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bstract

The removal of U(VI) from groundwaters by adsorption onto bacteriogenic iron oxides (BIOS) has been investigated under batch mode. The
dsorbent dosage, the uranium concentration, the concentration of carbonate and the use of a real groundwater spiked with uranium comprised the
xamined parameters. In addition, the effect of pH was examined in two different water matrixes, i.e., in distilled water and in real groundwater.
quilibrium studies were carried out to determine the maximum adsorption capacity of BIOS and the data correlated well with the Langmuir
nd Freundlich models. The presence of carbonate affected adversely the adsorption of U(VI) onto BIOS. The maximum adsorption capacity of
IOS was 9.25 mg g−1 at 0.1 mM carbonate concentration and decreased to 6.93 mg g−1 at 0.5 mM carbonate concentration, whereas at carbonate
oncentration of 2 mM practically no adsorption occurred. The data were further analyzed using the pseudo-second order kinetic equation, which
tted best the experimental results. The initial adsorption rate (h) was found to increase with decreasing the concentration of carbonate in all cases.
hen experiments were accomplished in the absence of carbonate, the pH values did not have an effect on the adsorption of U(VI). However, the
xtent of U(VI) adsorption was strongly pH-dependent when the experiments were carried out in the real groundwater. The maximum adsorption
apacity increased sharply as the pH decreased and optimum removal was obtained in the pH range 3.2–4.0, thus bacteriogenic iron oxides can
ound application in the removal of U(VI) by adsorption from low pH or low carbonate waters.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Uranium is a significant contaminant of water and soil at
ites of uranium mining, milling and at environmental loca-
ions where uranium has accumulated through natural geologic
r hydrologic processes. In particular, uranium contamination
f ground waters is a matter of great concern because of the
igh toxicity of dissolved uranium and its worldwide occur-
ence in ground waters. Nephritis is the primary chemically
nduced effect of uranium in humans, while it is also considered

s carcinogenic, causing bone cancer. Uranium was detected in
roundwaters in several areas across the world such as in Nor-
ay, Finland, Germany, Greece, USA, Canada and Australia [1].

∗ Present address: Swiss Federal Institute for Aquatic Science and Technol-
gy (EAWAG), Department of Water Resources and Drinking Water (W&T),
eberlandstr. 133, Dübendorf, Switzerland. Tel.: +41 44 823 5488;
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he recommended maximum admissible concentration (MAC)
or uranium in drinking water from the World Health Organisa-
ion is currently 15 �g L−1 [1].

In oxic waters uranium is present in its hexavalent form.
he hexavalent uranium is mainly present as the uranyl ion

UO2
2+) or with its hydroxy complexes, but in the presence

f other anions such as carbonate, phosphate and sulfate, uranyl
orms complexes and therefore its speciation is greatly affected
y the groundwater composition [2].Several methods have been
xamined for the removal of uranium such as the use of cation
xchange, anion exchange, granular ferric hydroxide, ultrafil-
ration, activated carbon and the use of titanium dioxide. Only
itanium dioxide and anion exchange were able in removing ura-
ium (i.e., from 10–20 �g L−1 initial uranium concentration to
elow 1 �g L−1) [3].
The use of biological iron oxidation for the removal of
ranium was also unable in removing uranium (data not pre-
ented). In particular, in an attempt to remove uranium simulta-
eously with arsenic by the application of biological oxidation

mailto:Ioannis.Katsoyiannis@eawag.ch
dx.doi.org/10.1016/j.jhazmat.2006.05.102
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Table 1
Composition of Marienfelde groundwater, used in the U(VI) removal
experiments

Ion composition Concentration (mg L−1)

Na+ 44
K+ 2.4
NH4

+ 0
Ca2+ 205
Mg2+ 18
Fe(tot) 0
Mn2+ 0
Sr2+ 0.3
Cl− 100
SO4

2− 245
NO − 0.8
P
H
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f dissolved iron from groundwaters and thus by sorption onto
he produced biogenic iron oxides, no removal of U(VI) was
chieved, even at very low initial uranium concentrations, i.e.,
0–20 �g L−1 and relatively high Fe(II) concentrations (i.e.,
.8 mg L−1).

However, it is well established that the mobility of uranium
n subsurface environments is generally controlled by the inter-
ctions with solid surfaces and in particular with iron oxides.
he adsorption of U(VI) on different iron oxides, such as ferri-
ydrite, hematite and goethite has been well documented [4–7].
evertheless, most of these studies used synthetic iron oxides

nd therefore, the reported results are not completely representa-
ive of the subsurface environment. Iron oxides in the subsurface,
re usually poorly ordered, containing amounts of silicate and
rganic mater as well as partly degraded bacterial cells. These
aterials, which are called bacteriogenic iron oxides, comprise

ffectively a sorbent phase for dissolved metals [8]. They have
een found to remove efficiently arsenic from groundwaters dur-
ng the biological oxidation of Fe(II) [9]. In other studies it was
eported that U(VI) was retained on the surface of BIOS col-
ected from the subsurface [10] and furthermore, it was found
hat uranium was retained as U(VI) on bacteriogenic iron oxides,
roduced during anaerobic bioxidation of Fe(II) [11].

Therefore, in the present study, U(VI) sorption was investi-
ated under batch mode, to determine the parameters affecting
he sorption of uranium onto bacteriogenic iron oxides and to
stablish the conditions, under which U(VI) can be removed by
he use of BIOS. To the best of our knowledge, the carbonate
ffects on the U(VI) sorption by BIOS and the pH dependence
f this procedure have not been previously investigated, partic-
larly in dilute uranium solutions, i.e., from concentrations as
ow as 2.1 × 10−7 M.

To achieve the goals of our study, the following parameters
ere examined: sorption time, solution pH, the initial U(VI) con-

entration, the adsorbent dosage, the groundwater composition
nd the carbonate concentration. Real groundwater was spiked
ith uranium, in order to simulate better uranium-contaminated
roundwaters. Further experiments have been performed using
istilled water spiked with carbonate to evaluate separately the
ffect of most commonly anion found in groundwater on the
(VI) sorption kinetics. The experimental data were correlated

o the pseudo second order sorption kinetic model and the cor-
esponding kinetic parameters were determined. The software
rogram MINEQL+ [12] was used to elucidate the speciation of
ranium in the examined groundwater.

. Materials and methods

.1. Materials

All chemicals used were reagent-grade and all solutions were
repared with distilled water. All glassware was acid-washed
nd rinsed with distilled water. Experiments were carried out

ither with distilled water (DW) or with the Marienfelde, Berlin,
roundwater (GW). The composition of the groundwater used in
his study is given in Table 1. U(VI) stock solution of 100 mg/L
as prepared by uranyl nitrate hexahydrate.

a
e
c
m

3

O4
3− 0

CO3
− 325

.2. Bacteriogenic iron oxides (BIOS)

The BIOS were obtained from a drinking water treatment
nit, operating at the Research Site Marienfelde of the Federal
nvironmental Agency in Berlin, Germany. The unit is used to

emove iron and manganese from groundwater. The treatment
s based on the biological oxidation of iron and manganese, by
he indigenous bacteria Gallionella ferruginea and Leptothrix
chracea. These bacteria accelerate the oxidation of iron and
anganese, which is then hydrolyzed and the insoluble prod-

cts are removed from water by filtration [i.e., 13,14]. During
he backwashing of the filters, the excessive quantity of iron
xides was removed; part of backwashing sludge was collected,
ried and washed. The residual product comprised the so-called
acteriogenic iron oxides (BIOS). BIOS consisted mainly of
ron (37% in dry weight basis) and the XRD pattern indicated
n entirely amorphous material. Under the scanning electron
icroscope, it was evident that iron oxides were incorporated

n the bacterial structure of G. ferruginea and L. ochracea [14].
hese results were consistent with previous investigations, and

ndicated that iron in the BIOS was only in the form of amor-
hous ferrihydrite [7].

.3. Batch adsorption studies

Aliquots of uranium stock solution were spiked either in the
roundwater or in distilled water to reach the desired final U(VI)
oncentration. The pH was adjusted and afterwards the aliquots
ere transferred to 250 mL conical flasks for the batch experi-
ents, which were performed at ambient laboratory temperature

20 ± 1 ◦C). Immediately before the beginning of the experi-
ents, the quantity of BIOS was introduced in the aliquots and

he batch tests were afterwards performed in a shaker. After
he end of the experiments the aliquots were immediately fil-
ered though 0.45 �m filters, the final pH of the filtrate was

easured and afterwards the filtrate was stored with 2% HNO3

nd analyzed with ICP-MS (detection limit = 0.1 �g L−1). The
xperiments were performed in open-air system to simulate
onditions prevailing in pump and treat groundwater treatment
ethods.
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To examine the effect of sorbent quantity, series of experi-
ents was performed by varying the sorbent dosage, whereas

fterwards by keeping the sorbent dosage constant, the effect
f pH, carbonate concentration and of other parameters was
xamined. The pH was adjusted by addition of HCL or NaOH
nd the variation of carbonate concentration was performed
y diluting different amounts of NaHCO3 in distilled water.
he effect of groundwater composition was examined by mix-

ng groundwater with distilled water in different ratios and
hus changing the concentrations of major groundwater com-
onents such as carbonate, calcium, magnesium, sulfate, chlo-
ide. All experimental series were performed at least twice
nd standard deviations were estimated and incorporated in the
gures.

The equilibrium isotherms were determined by varying the
nitial uranium concentration in the range 30–5000 �g L−1 and
sing a reaction time of 24 h, which was found sufficient to reach
quilibrium (data not presented). The uranium uptake (q) was
alculated by the following mass balance equation:

= (C0 − Ct)V

w1000
, (1)

here q is the metal uptake (mg metal/g of BIOS), C0 (mg or
g L−1) the initial metal concentration, Ct (mg or �g L−1) the
etal concentration at any time, V the volume of the solution

nd w is the mass of the adsorbent in grams.

.4. Zeta potential measurements

Electrokinetic measurements were performed, using a zeta-
otential analyzer (Rank Brothers Ltd., UK). All mobility mea-
urements were carried out at ambient laboratory temperature
20 ± 1 ◦C). The solution pH was adjusted by adding various
mounts of either 0.1 M NaOH or 0.1 M HCl. Twenty inde-
endent measurements were performed for each experimental
ondition and the zeta potential values were determined using
he smoluchowski equation.

. Results and discussion

.1. Effect of adsorbent dosage

The sorption of U(VI) was initially examined onto BIOS
t different adsorbent dosages (0.1–5 g L−1) for constant ura-
ium concentration (2.1 × 10−7 M). It was found that the per-
entage uranium removal increased by increasing the BIOS
oncentration until the value of 0.5 g L−1. After this concen-
ration the removal remained constant (data not presented). This
as attributed to the fact, that adsorption was optimum for the
pecific U(VI) initial concentration. Therefore, by increasing
he adsorbent dosage, the effective surface area increased; up
o the concentration of 0.5 g L−1. Therefore, for the rest of
he experiments an adsorbent dosage of 1 g L−1 was used, to
xclude entirely a possible effect caused from the adsorbent
osage.

s
r
c
b
t
t

ig. 1. Kinetics of U(VI) sorption onto BIOS at different ratios of groundwater
n distilled water. Experimental conditions: initial U(VI) = 2.1 × 10−7 M; pH
.0; adsorbent dosage = 1 g L−1.

.2. Kinetics of U(VI) sorption onto BIOS in the real
roundwater

The previous results indicated that the sorption of U(VI) onto
IOS was reasonably efficient, when the optimum adsorbent
osage was used, i.e., over 0.5 g L−1. Nevertheless, these results
ere accomplished in distilled water with 0.1 M NaCl as the
ackground electrolyte. To obtain a realistic view of the effec-
iveness of the BIOS in adsorbing U(VI), kinetic experiments
ave been performed by using the Marienfelde groundwater
Table 1) as water matrix for the experiments. The results of
he kinetic experiments of various ratios of groundwater in dis-
illed water are illustrated in Fig. 1.

Fig. 1 clearly shows that the sorption of U(VI) decreased, as
he groundwater ratio increased. Particularly, when the ground-
ater was exclusively used as the water matrix (i.e., not mixed
ith distilled water), then the removal of U(VI) was very low. To

xplain these results, the composition of the groundwater was
aken into consideration, since it contains relative high concen-
rations of carbonate, sulfate and chloride.

In the experiments carried out by distilled water, the major
(VI) species at neutral pH range are UO2OH+, (UO2)3(OH)5

+

n the absence of carbonate. Since the major aqueous species at
H > 5 in the absence of carbonate are uranyl-hydroxide com-
lexes, it was assumed that these hydroxide complexes are
dsorbed on the surface of iron oxides and cause the removal
f U(VI) in the absence of carbonate at pH 7.0, as shown in
ig. 1.

However, when the real groundwater was used, in pH 7.0, the
ajor U(VI) species change drastically, as shown in the speci-

tion diagram of U(VI) in the groundwater (Fig. 2). At neutral
H, carbonate species of uranium such as UO2(CO3)2

2− and
O2(CO3)3

4− prevail. At lower pH values the complexes of
ulfate of the type UO2(SO4) appear. Consequently, in the pH
ange of most natural waters (i.e., 6.0–8.0) the uranyl-hydroxide

omplexes, are entirely missing and the predominant U(VI) car-
onate complexes obviously cannot be efficiently adsorbed on
he surface of BIOS. Therefore, the effect of carbonate concen-
ration on the uranium sorption by BIOS was further examined.
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Fig. 2. Speciation of 2.1 × 10−7 M U(VI) in the groundwater of Marienfelde
(Table 1). Ionic strength, 1.9 × 10−2 (calculated with PHREEQC applying the
WATEQ4F database).
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The Langmuir equation is based also on several assumptions

T
F

C

0
0
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ig. 3. Kinetics of U(VI) sorption onto BIOS at different carbonate concentra-
ions in distilled water. Experimental conditions: initial U(VI) = 2.1 × 10−7 M;
H 7.0; adsorbent dosage = 1 g L−1.

.3. Effect of carbonate concentration

To assess the effect of carbonate concentration, experiments
ere carried out with distilled water spiked with carbonate

NaHCO3) at pH 7.0 and the results are illustrated in Fig. 3. The
dverse effect of carbonate on U(VI) sorption onto BIOS was

pparent. At lower carbonate concentrations, U(VI) was effi-
iently sorbed onto BIOS and around 90% uranium removal was
ccomplished. By increasing the carbonate concentration to val-

a

q

able 2
reundlich and Langmuir constants associated to adsorption isotherms of U(VI) onto

arbonate concentration (CT, mM) Freundlich constants

Kf n R

.1 14.8 1.14 0

.25 11.4 1.15 0

.5 6.4 1.2 0
us Materials B139 (2007) 31–37

es higher than 1 mM, the removal of uranium was considerably
ecreased and at carbonate concentration of 2 mM practically no
emoval occurred.

The effect of carbonate on U(VI) sorption onto iron oxides
an be attributed to several factors. The solution speciation of U
n the presence of carbonate largely determines how it partitions
ith the solid phase of bacteriogenic iron oxides, as already was

hown in Fig. 2. Under acidic conditions, uranium is present
n the uranyl form (UO2

2+). However, at pH > 5 uranyl carbon-
te complexes are formed, which become anionic at higher pH
alues and therefore cannot be efficiently adsorbed onto iron
ydroxides.

Nevertheless, the surface charge of the bacteriogenic iron
xides is likely to play the most important role, according to
eta potential measurements, which were carried out for the
ase of BIOS (data not presented) and compared with the values
eported in the literature for the amorphous iron oxides [7]. The
eta potential values of BIOS are negative in the examined pH
ange (3.0–9.0) with no clear trend. On the other hand, the sur-
ace charge of amorphous iron oxides changes from positive at
H values below 7.6 to negative at higher pH values, because the
oint of zero charge is 7.6. Therefore, it was suggested that the
se of BIOS caused electrostatic repulsion between the surface
f iron oxides and the anionic U(VI)-carbonate species.

.4. Equilibrium modeling of U(VI) sorption onto
acteriogenic iron at different carbonate concentrations

The commonly used Langmuir and Freundlich models have
een applied to describe the feasibility of U(VI) sorption onto
IOS at different carbonate concentrations. The empirical Fre-
ndlich equation based on sorption on a heterogeneous surface
s as follows [15]:

e = Kf(Ce)1/n, (2)

here qe is the amount adsorbed at equilibrium (mg g−1), Ce
he equilibrium concentration (mg L−1). Kf and n are constants
ndicative of sorption capacity and sorption intensity, respec-
ively. Eq. (2) can be linearized and obtain the following loga-
ithmic equation:

n qe = ln Kf + 1

n
ln Ce. (3)
nd has the following form:

e = KLbCe

1 + bCe
, (4)

BIOS at different carbonate concentrations

Langmuir constants

2 KL (mg g−1) b (L mg−1) R2

.99 9.25 3.01 0.99

.99 8.54 2.56 0.99

.99 6.93 1.98 0.98
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here qe is the amount adsorbed at equilibrium (mg g−1), Ce the
quilibrium concentration (mg L−1), b a constant related to the
nergy or net enthalpy of adsorption (L mg−1) and KL is the mass
f adsorbed solute required to saturate a unit mass of adsorbent
mg g−1). The Langmuir equation can be also linearized and
btain the following form:

Ce

qe
= 1

KLb
+ Ce

KL
. (5)

The adsorption constants derived from the elaboration of
he isotherms (not shown) are given in Table 2. In both cases
Langmuir or Freundlich) the pronounced effect of the inhibi-
ion of U(VI) sorption by increasing the carbonate concentration
s depicted. The KL and the Kf values decreased by increasing the
arbonate concentration. However, the values of the Freundlich
onstant n, pointed out that the sorption of U(VI) onto BIOS
as favorable, as it lies between 1 and 10 and the relatively large
alue of b implied strong bonding with the BIOS [15]. Nonethe-
ess, the obtained values are lower than the values reported in
iterature for the sorption of U(VI) onto synthetic ferrihydrite or
oethite. For example Giammar and Hering [6] have reported
sorption capacity of 27.3 mg g−1 of goethite in open air sys-

em adsorption and Wazne et al. [7] have reported 0.125 mol
(VI)/mol Fe, for closed system adsorption, which was reduced

o 0.034 mol U(VI)/mol Fe in the presence of 1.68 mM carbonate
oncentration.

.5. Effect of pH on the sorption of U(VI) onto BIOS in the
resence and absence of carbonate

The effect of pH on the U(VI) sorption onto BIOS was addi-
ionally examined. Fig. 4 shows that in the absence of carbonate,
he variation of pH in the range 4.0–7.8 did not have any signif-
cant impact on the U(VI) removal. A slight decrease has been
bserved as the pH was increased and this can be attributed to the

act that the presence of hydroxyl complexes of uranyl increased
nd therefore, they caused a shift of the surface charge to more
egative values. The results, regarding the removal of U(VI) in
he absence of carbonate, are consistent with literature findings,

ig. 4. Kinetics of U(VI) sorption onto BIOS at different pH values from distilled
ater with 0.1 M NaCl. Experimental conditions: initial U(VI) = 2.1 × 10−7 M;

dsorbent dosage = 1 g L−1.
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ig. 5. Kinetics of U(VI) sorption onto BIOS at different pH val-
es from the Marienfelde groundwater. Experimental conditions: initial
(VI) = 2.1 × 10−7 M; adsorbent dosage = 1 g L−1.

pplying several iron oxides [16]. Nevertheless, the results were
ntirely reverse, when the effect of pH was examined using the
eal groundwater. The results are illustrated in Fig. 5. It can be
oticed that the removal of U(VI) was very efficient at lower pH
alues, i.e., in the range of 3.2–4.8. As the pH increased, then
he U(VI) sorption decreased and at pH values over 6.0, U(VI)
orption onto BIOS was inhibited. It can be also noticed that
he reaction after 30 min is almost completed, while most of the
emoval takes place in the first minute of reaction.

Previous studies of U(VI) sorption onto iron oxides [4,7]
nd onto other materials [17] depicted that, in the presence of
arbonate, the removal of U(VI) was adversely affected. Using
ron oxides as adsorbents, uranium removal is in almost all cases
ptimum in the pH range 5.0–6.0. In the case of BIOS, the opti-
um pH range was found to be 3.2–4.0. At pH 5.5, the removal

ecreased to 50%, after 60 min reaction time, which was prac-
ically considered as the end point of adsorption.

In this case also, the negative zeta potential values of BIOS
n the pH range 3.0–9.0 can give explanation to the fact that, the
emoval of U(VI) was very efficient at lower pH values, while
t these pH values, common iron oxides show lowest U(VI)
emoval [6].

At lower pH values (i.e., 3.0–4.0), the carbonate complexes
f uranyl were absent (as shown in Fig. 2) and therefore the pre-
ominant uranium species was the uranyl-cation (UO2

2+), which
ost likely can be adsorbed onto BIOS. On the contrary, com-
on amorphous iron oxides present a positive surface charge

nd therefore at lower pH values, uranyl-cation adsorption was
ot favored.

.6. Adsorption kinetic modeling

Mathematical models, which are frequently used to describe
he kinetics of sorption, are the pseudo-first and the pseudo-

econd order equations, after the assumption that measured
etal concentrations are equal to cell surface concentrations.
he pseudo first order Lagergen kinetic model and the 1st order

eversible reaction model [18] were initially applied in this
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Table 3
The second order reaction rate constants for the sorption of U(VI) onto BIOS
from different ratios of groundwater with distilled water at pH 7.0

% of GW
in DW

qe (mg g−1) Kads (g mg−1 min−1) h (mg g−1 min−1) R2

2 0.025 37.11 0.023 0.99
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Table 6
The second order reaction rate constants for the sorption of U(VI) onto BIOS
from groundwater at different pH values

pH qe (mg g−1) Kads (g mg−1 min−1) h (mg g−1 min−1) R2

3.2 0.027 178.6 0.131 0.99
4.0 0.027 171.8 0.125 0.99
4.8 0.019 168.1 0.061 0.99
5.5 0.012 388.7 0.056 0.99
6.0 0.0044 39.83 0.00077 0.98
6

o
o
s
e
c

4

d
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t
d
t
h
i
U
h
p
m

5 0.023 20.33 0.01 0.99
0 0.0038 75.4 0.001 0.98

tudy but did not correlate well to the obtained results (data
ot presented). Therefore, the experimental data were described
ith the second order equation, for which much higher regres-

ion coefficient was obtained. Briefly, the pseudo second-order
inetic model is expressed as:

dq

dt
= kads(qe − q)2, (6)

here kads (g mg−1 min−1) is the rate constant of second order
dsorption. The integration of Eq. (6) is:

1

qe − q
= 1

qe
+ kadst, (7)

hich can be rearranged and linearized to obtain:

t

q
= 1

kadsqe
2 + 1

qe
t. (8)

The plot t/q versus t should give a straight line if second order
inetics are applicable and qe and kads can be determined from
he slope and intercept of the plot, respectively. Additionally the
nitial sorption rate h (mg g−1 min−1) can be determined based
n the following equation:

= kadsqe
2. (9)
The kinetic constants are presented in Tables 3–6. It can be
oticed that in all cases the initial sorption rate decreases by
ncreasing the carbonate concentration. In comparison, it can be

able 4
he second order reaction rate constants for the sorption of U(VI) onto BIOS

rom distilled water spiked with different concentrations of carbonate at pH 7.0

arbonate
mM)

qe (mg g−1) Kads (g mg−1 min−1) h (mg g−1 min−1) R2

.1 0.029 37.16 0.031 0.99

.5 0.021 45.62 0.02 0.99
0.012 40.05 0.006 0.99
0.006 24.16 0.0008 0.96

able 5
he second order reaction rate constants for the sorption of U(VI) onto BIOS

rom distilled water with 0.1 M NaCl at different pH values

H qe (mg g−1) Kads (g mg−1 min−1) h (mg g−1 min−1) R2

.0 0.030 77.82 0.07 0.99

.2 0.030 54.16 0.048 0.99

.0 0.031 44.4 0.042 0.99

.8 0.032 38.1 0.039 0.99

c
o
a
t
s
r
o
a
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c
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f
a

.5 0.002 143.1 0.00057 0.98

bserved that when the effect of pH was examined in the absence
f carbonate, then the initial sorption rate remained almost con-
tant, demonstrating the significant role of pH on the sorption
fficiency of U(VI) onto BIOS and consequently the effect of
arbonate.

. Conclusions

Given the results of this study, certain conclusions can be
rawn. The potential of bacteriogenic iron oxides in adsorb-
ng U(VI) clearly depends on the carbonate concentration and
he pH value of the water. U(VI) adsorption was enhanced by
ecreasing the concentration of carbonate in water. The varia-
ion of pH played an important role only when the experiments
ave been accomplished in the real groundwater, consequently
n water containing carbonate. Under these conditions, highest
(VI) adsorption was achieved in the pH range 3.2–4.0 and at
igher pH values the sorption was decreased. On the contrary, the
H variation did not have a significant impact when the experi-
ents were carried out in distilled water, i.e., in the absence of

arbonate. The absence of carbonate resulted in the dominance
f uranyl-hydroxo complexes, which in general were effectively
dsorbed on the bacteriogenic iron oxide surfaces. Zeta poten-
ial measurements have been performed and the results have
howed that BIOS surface was negatively charged in the pH
ange 3.0–9.0. This explain the obtained results on the basis
f electrostatic repulsion of the negative surface of BIOS and
nionic uranyl-carbonate species in carbonate medium at pH val-
es higher than 4.0 and the attraction of the positive hydrolyzed
ranium species by the negative surface of BIOS in the lower
H values. The results have been further elaborated with the
reundlich and Langmuir models and the pronounced effect of
arbonate was depicted. The maximum adsorption capacity with
he Langmuir model was determined 9.25 mg g−1 in 0.1 mM
arbonate medium and was decreased to 6.93 mg g−1 when the
arbonate concentration was set to 0.5 mM. Similar decrease by
ncreasing carbonate concentration was observed with the Fre-
ndlich constants. These results are related to the other examined
arameters, since it was shown that the variation in carbonate
oncentration as well as in the pH value did affect the sorption
apacity of the bacteriogenic iron oxides. However, the higher

erformance of BIOS in the low pH area (i.e., below 4) was dif-
erent from the respective performance of other iron oxides such
s synthetic ferrihydrite or goethite reported in the literature.
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The experimental data were analyzed by the pseudo-second
rder model to determine the kinetic constants. In all cases, it was
oticed that the initial adsorption rate as well as the adsorption
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r the pH value of the water.

cknowledgements

The author is thankful to the Alexander von Humboldt Foun-
ation (http://www.avh.de) for the funding through which this
esearch was accomplished. Thanks are also due to Prof. Dr.

artin Jekel for the useful discussions and to Mr. HW. Althoff
or technical support during the project.

eferences

[1] World Health Organization, Uranium in drinking water. Background doc-
ument for the development of WHO guidelines for drinking-water quality.
WHO/SDE/WSH/03.04/118, 2004.

[2] B.C. Bostick, S. Fendorf, M.O. Barnett, P.M. Jardine, S.C. Brooks, Uranyl
surface complexes formed on the subsurface media from DOE facilities,
Soil. Sci. Soc. Am. J. 66 (2002) 99–108.

[3] L. Friedmann, Uran im Grundwasser: Entfernung bei der Trinkwasserauf-
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