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ABSTRACT: Montmorillonite clays and biomass have noticeable metal sorption capacity. Clays or biomass are difficult to
separate from the solution when used as sorbent materials. A methodology to retain biomass and improve separation processes is
to generate clay biopolymers matrices from fungal biomass grown on a natural Montmorillonite (MMT). The objective of this
study is to generate and characterize clay biopolymers matrices and evaluate their uranium adsorption capacity. The generated
clay biopolymers (BMMTs) were characterized through X-ray diffraction, measurement of the apparent diameter of particles, and
electrophoretic mobility. Some BMMTs showed greater Uranium-specific adsorption capacity than that found for MMT. The X-ray
diffraction analysis indicated that the Uranium was located partially in the clay interlayer. The BMMT surfaces were more negatively
charged than the MMT surface, thus favoring their uranium uptake. Also, immobilization of the biomass and better coagulation of the
system were achieved. These preliminary studies indicate that BMMTs have a great potentiality for uranium uptake processes.

■ INTRODUCTION

Concern about the environment has led to the development of
great number of investigations to remove pollutant agents, mainly
from water and soil. Particularly, the extraction of uranium ore (to
be used for the first part of the fuel cycle) generates large volumes of
waste and effluents, coming from (i.e., in Argentina) the 5 000 000
tons of uranium extracted between 1952 and 2003.1 However, these
wastes are only slightly radioactive and need to be handled in the
same manner as conventional treatments of metal-mining residues.
Moreover, waste from mining activities presents metallic sulfides
that can be oxidized leading to acidification of the surrounding
waters and the release of metals.2 Active mines pour liquid wastes,
containing acids, metals, and residual uranium compounds to
the neighboring streams. However, not only are active mines
environmentally harmful but also inactive ones still have large
leaching pads that release metallic wastes and this process is
increased during the summer rainy season.3

Uranium typically occurs as hexavalent uranyl aqueous
complexes in oxic environments.4 U(VI) interacts with biotic
and abiotic components of soils, which determine its mobility. In
fact, extensive studies have been done on the interaction of
U(VI) with fungi and bacteria5,6 and with minerals.7,8

Generally, conventional remediation techniques for radio-
nuclide removal from wastewaters are based in the use of coaly
materials, ionic exchange resins, and chemical precipitation.
However, due to the large volumes treated and the low con-
centration of pollutants, in addition to their costs, they are not
suitable. Therefore, adsorption in low cost materials with high
affinity for radionuclides, such as clays and biomass, represents an
alternative of interest in wastewater treatments.9,10

Montmorillonite clays are minerals with great specific surface
and optimal properties for metal adsorption.11,12 They are also
able to complex many kind of organic and polymeric compounds
on its surface.13,14 Particularly, the uptake of uranium from

aqueous solutions by the use of montmorillonites was
demonstrated.15,16

However, some problems arise with the use of these clays in
processes of metal adsorption from aqueous solution. The small
particle size (<2 μm) and colloidal characteristic of montmo-
rillonite made difficult their separation from the aqueous phase.17

Also, it was indicated that the sedimentation capability of organo
modified montmorillonites was improved respect to that of raw
montmorillonites.18 Then, the separation of these clay systems
from the solution after a remediation process could be achieved.
Biosorption is an alternative process where different types

of biomass allow to concentrate radionuclides from diluted
solutions.9 Mixtures of bacterial biomass and kaolinite clay were
used to study the uranium adsorption19 and references therein.
The fungal biomass was among one of the most commonly used
biosorbents, with the advantage of being easily and low cost
generated.9 Again, themain technological drawback is the separa-
tion process. To solve this issue, immobilization of the biomass
on an adequate innocuous material was proposed.20

Knowledge of the mechanisms of metals and other con-
taminants uptake by biomass associated to matrixes found in
natural environments such as clays and sediments is very important
to understanding the processes involved in its fate in natural
environments and to develop remediation alternatives for polluted
water. For this reason, the use of uranium resistant strains for biofilm
formation in adverse conditions is necessary.
The aim of the present study is to evaluate the generation of

montmorillonite biopolymers (BMMTs) as a novel method-
ology to increase the biosorption capacity and retain biomass and
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uranium uptake, improving the coagulation properties of the
system that leads to an easier separation of the solids from the
solution. The BMMT samples and those with uranium absorbed
were characterized by apparent particle diameter, X-ray diffrac-
tion (XRD), and ζ-potential determinations.

■ EXPERIMENTAL SECTION
Materials. A bentonite sample (MMT) coming from the

Argentine North Patagonia (Rio Negro) was used as raw
material. The MMT mineralogy was evaluated by X-ray diffrac-
tion and chemical analysis in previous works13,21 and consists of
Na-rich montmorillonite (>99%) with minor phases as quartz
and feldspars. Some physicochemical parameters of the raw
MMT were determined elsewhere: structural formula [(Si3.89
Al0.11)(Al1.43Fe

3+
0.28Mg0.30)O10(OH)2] M+

0.41;
22 cationic ex-

change capacity (CEC) = 174 meq/100 g clay, isoelectric
point (IEP) at pH = 2.7, and specific surface area determined
by N2 adsorption (Brunauer−Emmett−Teller (BET) method)
SN2 = 34.0 m2 g−1 and Sw = 621 m2 g−1.23

Two uranium resistant fungi genus were used: Aphanocladium
sp. (Apha sp.) and Acremonium sp. (Acre sp.). To generate clay
biopolymers (named as BMMT (Apha sp.) or BMMT (Acre
sp.)), the biomass were grown axenically during 5 days, in batch
systems with P5 culture medium (1.28 g/L K2HPO4; 3 g/L
(NH4)2SO4; 0.25 g/L MgSO4.7H2O; 10 g/L glucose; 0.1 g/L
thiamine; 1% (v/v) cations solution; 1% (v/v) anions solution)
containing MMT clay 1% (w/v) or 5% (w/v) and the same
amount of initial inoculums (pH 5.5, 25 °C). Generated BMMTs
were recovered by centrifugation (20 min, 2200 g, 4 °C) and
washed with distilled water. Images from scanning electronic
microscopy of BMMT (Apha sp.) samples are given as an
example of BMMTs morphology in the Supporting Information
(Figures S1 and S2).
Characterization Methods. The water molecules’ adsorp-

tion was determined, at relative humidity (rh) 0.56, as described
elsewhere.24 Biomass sites for water adsorption are not
specifically determined as in clays, so this parameter does not
indicate the specific surface in the biopolymers generated (as in
montmorillonites).
Different matrices samples without and with uranium ad-

sorbed (U-BMMTs) were analyzed by X-ray diffraction (XRD)
on oriented samples, to obtain an accurate peak analysis, pre-
pared by spreading the sample suspension on glass slides and
dried at room temperature overnight with atmospheric humidity
control, rh = 0.47. Analyses were performed using a Philips PW
1710 diffractometer using Cu Kα radiation. The work conditions

were power supply at 40 kV and 30 mA, 1° divergence and
detector slits, 0.02° (2θ) step size, counting time of 10 s/step,
and patterns collected from 3° to 14° (2θ). The d(001) peaks
fromU-BMMTs XRD spectra were decomposed using the origin
Pro 7.0 software (fitting wizard method) taking into account
Gaussian functions.25 The fit quality was controlled by the R2

value (>0.98).
The electrophoretic mobility and the apparent diameter were

determined with a Brookhaven90Plus/Bi-MAS equipment, in
the mode ζ-potential and Multi Angle Particle Sizing, respec-
tively, operating at λ = 635 nm, 15mW solid state laser, scattering
angle 90°, temperature 25 °C, and using KCl 10−3 M as inert
electrolyte.
The content of organic matter was determined by thermal

treatment at 600 °C for 3 h of the BMMT samples.
Total proton consumption was determined on suspensions of

0.13% (w/v) of each sample. All suspensions had an initial pH of
around 4.5. The amount of HNO3 0.02M consumed to reach pH
2.8 was determined. The experiments were duplicated, and the
error was taken as 5% of the values.

Adsorption Experiments. Uranyl nitrate solutions contain-
ing 10, 25, 50, 100, 150, 200, and 250 ppm uranium pH 3.6 were
prepared (0.04, 0.1, 0.21, 0.42, 0.63, 0.84, 1.05 mM uranium,
respectively). The experiments were carried out three times as
independent experiments, and each isotherm concentration had
four replicates. Biopolymer samples (0.1 g) were shaken for 2.25 h
(according to previous equilibrium essays, data not shown) in
polypropylene tubes with 10 mL aliquots of each solution. After
the equilibration time, two samples of 1mLwere taken from each
tube and centrifuged (5000 g, 8 min). The supernatant was
analyzed for uranium with the Arsenaze (III) technique,26 and
the solid was reserved for XRD and electrophoretic mobility
analysis. The metal adsorbed was calculated as the difference
between the initial concentration and that of the supernatant in
equilibrium. The uranium adsorption capacity was fitted by
Langmuir, Freundlich, and sigmoidal isotherms, using the Sigma-
Plot 10.0 software (StatisticsRegression Wizard).

■ RESULTS AND DISCUSSION
Characteristics of Montmorillonite/Biomass Com-

plexes. Analysis of XRD spectra of montmorillonite sample
indicated the presence of a water monolayer in the interlayer
space which originates a reflection peak (001) at 12.6 Å,27,28

while the presence of the sterile P5 culture medium generated a
displacement of this peak toward 12.4 Å, indicating a light
interlayer space compression (Figure 1). This behavior could be

Figure 1. Partial XRD patterns of indicated samples: (a) MMT; (b) MMT 1% (P5); (c), BMMT 1% (Acre sp.); (d) BMMT 1% (Apha sp.); (e) MMT
5% (P5); (f) BMMT 5% (Acre sp.); (g) BMMT 5% (Apha sp.).
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originated by the ionic strength (around 0.2 M) of the P5 culture
medium used to grow the fungal biomass, which remove water
molecules from the montmorillonite interlayer generating its
shrinkage.29

In the BMMTs with 1% the (001) reflection peak shift toward
13.0 Å indicating an interlayer expansion respect to that ofMMT,
while in BMMTs with 5% of MMT, the interlayer showed a
compression (12.4 Å), similar to that found in the MMT (P5)
systems (Figure 1). The biomass growth could prevent the inter-
layer shrinkage caused by the effect of the ionic strength from the
culture medium, where the interaction with the interlayer cations
provoked this expansion. The mechanisms involved need further
research.
The water molecules different interaction forces with MMT,

BMMTs, and biomass do not allow calculating the specific surface
from the values of water molecules adsorption.24 The water mass
adsorbed forAcre sp. andApha sp. (117± 5 and 82± 3mgH2O/g
respectively) were in the same order of magnitude of the values
obtained forMMT andMMT (P5) (87± 1 and 65± 2mgH2O/g,
respectively). This could be indicating that their surface functional
groups interact with water molecules similarly. The differences of
water mass values for MMT andMMT (P5) samples indicated that
less water molecules are adsorbed in the MMT (P5) sample in
agreement with the interlayer shrinkage found by XRD. The ad-
sorbed water by BMMT (Acre sp.) samples was lower than the
values obtained for MMT or biomass alone (50± 2 and 72± 1 mg
H2O/g for 1 and 5%, respectively). BMMT (Apha sp.) samples
(52 ± 1 and 72 ± 1 mg H2O/g for 1 and 5%, respectively) showed
the same behavior. These observations suggested that properties of
generated biopolymers are not a sum of the properties ofMMT and
biomass. Values between samples of BMMTs with both species did
not show significant differences, probably due to the similar growth
type that presented both fungi genus in the presence of MMT as
Supporting Information.
Table 1 shows the values for organic matter of BMMTs

samples as biomass content, data from proton consumption as

mmol HNO3 per gram of sample, and proton consumption as
mmol HNO3 per gram of biomass.
BMMT samples with higher content of MMT (BMMTs with

5% of MMT) evidenced lower biomass/clay relation (Table 1),
notwithstanding that all samples contain the same total amount
of biomass to generate clay biopolymers (all flasks were inocu-
lated with the same amount of inoculums and have the same
amount of carbon and energy source). This fact has effects in

proton consumption behavior. The quantity of consumed
protons (mmol H+/g matrix) was higher in biomass than in
MMT (Table 1). Despite the value of water adsorption capacity
of MMT was higher than those for BMMTs, the total proton
consumption of the studied materials indicated that there were
more available sites to exchange protons in BMMTs than in
MMT in the studied pH range (pH of interest in uranium
adsorption, from 4.5 to 2.8). Also, the quantity of exchangeable
sites onMMT (P5) was lower than onMMT. In BMMT samples,
this property increased according to the biomass/clay relationship
(Table 1). Indeed, an analysis of the proton consumption of
BMMTs per unit of biomass (proton consumption attributed to
biomass in the BMMT structure, for calculation see Supporting
Information) increased when the proportion of biomass in the
BMMT sample was lower. This fact, together with the scanning
electronic microscopy, suggests a different configuration of the
biomass in the structure of each BMMT. A network of biomass can
be seen in both BMMT, but in the sample of 1% (Figure S1,
Supporting Information), it is noticed how the biomass is grouped
by sectors, while in the 5% (Figure S2, Supporting Information)
samples it is much more evenly distributed.
This increase of the proton consumption capacity of BMMTs,

with respect to that of MMT and biomass alone, demonstrates
that clay biopolymers have an advantageous structure for
chemisorption processes.
There are no differences (within the error method) found

between Dapp values of MMT and BMMT samples. Biomass
could be growing in the MMT surface, but the size of the particle
remains constant indicating no-aggregation. Acremonium sp. and
Aphanocladium sp. biomass growing alone forms stable and high
size aggregates that were difficult to separate from the solution
by decantation or centrifugation (Table S1 and Figure S4,
Supporting Information).

ζ-Potential Curves. To determine the existence of electro-
static surface changes in MMT (mainly in the edges surfaces30)
by the culture medium, or biomass growth, it was measured the
ζ-potential values in a pH range from 3 to 8 for MMT, MMT
(P5), Apha sp., and BMMT (Apha sp.). Data is represented in
Figure 2A.
The similarity of MMT and MMT (P5) ζ-potential curves

indicated that edges surface charge was not highly affected by the
increase of ionic strength. Apha sp. ζ-potential data indicated
that, in the pH range 3.5 to 6, the fungi surface was negatively
charged, increasing the surface negative charge with the pH. This
behavior is in agreement with that found for other fungi genus31

and assigned to a complex mixture of chemical moieties. These may
include carboxyl groups as the most significant group involved.32

Particularly, at pH 3.5, the ζ-potential value of BMMTs was
around −40 mV, while for MMT and Apha sp. they were −30
and −10 mV, respectively. The increase in the negative surface
charge of BMMTs with respect to MMT, up to pH 6.5, could be
explained by an electrostatic attraction of the fungi genus
(negative charge) to the edges of the MMT (IEP of edges ≈ pH
6.533). The reversal of theMMT edges charge sign at pH 6.5 does
not maintain the previous electrostatic attraction, and the electric
charge of the BMMTs equals the value obtained for MMT
sample.
These behaviors were observed for both fungi (ζ-potential

curves for Acre sp., not shown, were very similar to that of
Apha sp.).
In addition to the electrostatic attractions determined by the

ζ-potential data, hydrophobic forces have also been described
related to biomass sorption on different surfaces.34 Both

Table 1. Biomass Content and Total Proton Consumption

sample
biomass content

(mg biomass/g BMMT)
mmol H+/
g sample

(mmol H+ BMMT −
mmol H+MMT)/g
biomass in BMMT

MMT 0.6
Acre sp. 1.2 1.2
Apha sp. 1.2 1.2
MMT 1% (P5) 0.21
MMT 5% (P5) 0.22
BMMT 1%
(Acre sp.)

237 1.2 2.5

BMMT 5%
(Acre sp.)

57 0.9 5.2

BMMT 1%
(Apha sp.)

257 1.3 2.7

BMMT 5%
(Apha sp.)

73 0.95 4.7
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electrostatic and hydrophobic forces may be partly responsible to
the consequent improvement of the BMMT samples coagulation
properties (Figure S4, Supporting Information).
Uranium Adsorption Isotherms. Figure 3 represents

uranium adsorption isotherms using MMT, MMT (P5), and
BMMT samples. For both BMMT samples, the adsorption

capacity of the system was higher than those of MMT or MMT
(P5) samples. Also, a significant adsorption efficiency increase
was found for BMMT samples compared with those of both
biomasses alone (Figure 3).
Despite the results for the water adsorption values and proton

consumption, the uranium adsorption in MMT (P5) was higher

Figure 2. ζ-Potential curves: (A) without uranium; (B) with Uuranium. Symbols indicate: (○) MMT; (△) Apha sp.; (▲) BMMT 1% (Apha sp.);
(●) MMT 1% (P5); (■) BMMT 1% (Acre sp.).

Figure 3. Uranium adsorbed on BMMT and respective controls: (A and B) BMMT in 1% w/v; (C and D) BMMT in 5% w/v. Symbols indicate:
(○) MMT; (●) MMT (P5); (▲) BMMT (Apha sp.); (△) Apha sp.; (■) BMMT (Acre sp.); and (□) Acre sp.
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than the adsorption onMMT. The higher adsorption of uranium
byMMT (P5) than MMT could be related with the preadsorbed
organic matter (glucose and thiamine of the culture medium)
that could not be removed after washing the samples in the
sample preparation. Because of this effect, we compare all the
isotherms together including those for MMT (P5). An ex-
periment to quantify the influence of organic matter in MMT
(P5) uranium adsorption was added. Isotherms with MMT (P5)
and MMT (P5) without glucose and thiamine were performed
(Supporting Information). The presence of organic matter such
as glucose and thiamine could improve the uranium adsorption
capacity of the system as MMT (P5) presented a higher U(VI)
adsorption (Figure S5, Supporting Information).
The increase in the adsorption capacity of BMMT samples

could be explained by an increase in the uranium adsorption
affinity similarly to results found for the proton exchange capacity.
In previous experiences, it was shown that previously dried

Acre sp. and Apha sp. biomass presented a higher uranium ad-
sorption capacity than the adsorption capacity of wet systems.35

This was explained in terms of a change in biomass conformation
during the drying process, where more adsorption sites could be
exposed. Our results were comparable with those found by
Gargarello et al.35 In both studies, wet biomass alone presented
similar values (the differences could be due to the error method
as the concentrations measured are too low). Also, wet BMMTs
adsorption data showed slightly lower values reported for dried
biomass35 (being in the same order of magnitude) but with the
advantage of being more easily separated from the solution.
These similarities could be due to changes in the conformation
of the biomass surface when growing with MMT as support
material (Figure S1 and S2, Supporting Information), similarly as
occurred in the drying process.
These results, along with the proton consumption data, suggest

that biomass has a higher specific uranium adsorption capacity than
MMT. This capacity was probably increased due to changes in
the conformation, as mentioned. These changes could generate a
mayor exposition of the functional groups responsible for chem-
isorption, increasing indeed the uranium and protons adsorption
capacity.
Water adsorption results didn’t show this effect suggesting the

affinity of water molecules for other sites besides those for
protons and uranyl binding.
Model Fitting. Several authors reported that heavy metals

adsorption on MMT has a high correlation to the Langmuir
isotherm.36,37 Uranium adsorption on MMT also has a high
correlation to the Langmuir equation, but our results could be
explained as well by a different model such as a sigmoidal one.
Experimental data indicated that BMMT samples did not fit to
the Langmuir model (Table S2, Supporting Information) neither
to Freundlich isotherms (data not shown). The sigmoidal shape
of isotherms suggested different adsorption sites with different
affinities for uranium or the existence of a cooperation effect,
which increases the affinity between uranyl molecules and ad-
sorption sites. The fit of experimental adsorption values to
sigmoidal shape isotherms were resumed in Table S2 (Supporting
Information).
A possible explanation for the high correlation to a sigmoidal

model could be the heterogeneity of sites where the adsorbate
can bind on the BMMT. Clays have interlayer spaces and
external sites, and biomass surface functional groups could
provide a larger quantity of metal binding sites and greater affinity
to the system. Evidence of adsorption of uranium in interlayer
space is shown below. Studies of U(VI) interactions with fungi and

bacteria showed that U(VI) may be associated with the functional
groups on the cellular surface.5,38,39

XRD Spectra in the Presence of Uranium. Figure 4 shows
the oriented XRD partial patterns of MMT sample without

uranium and samples in the presence of uranium. Last samples
were recovered from an adsorption point of the isotherms
(100 ppm, Figure 3).
A shift of the reflection peak d(001) toward smaller values of

2θ was observed for all the samples with uranium adsorbed
respect to that found for samples without uranium (Figure 1).
The shift of the reflection peak d(001), for all samples, to a
constant value of 14.97 Å indicated the entrance of the uranyl
cation to the clay interlayer.7 Particularly, a study from Monte
Carlo simulations indicated that uranyl ions formed outer-sphere
surface complexes in the MMT interlayer with a tilt angle of
around 45° to the surface normal.15

The asymmetrical shape of the reflection peak d(001) for all
samples with uranium, compared to that of MMT sample and
also to the respective samples without uranium (figure 1),
indicated the existence of a heterogeneous interlayer. To achieve
some precision of the latter behavior, the mathematical de-
composition of the reflection peak d(001) for U-BMMT 5%
(Acre sp.) sample was performed and shown as the inset of Figure 4
(Figure 4f). Similar peak behavior were found for U-BMMT
5 and 1% (Apha sp.) samples (data not shown), where the MMT
increase, as in U-BMMT 5% (Acre sp.) sample, generated a right
asymmetry in the reflection peak d(001).
Two symmetrical peaks were found for the d(001) reflection

peak decomposition of U-BMMT (Acre sp.), which confirmed
the existence of a heterogeneous interlayer40 originated by water
and uranyl cations in the interlayer.16 Results for mathematical
decomposition of d(001) reflection peak for all samples was done
and resumed in Table S3 (Supporting Information).

ζ-Potential Curves in the Presence of Uranium. Figure 2B
shows the ζ-potential of U-BMMT 1% (Apha sp.) and U-BMMT
1% (Acre sp.) samples. Similar curves were obtained for
U-BMMT 5% samples (data not shown).
Similar ζ-potential curves were found for U-MMT and

U-MMT (P5) samples until pH 7, where a slight lower or not
change of the negative ζ-potential was found respect to MMT
and MMT (P5) samples (Figure 2A). This behavior agreed with
results obtained by XRD and confirmed the adsorption of
positive uranyl ions by cation exchange in the MMT interlayer16

Figure 4. Partial XRD patterns of indicated samples: (a) MMT;
(b) U-MMT; (c) U-BMMT5% (Apha sp.); (d) U-BMMT5% (Acre sp.);
(e) U-MMT 5% (P5); and (f) U-BMMT 5% (Acre sp.).
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without changing the electrical status of the sample. When the
pH reached the IEP value of edges, (around pH 6.5,33) negative
sites on the surface of edges were produced, increasing the uranyl
adsorption by neutralizing them, and the negative charge of the
entire surface was decreased, especially in presence of P5. Parti-
cularly, at the adsorption pH studied (3.6), the uranium uptake
produced a shift of the ζ-potential of around 5 to 10 mV to a lower
negative ζ-potential, for MMT and Apha sp., respectively.
For both U-BMMTs (Apha sp. and Acre sp.) samples, uranium

adsorption generated a marked decrease of negative ζ-potential
values for all ranges of pH studied, with respect to those obtained
for BMMTs (Apha sp. and Acre sp.) samples. The decrease of the
negative surface charge with the uptake of uranium was higher in
BMMT (Apha sp.) (of around −20 mV, at pH 3.5) than for
MMT or Apha sp. This behavior suggests that the main adsorp-
tion sites were provided by biomass growth on the MMT
external surface, in agreement with the adsorption increase
respect to MMT sample (Figure 3).
Apparent Diameter of Biopolymer Particles in Pres-

ence of Uranium. Dapp values for all samples were measured
from samples recovered from a high adsorption point of the
isotherms (250 ppm). The increase of apparent diameter values
in the presence of uranium for MMT, MMT 1% (P5), BMMT
1% (Apha sp.), and BMMT 1% (Acre sp.) samples (1800, 1600,
1800, and 3200 nm, respectively), with respect to the same
samples without uranium (Table S1, Supporting Information)
indicated formation of higher aggregates where electrostatic
attractions were involved.

■ CONCLUSIONS

Complexes between MMT and fungal biomass (BMMTs) were
achieved. BMMTs showed a better uranium adsorption capacity
and presented better flocculation properties than bothMMT and
biomass alone.
Adsorption of uranium on BMMTs occurred mainly in bio-

mass although some molecules were also placed in the BMMTs
clay interlayer. The constant electric surface charge (ζ-potential)
ofMMT indicated low participation of the external MMT surface
in uranium uptake.
The fitting of isotherms to a sigmoidal shape model indicated

that uranium was incorporated to BMMTs in heterogeneous
sites.
These preliminary studies conclude that these microbial

biofilms−clay systems have a great potentiality for uranium
biosorption processes given the high adsorption capacity and its
potential ability to be adapted to a higher scale due to the nature
of the materials employed.
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