 keV. Samples were prepared by sprinkling onto

carbon coated copper grids and removing the excess

by shaking.

Powder X-ray diffraction studies were performed

on a Hiltonbrooks modi®ed Phillips powder diffract-

ometer ®tted with a detector monochromator using Cu

Ka radiation operating at 40 kV and 20 mA. Samples

were prepared by compaction into an aluminium

sample holder and were scanned in the range 5±758
2� at a step size of 0.05 and 28 minÿ1 counting rate.

3. Results and discussion

Methane oxidation studies have been performed

with H2O/Fe2O3, SO2ÿ
4 =Fe2O3 and a-Al2O3 materials

(Table 1). a-Al2O3 was included in this study because

it is considered to be an inert material and therefore

indicates the background gas-phase activity which is

known to be signi®cant for this reaction [9]. On

inspection of the data in Table 1, it is apparent that

both iron oxide samples possess activity in excess of
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the background. In addition a number of interesting

effects of sulphation are revealed. Despite increasing

the catalyst surface area, sulphation suppressed low

temperature total oxidation activity. As temperature

was increased further, the conversion observed with

the sulphated material increased and surpassed that of

its non-sulphated counterpart as would be expected on

the basis of relative surface area. At 5008C selective

oxidation products were observed. This was possibly a

consequence of the differing conversions between

these materials. Although the general trends reported

for the SO2ÿ
4 =Fe2O3 are reproducible, it has been

found that the performance of this material varies

largely between different samples. This phenomenon,

which may relate to differences in sulphation level

and/or precursor age, is currently being investigated.

In their study of sulphated zirconia catalysts, Sarzanini

et al. [10] also found that the reproducibility of the

sulphation process with sulphuric acid is low and

reported that ammonium sulphate was a better reagent

in this respect. Farcasiu et al. [11] have recently

addressed this problem and have reported an improved

preparation method for sulphated zirconia with sul-

phuric acid. The sulphated iron oxide sample

described in the present study has been chosen

because it is the most well characterised and exhibits

representative catalytic performance.

The effects of sulphation could be due to a number

of possible reasons, including selectively blocking

total oxidation sites, increasing surface area, differ-

ences in phase composition and morphological

effects. Accordingly, the iron oxide materials inves-

tigated in Table 1 have been characterised by a com-

bination of transmission electron microscopy and

powder X-ray diffraction. Fig. 1 presents transmission

electron micrographs of the goethite precursor, H2O/

Fe2O3 and SO2ÿ
4 =Fe2O3 materials as prepared. The

needle shaped crystals observed in Fig. 1(a) are char-

acteristic of those published in the literature for aci-

cular goethite [12,13]. Fig. 1(b) and Fig. 1(c) show

that this general form of morphology was maintained

in the H2O/Fe2O3 and SO2ÿ
4 =Fe2O3 materials,

although some growth has occurred along the needle

axis (from ca. 0.5 to ca. 1 mm, the surface area of the

precursor was 40 m2 gÿ1). Powder X-ray diffraction

(which is discussed in more detail below) con®rmed

that the precursor material was goethite and that both

Fe2O3 systems were haematite. It is known that the

morphology of haematite may be related to that of its

precursor [12,14]. It is interesting to note that sulpha-

tion has caused extensive pitting of the Fe2O3 needles.

This may, at least partly, explain the surface area

differences between the two Fe2O3 samples, espe-

cially as their needle dimensions appear similar. Pre-

vious studies have demonstrated that hole formation

can occur in goethite crystals as a result of proton

attack at domain boundaries [13,15]. It is therefore

proposed that the extensively pitted structure evident

in Fig. 1(c) originated from partial dissolution of the

goethite precursor during the sulphation procedure.

The powder X-ray diffraction patterns of the H2O/

Fe2O3 and SO2ÿ
4 =Fe2O3 materials are given in Fig. 2.

Table 1

Methane oxidation results for a-Al2O3, H2O/Fe2O3 and SO2ÿ
4 =Fe2O3

Sample Surface area Temperature Conversion (%) Selectivity (%)a

(m2 gÿ1) (8C)
CH4 O2 CO2 CO C2H6 CH3OH

a-Al2O3 Ð 300 Ð Ð Ð Ð Ð Ð

400 Ð Ð Ð Ð Ð Ð

500 0.6 12.9 100 Ð Ð Ð

H2O/Fe2O3 13 300 0.1 1.3 100 Ð Ð Ð

400 4.0 73.5 100 Ð Ð Ð

500 5.6 71.9 89 11 Ð Ð

SO2ÿ
4 =Fe2O3 29 300 Ð Ð Ð Ð Ð Ð

400 0.4 9.2 16 84 Ð Ð

500 5.9 85.0 32 61 3 4

aBased on mol C converted.
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As mentioned above, the forms of both patterns are

similar and match to the JCPDS ®le for haematite (®le

number 13-534). Inspection of the patterns reveals that

there are differences in the full width half maxima of

the re¯ections (Table 2). These are indicative of dif-

ferences in crystallite (or diffracting domain) size and/

or lattice strain effects [16]. Comparison of the appar-

ent crystallite sizes as determined from the Scherrer

Fig. 1. Transmission electron micrographs of (a) goethite precursor, (b) H2O/Fe2O3 and (c) SO2ÿ
4 =Fe2O3.
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equation (after a2 stripping and taking the Scherrer

constant as 0.9 radian) with the TEM micrographs

indicate large differences with respect to the dimen-

sions of the needles. This indicates that either lattice

strain contributed to the re¯ection width in each case

or that the crystallites shown in Fig. 1(b) and Fig. 1(c)

are multidomainic. The observation that re¯ection

widths are generally larger for the sulphated material

are consistent with its higher surface area. It is prob-

able that the pitting observed in Fig. 1(c) relates to this

in that grain boundary regions are disrupted, reducing

sintering. Complexation by sulphate, as evidenced in

our FTIR studies of the sulphated goethite precursor,

may also contribute. Four bands were observed in the

v S=O region (1226, 1137, 1077 and 996 cmÿ1) which

can be assigned to sulphate binding with a C2v sym-

metry [17]. A related study has also reported that

sulphate binds to goethite with a C2v symmetry brid-

ging two cations [18]. Sulphate may therefore inhibit

domain grain growth by restricting cationic mobility.

The transformation of goethite to haematite involves

the loss of water and the rearrangement of the cations

± the anionic frameworks of these materials are related

[12]. Norman et al. [19] have made similar suggestions

Fig. 2. Powder X-ray diffraction patterns of (a) H2O/Fe2O3 and (b) SO2ÿ
4 =Fe2O3.

Table 2

Powder X-ray diffraction line widths for H2O/Fe2O3 and

SO2ÿ
4 =Fe2O3 haematite

Reflection Width (82�)a

H2O/Fe2O3 SO2ÿ
4 =Fe2O3

(012) 0.350 0.500

(104) 0.300 0.700

(110) 0.200 0.300

(006) 0.150 0.300

(113) 0.300 0.400

(202) 0.300 0.200

(024) 0.250 0.700

(116) 0.300 0.600

(018) 0.400 1.000

(214) 0.200 0.500

(300) 0.200 0.150

(1010)/(119) 0.250 1.000

a a2 stripped.
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for the role of sulphate in stabilising the surface area of

zirconia. They have proposed that sulphate binds two

cations in a bridging mode which reduces nucleation

due to increased separation and thermal stability with

respect to OH bridges. Careful comparison of the

diffraction patterns/re¯ection widths in Fig. 2 and

Table 2 indicates that, whilst there are similar relative

trends, sulphation had anisotropic effects. This can

possibly be due to modi®cation of morphology and/or

strain and suggests face speci®c interaction of goethite

with sulphuric acid. Previous studies have demon-

strated that sulphate exerts a morphological effect

on haematite prepared by hydrolysis of ferric solutions

[20].

Powder X-ray diffraction analysis has been applied

to the iron oxide samples after reaction. It is important

to emphasise that the relationship of this study to the

data given in Table 1 may be somewhat limited since

the catalysts were subsequently exposed to a higher

temperature (5508C) than the maximum reported. The

diffraction patterns for the samples are shown in

Fig. 3. On discharge from the reactor, it was apparent

that the crystallinity of the sulphated sample had

decreased markedly, and that there were phase

changes for both materials. Both samples consisted

of maghemite (JCPDS ®le number 25-1402) which is

obviously a consequence of the exposure of the cat-

alysts to reaction atmosphere, since in the temperature

range investigated maghemite would be expected to

transform to haematite [13]. The major loss of crystal-

linity for the sulphated system appears to be a con-

sequence of its higher surface area. Again, it was

observed that there are differences in re¯ection full

width half maxima and these are reported in Table 3.

As was the case for the pre-reactor samples, sulphation

had signi®cantly increased the widths of some re¯ec-

tions with respect to those for the non-sulphated

samples, again suggesting smaller diffracting domains

or introduction of lattice strain.

In summary, it has been found that sulphation of

iron oxide prepared from a well de®ned goethite

precursor produces some interesting catalytic and

Fig. 3. Powder X-ray diffraction patterns for (a) H2O/Fe2O3 and (b) SO2ÿ
4 =Fe2O3 after activity testing.
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structural effects which may be related. Further stu-

dies on this system are in progress. In particular, we

are investigating the relationship between sulphate

content and catalytic performance, whether the obser-

vation of partial oxidation products is an intrinsic

effect and the morphological/structural effects of sul-

phation on a series of well-de®ned FeOOH precursors.

The observation that sulphate appears to modify the

growth of domains in both the pre- and post-reactor

samples may inter-relate to the inhibition of the total

oxidation activity. Both processes may occur by the

same site speci®c blocking mechanism. This study

clearly indicates that sulphated metal oxide systems

are worthy of further attention as oxidation catalysts.
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Fig. 3. (Continued )

Table 3

Powder X-ray diffraction line widths for post-reactor H2O/Fe2O3

and SO2ÿ
4 =Fe2O3 maghemite samples

Reflection Width (82�)a

H2O/Fe2O3 SO2ÿ
4 =Fe2O

(220) 0.150 0.500

(313) 0.200 0.300

(513) 0.350 0.600

(440) 0.350 0.400

a a2 stripped.
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