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Abstract

In previous and in work to be published, it has been shown that iron sulphide material, produced by sulphate-reducing
bacteria (SRB), is an excellent adsorbent for a wide range of heavy metals. The material adsorbs between 100 and
400 mg g~1 and residual levels in solutions can be of the order of pg per litre. Further, strongly magnetic forms of this
material can now be produced which can be e!ectively and cheaply removed from suspension together with the
adsorbate by magnetic separation. This paper examines the structure of weakly magnetic and strongly magnetic iron
sulphide material produced by SRB with a view to increasing the understanding of its adsorbent and the magnetic
properties. The structural properties have been examined using high-resolution imaging and electron di!raction in
a transmission electron microscope (TEM), the measurements of magnetisation versus "eld and temperature, extended
X-ray absorption "ne-structure (EXAFS) spectroscopy, X-ray absorption near-edge structure (XANES) spectroscopy
and neutron di!raction. Before drying the surface area of both the weakly magnetic and the strongly magnetic iron
sulphide is of the order of 400}500 m2 g~1 as revealed by the magnetic properties, neutron scattering and the adsorption
of a number of heavy metals. After freeze-drying the surface area falls to between 18 and 19 m2 g~1. The initial inocula
came from a semi-saline source and when fed with nutrient containing Fe2` and Fe3` produced a weakly magnetic iron
sulphide (Watson et al., Minerals Eng. 8 (1995) 1097) and a few % of a more strongly magnetic material. Further work
using a novel method (Keller-Besrest, Collin, J. Solid State Chem. 84 (1990) 211) produced a strongly magnetic iron
sulphide material. EXAFS and XANES spectroscopy revealed (Keller-Besrest and Collin, 1990) that the weakly magnetic
iron sulphide material had the Ni}As structure in which the Fe is tetrahedrally coordinated with the composition
Fe

1~x
S. The strongly magnetic iron sulphide was composed of some greigite (Fe

3
S
4
) and mackinawite (Fe

1`x
S),

however, the bulk of the material at room temperature probably consists of disordered greigite and mackinawite. The
weakly magnetic and strongly magnetic iron sulphide are good adsorbents for heavy metals and halogenated hydrocar-
bons. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In previous work on the precipitation of heavy
metals by sulphate-reducing bacteria [4}7], it was
shown that many metal ions in solution could be
reduced from ppm levels to ppb levels and, if there
were magnetic ions present, their precipitates onto
the bacterial cell wall could make the microorgan-
ism su$ciently magnetic for removal from the sus-
pension by high gradient magnetic separation
(HGMS). A wide range of metal ions were treated
in this way such as Ag, Hg, Pb, Cu, Zn, Sb, Mn, Fe,
As, Ni, Sn, Al and other metals such as Rh, Au, Ru,
Pd, Os, Pt, Cr were also removed. Many of the
metals removed do not form insoluble sulphides
but were removed when iron sulphide was produc-
ed. Watson and Ellwood [7] concluded that the
bacterially produced iron sulphide was acting as an
adsorbent for a wide range of heavy metals includ-
ing many not normally precipitated as sulphides.
Typically, the metal ion concentration was reduced
from 10 ppm to a few ppb [1]. The capacity for
heavy metals was 200}400 mg g of adsorbent.
EXAFS studies [1] reveal that many of the metal
ions were chemisorbed.

This paper examines the structure of the weakly
magnetic and the strongly magnetic forms of iron
sulphide produced by sulphate-reducing bacteria in
order to increase the understanding of how the
magnetic properties and how adsorption processes
occur. First, the weakly magnetic material was
examined using magnetic methods together with
XANES and EXAFS spectroscopy. Second, the
structure of the strongly magnetic iron sulphide is
examined using EXAFS, XANES etc. Third, the
question of the occurrence of strongly magnetic
iron sulphides in nature is discussed in relation to
the work described here.

2. Experimental methods and results

2.1. Properties of iron sulphides

To give a perspective it is necessary to review the
known properties of iron sulphide in the composi-
tional range of interest. The magnetic properties of
the sulphides of iron are quite variable depending

on the exact nature of the Fe/S ratio as shown by
Schwarz and Vaughan [8]. The magnetic proper-
ties of the monoclinic pyrrhotite Fe

7
S
8

were "rst
examined over 75 years ago and the crystallo-
graphic, thermodynamic and magnetic aspects con-
tinue to be studied today.

At 50% Fe, the FeS is troilite, in which all Fe
sites are individually magnetic and all the available
sites for Fe are occupied. Troilite is antiferromag-
netic below the NeH el temperature ¹

N
"3253C. Be-

tween these two limits lies the region of the &FeS',
more accurately written Fe

1~x
S. The generic pyr-

rhotite formula signi"es iron cation vacancies and
x varies from 0 to 0.13 and the magnetic suscepti-
bility varies greatly [8]. The range of structural
variants within this compositional region is quite
complex. In addition to the ferrimagnetic mon-
oclinic Fe

7
S
8

(x"0.125, 46.67 at% Fe), there are
a variety of closely related hexagonal and mon-
oclinic crystal structures which are linked to the
number and spatial order or disorder of the Fe
cation vacancies (which become mobile in the
200}3003C range). Randomly frozen vacancies pro-
duce hexagonal pyrrhotite which will be approxim-
ately antiferromagnetic. Ordered vacancies such as
at Fe

7
S
8

produce a monoclinic structure which is
ferrimagnetic. (The saturation magnetisation value
of 0.1 T is about one-"fth that of nickel.) At the
chemical composition Fe

3
S
4

a strongly ferrimag-
netic material occurs, named griegite [9]. This ma-
terial has the spinel structure. Ideally, for easy and
cheap recovery of the adsorbent material from sus-
pension, it is necessary for the microorganisms to
produce either Fe

7
S
8

or Fe
3
S
4
.

The redox potential, which controls the oxida-
tion state of Fe, is critical for the production of the
Fe

1~x
S. The pH which controls the concentration

of sulphide ions in solution [S2~] and the other
anions and cations can also a!ect the magnetic
properties of the material produced by the microor-
ganisms and a small change in the composition can
have a very large a!ect on the magnetic susceptibil-
ity of the Fe

1~x
S material.

If iron is present in the growth medium then iron
sulphide will be precipitated on the cell wall of the
bacterium. Depending on the circumstances, which
will be discussed in more detail below, the material
precipitated can be weakly or strongly magnetic.
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Photo 1. A transmission electron microscope micrograph of
a longitudinal section through a sulphate-reducing bacterium.
The bacterium is coated with a "nely divided iron sulphide
precipitate. The scale bar at the bottom of the plate is 1 mm in
length.

Both materials look the same under the electron
microscope at low magni"cation. Aqueous suspen-
sions of iron sulphide (approximately 0.l mg/ml)
were ultrasonically dispersed and one drop of each
suspension was deposited on a separate thin carbon
"lm supported on a copper mesh TEM specimen
grid. When thoroughly dried under nitrogen, these
were examined in a JEOL.JEM 2000FX TEM op-
erating at 200 kV accelerating voltage. Photo 1
shows a transverse view through a sulphate-reduc-
ing bacterium. This bacterium is approximately
0.8 lm in diameter and has a length of approxim-
ately 4 lm. A layer of precipitated iron sulphide,
approximately 0.1 lm thick, can be seen around the
surface. This material is "nely divided and appears
to consist of particles a few nanometres in diameter.
At the top of the plate is iron sulphide that has
become detached from the surface of the bacterium

and this material, together with the microorgan-
isms which produce it, collects as a sludge in the
bottom of the bioreactor. The bacterium continues
to metabolise even with a thick iron sulphide coat-
ing; this indicates that the iron sulphide must form
an open structure through which nutrients can eas-
ily #ow. This openness is very important when the
material is used as an adsorbent as it ensures that
the uptake of the adsorbate can be rapid.

2.2. Preparation of weakly magnetic iron sulphide

The adsorbent was produced using sulphate-re-
ducing microorganisms in a 100 ml chemostat. The
chemostat was "rst sterilised in an autoclave and
then #ushed with oxygen-free nitrogen and then
isolated from atmospheric oxygen to establish and
maintain anaerobic conditions. The temperature
was maintained constant at 323C by placing the
chemostat in a water bath whose temperature was
accurately controlled at 323C. The medium used to
culture the sulphate-reducing bacteria was Pos-
tgate's Medium C [10] modi"ed by the addition of
Fe su$cient to maximise the production of iron
sulphide.

The medium was sterilised by "ltration and the
chemostat was "rst partly "lled with the medium
and then incubated with 20 ml of a culture of sul-
phate-reducing bacteria taken from a number of
natural sources. After 24 h the medium was con-
tinuously added to the chemostat at a dilution rate
of 0.1 h~1. Large quantities of the weakly magnetic
iron sulphide adsorbent were produced as a sludge
and could be collected from the bottom of the
chemostat for the adsorbent studies [7]. Measure-
ments on the adsorbent showed that it contains
15% solids by weight of Fe

1~x
S with remainder

being water.

2.3. Surface area measurements on the weakly
magnetic material

The surface area of the freeze-dried material was
measured using the BET method [11] and gave
a value of 18.4 m2 g~1.

It is clear from Photo 1 that the material in
suspension, prior to drying, contains many nano-
sized particles and, in consequence, it is expected

J.H.P. Watson et al. / Journal of Magnetism and Magnetic Materials 214 (2000) 13}30 15



that the surface area of the material is greater than
18.4 m2 g~1. The BET method cannot be applied
without the sample being dried but an estimate of
the surface area can be determined from the ad-
sorption studies of metal ions onto the weakly
magnetic material [1], as follows:

2.3.1. Cadmium
The highest concentration observed in these

measurements was 0.97 mmol g~1 of adsorbent.
The bonding behaviour of the adsorbed cadmium
was determined using EXAFS; it was found to be
chemisorbed to the surface of the iron sulphide
forming bonds characteristic of the Wurtzite struc-
ture, an hexagonal form of cadmium sulphide. The
characteristic length of the Cd}S bond was ob-
served at 0.251 nm but also a Cd}Cd separation of
0.418 nm was also observed by EXAFS [1]. Assum-
ing hexagonal packing, the area occupied per Cd
ion is 0.1506 nm2 so that the area over which cad-
mium is adsorbed as the Wurtzite structure is
84 m2 g~1. This indicates that the total surface area
is greater than or equal to 84 m2 g~1.

2.3.2. Copper
The highest adsorbed concentration observed for

copper was 2.18 mmol g~1 of adsorbent. The ion
size for Cu2` is very close to Fe2` at 0.072 and
0.074 nm, respectively. A plausible way to estimate
the surface area is to assume that all the defects,
Fe2` vacancies, become occupied by Cu2`. Assum-
ing that the composition is Fe

1~x
S, the number

of defects per unit volume, D
$
, is (xN

Ao)/
[(1!x)A

8
(Fe)#A

8
(S)] where N

A
is Avogadro's

number, o is the density of the material, A
8
(Fe) and

A
8
(S) are the atomic weights of Fe and S, respec-

tively. The number of surface defects D
4
is approx-

imately D
4
"(D

$
)2@3. For Fe

7
S
8

with x"0.125
and o"4.6 [12], then D

$
"4.3]1027 m~3 and

D
4
"2.6]1018 m2. Applying this result to the ad-

sorption of Cu, the surface area of the adsorbent
must be 504 m2 g~1 of adsorbent, if all the defects
are occupied. If all the defects are not occupied, the
speci"c surface area must be larger.

This important topic will be readdressed in the
discussion section when the results from the mag-
netic properties, EXAFS and neutron scattering

can also be included in the evaluation of the surface
area.

2.4. Preparation of strongly magnetic iron sulphide

The method described in this section is designed
to produce a population of microorganisms which
will produce a strongly magnetic product. The pro-
cessing cost depends strongly on the magnetic
properties of the materials [2] and it was desired
to produce a product similar to Fe

7
S
8

phase or
Fe

3
S
4
, both of which are ferrimagnetic, in substan-

tial quantities always remembering that the mater-
ial must retain the adsorbent properties, as good or
better than the weakly magnetic material.

In order to accomplish the task of making large
quantities of strongly magnetic iron sulphide, Wat-
son and Ellwood invented a new method [2]. In an
extremely interesting paper, Freke and Tate [13]
reported the almost complete removal of iron as
insoluble sulphide from both ferrous and fer-
rous}ferric solutions and they found under certain,
poorly speci"ed conditions, i.e. microorganisms, re-
dox potential E

)
(although it appears E

)
was very

low) etc., the formation of substantial amounts of
magnetic iron sulphide. Freke and Tate were never
able to produce the magnetic material when the
microorganisms were cultured in stirred batches.
The problem seems to be that under a particular set
of conditions produced by the composition of the
solution to be treated, the microorganisms which
produce the most magnetic product are outgrown
by microorganisms with a less desirable product.
This gave support to the idea that there are circum-
stances when strongly magnetic material can be
produced [2,14].

In the method of Watson and Ellwood [2,14]
progress towards the production of a more mag-
netic product was achieved in two steps. First,
magnetically separating the output from the
chemostat; the strongly magnetic particles of iron
sulphide together with the microorganisms in inti-
mate contact with the particles. Second, feeding this
strongly magnetic fraction and the attendant
microorganisms back to the chemostat or using
this material to inoculate a new chemostat. Using
this method it was possible to increase the strongly
magnetic fraction from a few % to greater than
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Photo 2. TEM micrograph at much higher magni"cation than
1. This reveals a material which in the main has no distinct
morphology or clear grain boundaries.

90% in a period of 3 months. At this point inocula
taken from the chemostat were used to produce
a consistent source of strongly magnetic iron sul-
phide.

The magnetic mineral was separated from the
output of the chemostat by high gradient magnetic
separation (HGMS) [15}17] in a "eld of 1 T. The
remaining material was less magnetic and higher
applied "elds were needed to provide a higher force
to extract the remaining material. At this moment
further work is needed to understand how the
population of the microorganisms in the chemostat
has been changed during the application of mag-
netic feedback process described above.

The average chemical composition of the iron
sulphide material is Fe

1~x
S where x"0.21. The

density of the sludge of magnetic sulphide as taken
from the bottom of the chemostat in the form of
a "ne particulate suspension which is approxim-
ately 5% solids by weight. The actual density of the
iron sulphide material is expected to be between
4.08 and 4.7 g cm~3 [12].

The wet strongly magnetic iron sulphide suspen-
sion can be freeze-dried forming a solid strongly
magnetic iron sulphide with a density of
3.9 g cm~3.

3. The structural properties of the strongly magnetic
iron sulphide

The structural properties of the strongly mag-
netic iron sulphide material have been examined in
detail using transmission electron microscopy, sur-
face area measurements, magnetic measurements,
extended X-ray absorption "ne-structure (EXAFS)
spectroscopy and X-ray absorption near-edge
structure (XANES) spectroscopy at Daresbury and
neutron scattering at the ISIS facility of the Ruthe-
rford-Appleton Laboratory.

3.1. Transmission electron microscopy

The samples were prepared as described for
Photo 1 but observations were carried out at higher
magni"cation, as shown in Photo 2. The sample of
magnetic iron sulphide consisted of very small, ir-
regular particles or clusters of particles. The vast

majority appeared entirely featureless with no clear
grain boundary or distinctive morphology.

However, occasionally regions such as that
shown in Photo 3 can be found. This micrograph
shows an irregularly shaped domain, approxim-
ately 20]60 nm in size, in which lattice fringes can
be seen which have a spacing of approximately
0.57 nm.

These fringes are not entirely straight, continu-
ous or parallel to one another throughout the do-
main, but bend and terminate in edge dislocations
in a fairly irregular way. The majority of particles,
in which no lattice fringes are evident are either
amorphous, or so poorly crystalline that there is
insu$cient coherent scattering throughout the
thickness of the crystal (approximately 10}200 nm
in electron-transparent regions) for lattice fringes to
be visible, or they are oriented such that no promin-
ent zone axes are parallel to the electron beam, or
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Photo 3. A crystalline area of strongly magnetic iron sulphide.
The lattice spacing is approximately 0.57 nm. The white scale-
bar is 10 nm long.

Photo 4. Selected area electron di!raction patterns (SAD) of the
bacterially produced, strongly magnetic adsorbent material
showing hexagonal arrays of spots and di!use rings.

any suitably oriented lattice fringes are more close-
ly spaced than can be resolved (approximately
0.2 nm). It should be remembered, however, that in
the TEM only a minute fraction of the material is
sampled and preferentially the lighter, smaller par-
ticles.

These observations in images are consistent with
the corresponding selected-area electron di!raction
(SAD) patterns, shown in Photo 4. Each pattern is
produced from an area of specimen approximately
0.1 lm in diameter. Most such patterns indicate
that the material is amorphous on this scale, i.e.
there is little or no long- or intermediate-range
order. (EXAFS spectroscopy and neutron scatter-
ing provide information on short-range order, in
contrast to electron or X-ray di!raction.) However,
a few areas produce weak, di!use, continuous or
spotty powder-type ring SAD patterns, indicating
a poor degree of crystallinity with very small

crystalline domains randomly oriented within the
selected area. The lattice spacing of these rings are
consistent with greigite [9,18], but the pattern is
very weak and incomplete, so unequivocal identi-
"cation as greigite is di$cult. At "rst glance, the
apparently single-crystal di!raction pattern (or
patterns) consisting of spots in hexagonal array
superimposed on the ring pattern would seem to
suggest the presence of individual crystals with
hexagonal or cubic symmetry. Careful measure-
ment and calculation indicates that a hexagonal
array of spots with this reciprocal lattice spacing
could be produced if the crystal structure were
hexagonal, viewed with an electron beam parallel
to [0 0 0 1], with a approximately 0.3 nm, or if it
were cubic, viewed along S1 1 1T, with a approxim-
ately 0.37 nm. Neither of these possibilities closely
matches any of the known Fe-sulphide structures in
the JCPDS di!raction database. However, the
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lattice parameters of the tetragonal iron sulphide
mackinawite [19,20] are such that a S1 1 1T zone-
axis section would "t the observed pattern reason-
ably well.

The superimposed SAD patterns, shown in
Photo 4 (hexagonal array of spots and di!use
rings), suggest that the sulphide probably consists
of an intimate mixture of greigite and mackinawite.
In this small area mackinawite is present as one or
two crystals, whereas the greigite seems to occur as
an almost randomly oriented set of poorly formed,
disordered crystalline domains. The image shown
in Photo 2 probably shows one of the larger of such
domains, with the 0.57 nm fringes corresponding to
greigite (1 1 1) [9] lattice planes. Postfai et al. [21]
have studied, by TEM, iron sulphides from mag-
netotactic bacteria collected from natural habitats.
They have similarly observed that mackinawite and
greigite coexist in their specimens and that the
greigite is highly disordered. Mackinawite is unsta-
ble and they have found that it converts to greigite
over time. The transformation of synthetic mack-
inawite to greigite has also been observed by Len-
nie et al. [22] by the application of heat and also
after prolonged exposure to the atmosphere. Using
the bacterium Desulfovibrio desulfuricans Canet 41,
Rickard [23] was able to form iron sulphide mater-
ial which was found to contain "ve iron sulphides,
namely greigite Fe

3
S
4
, mackinawite Fe

1`x
S, mar-

casite FeS
2
, pyrite FeS

2
and pyrrhotite Fe

1~x
S.

Rickard also found that the magnetic component in
the iron sulphide produced by Freke and Tate [13]
also contained greigite and mackinawite. The
XANES spectroscopy measurement of the material,
discussed, indicates tetragonal symmetry is a strong
feature and such a feature occurs in mackinawite.

3.2. Surface area measurements on the strongly
magnetic iron sulphide

The surface area of the freeze-dried material was
measured using the BET method [11] and gave
a value of 18.4 m2 g~1.

In order to compare the surface area of the weak-
ly magnetic material with the strongly magnetic
adsorption experiments were carried out with the
strongly magnetic material with Cu and Cd for
comparison with the earlier work [7]. Solutions

with Cu were prepared containing metal ions at
a concentration of 10 ppm at pH 6 which were
shown to be stable with time.Various amounts of
adsorbent were added then following the protocol
outlined above [7] results were obtained for Cu, as
follows:

1. Cu, initial concentration 10 ppm, with a concen-
tration of strongly magnetic adsorbent of
100 ppm. The concentration of Cu remaining in
solution after 390 min was 1.67 ppm (83.3% re-
moval). This compared with a value of 1.7 ppm
for the weakly magnetic adsorbent in
the previous work [7]. Analysis method was
ICP-MS.

2. Cu, initial concentration 10 ppm, with a concen-
tration of strongly magnetic adsorbent of
100 ppm. The concentration of Cu remaining in
solution after 300 min was 1.67 ppm (83.3% re-
moval). This compared with a value of 1.8 ppm
for the weakly magnetic adsorbent in the pre-
vious work [7]. Analysis method used AA for
comparison with ICP-MS above.

3. Cu, initial concentration 10 ppm, with the con-
centration of the strongly magnetic adsorbent of
1000 ppm. The concentration of Cu remaining
in solution after 300 min was (0.03 ppm
(99.7% removal). This compared with a value of
also (0.03 ppm for the weakly magnetic adsor-
bent in the previous work [7]. Analysis method
was AA.

The results for Cd were as follows:

1. Cd, initial concentration 10 ppm, with the con-
centration of strongly magnetic adsorbent of
100 ppm. The concentration of Cd remaining in
solution after 300 min was 0.62 ppm (93.8% re-
moval). This compared with a value of 1.55 ppm
for the weakly magnetic adsorbent in the pre-
vious work [7]. Analysis method was ICP-MS.

2. Cd, initial concentration 10 ppm, with the con-
centration of strongly magnetic adsorbent of
1000 ppm. The concentration of Cd remaining
in solution after 270 min was 9.3 ppb (99.91%
removal). This compared with a value of
0.10 ppb for the weakly magnetic adsorbent in
the previous work [7]. Analysis method was
ICP-MS.
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The adsorption results for the weakly and the
strongly magnetic materials for Cu and for Cd were
so similar that there is a case for supposing the
surface areas per g of the two materials are similar.
This is supported by the magnetic #ux-trapping
measurements on the strongly magnetic material
which allows an estimate of the adsorbent surface
area to be made and is discussed in more detail
below. This method was not possible for the weakly
magnetic material which showed no #ux trapping.

3.3. Magnetic properties of the strongly magnetic
iron sulphide

From the studies of the strongly magnetic mater-
ial using the electron microscope it is assumed that
the sample consists of an intimate mixture of mack-
inowite which is diamagnetic and greigite which is
ferrimagnetic. Both minerals occur in particles with
a wide range of size. Larger particles of greigite
were identi"ed by their lattice spacing but the cry-
stalline structure showed some disorder. Most of
the material must be highly disordered so that the
antiferromagnetic interaction between the electron
spins must be weakened re#ecting the disorder in
the material.

The feedback chemostat was a device developed
to increase the magnetic properties of the adsor-
bent and to investigate its action the following
procedure was adopted. The magnetic component
was separated from the out#ow from the chemostat
using a magnetic separator. These separators can
operate with a variable background magnetic "eld.
If the background magnetic "eld is weak then only
the most strongly magnetic components are separ-
ated. If the background magnetic "eld is increased
more weakly magnetic material can be collected.
For the feedback chemostat to operate most e$-
ciently a weak background "eld is used allowing
only the very strongly magnetic material to be fed
back to the chemostat. When the feedback chemos-
tat was "rst operated with the starting material
from the semi-saline source, only 4}5% of the
strongly magnetic material was present and col-
lected by the magnetic separator with a back-
ground "eld of 1 T. As time went on the percentage
of the 1 T component increased. When the 1 T
component reached 17% of the material passed

through the separator the material passing through
the separator was re-separated at a "eld of 2 T and
a further 21% was separated. After a further few
weeks of the feedback process the 1 T component
reached 54% so that it is of interest to measure this
material with the material being produced at an
earlier stage and the magnetisation versus applied
magnetic "eld for these components at a temper-
ature of 290 K are shown in Figs. 1a and b. The
notation to refer to the samples, is that the earlier
sample, collected after 1 month is denoted by A an
the later sample collected after 2 months, is denoted
by B. The samples in Figs. 1a and b are &A17% 1 T',
&A 21% 2 T' and &B 50% 2 T'.

Fig. 1a shows the magnetisation at low applied
magnetic "eld for three components of the material
from the feedback chemostat. The 1 T components
both showed hysteresis at low "eld. The hysteretic
part appeared to saturate at 0.5 T when the mag-
netisation became linear with increasing "eld in
both cases and as shown in Fig. 1b, the linearity
persisted to 10 T, the limit of the measurements.
Using the density of greigite as 4080 kg m~3 given
by Spender et al. [24], the susceptibilities of the
linear regions were about s"6]10~4 for the &B
54% 1 T' material and 7.2]10~4 for the &A 17%
1 T' material. It seems reasonable that the hys-
teretic regions are due to the large particles identi-
"ed as greigite by the electron microscope; but
because the &B 50% 1 T' sample contained a greater
fraction of greigite than the &A 17% 1 T' sample
means that the actual susceptibilities in the linear
regions for &A 17% 1 T' and &B 50% 1 T' are much
closer than the values quoted above. It appears that
the linear regions must be caused by the amorph-
ous material in which the spin}spin interaction has
been weakened so much by disorder that the spins
are decoupled at 290 K and the material behaves
like a paramagnet. The &A 21% 2 T'material shows
no low-"eld hysteresis and is paramagnetic with
s"(1.1)]10~4.

Spender et al. [24] have measured the magnetisa-
tion of greigite and "nd that the magnetic moment
corresponds to 2.2$0.03 l

B
per formula weight

which, for a paramagnetic material, corresponds to
s"(3.1)]10~3. One interpretation is that the spin
density of the amorphous material is the same as
greigite and then the volume fractions of the
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Fig. 1. (a) The magnetisation M (amp m2 kg~1) versus "eld
B (T) for the iron sulphide adsorbent sample &B 54% 1 T' and
Mu(1 T) and Md(1 T) are the magnetisation versus applied "eld
for increasing "eld and for decreasing "eld, respectively. This
sample shows hysteresis below 0.2 T. The magnetisation of the
sample &A 21% 2T' (labelled M(2 T)), showed no hysteresis. The
measurements were performed at 290 K. (b) Shows the magnet-
isation versus applied magnetic "eld for the samples &A 17%
1 T', &B 50% 1 T' and the & A 21% 2 T'. The maximum applied
"eld was 10 T and at this "eld the magnetisation samples was
linear in "eld and showed no indication of saturation.

amorphous greigite would be 0.18, 0.23 and 0.04 for
the &B 54% 1 T' material, the &A 17% 1 T' material
and the &A 21% 2 T' material, respectively. The
remainder of the material would be amorphous
mackinowite.

A sample of FeS produced by sulphate-reducing
bacteria, under unspeci"ed conditions, has been
reported by Coe et al. [25] which shows similar
behaviour to the 1 T samples in Fig. 1b. The sample
is magnetic with s"(3.17)]10~4 in the linear re-
gion which approximately a factor of 2 smaller than
the 1 T materials reported here.

As feedback proceeded over a period of 3 months
the fraction of 1 T component increased to approx-
imately 90% but also the paramagnetic compo-
nents became more strongly magnetic with mater-
ial not captured at 5 T, the so-called non-mag-
netic material, reaching s"(1.1)]10~4 which is
similar to the &A 21% 2 T' sample shown in Figs. 1a
and b.

These materials, as revealed by the microscope
pictures, contained greigite; the surface area esti-
mates and their strongly magnetic nature, suggest
that these materials are composed of particles of
small enough to be single domain at low enough
temperature and superparamagnetic at higher tem-
perature. However, at 290 K, the magnetisation
curves in Figs. 1a and b suggest that thermal e!ects
disrupt the long-range coupling between spins so
that the material is not superparamagnetic but
paramagnetic.

To further elucidate the nature of these materials
a series of experiments were carried out to investi-
gate #ux trapping in the materials. The samples
were obtained by HGMS from batch B, as follows:

The material collected by HGMS with a back-
ground "eld of 0.5 T amounted 20% of the total
and was labelled as &B 20% 0.5 T'. The material
which passed through the separator with a back-
ground "eld of 0.5 T was passed through the separ-
ator again with a background "eld of 5 T when
a further 34% was retained; this material was label-
led &B 50% 5 T'. The material which passed
through at 5 T was labelled &B 50% '5 T'. The
samples were magnetised with a "eld of 5 T at
a temperature of 5 K and when the "eld was
switched o! they showed considerable trapped
magnetisation, as shown in Fig. 2a. When the
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Fig. 2. (a) The trapped magnetism in the strongly magnetic &B 50% 0.5 T', &B 50% 5 T' and &B 50% '5 T' samples as a function of
temperature. The sample was "rst cooled to 5 K from 290 K in "eld of 5 T. At 5 K the applied magnetic "eld was turned o! and the
trapped magnetisation was measured as a function of temperature as the temperature was slowly raised. (b) The accumulated surface
area obtained using the data in Fig. 2a for &B 20% 0.5 T' is plotted versus particle length ¸ (nm) (assuming that q"3) using
K"3788 J m~3, f

0
"1010 s~1 and q"1 s. The contribution of the superparamagnetic part to the magnetisation in the presence of the

trapped "eld was not included. It must be remembered that there may be a further large contribution to the surface area from material
whose blocking temperature is less than 5 K. (c) The magnetisation versus applied "eld (upper curve) calculated using Eq. (2) for
a single-domain system with the particle-size distribution determined from the data shown in Fig. 2a and assuming a value of 17.6 l

B
per

unit cell (determined for greigite by Spender et al. [24]). For comparison the lower curve is the measured values of the magnetisation at
290 K for a &B 50% 1 T' sample, also shown in Fig. 1b. It is clear that the curves are very di!erent in shape con"rming that the
single-domain model is inadequate at 290 K.
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samples were slowly warmed, all samples measured
showed a large drop in magnetisation between
5 and 20 K followed by a slow decrease of trapped
magnetisation as the temperature increased to
290 K. The samples &B 20% 0.5 T' and &B 50% 5 T'
were very similar but the sample &B 30% '5 T'
trapped considerably less magnetisation than the
other two samples. The most likely explanation is
that the sample contains appreciably less strongly
magnetic material than the other samples. If the
di!erence were due to the fact that the particle size
in this sample is less than the others then it would
be expected that may show a higher trapped #ux at
5 K but this is not the case. These results suggest
that these materials at lower temperature than
290 K contain single-domain particles and super-
paramagnetic particles above their blocking tem-
perature [26,27] and at high enough temperature
becoming paramagnetic.

The fall in magnetisation between 5 and 20 K,
produced by particles becoming unblocked, indi-
cates that a large fraction of the crystallites are of
the order of a few nanometres in size. However, in
order to evaluate the results of #ux trapping in
more detail, the properties of single-domain par-
ticles must be examined.

The magnetic nature of single-domain particles
have been examined by Brown [26]and by Aharoni
[28]. They showed that the magnetic properties
are determined by the anisotropy energy (K<) of
the crystallites with volume,<, and where, K, is the
anisotropy energy per unit volume and contains
contributions from a number of sources. For an-
isotropy energies K<'k

"
¹ where k

"
is the Bol-

tzmann constant and ¹ is the temperature, the
magnetisation of the crystallites, for the uniaxial
case, is restricted to the easy axis and is in one
direction or the opposite direction. Thermal e!ects
produce transitions between these two directions so
that the average lifetime q between the switching
processes is given by

1/q"f
0

exp(!E
B
/k

"
¹), (1)

where E
B

is the energy barrier between the two
directions and may contain contributions from cry-
stalline anisotropy, surface and shape anisotropy,
f
0

is some frequency, for example the natural fre-
quency of gyromagnetic precession, often taken to

be 1010 s~1. These processes were examined
[26,28] in the absence of an applied magnetic "eld
so that E

B
"K<. The theory was extended by

Aharoni [29] to include the e!ects produced by
a magnetic "eld B. In the presence of an applied
"eld B, E

B
"K<!kB where k is the magnetic

moment of the particle. If the single-domain distri-
bution F(<) can be determined as the fraction of
particles with volume <, then the magnetisation
M versus applied "eld can be calculated and is
given by

M"n
1
+F(<)k(<)¸

'
(k(<)B/k

"
¹), (2)

where n
1

is the number of particles per unit volume,
F(<) is the fraction of particles of volume <, k(<) is
the magnetic moment of a particle of volume< and
¸
'
(k(<)B/k

"
¹) is the Langevin function given

by ¸
'
(kB/k¹)"coth(k(<)B/k¹)!1/(k(<)B/k¹),

which is appropriate when k(<)<k
"
, the Bohr

magneton.
For small values of k(<)B/k

"
¹, ¸

'
+constant so

that in order to account for the linearity of M ver-
sus B up to 10 T as shown in Fig. 1b M, within the
single-domain model, must be dominated by small
values of k and therefore by small values of <. This
will be discussed more fully below when an estimate
of F(<) has been made.

Diaz Ricci and Kirschvink [30] have examined
greigite produced within intracellular organelles
(magnetosomes) and have calculated the bound-
aries for the onset of superparamagnetism and
single-domain and double-domain behaviour for
parallelepipeds. They used the form for K given by
NeH el [31] as K"M

4
H

#
/32p2 where M

4
is the satu-

ration magnetisation and the "ne particle coercive
force H

#
is given by H

#
"4p(N

5
!N

1
)M

4
where

N
1

and N
5
are demagnetisation factors parallel to

and transverse to the length, respectively, and
where N

1
#2N

5
"1. As the temperature increases

larger particles become unblocked, some remaining
blocked at 290 K, which accounts for the hysteresis
observed at low "eld in the graph of magnetisation
versus "eld, as shown in Fig. 1a. The largest particle
observed with the electron microscope was
20]60 nm, assuming the particle was 20 nm thick,
gives a volume < of <"2.4]10~23 m3 and an
aspect ratio q(length ¸/width)"3. With the aspect
ratio q"3 then N

5
!N

1
"0.395 [32]. Assuming
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this particle is blocked at 290 K gives a value of
K+4000 J m~3. However, a more accurate esti-
mate can be obtained by using K due to NeH el [31]
discussed above. Using the values of M

4
"1.69$

0.24]106 A m~1 [24] and H
#
"1054$0.200mT

gives a value of K"7.088$0.84]103 J m~3. Then
with f

0
"10~10 s~1 and q"1 s gives a domain of

length 49$9 nm with q"3 as the boundary be-
tween single domain and superparamagnetic be-
haviour and clearly shows that the largest observed
crystalline region is a single domain particle are
blocked at 290 K. This value of ¸"49$9 nm is
consistent the value of ¸"44 nm given by Diaz
Ricci and Kirschvink [30] who chose a value of
K"104 J m~3 which best "tted their results over-
all and value of J

4
("M

4
/4p)"1.23]105 A m~1

which at q"3 gives a value of N
5
!N

1
'1, sug-

gesting that K should be smaller and/or M
4
larger

than the values Diaz Ricci and Kirschvink use.
The quantity H

#
usually called the microscopic

coercivity and is the value that would be measured
at 0 K but there are at least two processes which
can reduce H

#
. First, at "nite temperature thermal

#uctuations can reduce the value of the coercivity
to H

B
which has been given by NeH el [33] and

discussed by Evans and McElhinny [34]

H
B
"H

#
!4p((Q#ln q)2k

"
¹H

#
/(M

4
¸3/q2))1@2, (3)

where Q has a numerical value of about 22 [33],
and, as above, with t"1 s, H

#
"1.054 T, M

4
"

2.12]106 A m~1, ¸"50 nm and q"3 gives
a value of H

B
"53$20 mT. Measurements of the

materials discussed here using the methods de-
scribed by Roberts [18] gave a value for H

B
"

50 mT which is consistent with the calculated value
of 53 mT described above.

A second process which can reduce the coercive
force is the interaction between grains. This interac-
tion depends on the size and shape of the grains and
their distance apart and is very di$cult to calculate.
However, the e!ect is revealed by asymmetric hys-
teresis loops produced by an AC magnetic "eld
[35,36].

Under a large externally applied "eld the mag-
netisation reaches a saturation value M

4
and when

the "eld is switched o! the magnetisation M falls to
M

R
where M

R
"M

4
/2 for the case of uniaxial sym-

metry. For synthetic greigite, Spender et al. [24]

found a value of 0.43$0.02 which, although 14%
smaller than the value of 0.5 expected for uniaxial
symmetry, it is considerably smaller than the values
for cubic anisotropy of 0.831 or 0.866 given by
Wohlfarth [37]. More recently in 21 samples of
greigite from di!erent sources, Roberts [18] has
found an average value of 0.44$0.1.

When E
B
(k

"
¹ the value of q becomes small

and thermal processes drive the magnetic moment
which then follows a random motion, with the
magnetic moment of each particle M

4
<<kB, the

Bohr magneton, characteristic of superparamag-
netism [27]; the particles do not contribute to the
trapped magnetic moment but can contribute to
the magnetisation in the presence of a trapped "eld.

Using the value of the anisotropy energy from
Diaz Ricci and Kirschvink [30] obtained by as-
suming q"3 and the value of the saturation mag-
netisation found by Spender et al. [24], the trapped
magnetism versus temperature in Fig. 2(a) was used
to determine a particle size distribution and assum-
ing the trapped magnetic "elds have little in#uence
on the blocking temperature [29]. Aharoni [29]
has examined the e!ect of a magnetic "eld on the
relaxation time. For uniaxial symmetry the two
directions for the magnetisations now have di!er-
ent energies depending whether the scalar product
(M

4
)H) is positive or negative. Further the energy

barrier E
B

can be changed. To investigate these
problems, Aharoni introduced two parameters
h"BM

4
/2K and a"K</k

"
¹; here B is the ap-

plied "eld (¹)(M
4
A m~1), in the case discussed here

the "eld produced by the trapped magnetisation,
and k

"
is the Boltzmann constant. At 5 K the mag-

netic "eld produced in the sample by the trapped
magnetisation is 4.5 mT which gives a value of
h"0.008 and a"23. Aharoni suggests for these
values of h, f

0
is constant to about 10% in Eq. (1). It

is also assumed that the magnetic interaction be-
tween grains is small and K is independent of
temperature and q is constant at q"3 and inde-
pendent of the particle volume <"¸3/q2.

The particle-size distribution provides an esti-
mate of the surface area of the adsorbent and the
magnetisation versus applied magnetic "eld can be
calculated using Eq. (2).

The accumulated surface area obtained using the
data in Fig. 2b is plotted versus particle length
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¸ (nm) (assuming that q"3). The value of K was
assumed to be constant, independent of <, at
3788 J m~3. The contribution of the super-
paramagnetic part to the magnetisation produced
by the trapped "eld was not included. The results
indicated that 25% of the trapped magnetism re-
mained in blocked particles at 290 K. The results
indicate that the surface area of the material which
becomes unblocked above 5 K is 190 m2 g~1,
which is about a factor of 2 smaller than the area
estimated by the adsorption of the heavy metals
described above. As shown in Fig. 2a the trapped
magnetism increases rapidly with decrease temper-
ature, and the surface area increases very rapidly as
the particle size reduces. This implies that a con-
siderable contribution to the surface area comes
from particles which are already unblocked and
superparamagnetic at 5 K.

As mentioned above, the particle size distribu-
tion can be used to calculate the magnetisation
distribution using Eq. (2). This magnetisation curve
has been calculated and is shown in Fig. 2c. In Fig.
2c, the curve calculated from Eq. (2) is displayed
with the measured magnetisation curve of sample
&B 54% 1 T' shown in Fig. 1b as can be seen
a calculation based on superparamagnetism cannot
explain the linear region of the magnetisation ver-
sus applied magnetic "eld observed. The majority
of the material is paramagnetic but as the temper-
ature is lowered below 290 K, the material must
progressively become superparamagnetic and
"nally single-domain material as the temperature
decreases. This allows #ux trapping to occur.

4. Extended X-ray absorption 5ne structure
(EXAFS)

4.1. Experimental details

The FeS sample was prepared and loaded into
Perspex sample holders with Sellotape windows in
Southampton. Data were collected at ambient tem-
perature in the transmission mode on station 9.2 of
the Daresbury Synchrotron Radiation Source
(SRS), operating at 2 GeV with an average current
of 150 mA. A Si(2 2 0) double-crystal mono-
chromator was used, detuned to reject 50% of the

incident signal in order to minimise harmonic con-
tamination. The monochromator angle was calib-
rated for the Fe spectrum by running an edge scan
for a Fe foil. Io and It were measured using ion
chambers "lled with a mixture of Ar/He. Two scans
were recorded at the Fe K-edge for this sample and
the spectra of the iron sulphide model compounds
were collected in transmission mode on station 7.1
of the SRS using a Si(1 1 1) double-crystal mono-
chromator, detuned to 50% rejection.

The isolated EXAFS data were analysed using
EXCURV92 [38], employing the exact spherical
wave calculation [39,40]. Phase shifts were derived
from ab initio calculations using Hedin}Lundqvist
potentials and von Barth ground states [41]. The
theoretical "ts were obtained by adding shells of
backscattering atoms around the central absorber
atom and iterating the Fermi energy, E

&
, the ab-

sorber}scatterer distances, r, and the Debye}Waller
factors, 2p2, to minimise the sum of the square of
the residuals between the experiment and the theor-
etical "t. The numbers of scatterers, N, in each shell
were chosen as the integer values that gave the best
"t. Only shells which made a signi"cant improve-
ment to the R-factor were included in the "nal "t.
The R-factor in the tables is a measure of the
goodness of "t, de"ned by the equations:

R"+
i

(1/p
i
)(D(experiment(i)!(theory(i)D)]100%,

where

1/p
i
"k(i)3/+

j

(k( j)3)(Dexperiment( j)D).

5. Experimental results

5.1. XANES spectroscopy

The X-ray absorption near-edge structure
(XANES) of the Fe K-edge spectrum is compared
in Fig. 3 with the XANES of several iron sulphide
model compounds. The sharp pre-edge feature and
the structure on the edge of the magnetic iron
sulphide material most closely resembles that of
mackinawite, in which the Fe is tetrahedrally coor-
dinated to four S atoms [42]. The absence of a peak
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Fig. 3. XANES spectra of the magnetic iron sulphide and model
compounds. (a) Strongly magnetic iron sulphide, (b) mack-
inawite, (c) bornite, (d) pyrite, (e) greigite, (f) weakly magnetic
iron sulphide and (g) troilite.

Table 1
Three "ts to the Fe K-edge EXAFS data for bacterially produc-
ed weakly magnetic iron sulphide, showing the e!ect on the
R-factor of adding outer shells, where r is the distance between
the central (Fe) atom and the scatterer, $0.02 As and 2p2 is the
Debye}Waller $20%. The values of r were determined using
X-ray crystallography for hexagonal pyrrhotites by Keller-Be-
srest and Collin [3,43]

Shell r (As )! r (As ) 2p2 (As 2) R-factor

2]S 2.37 2.39 0.02 1 38.41
4]S 2.55 2.67 0.044
4]Fe 2.95 2.96 0.052
4]Fe 3.73 3.82 0.050
2]Fe 4.18 4.09 0.041
10]Fe &4.6 4.85 0.045
2]S 2.37 2.39 0.021 43.14
4]S 2.55 2.67 0.044
4]Fe 2.95 2.96 0.052
4]Fe 3.73 3.82 0.050
2]Fe 4.18 4.09 0.041
2]S 2.37 2.40 0.020 48.87
4]S 2.55 2.67 0.040
4]Fe 2.95 2.96 0.057

!Keller-Besrest, [3], d384, 385.

before the main absorption edge indicates the Fe is
in sites with octahedral symmetry [42]. In greigite
one-third of the Fe sites have tetrahedral coordina-
tion with the other two-thirds showing octahedral
coordination.

5.2. EXAFS spectroscopy

5.2.1. Weakly magnetic iron sulphide
The k3-weighted Fe K-edge EXAFS spectrum

and best "t of the magnetic iron suulphide and the
corresponding Fourier transforms are shown in
Fig. 4.

Table 1 shows three "ts the Fe K-edge EXAFS
data for bacterially product weakly mangetic iron
sulphide.

5.2.2. Strongly magnetic iron sulphide
The Fe K-edge EXAFS spectrum of the iron

sulphide contains contributions from more than
one shell of backscatterers, and displays several
distinct peaks in the Fourier transform (Figs. 4a

and b). The main peak, at ca. 2.2 As , corresponds to
a shell of sulphur scatterers around the central iron
atom. The best "t is with 3 S atoms at 2.23 As . The
EXAFS signal giving rise to the peak in the Fourier
transform at ca 3.4 As cannot be "tted with a single
shell of Fe or S scatterers, and the best "t is with
a shell of 2 Fe atoms at 3.16 As and a shell of 2 Fe
atoms at 3.57 As . The small peak in the Fourier
transform at ca 2.8 As can best be "tted with a shell
of 1 S atom at 2.77 As . There is a contribution to the
spectrum at ca. 2 As , which is best "tted with a shell
of 1 O atom. Figs. 5(a) and (b) show the best "t to
the experimental spectrum and the associated
Fourier transforms. Table 2 lists the "tting para-
meters for the best "t, together with other "ts for
comparison.

5.2.3. Discussion of the EXAFS results
The XANES pro"le (Fig. 3) and the EXAFS
"tting parameters (Table 2) clearly show that the Fe
is mainly tetrahedrally coordinated. Tetragonal
symmetry is revealed in XANES by the small peak
at a lower energy than the main adsorption edge
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Fig. 4. (a) The k3-weighted Fe K-edge EXAFS spectrum (solid
line) and best "t (broken line) of the magnetic iron sulphide, and
(b) the corresponding Fourier transforms.

Fig. 5. (a) The k3-weighted Fe K-edge EXAFS spectrum (solid
line) and best "t (broken line) of the magnetic iron sulphide, and
(b) the corresponding Fourier transforms.

[42]. This is consistent with a mixture of mack-
inawite and greigite which is suggested by electron
di!raction. The Fe in mackinawite is completely
tetrahedrally coordinated whereas in greigite only
a third of Fe is in tetrahedral coordination. The

greigite is strongly magnetic whereas mackinawite
is weakly diamagnetic indicating that a substantial
fraction of the material is greigite. The best "t is
with 3 S atoms and 1 O atom, implying that there
may be some oxidation of the iron, particularly at
the surface of the sample.

5.2.4. Neutron scattering data for the magnetic iron
sulphide

Preliminary neutron scattering data was ob-
tained for freeze-dried magnetic iron sulphide at the
ISIS Facility at the Rutherford-Appleton Laborat-
ory. The neutrons are pulsed; each pulse contains
neutron wavelengths j between 0.1 and 4 As . The
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Table 2
The best "t (lowest R-factor) and the e!ect of adding further
shells to the Fe K-edge EXAFS data for bacterially produced
strongly magnetic iron sulphide for the shells centred on an Fe
atom where r is the distance between the central (Fe) atom and
the scatterer, $0.02 As and 2p2 is the Debye}Waller $20%

Shell r (As ) 2p2 (As 2) R-factor

1]O 2.13 0.00 9 25.4
3]S 2.19 0.01 7
1]S 2.77 0.01 1
2]Fe 3.16 0.02 3
2]Fe 3.56 0.029

1]S 2.08 0.061 28.9
2]S 2.22 0.01 2
1]S 2.76 0.011
2]Fe 3.15 0.023
2]Fe 3.55 0.029

3]S 2.23 0.020 37.1
1]S 2.77 0.01 1
2]Fe 3.16 0.02 2
2]Fe 3.57 0.031

3]S 2.23 0.02 0 40.9
1]S 2.65 0.026
2]Fe 3.17 0.025
2]Fe 3.59 0.031

Fig. 6. The structure factor S(Q) plotted versus Q, the mo-
mentum transfer, for the freeze-dried magnetic iron sulphide,
obtained using the pulsed neutron source at the ISIS facility,
Rutherford Appleton Laboratory, UK.

Fig. 7. The radial distribution function N(R) plotted versus
distance R(As ). N(R) is obtained as a Fourier transform of S(Q).

neutrons were detected by 1000 detectors between
the scattering angles between 5 and 303. The mo-
mentum transfer Q, is given by Q"4p sin h/j
where h is the angle through which the neutrons of
wavelength j are scattered. The structure factor
S(Q) is the sum of the neutron counts received at
a momentum transfer Q. As shown in Fig. 6, S(Q)
shows some interesting features. At very low
Q, S(Q) rises rapidly as Q decreases indicating that
very small particles are present. The radial distribu-
tion function shows oscillations beyond 20 As so
that it is possible that the sample, rather than
consisting of 20 As particles in diameter, is a porous
material containing 20 As holes. It is di$cult to
distinguish between these two cases with the pres-
ent preliminary data.

The radial distribution function, shown in Fig. 7,
has a pronounced negative peak near r"1 As , in-
dicative of OH bonds. The main feature is a strong
Bragg peak near 2.1 As ~1 with other peaks at 2.98

and 3.8 As ~1 but as yet no interpretation has been
found, but the peak at 2.1 As ~1 correlates well with
the lattice spacing of 5.7 As observed by TEM.
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5.2.5. Discussion of neutron scattering results
A plausible explanation, based on the magnetic

measurements, the stability against oxidation even
in the presence of gaseous oxygen together with the
neutron scattering data, suggests that during the
freeze-drying process the material collapses form-
ing a porous material composed of small magnetic
particles of iron sulphide 2}3 nm in diameter with
holes of average diameter of the order of 2 nm
between the particles. The surface area of the ma-
terial, as suggested by the measurements of trapped
magnetic #ux, should be of the order of 400}
500 m2 g~1. As mentioned above, the surface area
of the freeze-dried material was measured by the
BET method [11] as 18.4 m2 g~1 which is less than
the estimates of the area of the material prior to
freeze-drying as '550 m2 g~1 from adsorption of
heavy metals [1] and similar values estimated from
the transmission electron microscope pictures [7]
and from neutron scattering measurements, de-
scribed above.

The surface area for the freeze-dried measured
using the BET method gave a value of 18.4 m2 g~1

which indicates most of the pores 20 As pores are
inaccessible to nitrogen gas, used in the BET
method, which means the pores are blocked o!.

However, in the material which has not been
freeze-dried a large fraction of small particles must
provide a large surface area onto which the adsorp-
tion of metal ions occurs. The weakly magnetic
materials have been shown to adsorb a wide range
of heavy metals [1] and from this the surface area
must be of the order of 400}500 m2 g~1.

Watson and Ellwood [7] concluded that the
bacterially produced iron sulphide was acting as an
adsorbent for a wide range of heavy metals includ-
ing many not normally precipitated as sulphides.
Typically, the metal ion concentration was reduced
from 10 ppm to a few ppb [1]. The capacity for
heavy metals was 200}400 mg g of adsorbent.
EXAFS studies [1] reveal that many of the metal
ions were chemisorbed.

6. Discussion and conclusions

Sulphate-reducing bacteria occur widely in an-
aerobic sedimentary environments such as rivers,

estuaries, harbours, salt marshes, lakes, canals and
the deep sea. These bacteria are responsible for
many large iron sulphide deposits. Magnetic iron
sulphides have been reported from many sedimen-
tary environments. Magnetotactic bacteria usually
produce magnetosomes containing single-domain
particles of magnetite (Fe

3
O

4
) and single-domain

greigite (Fe
3
S
4
) particles are also known. It has

often been suggested that magnetic components of
sediments are due to the remains of magnetotactic
microorganisms. However, these microorganisms
are notoriously di$cult to grow in the laboratory
and they are comparatively rare in nature com-
pared with sulphate-reducing bacteria. We con-
clude that perhaps we have been reproducing
a process which can occur, in exceptional circum-
stances, in natural anaerobic sediments and which
may be almost entirely responsible for the appear-
ance of the observed magnetic iron sulphides, both
strongly and weakly magnetic material. These iron
sulphide materials are produced by sulphate-reduc-
ing bacteria as a consequence of their metabolism,
if they are situated in a solution containing iron.
The strong adsorption for a wide range of metal
ions we have observed in these bacterially produc-
ed iron sulphides suggest that materials produced
in sediments would be relatively impure and the
impurities may consist of considerable amounts of
material not normally precipitated as sulphides
whereas the material produced in magnetosomes
would be relatively pure.

Further, perhaps the presence of this extremely
e!ective natural heavy metal immobilisation pro-
cess widely occurring in anaerobic sediments must
mitigate to a great extent releases of many metals
into the environment. It may also be possible and
pro"table to engineer releases of these metals into
the environment to take full advantage of these
naturally occurring processes and we suggest that
this will be a very fruitful area of investigation for
environmental engineers.
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