
Introduction

The intensive uranium ore mining which took place until
the mid-1970s has devised many abandoned mine pro-
cessing sites in Eastern Germany. Hydraulic connections
to aquifers, which are present at many sites, resulted in
numerous, smaller and decentralised groundwater run-
offs contaminated with heavy metals, arsenic and radio-
nuclides including uranium (U) and 226Radium (226Ra).
Their concentrations frequently exceed groundwater
standards for remedial actions at inactive U processing
sites (Schneider et al. 2001). For Germany, the 226Ra
exemption limit is regulated at 0.7 Bq/L (StrSchV 2001),
the uranium groundwater standard for remedial actions
is recommended at 0.3 mg/L (SSK 1992).

In order to prevent an ongoing contamination of
ground- and surface water, relevant abandoned mine
processing sites need restoration. In Germany, classical
pump-and-treat technologies and conventional water
treatment methods are common remediation practice.

This is a cost-intensive approach which leaves in addi-
tion concentrated residues for disposal (Neitzel et al.
2000). Therefore, the development of long-term active
and inexpensive in situ treatment methods has become a
research topic of major importance and interest.

The use of zero valent iron (ZVI) for in situ con-
tainment of chlorinated solvents, arsenic and some
metals within permeable reactive barriers (PRB) is al-
ready almost standard approach in the United States
(US Department of Energy 1996). In contrast to con-
ventional water treatment methods, whereas different
treatment steps for several contaminants are feasible, a
simultaneous contaminant removal is aimed for in situ
treatment methods. Furthermore, the application of
PRB requires excavation and is still limited to shallow
aquifers (Simpkin 2003), whereby this method is often
ineffective for smaller, decentralised groundwater run-
offs.

A potential alternative to PRB are reactive zones
(RZ). They are created by installing a line of overlapping
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Abstract Simultaneous in situ im-
mobilisation of uranium (U) and
radium (226Ra) by injectible
amounts of grey cast iron (gcFe),
nano-scale iron (naFe) and a gcFe/
MnO2 mixture (1:1) was studied in
batch and column tests. Both 0.5 g/
L naFe and gcFe are effective in
226Ra and U removal from mine
water, whereas MnO2 addition
clearly increased the efficiency of
gcFe for 226Ra and U immobilisa-
tion. In a column test with 0.6 wt%
gcFe/MnO2 mixture (1:1), neither
226Ra nor U was detected in the
effluent after replacement of 45 pore
volumes. A sequential extraction

under flow condition revealed 226Ra
to be mostly occluded in manganese
oxides. Uranium was mostly sorbed
onto poorly crystalline iron hydrox-
ides, but a significant part was found
to be occluded in manganese oxides
also. The results of this study suggest
that MnO2 promotes iron hydroxide
formation under slightly reducing
environmental conditions resulting
in an increased pollutant retention
capacity.
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injection points perpendicular to the groundwater flow
direction. For this purpose, metallic iron to be injected is
necessarily in relatively small quantities ( £ 1 wt% of
aquifer material) (Simpkin 2003) and very small size
(usually <<100 lm in diameter, depending on the
aquifer’s pore channel size). Because of small quantities
of metallic iron, reducing conditions and contaminant
removal capacity of RZ are not as high as PRB, whose
iron content is usually greater than 20 wt% of aquifer
material. However, due to the use of injection lances, the
RZ technology is more flexible and is only limited by
achievable depth of the drilling equipment used. There-
fore, this innovative technology seems to be more eco-
nomic to sites with smaller, decentralised run-offs and
was focused in this study.

Uranium immobilisation can take place by sorption
onto metal (hydr)oxides (Bargar et al. 2000; Hsi and
Langmuir 1985) and iron sulphides (Moyes et al. 2000),
coprecipitation with carbonate minerals (Reeder et al.
2000; Abdelouas et al. 1998) and partly by reductive
precipitation catalysed by iron sulphide surfaces (Livens
et al. 2004; Wersin et al. 1994). Radium immobilisation
occurs predominantly by coprecipitation with sulphate
minerals (e.g. Ba, RaSO4) (Jenk et al. 2004), but also by
sorption onto metal (hydr)oxides (IAEA 1990). In con-
trast to uranium, radium immobilisation is ineffective
under strongly reducing environmental conditions due
to the release of metal (hydr)oxides and sulphate min-
erals (Knappik et al. 1996; Fedorak et al. 1986). Con-
sequently, a simultaneous immobilisation of radium and
uranium, which is aimed for in situ treatment methods
can only be stimulated by metal (hydr)oxide supply.

Iron hydroxides could be formed in situ by aerobic
corrosion of metallic iron which is often used for PRB
and RZ technologies. However, this pathway produces
voluminous iron hydroxides, which causes an early
surface passivation of metallic iron and a decreasing
permeability of RZs, respectively (Mackenzie et al.
1999). As a result of this, they were bypassed by the
flowing groundwater and no more chemical reactions
with contaminants are possible (Noubactep 2003).
Therefore, this pathway should not be favoured for in
situ treatment methods.

A more suitable pathway for in situ iron hydroxide
formation under anaerobic environmental conditions
was described by Noubactep (2001) and Postma and
Appelo (2000). Ferrous iron, formed by the anaerobic
corrosion of metallic iron, could be oxidised effectively
by manganese dioxide reduction. As ferrous iron is ox-
idised on the surface of manganese dioxide, the forma-
tion of precipitates on the surface of metallic iron was
avoided or delayed. Furthermore, the produced iron
hydroxides are less voluminous, whereas the clogging
risk of RZs decreases. A mixture of metallic iron and
manganese dioxide encourages not only an effective iron
corrosion but also pollutant immobilisation under

reducing environmental conditions. Additionally, man-
ganese (hydr)oxides are known as good sorbents for
radium (Valentine 1992; Mott et al. 1993).

Because of these advantages, a mixture of injectible
grey cast iron (gcFe) and MnO2 should be investigated
comparatively to sole gcFe and nano-scale iron (naFe)
for simultaneous U and 226Ra immobilisation from a
mine water.

Materials and methods

Solid materials

Zero valent iron materials, which were often used in
PRB technologies (US-EPA 1998), tend to an early
surface passivation caused by formation of precipitates
on the surface of ZVI material due to their high purity
degree (Friedrich and Knappik 2001). Because of this, a
particulate, impure gcFe was selected for batch and
column tests. Impurities like carbides counter an early
passivation of the iron surface and therefore encourag-
ing iron corrosion. The gcFe was delivered by the Maier
Metallpulver GmbH, Rheinfelden. The particles were
gas classified <30 lm before their use.

Nano-scale iron was selected as second iron material
for batch and column tests. Injectible naFe is a prom-
ising new technology for groundwater remediation. A
markedly improved reactivity due to greater surface area
(33.5 m2/g compared to about 0.9 m2/g for commercial
iron powder) was described for in situ reductive de-
halogenation by Vance (2003). The colloid size of naFe
was denoted with 0.1 lm by the producer (Toda Kogyo
Europe GmbH).

For MnO2 used in this study (Sigma-Aldrich No.
1324) a particle size <63 lm was denoted. According to
Eqs. 3 and 4, 1 mol MnO2 (M=87 g/mol) is required to
complete the oxidation of 2 mol metallic iron (M=56 g/
mol) to FeOOH. Therewith, 0.78 g MnO2 is necessary to
complete the anaerobic oxidation of 1 g metallic iron,
corresponding to a gcFe:MnO2 ratio of 56:44. Because
of this, a 1:1 mixture of gcFe and MnO2 was used for
batch and column tests.

Contaminated water

Two flooding waters from the Königstein mine (Saxony)
were used for batch and column experiments by courtesy
of the Wismut GmbH. For the batch test series, the acid
flooding water k-7080 was used, which contained about
42 Bq 226Ra/L and 2 mg U/L. The column was sup-
plied with the nearly neutral flooding water k-7300,
which contained about 24 Bq 226Ra/L and 5 mg U/L.
Table 1 contains an excerpt from the composition of the
flooding waters k-7080 and k-7300.
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Geochemical modelling

To find out dominant redox processes in batch and
column tests, a coupled python script/phreeqC-equilib-
rium modelling was used. Simulations were carried out
for both flooding waters, the addition of 1 mmol Fe/L
and 1 mmol Mn/L, atmospheric pressure as well as test-
relevant pH and redox ranges. The calculated saturation
indices of Mn and Fe mineral phases were exported in
excel files. Subsequently, stability fields of supersatu-
rated mineral phases could be depicted together with
measured Eh/pH values in Eh/pH diagrams.

Batch experiments

Contaminant immobilisation was studied in batch tests
for 14 days at 12�C under N2 atmosphere. Each test
contained 1.1 L flooding water k-7080 and 550 mg gcFe,
naFe, MnO2 or a 1:1 mixture gcFe/MnO2. The aqueous
phase was analysed for pH, redox, O2, major and trace
elements as well as 226Ra at the beginning and at the end
of the experiments.

Column study

The most effective reactive material from the batch tests
(1:1 mixture of gcFe/MnO2) was investigated under flow
conditions using a glass column of 10 cm diameter and
20 cm length. The column was packed with 9 g gcFe and
9 g MnO2 in 3 kg sand. Therewith, the percentage of
gcFe/MnO2 mixture (0.6 wt%) remained below 1 wt%
quoted for RZs by Simkin (2003). The column was
charged with mine water k-7300 for 120 days at 12�C.
The influent vessel was connected to a nitrogen bag

using a special transfer sealing to prevent oxygen access.
The mine water was delivered with a flow rate of 0.2 L/
day (resulting in the replacement of 0.4 pore volumes per
day) using a peristaltic pump (Ismatec Reglo). Every
third replaced pore volume was analysed for pH, redox,
oxygen, major and trace elements as well as 226Ra.

At the end of the test, a sequential sediment extrac-
tion (Zeien 1995) was carried out under flow conditions
in order to identify the binding forms of both U and
226Ra. For this purpose, the column was successively
supplied with groundwater k-6773E (Table 1) from the
Königstein mine and extractants summarised in Table 2.
About three replaced pore volumes were collected in the
effluent in each extraction phase and analysed for major
and trace elements and 226Ra.

Analytical methods

Redox potential and pH were measured using electrode
methods and a Multi 340i-instrument (WTW). Ura-
nium, major and trace elements were measured by ICP-
OES (CirosCCD, Co. Spectro, Kleve, Germany). The
226Ra was analysed via c-spectrometry (n-type HPGe-
detectors, Co. eurisys, München, Germany/EG&G
ORTEC) by the VKTA Rossendorf e.V.

Results and discussion

Batch tests

In order to identify the redox processes in the batch
tests, Eh/pH diagrams were constructed by the aid of a
coupled python script/phreeqC-equilibrium modelling
for flooding water k-7080 and supersaturated Mn and

Table 1 Excerpt from the composition of Königstein waters used for batch and column tests

Water pH Eh (mV) O2 (mg/L) TOC (mg/L) TIC (mg/L) SO4 (mg/L) Ca (mg/L) Na (mg/L) Fe (mg/L) U (mg/L) 226Ra (Bq/L)

k-7080 3.4 +735 1.2 0.14 2.0 18 4.5 8.7 1.4 2.2 42
k-7300 6.1 +470 4.0 0.04 7.7 29 17.6 5.7 0.7 4.2 24
k-6773E 5.8 +360 0.5 <0.10 8.9 22 18.2 4.4 0.5 <0.01 0.2

Table 2 Extractants used for sequential sediment extraction under flow conditions

PVa Extractants pH Binding form

1–3 Königstein groundwater 6.40 Water soluble
4–6 1 M NH4NO3

b 7.00 Exchangeable (non-specifically adsorbed)
7–9 1 M NH4OAcb 6.00 Specifically adsorbed/occluded close to the particle surfaces
10–12 1 M NH4Oac + 0.1 M NH2OH–HClb 6.00 In Mn oxides occluded
13–15 0.2 M NH4 oxalate bufferb 3.25 In poorly crystalline iron oxides occluded

aPV pore volumes, replaced with appropriate extractants
bExtractants according to Zeien (1995)
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Fe phases (Figs. 1, 2). Thereafter, the measured pH and
redox (Eh) values could be depicted in these diagrams.
An insignificant pH and Eh change was measured in the
MnO2 test. This fact indicated that no significant MnO2

reduction took place. In contrast, distinct environmental
changes were observed in the other batch test indicating
an intensive iron corrosion. The redox potential de-
creased at 602 mV (from 735 to 133 mV) in the grey cast
iron test at 699 mV (from 735 to 36 mV) in the nano-
scale iron experiment and at 796 mV (from 735 to
)61 mV) in the test with the gcFe/MnO2 mixture. Cor-
responding with decreasing redox potentials, an increase
of pH was measured. The pH increased each from 3.3 to
6.7 in the gcFe and naFe tests and to 6.3 in the gcFe/
MnO2 test. Considering the calculated field of super-
saturated Mn mineral phases (Fig. 1), MnO2 was re-
duced to Mn2+ in both tests with MnO2 addition.
Regarding Fig. 2, ferrous iron from the anaerobic iron
corrosion (Eq. 1) was obviously oxidised to Fe3(OH)8 by

the reduction of water (Eq. 2a) or oxygen (Eq. 2b) in the
naFe and gcFe batch tests:

3Fe0 þ 6H2O! 3Fe2þ+ 3H2 þ 6OH� ð1Þ
3Fe2þ þ 8H2O! FeIIFeIII2 ðOHÞ8 þH2 þ 6Hþ ð2aÞ
3Fe2þ þ 0:5O2 þ 7H2O! FeIIFeIII2 ðOHÞ8 þ 6Hþ ð2bÞ

In the test with the gcFe/MnO2 mixture (1:1), ferrous
iron was obviously oxidised to FeOOH due to the
reduction of MnO2 to Mn2+:

2Fe0 þ 4H2O! 2Fe2þ þ 2H2 þ 4OH� ð3Þ
MnO2þ2Fe2þþ2H2O$2FeOOHþMn2þþ2Hþ ð4Þ

The percentage U and 226Ra removal from the mine
water is shown in Fig. 3. No uranium was removed in
the test with 0.5 g/L manganese oxide. This could be
attributed to the low pH, at which no manganese (hy-
dr)oxide formation was possible. However, a pro rata
Ra removal (13.5 Bq 226Ra/L) by sorption onto MnO2

could be evidenced with this test. In the test with 0.5 g/L
gcFe, 20.8 Bq 226Ra/L and about 2 mg U/L were re-
moved from the mine water, probably by sorption onto
iron (hydr)oxides like hematite (Fe2O3, evidenced by
XRD analyses on the original gcFe) or newly formed
Fe3(OH)8. The addition of 0.5 g/L naFe resulted in the
immobilisation of 17.4 Bq 226Ra/L as well as a com-
plete U removal. Considering the slightly reducing
environmental conditions at the end of these batch tests
(Figs. 1, 2), U and Ra removal may caused by sorption
onto newly formed Fe3(OH)8. The mixture of 0.25 g/L
gcFe and 0.25 g/L MnO2 dioxide provides the most
sorption places for radium, 22.8 Bq/L and about
2 mg U/L were removed from the flooding water. Ra
and U were probably occluded in hematite and newly
formed FeOOH, but also in manganese dioxide.

Fig. 1 pH/Eh change and supersaturated Mn mineral phases in the
batch test with MnO2 addition

Fig. 2 pH/Eh change and supersaturated Fe mineral phases in the
batch tests with Fe0 addition

Fig. 3 U and 226Ra immobilisation in 14-days batch tests under N2

atmosphere with 0.5 g/L reactive materials
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Column test

Until the eighth replaced pore volume, a pH increase of
about 1.2 pH units as well as a redox (Eh) decrease from
480 to 280 mV indicated the corrosion of grey cast iron.
This initial environmental reduction was accompanied
by an increase of manganese concentrations in the col-
umn effluent (Figs. 4, 5).

To find out the redox processes within the column,
Eh/pH diagrams were constructed for flooding water k-
7300 and supersaturated Mn and Fe mineral phases,
respectively (Figs. 6, 7). The measured pH and Eh values
at the column effluent were depicted by bubbles; the
reaction progress was marked by an arrow.

So it can be shown, that measured pH and Eh values
moved from the field of supersaturated rhodochrosite
(MnCO3) to aqueous Mn2+ at the initial stage of the
experiment. Following to the eighth pore volume, pH
and Eh values in the column effluent reached influent
levels. Additionally, only slightly increased manganese
concentrations (about 1 mg/L) were analysed. Regard-

ing the Eh/pH diagram (Fig. 6), MnO2 was obviously
reduced to Mn2þðaqÞ at these environmental conditions.

During the whole test period, no ferrous iron was de-

tected in the column effluent. Regarding Fig. 7, fer-
rihydrite (Fe(OH)3) was supersaturated. Therewith, the
dominant redox processes in the column experiment can
be written as follows:

2Fe0 þ 4H2O! 2Fe2þ þ 2H2 þ 4OH� ð3Þ
MnO2þ2Fe2þþ4H2O!2FeðOHÞ3þMn2þþ2Hþ ð5Þ

Only two hydroxyl ions from Eq. 3 were consumed in
Eq. 5, whereby a pH increase should be resulted from
the sum of these reactions. However, no significant pH
increase was measured at the column effluent after the
eighth replaced pore volume. So it must be assumed,
that some other H+ producing reactions occurred on the
flow path of the column, for example:

Fig. 4 Change of pH/Eh values and Mn concentrations in the
column test with flooding water k-7300

Fig. 5
226Ra and U concentration changes in the column test with

flooding water k-7300

Fig. 6 Eh/pH diagram for flooding water k-7300 and supersatu-
rated Mn mineral phases. The bubble diameter represents the
relative Mn(aq)

2+ concentration

Fig. 7 Eh/pH diagram for flooding water k-7300 and supersatu-
rated Fe mineral phases.
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Fe2þ þ 0:25O2 þ 2:5H2O! FeðOHÞ3 þ 2Hþ ð6Þ
Mn2þ þHCO�3 !MnCO3ðsÞ þHþ ð7Þ
Fe2þ þ 2MnO2 + 5H2O! 2FeðOHÞ3 + Mn2O3

þ 4Hþ

The concentration changes of radium and uranium were
given in Fig. 5. During 45 replaced pore volumes, nei-
ther radium nor uranium was detected in the effluent.
According to the flooding water supply, a sequential
extraction was carried out under flow conditions in or-
der to evaluate the binding forms of uranium and ra-
dium. Figure 8 shows relevant results.

Neither radium nor uranium could be dissolved by
groundwater from the Königstein mine. Radium was
predominantly occluded in manganese oxides (5.8 Bq/
100 g sand) and sorbed onto the cation exchanger
(3.9 Bq/100 g sand.). A minor part was occluded in
poorly crystalline iron hydroxides (2.6 Bq/100 g sand)
and specifically adsorbed (1.2 Bq/100 g sand). Con-
versely, uranium was mostly occluded in poorly crys-
talline iron hydroxides (0.77 mg/100 g sand). However,
a significant part (0.45 mg/100 g sand) was also oc-
cluded in manganese oxides.

Conclusion

The immobilisation of radium and uranium by injectible
amounts of reactive materials presented the main focus
of this study. Radium and uranium could only be re-
moved simultaneously by sorption onto metal (hydr)o-
xides, which are still stable under easily reducing
environmental conditions. However, the in situ forma-
tion of iron hydroxides due to the aerobic corrosion of
metallic iron leads to an early passivation of iron sur-
faces as well as a permeability loss of RZs. Below the
aspect of a long-term active immobilisation technology,
this pathway should not be favoured for an in situ im-
mobilisation technology.

Because of this, grey cast iron, nano-scale iron,
manganese dioxide and a 1:1 mixture of grey cast iron
and manganese dioxide were tested on their qualification
for an anaerobic radium and uranium immobilisation in
a batch test series. Surprisingly, the 1:1 mixture of grey
cast iron and manganese dioxide could provide more
sorption sites for radium than the highly reactive nano-
scale iron. In contrast, the immobilisation of uranium
was marginally better in the nano-scale iron test. The
batch tests have shown that manganese dioxide could
effectively encourage iron corrosion and iron hydroxide
formation.

The high immobilisation potential for radium and
uranium was confirmed under flow conditions using a
column with 0.6 wt% gcFe/MnO2 mixture (1:1)/kg silica
sand. Neither radium nor uranium was detected in the
effluent during 45 replaced pore volumes. Ferrous iron,
produced by the grey cast iron corrosion, was obviously
oxidised to ferrihydrite due to the reduction of MnO2.
Furthermore, manganese oxides could provide basic
contribution to the in situ immobilisation of pollutants.
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