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ABSTRACT

The adsorption of a number of radioactive ions from solution by a
strongly magnetic iron sulfide material was studied. The material
was produced by sulfate-reducing bacteria in a novel bioreactor.
The uptake was rapid and loading on the adsorbent was high due
to the high surface area of the adsorbent and because many of the
ions were chemisorbed. The structural properties were examined
with high-resolution imaging and electron diffraction by transmis-
sion electron microscopy. The adsorbent surface area was deter-
mined to be 400–500m2/g by adsorption of heavy metals, the mag-
netic properties, neutron scattering, and transmission electron
microscopy. The adsorption of a number of radionuclides was 
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examined at considerably lower concentration than in previous
work with these adsorbent materials. A number of ions studied are
of interest to the nuclear industry, particularly the pertechnetate ion
(TcO4

�). 99Tc is a radionuclide thought to determine the long-term
environmental impact of the nuclear fuel cycle because of its long
half-life and because it occurs normally in the form of the highly
soluble pertechnetate ion, which can enter the food chain. This bac-
teria-generated iron sulfide may provide a suitable matrix for the
long-term safe storage of the pertechnetate ion. Also, because of
the prevalence of the anaerobic sulfate-reducing bacteria world-
wide and, in particular, in sediments, the release of radioactive
heavy metals or toxic heavy metals into the environment could be
engineered so that they are immobilized by sulfate-reducing bac-
teria or the adsorbents that they produce and removed from the
food chain.

INTRODUCTION

This paper describes the adsorption of a number of radionuclides, some of
which are of interest to the nuclear industry, by a strongly magnetic iron sulfide
produced through a new method involving sulfate-reducing bacteria (SRB) (1).
This work follows from previous adsorption studies of metal ions on a weakly
magnetic ion sulfide produced by sulfate-reducing bacteria (2).

The use of radioactive ions in this work has two advantages. First, the ad-
sorption processes can be evaluated at much lower metal ion concentrations than
is possible with atomic absorption spectroscopy used in the previous work. Sec-
ond, it provides an opportunity to study the adsorption of metal ions that may be
of practical value to the nuclear industry. Of particular interest is the adsorption
of technetium (in the form of the pertechnetate ion TcO4

�) from solution, which
has proved a problem for the nuclear industry because it is not effectively
removed by the processes presently used for effluent treatment. 99Tc may be
the critical radionuclide in determining the long-term environmental impact of
the nuclear fuel cycle (3). Because 99Tc is a long-lived pure � emitter with a
half-life of 2.13 � 105 years, it usually occurs in the form of the pertechnetate
ion (TcO4

�), which is highly soluble and environmentally mobile (4). Further-
more, TcO4

� can be readily taken up by plants (5) and enter the food chain;
Cataldo et al. (6) suggested that in many cases, Tc enters the food chain as a sul-
fate analogue. The level of 99Tc found in lobsters in the Irish Sea has risen 44-
fold since 1993 when British Nuclear Fuels PLC began treating liquid waste pre-
viously stored on-site at the nuclear reprocessing plant in Sellafield, Cumbria
[7,8].
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In Paducah, and Portsmouth, ME, USA, the groundwater is contaminated
with radionuclides. At 90 ng/L, 99Tc is the principal radioactive metal contami-
nant. In the Hanford Plant, the groundwater is also contaminated with 99Tc. Fur-
thermore, approximately 1800 kg of 99Tc are stored in on-site tanks, which con-
stitute a major long-term problem associated with the storage of Hanford
radioactive waste (10). Similar problems may occur at other nuclear reprocessing
plants. In view of its importance, the adsorption of Tc is treated separately and in
more detail than the other elements discussed here.

Once the performance of the adsorbent has been understood when applied
to solutions of radionuclides in the laboratory-prepared samples, it is hoped that
samples of groundwater and samples from storage tanks from nuclear installations
can be treated.

In previous work on the precipitation of heavy metals by sulfate-reducing
bacteria (11–14), many metal ions in solution could be reduced from ppm to ppb
levels, and if magnetic ions were present, their precipitates onto the bacterial cell
wall could make the microorganism sufficiently magnetic for removal from the
suspension by high-gradient magnetic separation (HGMS) (15–18). A wide
range of metal ions were treated with HGMS, 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 sulfides but
were removed when iron sulfide was produced. Watson and Ellwood (14) con-
cluded that the bacteria-produced iron sulfide was acting as an adsorbent for a
wide range of heavy metals, including many not normally precipitated as sul-
fides. Typically the metal ion concentration was reduced from 10 ppm to a few
ppb and the capacity for heavy metals was 200–400 mg per g of adsorbent (2).
Extended X-ray absorption fine-structure spectroscopy (EXAFS) studies showed
that many of the metal ions were chemisorbed (2). Also EXAFS data revealed
that the structure of this iron sulfide material does not precisely match any known
crystal structure of iron sulfide. The best fits were based on the crystal structure
of Fe1�xS obtained by Keller-Besrest and Collin (19). In the best-fit region, with
0 � x � 0.125, where the lattice parameters depend upon x, the structures are
hexagonal of the Ni-As type. In this structure, the Fe atoms are located in sites
with octahedral symmetry. This is consistent with the shape of the K X-ray ab-
sorption edge (20).

These iron sulfides were only weakly magnetic and if they were to be used
as adsorbents on a large scale, the cost of recovering them from suspension
could be considerably reduced by making them strongly magnetic. To accom-
plish the task of making large quantities of strongly magnetic iron sulfide using
sulfate-reducing bacteria, Watson, Ellwood, and Duggleby invented a new
method (1).

Although the structural properties of this material have been published in
detail (21,22), it is appropriate to briefly review the structure of the strongly mag-
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netic iron sulfide because it is pertinent to the adsorption of ions by this material.
Finally, a number of important technological aspects of this work are discussed.

PREPARATION AND PROPERTIES OF STRONGLY
MAGNETIC IRON SULFIDE

Preparation of Strongly Magnetic Iron Sulfide

As was discussed in the introduction, weakly magnetic iron sulfide adsor-
bents for heavy metals were produced using sulfate-reducing bacteria grown with
a medium containing excess iron in a chemostat. However, in the iron sulfide sys-
tem, in addition to weakly magnetic phases with the Ni-As structure, strongly
magnetic materials were found (23), namely, pyrrhotite (Fe7S8), in which ordered
vacancies (24) produce a ferrimagnetic monoclinic structure (its saturation mag-
netization value of 0.1 T is about one-fifth that of nickel), and greigite (Fe3S4)
(25), which is a strongly ferrimagnetic material. This material has a spinel struc-
ture and a saturation magnetization of approximately 0.43 T (26). Therefore, to
improve the magnetic properties, the microorganisms need to produce a high per-
centage of either Fe7S8 or Fe3S4.

Through a novel method (1,27), progress toward the production of a more
magnetic product was achieved in 2 steps. First, the output from the chemostat
was treated by magnetic separation to concentrate the strongly magnetic particles
of iron sulfide together with the microorganisms in intimate contact with the par-
ticles, and second, to feed this strongly magnetic fraction and the attendant mi-
croorganisms back to the chemostat or use them to inoculate a new chemostat.
Using this method, the low percentage of strongly magnetic fraction was in-
creased to greater than 80% in a period of 3 months. At these larger magnetic
concentrations, the inocula taken from the chemostat can be used to produce a
consistent source of strongly magnetic iron sulfide.

The magnetic mineral was separated from the chemostat output by HGMS
(15–18) in a background of an applied 1-T magnetic field.

The Structural and Magnetic Properties of the Strongly 
Magnetic Iron Sulfide

The structural properties of the magnetic iron sulfide material have been ex-
amined in detail using transmission electron microscopy (TEM), surface area
measurements, magnetic measurements, EXAFS, and X-ray absorption near edge
structure (XANES) spectroscopy at Daresbury and neutron scattering at the ISIS
facility of the Rutherford-Appleton Laboratory (21,22).
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Figure 1 shows a scanning electron microscope micrograph of iron sulfide
adsorbent produced by sulfate-reducing microorganisms. The SRB in the top-
right corner is coated with a finely divided iron sulfide precipitate. Another SRB
can be seen in an “end-on view” left-of-center near the bottom of the image. The
bacteria are approximately 0.8 �m in diameter and have a length of approximately
4 to 5 �m. The scale bar at the bottom of the figure is 2 �m. The smooth mi-
croorganism toward the bottom right-hand corner is not an SRB. The layer of pre-
cipitated, finely divided iron sulfide seen around the surface of the bacterium can
become detached from the surface of the bacterium and this material, together
with the microorganisms that produce it, collect in the bottom of the bioreactor.
The bacterium continues to metabolize with the iron sulfide coating indicting that
the material forms an open structure through which nutrients can easily flow. This
openness is very important when the material is used as an adsorbent because it
ensures the rapid uptake of the adsorbate.

Higher magnification reveals that the sample of magnetic iron sulfide con-
sists of very small, irregular particles or clusters of particles, some of which were
identified as greigite. The vast majority appears entirely featureless with no clear
grain boundary or distinctive morphology. However, a few areas produce weak,
diffuse, continuous, or spotty powder-type ring (approximately 3 � 10�2 �m2)
diffraction patterns, indicating a poor degree of crystallinity with very small crys-
talline domains randomly oriented within the selected area. The lattice spacing of

Figure 1. A scanning electron microscope micrograph of iron sulfide adsorbent produced
by sulfate-reducing microorganisms. The bacterium in the top-right corner is coated with a
finely divided iron sulfide precipitate. Another SRB can be seen in an “end-on view” left-
of-center near the bottom of the picture. The smooth microorganism toward the bottom
right-hand corner is not an SRB. The scale bar at the bottom of the plate is 2 �m.
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these rings is consistent with greigite (25,28), but the pattern is very weak and in-
complete, so unequivocal identification as greigite is difficult.

The superimposed selected area diffraction patterns (hexagonal array of
spots and diffuse rings) suggest that the sulfide probably consists of an intimate
mixture of poorly formed greigite and mackinawite (21,22).

Surface Area Measurements

The surface area of the freeze-dried material was measured using the
Brunauer, Emmett, Teller  (BET) method (29) and was determined to be 18.4 m2/g.
However, based on EXAFS data to determine the surface area occupied per ad-
sorbed atom and the observed adsorption of Cd and Cu, the estimated surface area
of the wet adsorbent material was determined to be a few hundred square meters
per gram (21). This was also confirmed by neutron scattering measurements, which
showed considerable scattering from 2-nm objects from inside the material (22).

Magnetic Properties of the Iron Sulfide

The iron sulfide was largely paramagnetic at 290 K with a small hysteresis
and an average magnetic susceptibility, � � 7 � 10�4. After the large particles,
assumed to be greigite, had been saturated, the magnetization became linear with
the applied field showing no saturation up to the maximum of 12.5 T. At 290 K
the material is largely paramagnetic, so the spins are largely independent due to
disorder in the system, and together with thermal effects, they weaken the spin-
spin interaction. If a Bohr magneton number of 2.2 per formula weight (26) and a
spin density similar to greigite apply to the iron sulfide, the strongly magnetic ma-
terial presumably contained approximately 20% of disordered greigite and the re-
mainder was disordered mackinawite.

The samples were cooled to 5 K in an applied field of 5 T, and then the field
was switched off and the trapped flux was measured as a function of temperature
from 5 to 290 K. These flux measurements were used to estimate the sample surface
area as 190 m2/g. Perhaps if the sample had been cooled to a much lower tempera-
ture than 5 K, the estimate of the surface area would have been much higher (21,22).

X-ray Studies

The XANES profile and the EXAFS-fitting parameters clearly show that the
Fe was mainly tetrahedrally coordinated. These results are consistent with a mix-
ture of mackinawite and greigite that is suggested by electron diffraction data. Fe
in mackinawite is completely tetrahedrally coordinated, whereas in greigite only
one-third of Fe is in tetrahedral coordination (20). Greigite is strongly magnetic,
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whereas mackinawite is weakly paramagnetic, indicating that a substantial frac-
tion of the material is greigite. As discussed above, the magnetic properties at 290
K suggest that approximately 20% of the sample is greigite.

Discussion of the Structural Aspects of the Material

A plausible explanation based on the magnetic measurements, the stability
against oxidation even in the presence of gaseous oxygen, and the neutron scat-
tering data suggest that during the freeze-drying process, the material collapses,
forming a porous material composed of small magnetic particles of iron sulfide
2–4 nm in diameter with holes between the particles of average diameter of ap-
proximately 2 nm. The surface area of undamaged material would be closer to 500
m2/g. As mentioned above, the surface area of the freeze-dried material was mea-
sured by the BET method (29) as 18.4 m2/g. This is less than the area estimates of
the material prior to freeze-drying (approximately 500 m2/g) as determined from
adsorption of heavy metals (2) and estimated from TEM pictures (14). It is also
lower than the measurements obtained from the trapped magnetism as a function
of temperature and from neutron scattering measurements described above. The
BET surface area measurements of 18.4 m2/g indicate that most of the 2-nm pores
are inaccessible to the nitrogen gas used in the BET method. However, the mate-
rial that has not been freeze-dried is in the form of nanoparticles consisting of a
mixture of disordered greigite and mackinawite, which provides a large surface
area onto which the metal ions adsorb. The weakly magnetic materials have been
shown to adsorb a wide range of heavy metals (2), and from the adsorption of
these metals, the surface area can be estimated at 500 m2/g. Typically the metal
ion concentration was reduced from 10 ppm to a few parts per billion when weakly
magnetic materials were used as adsorbents (2). The capacity for heavy metals
was 200–400 mg per g of adsorbent. EXAFS studies (2) revealed that many of the
metal ions were chemisorbed. The ability of heavy metals to be chemisorbed in-
dicates that residual levels in solution may be reduced to extremely low values and
the uptake by the adsorbent at low concentration can be high. The study of the ad-
sorption of materials at these low concentrations is best done with radionuclides.

ADSORPTION OF CATIONS BY THE STRONGLY
MAGNETIC IRON SULFIDE MATERIAL

Introduction and Experimental Protocols

Adsorption studies using Cu and Cd with initial metal ion concentrations of
10 ppm gave similar results to the studies reported previously using the weakly
magnetic iron sulfide (2). In the work reported here on the use of the strongly
magnetic material, the use of radioactive isotopes allowed studies of the adsorp-
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tion process for metal-ion concentration levels many orders of magnitude lower than
those used in previous work. Radiotracer experiments were undertaken using cali-
brated solutions of 241Am, 109Cd, 139Ce, 57Co, 60Co, 137Cs, 203Hg, 54Mn, 113Sn, 85Sr,
88Y, and 65Zn. These solutions of radionuclides were supplied by Nycomed et, Amer-
sham International, Buckinghamshire, UK, which certifies that the solution concen-
trations to 	 2%; however, in the experiments the concentrations were measured di-
rectly. All the above isotopes are 
-ray emitters. As a result, a 
-ray spectrometer was
needed to detect changes in activity. Amersham International also supplied solutions
of individual radionuclides of 63Ni and 99Tc as TcO4

�. The Pu solution containing the
isotope ratio 240Pu/239Pu � 0.26 was obtained from an acid leach of Irish Sea sedi-
ment. The analysis of these isotopes required the use of a liquid scintillation counter.
All the vials and containers used were acid washed in 2% Spectrosol HNO3 for 24
hours and then washed in Milli-Q high-purity water prior to use. Metal uptake ex-
periments were undertaken in 30 mL vials (Sterilin, acid washed) that each contained
deoxygenated distilled water obtained by passing nitrogen gas through the water for
30 minutes prior to the addition of a small, accurately measured volume of the ra-
dionuclides together with 0.048g/L, 0.481g/L, or 4.81 g/L of adsorbent (dry weight).
A blank vial, containing no adsorbent, was used for calibration of the solution and to
check for nonspecific sorption or other loss mechanisms.

Table 1. Percentage Radioactivity from

Wet

Gamma Detector Am Cd Ce Co Co

Isotope Mass 241 109 139 57 60
Initial activity (Eq/mL) 1.23 	 0.025 6.93 	 0.14 0.14 	 0.003 0.26 	 0.005 1.25 	 0.025

Adsorbent Time
(mg/L) (h) % Activity

1 9.7 	 2.1 n.a 0 83.4 	 10.9 95.1 	 11.6
2 6.1 	 1.4 7.9 	 3.1 0 82.9 	 9.5 91.5 	 10.0

0.048 3 0 12.6 	 4.2 0 80.8 	 10.7 90.6 	 11.2
5 0 11.2 	 3.0 0 77.4 	 9.7 88.2 	 9.7

6.5 0 10.3 	 3.6 0 76.2 	 9.7 86.4 	 10.1

1 0 0 0 20.5 	 5.0 19.2 	 4.2
2 0 0 0 10.5 	 2.6 9.8 	 2.2

0.481 3 0 0 0 7.2 	 2.1 5.7 	 1.3
5 0 0 0 n.a. 0

6.5 0 0 0 4.6 	 2.3 0

1 0 0 0 0 0
2 0 0 0 0 0

4.812 3 0 0 0 0 0
5 0 0 0 0 0

6.5 0 0 0 0 0

n.a. Data unavailable.
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During the metal uptake experiments the vials were shaken and turned over
every 30 minutes to ensure a homogeneous mix of solution and adsorbent. After the
time required for adsorption, 10 mL of solution was filtered through a disposable
0.22 �m polytetrafluoroethylene (Gelman Scientific) filter. The first 2 mL through
the filter were discarded to allow for removal of Spectrosol methanol, which had
been used to prime the hydrophobic filter. Seven milliliters of solution were col-
lected into a cleaned 7-mL acid-washed Bijou bottle (Sterilin). The samples were
then acidified with Spectrosol HNO3 to 2% to maintain their stability until mea-
surement. This procedure was adopted for the material that is presented in Tables
1, 2, 4, 7(a), and 7(b). For the materials identified in Tables 3, 5, and 6, the con-
tainers were prepared in the same way but the samples were not acidified by HNO3.

The wet adsorbent was in the form of a slurry containing 15% solids (dry
weight) and dispersed ultrasonically before addition to the solution. The freeze-
dried adsorbent was added as a powder.

Experimental Results for the Adsorption of Cations

In Table 1 the results are presented for a solution containing 241Am, 109Cd,
139Ce, 57Co, 60Co, 137Cs, 203Hg, 54Mn, 113Sn, 85Sr, 88Y, and 65Zn in which the per-

Select Radionuclides by Adsorbent Added and Time

Adsorbent

Cs Hg Mn Sn Sr Y Zn

137 203 54 113 85 88 65
1.415 	 0.028 0.65 	 0.013 1.24 	 0.025 0.19 	 0.004 0.52 	 0.01 1.242 	 0.025 0.193 	 0.00

Remaining in Solution

96.9 	 12.1 0 92.4 	 3.7 0 91.3 	 19.5 10.6 	 4 48.2 	 8.2
90.8 	 10.3 0 92.7 	 3.3 0 92.2 	 16.9 8.2 	 2.6 45.1 	 6.3

101.6 	 12.2 0 94.7 	 3.7 0 92.8 	 19.2 0 33.7 	 6.9
95.0 	 10.8 0 89.2 	 3.1 0 83.4 	 15.4 0 23.9 	 5.0
96.1 	 11.4 0 93.2 	 3.4 0 85.6 	 22.9 0 19.4 	 4.5

27.4 	 5.4 0 57.8 	 2.6 0 94.4 	 19.0 0 0
23.6 	 4.4 0 50.8 	 2.0 0 92.0 	 16.0 0 0
15.4 	 2.4 0 46.8 	 1.7 0 79.0 	 14.4 0 0
28.1 	 4.4 0 27.2 	 1.4 0 85.3 	 15.5 0 0
20.6 	 4.0 0 27.4 	 1.6 0 87.5 	 17.6 0 0

0 0 14.8 	 1.2 0 67.1 	 14.8 0 0
0 0 9.9 	 0.3 0 64.1 	 9.8 0 0
0 0 25.7 	 1.2 0 45.2 	 9.2 0 0
0 0 7.5 	 0.7 0 54.3 	 16.8 0 0
0 0 8.2 	 0.6 0 58.9 	 12.7 0 0
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centage of the activity remaining in solution is shown versus time for 0.048, 0.481,
and 4.812 g/L adsorbent added to the solution. The error bars are 2 standard devi-
ations of the measurements. In each case, the percentage activity remaining in so-
lution was time-dependent for less than 1 hour, which means that at these metal
ion concentrations, the uptake was more rapid than observed previously when
higher initial ion concentrations were studied (2). Zeros in the table indicate that
the activity was reduced to background, and n.a. indicates that data were unavail-
able. The results show that Am, Ce, Hg, Sn, and Y were strongly adsorbed with
the smallest adsorbent addition of 0.048 g/L. Cd, Co, and Zn were strongly ad-
sorbed by the addition of 0.481 g/L of the adsorbent. Cs and Mn required 4.81 g/L
for strong adsorption; however, a small but significant amount of Mn remained in
solution. Sr was adsorbed less strongly than any of the other metal ions measured.
The percentage of 85Sr activity was reduced 50–60% with the addition of 4.81 g/L
of adsorbent. A noticeable feature of all the results in Table 1 is that the percent-
age activity remaining in solution showed little time dependence and was fairly
constant after 1 hour; the activity only appears to depend on the amount of adsor-
bent added.

Table 2 shows the percentage of radionuclides 63Ni and a mixture of 240Pu
and 239Pu that remained in solution in contact with various amounts of the strongly
magnetic adsorbent for various times. Ni is significantly and time-dependently ad-
sorbed with 0.048 g/L. However, addition of 0.48 g/L and 4.8 g/L produced little
difference in the results, 1–2% of Ni remained in solution. Pu uptake was strong;
the activity in solution was reduced to background by the addition of 0.481 g/L
and 4.812 g/L of the adsorbent.

ADSORPTION TO THE WET ADSORBENT IN THE
PRESENCE OF SODIUM CITRATE

A number of adsorption experiments were carried out in the presence of
sodium citrate to discover if the adsorptivity of the radionuclides changed relative
to each other in the presence of a complexing agent. The addition of citrate helps
to prevent precipitation of hydrolyzable metals. Such information could lead to
processes in which the various isotopes could be physically separated from each
other.

The citrate solution was produced by adding 3.32 g of sodium citrate to 7
mL of heavy metal solution. The solution was stirred until the sodium citrate had
completely dissolved, then the adsorbent was added while the solution was stirred
under an atmosphere of nitrogen gas. The results of the metal uptake are shown in
Table 3. In the presence of sodium citrate only Cd and Hg were strongly adsorbed;
with 0.48 g/L of adsorbent, Cs was adsorbed to background; Sn, Ni, and Zn
showed weak adsorption.
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Adsorption to the Freeze-Dried Material

The stability of the adsorbent in air can be greatly improved by freeze-dry-
ing it. A freeze-dried sample left in air on the open bench for a period of at least 18
months showed no change in its magnetic properties and no visible signs of oxida-
tion. This property has important implications for the use of the material as a prac-
tical adsorbent. Experiments were performed using the same starting solutions as
for studies with the wet adsorbent containing 241Am, 109Cd, 139Ce, 57Co, 60Co,
137Cs, 203Hg, 54Mn, 63Ni. 113Sn, 85Sr, 88Y, and 65Zn. The results were not as exten-
sive as for the wet adsorbent; only additions of 0.048 g/L and 0.48 g/L were used.

Table 4 shows that the activity of metals Am, Cd, Ce, Sn, Y, and Zn were
reduced to background, and Hg was strongly adsorbed with the addition of 0.48

Table 2. Percentage Radioactivity from 63Ni and 240Pu/239Pu by Adsorbent and Time

Liquid Scintillator Detector Wet Adsorbent

Ni Pu

Isotope Mass 63 240/239
Initial activity 330 	 7 3.37 	 0.06

(Bq/mL)

% Activity % Activity
Adsorbent Remaining Remaining
(g/L) Time (h) Vol (mL) in Solution Vol (mL) in Solution

1 6.61 31.3 	 2.2 n.a. n.a.
2 5.9 22.6 	 1.6 n.a. n.a.

0.048 3 0.9 25.2 	 2.1 n.a. n.a.
5 5.84 19.2 	 1.4 n.a. n.a.
6.5 5.73 16.7 	 1.2 n.a. n.a.

1 6.11 9.5 	 0.7 3.16 0.8 	 1.5
2 6.14 2.1 	 0.2 3.46 0.5 	 1.5

0.481 3 5.57 2.6 	 0.2 1.92 –0.2 	 1.5
5 6.38 1.1 	 0.1 2.99 –0.4 	 1.6
6.5 5.93 0.9 	 0.1 n.a. n.a.
7 n.a. n.a. 4.69 0.8 	 1.5

1 5.35 1.1 	 0.1 6.04 0.8 	 2.8
2 5.93 1.5 � 0.2 6.19 –1.0 	 2.6

4.812 3 5.57 1.5 	 0.2 5.89 –1.0 	 4.6
5 4.25 1.3 	 0.1 5.55 –1.5 	 3.0
6.5 5 1.3 	 0.1 n.a. n.a.
7 n.a. n.a. 5.87 1.4 	 1.4

n.a. Data unavailable.
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g/L. Overall, the results for the freeze-dried material at the adsorbent additions
used were similar to those for the wet adsorbent. The similarity in results at low
metal ion concentration indicates that the binding mechanisms to the adsorbent are
similar; however, their large differences in surface area likely results in very dif-
ferent total-binding capacities. This is an important area for further investigation.

Table 3. Percentage Radio Activity from Select Radionuclides

Time (h) 241Am 109Cd 139Ce 57Co 60Co

Initial activity 0 1.339 6.98 0.151 0.261 1.305
(Bq/mL)

Wt. of Adsorbent
(g/L) % Remaining

0.048 2 96.8 8.6 93.40 92.72 91.18
0.048 3 113 0 114.0 115 107.0
0.048 5 115 0 113.20 113 108.1

0.48 2 n.a. n.a. n.a. n.a. n.a.
0.48 3 113 0 111.30 1.06 102.8
0.48 5 n.a. n.a. n.a. n.a. n.a.

n.a. Data unavailable.

Table 4. Percentage Radio Activity from Select

Time (h) 241Am 109Cd 139Ce 57Co 60Co

Initial activity 0 1.228 6.93 0.14 0.3 1.3
(Bq/mL)

Wt. of Adsorbent
(g/L) % Remaining

0.048 2 0 n.a. 0 44.3 66.9
0.048 3 0 16.4 0 53.8 55.5
0.048 4 0 3.8 0 63.4 67.5
0.048 5 0 9.5 0 71.8 74.9
0.048 6.5 0 5.1 0 61.8 67.4

0.48 2 0 0 0 38.2 40.1
0.48 3 0 0 0 32.4 33.3
0.48 4 0 0 0 22.9 23.9
0.48 5 0 0 0 23.7 24.8
0.48 6.5 0 0 0 26.0 25.4

n.a. Data unavailable.
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Adsorption to the Freeze-Dried Material in the Presence 
of Sodium Citrate

The results for the adsorption of 241Am, 109Cd, 139Ce, 57Co, 60Co, 137Cs,
203Hg, 54Mn,63Ni, 113Sn, 85Sr, 88Y, and 65Zn with freeze-dried adsorbent and

by Adsorbent and Time in Presence of Sodium Citrate

137Cs 203Hg 54Mn 113Sn 85Sr 88Y 65Zn 63Ni

1.405 0.176 17.2 0.728 0.5 1.3 0.208 330

in Solution

45.7 15.9 93.7 87.91 98.1 91 76.92 n.a.
47.0 0 110.9 104.1 113.3 109.5 88.46 n.a.
26.8 0 110 105.1 111.2 110.5 93.26 81.6

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 64.2
0 0 107.7 55.76 76 106.6 83.65 46.7
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 66.5

Radionuclides by Freeze-Dried Adsorbent and Time

137Cs 203Hg 54Mn 113Sn 85Sr 88Y 65Zn 63Ni

1.4 0.173 17.3 0.649 0.5 1.2 0.193 330

in Solution

67.1 8.7 85 0 92.9 1.1 0 63.8
68.0 9.25 79.3 0 89 1.4 0 61.9
67.1 n.a. 82.7 0 97.1 0 0 60.4
65.0 7.51 86.5 0 87.7 1.7 17.6 63.4
63.5 10.98 84.8 0 94.6 0 0 61.1

54.0 7.51 73 0 87.5 1.1 0 30.9
57.4 10.98 69.1 0 87.3 0 0 29
62.5 9.25 59.4 0 88.7 4.8 0 n.a.
52.2 7.51 64 0 81.7 0 0 n.a.
55.4 0 64.5 0 86.3 0 0 n.a.
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Table 5. Percentage Radio Activity from Select Radionuclides by

Time (h) 241Am 109Cd 139Ce 57Co 60Co

Initial activity 0 1.339 6.98 0.151 0.261 1.305
(Bq/mL)

Wt. of Adsorbent
(g/L) % Remaining 

0.048 2 103 0 0 93.9 94.3
0.048 3 99 0 0 94.7 89.9
0.048 4 105 0 0 88.5 97.9
0.048 5 98 0 0 92.0 96.2
0.048 6.5 97 0 0 96.9 88.4

0.48 2 n.a. n.a. n.a. n.a. n.a.
0.48 3 n.a. n.a. n.a. n.a. n.a.
0.48 4 n.a. n.a. n.a. n.a. n.a.
0.48 5 n.a. n.a. n.a. n.a. n.a.
0.48 6.5 n.a. n.a. n.a. n.a. n.a.

n.a. Data unavailable.

sodium citrate are shown in Table 5. Although some Cs, Ni, and Zn isotopes were
adsorbed, only Cd, Ce, and Hg were strongly adsorbed. This result is in contrast
to the wet adsorbent with sodium citrate (Table 3), in which Cd and Hg were
strongly adsorbed and some Cs was adsorbed with the addition of 0.048 g/L and
more completely adsorption with the addition of 0.48 g/L. The most remarkable
difference is found for Ce, which was strongly adsorbed by the wet adsorbent
without citrate and was also adsorbed with the freeze-dried material, with and
without citrate, but was not adsorbed on the wet adsorbent with citrate. These re-
sults are not sufficiently detailed to form a clear picture, but they raise interesting
questions to be answered by future work. One question raised, which was prelim-
inarily examined, is whether citrate solutions can be used to wash the adsorbent to
separate the metals differentially.

Treatment of the Wet Adsorbent with a Citrate Wash to Remove
Adsorbed Metal Ions

Forty-eight milligrams (dry weight) of strongly magnetic wet adsorbent
were added to 100 mL of the solution that contained 241Am, 109Cd, 139Ce, 57Co,
137Cs, 203Hg, 113Sn, 85Sr, 88Y, and 65Zn, and the suspension was stirred for 6 hours
under a nitrogen blanket. Then, the concentrations remaining in solution were
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measured to determine the amount of each isotope adsorbed. The adsorbent was
filtered from the suspension and was added to 50 mL of distilled water that was
subsequently added to 50 mL of a citrate buffer with pH � 6. The buffer solution
consisted of 9.5 mL of 0.1 mol/L citric acid and 40.5 mL of 0.1 mol/L sodium cit-
rate. The radionuclide concentrations recovered into solution by the citrate buffer
were monitored as a function of time and the results are presented in Table 6.

Substantial percentages of the adsorbed radionuclides, except Cd and Cs,
can be recovered from the adsorbent through the use of the citrate buffer. These
are interesting, but preliminary results, that require more research. One of the
questions to be answered is whether or not the adsorbent can be reused after the
washing process.

Discussion of the Experimental Results for the 
Adsorption of Cations

The isotopes apparently did not adsorb to the walls of the containers. This
is reflected in the results shown in Tables 1 and 2: All the metals having low sul-
fide solubility products were reduced to low concentrations by small additions of
adsorbent, whereas Co, Cs, Mn, and Sr were largely unchanged. However, further
reductions in concentrations of these metals can be achieved by increasing the

Freeze-Dried Adsorbent and Time in Presence of Sodium Citrate

137Cs 203Hg 54Mn 113Sn 85Sr 88Y 65Zn 63Ni

1.405 0.176 17.2 0.728 0.5 1.3 0.208 330

in Solution

87.1 0 97.7 90.7 97.9 91.2 93.3 71.9
87.0 0 94.3 93.4 90.2 92.4 77.9 69.2
92.4 0 94.5 89.4 83 97.4 82.2 67.9
94.0 0 92.7 87.4 95.3 89.2 88 69.8
92.6 0 94.3 90.9 91.6 93.8 61.5 33.3

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 41.5
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 40.7
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 60.1
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.2
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amount of adsorbent added. This dependence on the amount of adsorbent added
also indicates that processes such as hydrolysis are not the cause of the reduction
in metal ion concentrations. The behavior of Cs is rather surprising, and at present
we have no explanation for this result. However, adsorption to the walls of the
container is unlikely because the concentration in solution was dependent on the
amount of adsorbent added.

The data for Ce are very interesting because Ce3� is often used to model the
behavior of Pu and the trivalent actinides, and the results presented here are con-
sistent with this relationship (30,31). A further indication of the reliability of the
results is the high correspondence between the two Co isotopes.

In Table 3 the results are presented for the adsorption of metal ions in the
presence of a citrate solution that is both a strong metal ligand and a pH buffer.
Both of these properties make the citrate a good solubilizing agent, especially for
transition metals. Therefore, it is surprising that roughly 40% of the Ni was ad-
sorbed by 0.48 g/L of the adsorbent and that Cs was reduced to background by the
addition of 0.48 g/L even in the presence of a high concentration of Na ions. At
present, we have no explanation for this and clearly more work needs to be done.
Cd2� and Hg2� sulfides have very low solubility and continue to be strongly ad-
sorbed even in the presence of citrate.

Table 4 contains results of applying freeze-dried adsorbent to the same
cocktail of metal ions (without Pu) that are presented in Tables 1 and 2. The re-
sults are very similar to those shown in Table 2 except for Hg and Cs, which seem

Table 6. Radionuclide Recovery in

Wet Adosrbent

Gamma Detector Am Cd Ce Co Cs

Isotope Mass 241 109 139 57 137
Initial activity (Bq/mL) 1.23 	 0.025 6.93 	 0.14 0.14 	 0.003 0.26 	 0.005 1.25 	 0.025 
Uptake after 6 h before 100 100 100 41

addition of citrate (%)

Adsorbent Time
(mg/L) (h) % Activity 

0.25 27.6 	 2.7 0 39.8 	 16.8 n.a. 0
0.5 21.3 	 5.5 0 n.a. n.a. 0

0.048 2 25.0 	 9.7 0 n.a. n.a. 0
3 33.4 	 8.2 0 41.3 	 13.6 n.a. 0
4 25.3 	 11 0 n.a. n.a. 0
5 32.4 	 2.1 0 41 	 12.3 n.a. 0

22 29.6 	 4.3 0 50.3 	 25.1 n.a. 0
51 36.5 	 3.0 0 41.7 	 18.7 n.a. 0

n.a. Data unavailable.
The citrate buffer was at pH � 6.0 and consisted of 9.5 mL of 0.1 mol/L citric acid 40.5 mL of 0.1 mol/L M sodium 
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to be much less strongly adsorbed, and Zn, which appears to be more strongly ad-
sorbed. The freeze-drying process, in addition to reducing the surface area from
500 to 18 m2/g, may change the nature of the surface sites particularly affecting
the adsorption of Hg and perhaps Cs.

Table 5 shows the adsorption of metal ions to the freeze-dried adsorbent in
the presence of the citrate solution. The metal sulfides with low solubility prod-
ucts were strongly adsorbed, and it is curious that Hg was more strongly adsorbed
with citrate than without it. A comparison of these results with those from the wet
adsorbent in the presence of citrate experiments reveals that Ce is strongly ad-
sorbed to the freeze-dried material but not to the wet adsorbent.

These experiments (Tables 1–5) have demonstrated that the strongly mag-
netic iron sulfide material is an effective adsorbent for the heavy metals at the low
concentrations often encountered in nature and by the nuclear industry.

If the material is to be reused after adsorption, to be useful, the adsorbed
metal must be washed off and be produced at a concentration much higher than
the original solution. This has been studied here using the citrate buffer, and the
results are presented in Table 6. The results show that Cd and Cs remained
strongly adsorbed in the citrate buffer for up to 51 hours. The Cd has been shown
to be chemisorbed (2), so Cs may also be chemisorbed; this needs further exami-
nation using EXAFS.

After 5 hours in contact with citrate, approximately 60% of the adsorbed Zn
was recovered into solution, but after 51 hours, 40% of the Zn appears to have

Solution by Citrate Buffer by Time

Adsorption Followed by a Citrate Wash

Sr Hg Sn Y Zn

85 203 113 88 65
1.415 	 0.028 0.65 	 0.013 0.19 	 0.004 1.242 	 0.025 0.193 	 0.003

60 35 100 100 100

Recovered into Solution by Citrate Wash

65.2 	 15.5 70.1 	 33.6 20.7 	 43 25.8 	 4.3 58.1 	 6.5
n.a. n.a. n.a. n.a. 47.8 	 10.7
n.a. n.a. n.a. n.a. 89.1 	 21

57.1 	 20.9 65.8 	 45 18.6 	 8.0 32.2 	 4.9 68.7 	 4.8
n.a. n.a. n.a. n.a. 68.8 	 21

52.9 	 13.0 66.7 	 25 66.7 	 24.8 35.6 	 4.1 51.5 	 3.6
n.a. n.a. n.a. 36.0 	 7.1 27.0 	 6.8

51.5 	 13.9 90.6 	 50 n.a. 41.2 	 5.2 18.7 	 4.9

citrate in a 50 mL sample.
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been readsorbed. Because most of the other ions have reached a steady value
within 51 hours, substitution of other ions by Zn can be ruled out as a cause for Zn
readsorption. This may mean that a partial dissolution of the adsorbent is reveal-
ing new surface sites suitable for the adsorption of Zn. These adsorption experi-
ments have revealed many areas requiring further study.

THE ADSORPTION OF THE PERTECHNETATE ION

Introduction

In view of the importance that has been attached to the pertechnetate ion,
TcO4

�, as constituting a major factor in the environmental impact of the nuclear
fuel cycle, the adsorption of technetium has been considered more extensively
than other heavy metals presented in this paper.

In a report by Bostick and Evans-Brown (32), which will be subsequently
discussed in more detail, data were presented on the removal of pertechnetate
from solution by the addition of chemically precipitated greigite, Fe3S4, in the
presence of 2.3 mol/L NaNO3 and achieved an uptake of 0.135 mg per g of greig-
ite. Although this value is small, it gave encouragement that the greigite generated
by microorganisms, with a surface area per g approximately 100-fold larger than
the chemically precipitated material, would perform considerably better than the
chemically precipitated material.

In the work presented here, the adsorption of the pertechnetate ion was con-
sidered under a wide range of conditions. The adsorbed ion was examined by
EXAFS, and the results of the adsorption studies described were compared with
previous work in which other adsorbents had been used.

The results of adsorption by ion exchange resins are often expressed as
the coefficient of sorption Kd, which is defined as the m/mol of adsorbate ad-
sorbed per gram of adsorbent divided by the m�mol/ml of adsorbate left in so-
lution at equilibrium. However, Kd does not seem appropriate when dealing
with reductants or with chemisorption, so in this work Kc is used and is defined
as follows:

Kc(mL/g) �
� � �

/
/
/
/
/

When the above equation is applied to an ion exchange resin, Kc � Kd. Kd
is the symbol most often used for ion exchange resins.

Final adsorbate
concentration

m � mol/L

Adsorbent
concentration

g/L

Final adsorbate
concentration

m � mol/L

Initial adsorbate
concentration

m � mol/L
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Experimental Results on the Adsorption of the Pertechnetate Ion

The containers used in this work were treated as described in the experi-
mental protocol used for the adsorption of positive ions. The wet adsorbent was
added as a slurry of approximately 15% solids and except where stated, the slurry
was dispersed using ultrasound for approximately 15 minutes.

The adsorption of the Tc, in the form of the pertechnetate ion (TcO4
�), is

shown in Tables 7a and 7b.
As shown in Table 7a, from an initial activity of 485.3 Bq/mL (0.765

�g/mL), the addition of 0.048 g/L of adsorbent produced little effect. However, in
a separate experiment, when the adsorbent level was increased to 0.48 g/L, the ac-
tivity was reduced by 50% in approximately 1.5 to 2.0 hours, which corresponds
to an uptake of 0.8 mg Tc per g of adsorbent. With the addition of 4.81 g/L of ad-
sorbent, the activity remaining in solution was less than 1% after less than 1 hour,
which corresponds to an uptake of approximately 0.16 mg Tc per g of adsorbent.
As will be subsequently discussed, EXAFS studies indicated that the TcO4

� is
chemisorbed by the adsorbent.

Four more experiments were undertaken, the results of which are presented
in Table 7b. The first experiment tested the effectiveness of adsorbent that had
been in storage, under anaerobic conditions, for approximately 18 months. To a

Table 7a. Percentage Radioactivity from TcO4
–

by Adsorbent and Time

Isotope Mass Wet Adsorbent Tc 99
Initial Activity (Bq/mL) 485.3 	 10 (0.765 �g/mL)

% Activity
Adsorbent Time Vol Remaining Tc Uptake Kc

(g/L) (h) (mL) in Solution (mg/g) (mL/g)

1 6.62 98.88 	 1.72 0.23 	 0.23 305 	 305
2 6.03 98.80 	 1.72 0.23 	 0.23 313 	 313

0.048 3 5.32 99.39 	 1.73 0.19 	 0.19 250 	 250
5 6.17 99.62 	 1.73 0.17 	 0.17 225 	 225
6.5 6.19 100.29 	 1.74 0.12 	 0.12 153 	 153

1 6.16 65.33 	 1.28 0.56 	 0.02 1105 	 62
2 6.16 47.10 	 1.03 0.84 	 0.02 2337 	 97

0.481 3 5.99 48.79 	 1.06 0.81 	 0.02 2184 	 93
5 5.59 62.18 	 1.24 0.60 	 0.02 1266 	 67
6.5 5.11 59.84 	 1.21 0.64 	 0.02 1397 	 70

1 5.42 6.77 	 0.32 0.15 	 0.34% 2869 	 145
2 4.83 1.01 	 0.10 0.16 	 0.13% 20570 	 2060

4.812 3 5.88 1.12 	 0.10 0.16 	 0.13% 18500 	 1670
5 5.54 1.00 	 0.09 0.16 	 0.13% 20740 	 1886
6.5 5.13 0.58 	 0.06 0.16 	 0.13% 36010 	 3750
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12-mL sample containing 11.64 �g of 99Tc (as TcO4
�) with an activity of 7360 Bq

(970 ng/ml) was added 0.16 g (13.333 g/L) of adsorbent. The removal of TcO4
�

was slow; after 17 hours, the activity in solution was 644 	 25 Bq (10 ng/mL),
which amounted to an uptake of 0.066 mg Tc per g of adsorbent. The second ex-
periment was a repeat of the first under the same conditions and using the same
quantities, but the adsorbent was dispersed ultrasonically for 15 minutes before
being added to the pertechnetate solution. With the sonicated adsorbent, the Tc ac-
tivity in the solution went from 7360 Bq to background within 1 hour, which cor-
responds to an uptake of 0.073 mg Tc per g of adsorbent. This experiment amply
illustrates the need for properly dispersing the adsorbent to achieve the best Tc up-
take.

Two additional experiments were carried out on a concentrated solution of
the pertechnetate ion, and the resulting loaded adsorbent materials were used as
samples 1 and 2 in the EXAFS studies presented in Figs. 2a, 2b, 3a, and 3b.

First, to simulate the effluent from a nuclear reprocessing plant (32–34),
NaNO3 was added to the pertechnetate solution to produce a NO3

� concentration
of 2 mol/L (102 g/L), and 27 g/L of wet adsorbent was added to this solution,
which reduced the activity in solution from the initial value of 1.55 � 105 Bq/mL
(0.25 mg/mL) to 1.40 � 105 Bq/mL (0.22 mg/mL) in a period of 0.3 hours. This
result, as shown in Table 7b, corresponds to an uptake of 0.9 mg per g of adsor-
bent, whereas for lower pertechnetate ion concentrations (results shown in Table

Table 7b. Summary of Tc Uptake by Adsorbent per Experiment

Wet Adsorbent Tc

Tc Remaining
Adsorbent Time Vol in Solution Tc uptake Kc
(g/L) (h) (mL) (�g/mL) (mg/g) (mL)

Untreated after storage for 18 months
13.333 0 12.0 0.97 	 0.02 0 0

17 5.3 0.09 	 4% 0.07 	 0.15% 784 	 4%

The same material as above but treatment in ultrasonic bath for 15 minutes
13.333 0 12.0 0.97 	 0.02 0 0

1 5.32 0.01 	 0.34% 0.75 	 0.15% 7560 	 250
Adsorbent produced for EXAFS-Sample 1 adsorbent in the presence of 2 mol/L NO3–

27 0 12.0 250 	 0.02 0 0
0.3 5.3 220 	 0.34% 0.90 	 0.12 4 	 0.9

Adsorbent produced for EXAFS—Sample 2 no NO3– present
27 0 12.0 250 	 4 0 0

0.3 5.02 30 	 0.34% 8.15 	 0.06 273 	 250
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(a)

(b)

Figure 2. (a) The k3-weighted Tc K-edge EXAFS spectrum (solid line) and best fit (bro-
ken line) of sample 1, and (b) the corresponding Fourier transforms.
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(a)

(b)

Figure 3. (a) The k3-weighted Tc K-edge EXAFS spectrum (solid line) and best fit (bro-
ken line) of sample 2, and (b) the corresponding Fourier transforms.
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7a) the maximum uptake per g was 0.84 mg per g. In the EXAFS studies, the re-
sulting loaded adsorbent was designated “sample 1.”

Second, 27 g/L of wet adsorbent was added to the solution that contained
NO3

�, which reduced the activity from 1.55 � 105 Bq/mL (0.25 mg/mL) to 1.86
� 104 Bq/mL (0.03 mg/mL) after 0.3 hours and corresponds to a TcO4

� uptake of
8.15 mg Tc per g of adsorbent, which is considerably higher than the uptake in the
presence of NO3

�. In the EXAFS studies, this loaded adsorbent was designated
“sample 2.”

The presence of NO3
� concentrations affected the uptake of the pertechne-

tate ion; this requires more study particularly because it is pertinent to the removal
of pertechnetate ions from nuclear reprocessing plants. However, even in the pres-
ence of 2 mol/L NO3

�, the uptake was still significant at 0.9 mg Tc per g of adsor-
bent. This illustrates that the NO3

� ions are in strong competition with the TcO4
�

for adsorption sites. This probably indicates that the uptake of NO3
� was approxi-

mately 4 mg per g of adsorbent. These factors will be subsequently discussed in
more detail.

EXTENDED X-RAY ABSORPTION FINE STRUCTURE 
ON THE TC-LOADED ADSORBENT

Experimental Details

The 2 Tc samples were prepared and loaded into Perspex sample holders
with Sellotape windows. Sample 2, containing higher amounts of Tc, was sealed
in a Perspex box with Kapton windows and encapsulated in a heat-sealed plastic
bag to minimize any risk of contaminating the experimental area. Data were col-
lected at ambient temperature in the fluorescence mode on station 9.2 of the
Daresbury Synchrotron Radiation Source that operated at 2 GeV with an average
current of 150 mA. A Si (220) double-crystal monochromator was detuned to re-
ject 50% of the incident signal to minimize harmonic contamination. The
monochromator angle was calibrated by running an edge scan for a Fe foil. The
station was not further calibrated at the Tc edge. Io and It (the initial and the trans-
mitted intensities) were measured using ion chambers filled with a mixture of
Ar/He, and the fluorescence signal was collected with a solid state 13-element
Canberra detector windowed on the Tc K
 fluorescence signal. Sixteen scans
were made at the Tc K-edge for sample 1, and 5 scans were made at the Tc K-edge
for sample 2 in the range 200 eV below the edge to 900eV above it.

The isolated EXAFS data were analyzed using EXCURV92 (35), employ-
ing the exact spherical wave calculation (36,37). Phase shifts were derived from
ab initio calculations using Hedin-Lundqvist potentials and von Barth ground
states (38). The theoretical fits were obtained by adding shells of backscattering
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atoms around the central absorber atom and iterating the Fermi energy, Ef, the ab-
sorber-scatterer distances, r, and the Debye-Waller factors, 2�2, to minimize the
sum of the squares of the residuals between the experiment and the theoretical fit.
The numbers of scatterers, N, in each shell were chosen as the integer values that
gave the best fit. Only shells that made a significant improvement to the R-factor
were included in the final fit. The R-factors listed in the tables represent a mea-
sure of the goodness of fit defined by the equations:

R � ∑
i
��

�
1

i
��|experiment (i) � theory (i)| � 100%

where

�
�
1

i
� �

Experimental Results

Sample 1

Technetium (TcO4
�) in a 2 mol/L nitrate ion solution was adsorbed onto

strongly magnetic iron sulfide derived from sulfate-reducing bacteria. The Fourier
transform spectrum of sample 1 shows that several shells were clear. The first
shell was best fitted using 4 O atoms at 0.199 nm. The second major shell could
be fitted with 2 Fe atoms at 0.271 nm. The fit was significantly improved when a
sulfur atom at 0.227 nm was included, and the addition of a second metal shell at
0.300 nm (Fe) or 0.331 nm (Tc) also created a slight improvement. The best fit
was with Tc in the second shell. These fits are summarized in Table 8. Figures 2a
and 2b show the best fit to the experimental spectrum and the associated Fourier
transforms.

Sample 2

Technetium (TcO4
�) from a nitrate-free solution was adsorbed onto strongly

magnetic iron sulfide derived from sulfate-reducing bacteria. The spectrum for
sample 2 is very similar to that obtained for sample 1, which contained the lower
Tc concentration. The first shell was best fitted using 4 O atoms at 0.199 nm.
When a sulfur atom at 0.227 nm was included, the fit was significantly improved,
and the third shell could be fitted with 2 Fe atoms at 0.270 nm. The addition of a
second metal shell of Tc atoms at 0.323 nm also made a slight improvement in the
fit. These fits are summarized in Table 9. Figures 3a and 3b show the best fit to
the experimental spectrum and the associated Fourier transforms.

k(i)3

���
∑

j

[k( j)3]|experiment ( j)|
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Discussion of the Experimental Results

The experimental results show that the uptake of the pertechnetate ion by
the adsorbent is very rapid and high, even in the presence of 2 mol/L NO3

�, when
compared with ion exchange resins.

EXAFS data show that the pertechnetate ion reacts chemically with the sur-
face of the adsorbent and that Tc remains chemisorbed at the surface by a Tc-S
bond. They also show other strong interactions between Tc and Fe.

In these samples, the technetium was coordinated by 4 oxygen at 0.197
(sample 1) and 0.199 nm (sample 2); these distances are significantly longer than
the Tc-O bond length of 0.1703 nm in the pertechnetate anion (39) and are con-

Table 8. Best Fit of Atoms in Sample 1 Tc Shells

Shell r(nm) 2�2(nm2) R-factor

4 � O 0.199 0.0006 32.1
1 � S 0.227 0.0011
2 � Fe 0.271 0.0014
1 � Tc 0.330 0.0012

4 � O 0.199 0.0006 34.6
1 � S 0.227 0.0010
2 � Fe 0.271 0.0012
2 � Tc 0.331 0.0019

4 � O 0.199 0.0007 35.8
1 � S 0.227 0.0013
2 � Fe 0.271 0.0013
2 � Fe 0.300 0.0033

4 � O 0.199 0.0007 37.6
1 � S 0.227 0.0013
2 � Fe 0.271 0.0013

4 � O 0.199 0.0007 40.1
2 � Fe 0.271 0.0014

4 � O 0.199 0.0007 43.2
4 � Fe 0.270 0.0032

4 � O 0.200 0.0007 45.1
4 � S 0.286 0.0021

4 � O 0.200 0.0007 46.4
2 � Tc 0.255 0.0031

4 � O 0.200 0.0007 47.9

4 � S 0.211 0.0015 61.0

Data based on EXAFS data. r is the distance of the shell from the Tc
atom, measured as the distance from the central Tc atom and the Scat-
terer 	 0.002 nm. 2 �2 is the Debye-Waller factor 	20%.
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sistent with either a chemical reduction of the technetium or an increase in the co-
ordination number or both. The view that the Tc has been chemically reduced is
consistent with the EXAFS studies on TcO2 by Almahamid and coworkers (40)
who found a Tc-O bond length of 0.198 nm. A significant Tc-S interaction at
0.227 nm existed in both samples, showing that when the Tc is adsorbed on the
surface a Tc-S bond is formed. A significant Tc-Fe interaction at 0.270 nm is sug-
gested. The short distance implies a doubly bridged (1 � S � 1 � O, 2 � O, or 2
� S) system. A further metal shell is evident at approximately 0.3 nm. Both sam-
ples can be fitted with either Fe at 0.300–0.306 nm or Tc at 0.323–0.330 nm, but
in each case the fit with Tc scatterers gives the lower R-factor, and in sample 2,
the 4-shell fit with the shell of Fe scatterers at 0.306 nm was worse than the 3-shell
fit without them.

Haines, Owen, and Vandergraaf (41) confirmed that TcO4
� can be reduced

at the surface of magnetite (Fe3O4). They used Fourier transform infrared spec-
troscopy to show conclusively that the reaction between TcO4

�and Fe3O4 at room

Table 9. Best Fit of Atoms in Sample Shells

Shell r(nm) 2�2(nm2) R-factor

4 � O 0.197 0.0002 48.2
1 � S 0.227 0.0001
1 � Fe 0.267 0.0007
1 � Tc 0.323 0.0010

4 � O 0.197 0.0002 49.1
1 � S 0.227 0.0001
1 � Fe 0.267 0.0006
1 � Fe 0.306 0.0027

4 � O 0.197 0.0002 48.8
1 � S 0.227 0.0001
1 � Fe 0.267 0.0007

4 � O 0.197 0.0002 49.3
1 � S 0.227 0.0001
2 � Fe 0.267 0.0014

4 � O 0.196 0.0002 52.4
1 � S 0.227 0.0001

4 � O 0.197 0.0001 54.4
2 � S 0.227 0.0007

4 � O 0.197 0.0002 60.0

4 � S 0.219 0.0021 78.4

Data based on EXAFS data. r is the distance of the shell from the Tc
atom, measured as the distance from the central Tc atom and the Scat-
terer � 0.002 nm. 2 �2 is the Debye-Waller factor 	20%.
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temperature occurs via a surface reduction of TcO4
� to TcO2 with the latter being

precipitated at the Fe3O4 surface. Fe3S4 and Fe3O4 are isomorphous.
The coordination of Tc on the adsorbent surface was very similar in samples

1 and 2, which strongly suggests that the role of NO3
� is simply to compete with

the TcO4
� for the same sites on the adsorbent. As shown in Table 7b, when 27 g/L

of adsorbent were added to 250 mg/L of Tc in the presence of 2 mol/L NO3
�, the

ratio of NO3
� to Tc was 800 and the uptake of Tc was approximately 0.9 mg/g of

adsorbent. In the absence of NO3
� and at 30 �g/mL Tc, the uptake of Tc after 20

minutes was approximately 8.2 mg/g of adsorbent, which suggests that the NO3
�

ions are about 80 times less effective than Tc in competing for the sites on the ad-
sorbent where TcO4

� can be reduced. This confirms the suggestions made by
Moyer and Bonnesen (42) who highlighted the factors that increase the affinity of
an anion for a site, such as a large size, a small charge-to-size ratio, and a low hy-
dration energy. For ions with a single negative charge, the hydration energy sys-
tematically decreases as the size of the anion increases. Divalent anions, such as
sulfate, have a relatively high charge density and consequently have a relatively
high hydration energy. The pertechnetate ion has a larger thermochemical radius
than does NO3, 0.255 nm compared with 0.196 nm, and a lower hydration energy,
�244 kJ/mol compared with �314 kJ/mol. These experiments showed that an in-
trinsic bias exists toward pertechnetate over NO3

� in competition for the adsorp-
tion sites.

The surface area of the wet adsorbent has been estimated at 500 m2/g (21),
so that in sample 1 with a Tc uptake of 0.9 mg/g, the average area occupied by
each Tc atoms was approximately 10 nm � 10 nm. For sample 2, in which the up-
take was 8.2 mg/g, the area occupied by each Tc atoms is 3 nm � 3 nm. However,
the best fit to the EXAFS data results suggests that in both cases the distance be-
tween neighboring Tc atoms is 0.32 nm. This suggests that the pertechnetate up-
take sites are in adjacent pairs.

Historically, removal of TcO4
� has been achieved by the use of strongly ba-

sic anion-exchange resins. However, the very high concentration of competing ni-
trate ion makes this operation relatively inefficient, thus generating a large volume
of contaminated spent resin for storage or disposal. Also, the presence of adsorbed
nitrate on an amine-type resin is thermodynamically unstable and may present a
potential hazard when spent resin is stored.

Bostick et al. (32–34) are concerned with the control of technetium in indus-
trial processing of nuclear materials, such as heavy-metal sludge filtrate. Various
uranium recovery, machine cleaning, and decontamination activities at gaseous
diffusion plants produce an aqueous mixed-waste stream (raffinate) containing
high concentrations of nitric acid and toxic heavy metals together with trace levels
of radioactive U and Tc. This waste is diluted and the solution pH adjusted to a
slightly alkaline value (approximately pH 8.0–8.5) to precipitate hydrolyzable met-
als and remove them by sludge filtration. This procedure is very effective for re-
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moving iron, aluminum, and most toxic heavy metals (including uranium), but the
filtrate contains some residual soluble species of regulatory concern, including
mercury, technetium, and nitrate ions. Nitrate ions in the filtrate can be greatly re-
duced by biodenitrification, but toxic metals and radionuclides must first be re-
moved to avoid forming voluminous amounts of contaminated biosludge that, as a
low-level mixed waste, would not qualify for economical disposal in landfills.

Bostick et al. (32–34,43) have found that cross-linked polyvinylpyridine
(PVP) resin is more efficient than strongly basic anion-exchange resin for removal
of technetium in wastes containing high concentrations of nitrate ion, as shown in
Table 10a. Resin loading by nitrate is greatly reduced by PVP, and PVP resins are
very stable with respect to chemical and radiological degradation. After 24 hours
of equilibration of the heavy metal sludge filtrate, containing 13.7 mg/L of Tc and
142 g/L (2.3 mol/L) of nitrate with 25 g/L of various resins, it was found that PVP
was most effective at reducing Tc concentration. However, the uptake and the
speed of uptake were poor compared with the biologically produced (Table 7b) ma-
terial. However, the chemically precipitated greigite reduced Tc to 11.4 mg/L, an
uptake of 0.084 mg/g or approximately 10 times less than the uptake shown by bi-
ologically produced adsorbents (Table 7b). The addition of 50 g of greigite per liter
reduced Tc to 0.04 mg/L corresponding to an uptake of 0.27 mg/g. Bostick et al.
also found that an addition of zero-valent iron produced similar results to those ex-
periments in which the chemically precipitated greigite was used. Bostick et al.
concluded that zero-valent iron and greigite were the most effective materials to
treat the heavy-metal sludge filtrate but also suggested that if the surface area of the
materials could be increased, the equilibration times could be reduced. The chem-
ically produced greigite has a maximum surface area of 10 m2/g, whereas the value
for the microbiologically produced adsorbent material is approximately 500 m2/g,
which is a contributing factor to the short equilibration times of the biologically
generated adsorbent (Table 7b). Furthermore, if the adsorption of a radionuclide is
undertaken so that the adsorbent acts as a carrier material for long-term storage of
the radionuclide, the quantity of uptake should be as high as possible. The uptake
by the zero-valent iron and the greigite described by Bostick et al. (32–34) are less
than the biologically generated iron sulfides, but more work needs to be done to
clarify these differences along with the effects of pH and interfering ions, such as
bicarbonate and nitrate. However the speed and relatively high uptake created by
the biologically generated material are clear advantages for its use.

After studying a series of pertechnetate ion measurements to those of a se-
ries of commercially available resins, Brown et al. (44–45) concluded that
pertechnetate was adsorbed much more strongly to resins with a polystyrene back-
bone than to resins with an acrylic or PVP backbone, such as those that had been
studied by Bostick et al. (32–34,43) as shown in Table 10b. Brown et al. (44) dis-
cussed the development of resins with enhanced selectivity for the pertechnetate
anion over other anions commonly found in groundwater, such bicarbonate, chlo-
ride, sulfate, or nitrate.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

ADSORPTION OF RADIOACTIVE METALS 2599

The coefficient of sorption, Kc, of the bacterially generated adsorbent had
similar values to the that of ion-exchange resins made at Oak Ridge National Lab-
oratory (ORNL) specifically for the pertechnetate ion. However, the time required
to reach equilibrium was at least 1 order of magnitude faster for the bacterially
generated adsorbents than for the ORNL resins (44–46).

Table 10a. TcO4
– Removal from High-Nitrate Heavy-Metal Sludge Filtrate

Tc � 0.2 mg/L and Tc � 13.7 mg/L and 
NO3

– � 210 g/L NO3
– � 142 g/L

Wt/L Kc Uptake Wt/L Kc Uptake
Adsorbent g/L (mL/g) (mg/g) (mL/g) (mL/g) (mg/g)

Iron metal 10 3.3233 � 104 0.020 50 2720 0.28
Fe3S4 10 1.166 � 103 0.019 100 1360 0.14

50 7968 0.27
25 626 0.52
10 733 1.21

Reillex 402 10 312 0.015 100 1240 0.136
Dowex SRB-OH 10 88 9.36 � 10–3 90 267 0.146
Amberlite A-26 10 60 7.46 � 19–3

Reillex 202 10 47 6.36 � 10–3

Data from (31).
The Samples were allowed to equilibrate for 24 hours before measurements were taken.

Table 10b. TcO4
– Removal from Low-Nitrate Groundwater Test Solution

Kc Equilibration
Adsorbent (mL/g) Time (h) Type

VP02-165 4.17 � 104 24 Vinylbenzyl Cl
cross-linked with

VP02-122 3.45 � 104 24 divinylbenzene
Reillex HPQ 4.54 � 103 24 Polyvinylpyridine
Purolite® A-850 1.02 � 102 24 Polystyrene
Amberlite IRA-900 2.46 � 103 24 Polystyrene
Amberlite IRA-904 7.59 � 103 24 Polystyrene
Purolite® A-520E 11.3 � 104 24 Polystyrene
Sybron Ionac® SR-7 6.95 � 103 24 Polystyrene
Sybron Ionac® SR-6 20.7 � 104 24 Polystyrene

Data from (52, 53).
VPO2-165 and VPO2-122 are not commercially available. Tc � 0.590 mg/L; NO3

– � 3.72
g/L.




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Resins with superior pertechnetate selectivity and breakthrough perfor-
mance in column flow-through experiments could be obtained by incorporating 2
different types of strongly basic anion-exchange sites into the resin and are im-
portant innovations (46,47). These novel bifunctional resins are designed to in-
corporate resin-exchange sites that are highly selective for pertechnetate but ki-
netically slow with sites that are less selective but kinetically fast. The resulting
bifunctional resins have superior selectivity and the same or better exchange ca-
pacity than resins prepared from single trialkyl amines, such as tripropyl or trib-
utylamine, but that possess equivalent or faster exchange kinetics.

Brown and Gu (48) completed a field demonstration of the bifunctional an-
ion-exchange resin (BiQuat) at the Northwest Plume Treatment facility at the Pa-
ducah Gaseous Diffusion Plant, Kentucky, at the end of 1999. In this test, a col-
umn 13.34 cm in diameter by 30.48 cm in length treated approximately 3.18 � 106

L of Tc-contaminated groundwater at a level of 99 ng/L. The system had a nomi-
nal flow rate of 568 L/h, and breakthrough was not observed in the column efflu-
ent. Sampling ports at the first 1/3 of the column and second 2/3 of the column in-
dicated complete breakthrough at the first port and 20% breakthrough at the
second port. This amounts to an uptake of 0.2 g/L or 0.023 mg/g by the resin,
which is only 0.15% of the total ion exchange capacity of the resin because the
column residence time of the fluid was 27 seconds. The uptake kinetics are the
limiting conditions of performances. The composition of the stripping solution for
the Tc is proprietary, but the performance should be such that 20 bed volumes of
solution will remove the pertechnetate from a single bed volume of resin. If 0.34
m3 of resin treats a 0.378 m3 per minute stream and adsorption occurs on the resin
for 1 year and is followed by stripping the bed with 20 bed volumes, a Tc-volume
concentration of approximately 2.8 mg/L will result. Based on the data presented
in Table 7b, sample 2, adding 0.27 mg/L, 1.8 kg in total, of the biologically gen-
erated iron sulfide would reduce the concentration within the 6.8 m3 from 2.5
mg/L to 0.3 mg/L within 20 minutes.

CONCLUSIONS

Microbiologically produced, strongly magnetic iron sulfide is a good adsor-
bent for a wide variety of metal ions, including many connected with the nuclear
industry, which makes the pertechnetate ion of special interest. The adsorbent is
effective over a wide range of ion concentrations from 30 g/L to ng/L levels and
below. However, the data presented in Tables 1, 2, 7a, and 7b show that a number
of unexplained results require further work.

Although other ion exchange resins have been produced for the adsorption
of these materials; the bacterially generated material appears to have a number
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of important advantages. First, the uptake of heavy metals is very rapid and 
in the case of the more specific resin for Tc, the uptake kinetics are slow and 
the time taken for equilibrium to be reached is greater by at least 1 order of 
magnitude.

Second, the biologically generated adsorbent can be manufactured in the
same form on a large-scale (49) for many applications, such as the recovery of
heavy metals for the nuclear industry, the recovery of metals for the precious
metals industry, pollution control for both heavy metals and the chloro- and flu-
orocarbon compounds, and in recycling materials from electronics and other in-
dustries (50). The cost of the normal ion-exchange resin is between $8–12 per
liter and that for the biologically generated material is estimated to be $8–15 per
liter. The slight difference in price is perhaps off-set by the speed of uptake and
the capacity of the material for adsorbed heavy metals (2). The biologically gen-
erated material should be cheaper than an adsorbent, such as the $60/L BiQuat
resin, that is especially tailored for Tc with very specific application areas (G.
M. Brown, Oak Ridge National Laboratory, Private Communication, February
2000).

Third, the highly magnetic nature of the iron sulfide material makes recov-
ery cheap and rapid with simple magnetic separators. Using HGMS (15–18) with
an applied field of 1 T, the adsorbent can be extracted from solution at a fluid ve-
locity of 8 � 10�2 m/s. A commercially available separator channel (18) of 1 m2

and a separator duty factor of 0.75, will process the suspension at a rate of 220
m3/h and at a cost, including the depreciation of the machine over a 10-year pe-
riod, of $0.10/m3.

The limitations of the biologically generated iron sulfide adsorbent are im-
portant considerations for its use. First, the adsorbent is soluble in acid solutions
so that its application range corresponds to pH �5.5.

Second, the material oxidizes in air or in suspensions exposed to air, and
therefore, it must be stored anaerobically. When stored anaerobically, it retains the
adsorbent and magnetic properties discussed in reference to Table 7b. When the
material is freeze-dried it is much more stable in air and in suspensions exposed
to air due probably to the reduction in surface area.

Many areas of application exist for this adsorbent material, and much more
work needs to be done to elucidate the adsorption process. The nuclear industry
may represent one potential application area. However, questions need to be in-
vestigated.

For the purposes of long-term storage in the nuclear industry, is this mate-
rial suitable for encapsulation, and would it require extensive treatment for safe
long-term storage? Freeze-drying reduces the surface area from at least 500 m2/g
to 18.4 m2/g. However, neutron scattering shows 2-nm holes remain within the
freeze-dried material (21). Consequently, if the iron sulfide is freeze-dried after
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the adsorption of the radioactive substances has taken place, are radionuclides in-
corporated on the surface of these internal pores? These pores are inaccessible to
the N2 gas used to measure the surface area (29), which suggests that the pores are
significantly isolated from the outside environment. The potential usefulness of
this process needs to be explored.

Also, SRB can be widely found in anaerobic sedimentary environments,
such as rivers, estuaries, harbors, salt marshes, lakes, canals, and the deep sea.
These bacteria, in the past on a geological timescale, were responsible for many
large iron-sulfide deposits. In this work, the main interest is the occurrence of
SRB in sediments and the implications of their potential for heavy metal immo-
bilization (51). If heavy metals, with insoluble sulfides, are present in a suitably
liberated form, they will be precipitated at pH 7 onto the surface of the bac-
terium (52–56). As the buildup of the metal sulfide proceeds, much of the ma-
terial can become detached from the bacterium surface and form mineral parti-
cles within the sediment. In 2000, Rozan et al. (57) found evidence for iron,
copper, and zinc complexation as multinuclear sulfide clusters in 4 toxic rivers
in Connecticut and Maryland; this may be evidence for the action of SRB. Many
surveys of the heavy metal content of sediments have been conducted in rivers,
salt marshes, bays, lagoons, and harbors throughout the world, and many of the
heavy metal deposits are associated with sulfur and have been attributed to the
action of SRB (28,52,54,58–70). If sediments are left undisturbed, these immo-
bilization processes are extremely beneficial because they prevent the heavy
metals from entering the food chain. Can these naturally occurring processes be
engineered to contain and prevent the spread of heavy metal release into the en-
vironment?
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