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Abstract

Microorganisms not only have a strong biosorption capacity but also can achieve tremendous
volume reduction effects for radionuclide wastes. Batch experiments were conducted to investigate the
biosorption characteristics of uranium on inactivated Saccharomyces cerevisiae and the volume reduction
and enrichment of uranium after biosorption were also studied in combination with the ashing method.
The results revealed that inactivated S. cerevisiae biomass was able to adsorb uranium. The maximum
removal efficiency and biosorption capacity for uranium were 96.8% and 31.8 mg/g, respectively.
The optimum pH for U(VI) removal was 2.75 and U(VI) biosorption was well described by
the Freundlich isotherm model. Thermodynamic investigations showed that biosorption of U(VI) on
inactivated S. cerevisiae was a spontaneous and endothermic process. In the kinetic studies, U(VI)
adsorption on inactivated S. cerevisiae reached an equilibrium in 60 min and followed a pseudo-second-
order kinetics model. The 100 mg/L of uranium was reduced to less than 0.05 mg/L after 6 rounds
gradient descent adsorption, which was enough to meet the National uranium wastewater discharge
standards. The ashing experiment demonstrated that ashing process resulted in a large volume and
weight reduction ratio as well as enrichment for uranium in the ash. XRD results showed that the species
of uranium that existed in the ash were uranium phosphate and KPUO,-3H,0. Waste volume reduction
and metal enrichment can be obtained by ashing treatment of the biological absorbent. The method may
be beneficial for nuclide and heavy metal disposal treatment in many fields.
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Introduction

With the rapid development of nuclear industry, a
large amount of radioactive wastewater has been released
into the environment [1-3]. Radioactive and toxic
U(VI) in wastewater can migrate into the ecosystem,
which threatens human health and ecological safety
[4-6]. Uranium was classified as a confirmed human
carcinogen by the Environmental Protection Agency
(EPA) in 1996 [7-8]. Conventional methods of removing
uranium pollutants, such as chemical precipitation, ion
exchange, solvent extraction, evaporative recovery and
membrane separation [9-14] consume large amounts of
energy and can cause secondary pollution. They also
have low removal efficiency when the ion concentration
is less than 100 mg/L [15]. Therefore, it is important to
develop efficient, economical and feasible methods for
the treatment of uranium contaminated water.

Biosorption, as an alternative method to
traditional disposal, has attracted much interest for
its high adsorption capacity, low production costs and
reduced slurry production [16-17]. In recent years,
uranium biosorption by various microorganisms (i.e.,
bacteria, fungi, yeast, and algae) were reported [18-
22] in different laboratories. Current studies have
primarily focused on the biosorption characteristics
and biosorption mechanisms. Cladophora hutchinsiae
is low-cost and efficient biosorbent for the removal
of U(VI) and the maximum biosorption capacity of
Cladophora hutchinsiae was found to be 152 mg/g
[23]. Living Saccharomyces cerevisiae cells were
able to adsorb approximately 92% of the uranium in
6-10 h of culturing [24]. Alkali-treated Lentinus sajor-
caju mycelia increased the bioaccumulation of uranium
[25]. The presence of calcium and bicarbonate ions in
synthetic groundwater affects the biosorption of uranium
by Arthrobacter G975 [26]. TEM results showed that
bioaccumulation was found to be a potential mechanism
involved in uranium biosorption by Bacillus sp. dwc-2
and the bioaccumulated uranium was deposited in the
cell interior as needle shaped particles at pH 3.0 [27].
The removal of uranium by Shewanella putrefaciens was
investigated and the results demonstrated the formation
of uranium phosphate biominerals, predominantly as
chernikovite [H,(UO,),(PO,),"8H,0], on the surface of
S. putrefaciens cells [4]. As a fungus, Saccharomyces
cerevisiae is an available by-products in fermentation
industry, has strong resistance to metal toxicity and
extreme environment conditions compared with other
types of microbes. Moreover, S. cerevisiae is regarded
as an ideal model organism to investigate the interaction
between metals and microbes [28]. Therefore, S.
cerevisiae is a suitable biological adsorbent for metal
removal. Microbial activity is an important factor that
affects biosorption capacity. There has been much
debate over whether to use live or inactivated cells for
adsorption. Some researchers advocate the use of active
cells for adsorption, as studies have shown that active
cells have detoxification functions in the process of

biosorption and bioaccumulation [29]. Some laboratory
experiments have shown that the ability of inactivated
cells to adsorb and enrich toxic metal ions is not worse
than that of active cells and can be even higher than that
of active cells in some cases. Liu et al. [24] found that
inactive cells could absorb more strontium than active
cells. However, the selective adsorption of metal ions by
inactivated cells is not high when other ions coexist.

Two radioactive waste disposal principles are
reduction and immobilization. Reduction (volume
reduction or weight reduction) is a precondition for
immobilization. In recent years, the development of
innovative treatment processes for low and intermediate
level radioactive waste has also emphasized volume
reduction as one of the main objectives [30]. Volume
reduction using an appropriate treatment can decrease
the amount of waste to be removed, resulting in a
reduction in the disposal cost and enhanced efficiency
of the disposal site [31]. Methods that are employed for
volume reduction of radioactive waste are incineration,
evaporation, crystallization and super-compaction
[32-35]. Incineration technology in Korea has been
used for the treatment of combustible radioactive
waste and the volume reduction ratio achieved was
65 [32]. A combination of membrane and evaporation
technologies for the treatment of radioactive wastewater
can result in a volume reduction factor higher than
600 [33]. Bykhovskii et al. [34] proposed that selective
crystallization could be used to reduce the amount
of radioactive waste. Advanced Volume Reduction
Facilities (AVRF) in Japan so far have treated 750 m?
by melting or super compaction for low level radioactive
solid wastes; the volume reduction ratio was from
1.7 to 3.7 [36]. Removal radionuclides from solution
by microorganisms have been described earlier in
this paper. However, the reduction effect during the
biosorption process has not been well reported.

The aim of the present work is to study the
reduction and enrichment of uranium after biosorption
using inactivated S. cerevisiae. For this purpose, the
biosorption characteristics of inactivated S. cerevisiae
for uranium were investigated. We treated high
concentration uranium wastewater using gradient
descent biosorption and centrifugation separation under
optimal conditions to meet the discharge standards.
Finally, the volume or weight of biosorbent was reduced
by ashing. The results show that treatment using
biosorption and ashing can achieve a large volume or
weight reduction and uranium can be enriched in the
ash.

Materials and Methods
Preparation of Biomass
Saccharomyces cerevisiae biomass used in present

work was purchased from Angel Yeast Co., Ltd., China.
The dry biomass was autoclaved at 121°C for 20 min to
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inactivate the cells. The treated biomass was then dried
in an oven (40°C, 2 h) and stored in a desiccator for
subsequent use in the batch biosorption experiments.

Preparation of U(VI) Solution

A stock solution of U(VI) (1000 mg/L) was prepared
by dissolving 2.1092 g of UO,(NO,),"6H,O in a small
amount of concentrated nitric acid and diluting to
1000 mL. Uranyl hexahydrate (UO,(NO,),"6H,0) was
obtained from Beijing Chemical Industry Company,
China. Other concentrations of U(VI) solutions were
diluted from the U(VI) stock solution. Other chemical
reagents used in the experiments were of analytical
reagent (AR) grade. All solutions were prepared using
deionized water.

Batch Biosorption Experiments

Generally, 0.10 g inactivated S. cerevisiae was
placed into a series of 100 mL conical flasks containing
20 mL of U(VI) solution with the desired initial
U(VI) concentration (5 - 200 mg/L). The number of S.
cerevisiae cells in the U(VI) solution was approximately
2.8x10" (as determined using a hemocytometer). The
initial pH of the U(VI) solution was adjusted with 0.10
mol/L HCI or NaOH. Then these conical flasks were
shaken on a water bath shaker at 150r/min at different
temperatures (288 — 313 K). Supernatant samples were
separated by centrifugation at suitable time intervals
and used for testing residual U(VI) concentrations by
inductively coupled plasma mass spectrometry (ICPMS,
Agilent 7700x). The batch experiment method was
performed in triplicate.

U(V) removal efficiency R (%) and biosorption
capacity q (mg/g) was calculated according to the
following formula:

R = £« 100% M
_ (Co—C)xV
1= @

..where C; (mg/L) is the initial concentration of
uranium(VI), C, (mg/L) the concentration of the
uranium(VI) in solution at time t, V (L) the volume of
uranium(VI) solution, and m (g) the amount of biomass.

Gradient Descent Biosorption Experiments
for Uranium Concentration

On the basis of the best adsorption conditions in
the batch biosorption experiments, gradient descent
biosorption experiments of a uranium solution were
performed. The concentration of uranium in the solution
for the first adsorption experiment was 100 mg/L.
The initial concentration of uranium solution in each
subsequent adsorption experiment was the residual
concentration of uranium solution after the previous

adsorption experiment. An equivalent amount of
inactivated S. cerevisiae sorbent was replaced in each
gradient descent biosorption experiment and the other
experimental conditions were the same as the batch
biosorption experiments.

In the study, six rounds gradient descent biosorption
experiments were designed. After biosorption, 5 mL
of the supernatant was removed to analyze the residual
uranium concentration.

Ashing Experiment

To investigate the reduction effect, an ashing
experiment of the adsorbent was conducted. After
biosorption, the centrifuged samples were washed
several times with deionized water to remove the
remaining uranium solution and then the centrifuged
cells were lyophilized for 24 h. The dried sediment was
carbonized in a corundum crucible on an electrothermal
furnace before ashing. The carbonization process was
performed until no more smoke was released. The
corundum crucible was then placed on a brick for
cooling to room temperature. The carbonized sample
was placed into a muffle furnace at 550-600°C until
the weight of sample did not change. The ashing sample
was removed and cooled and was then analyzed by
SEM and XRD. Ashing experiments were performed in
triplicate.

Volume reduction ratio (V) and weight reduction
ratio (W) were calculated according to Eqgs. 3 and 4:

Vy
Vas h (3)

Vrr =

. Wsediment
Wiy = —cdiment_
ash (4)

..where V (L) is the U(VI) solution volume before
biosorption, V_, (mL) is the ash volume, W_ . (g) is
the sediment weight, and W_, (g) is the ash weight.

Results and Discussion
Effect of Initial pH on the Biosorption of U(VI)

Solution pH is an important parameter that affects
biosorption. The species of uranium ion that exists in
solution and the surface charge of microbes are both pH
dependent [37]. The effect of pH on the biosorption of
U(VI) was performed at pH 1.00-7.00 and the results are
shown in Fig. 1. As shown in Fig. 1a), U(VI) biosorption
increased in the range of pH 1.00 to 2.75, but decreased
over the range of pH 2.75 to 7.00. U(VI) removal
efficiency was greater than 90% between pH 2.50 to
3.50, however, this value decreased to 49% at pH 7.00.
The maximum U(VI) removal efficiency and biosorption
capacity were 95.3% and 16.2 mg/g, respectively,
at pH 2.75.
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Previous studies have indicated that uranyl ions exist
in acid solution mainly in the form of hydrated ions
and can form complex ions with HCO,, OH’, HPO*
, PO/ and SiO,* [38]. The speciation and stability of
uranyl ion complexes in solution at pH 1.00-7.00 were
simulated using Visual MINTEQ 3.1. As shown in
Fig. 1b), at pH<3.50, the predominant species of
U(VI) was positively charged UO,*" ions. UO*" ions
were rapidly attracted by electrostatic attraction to
the negatively charged surface of the inactivated S.
cerevisiae cells. However, at very low pH wvalues
(pH<2.00), large quantities of hydrogen ions in solution
can compete with UO,*" for the adsorption sites on
inactivated S. cerevisiae, leading to lower uranium
uptake. At pH 3.50 - 5.00, hydrated species of U(VI)
[ie. [(UO,),OH)J, [(UO,,(OH)]J. [UO,),(OH)]"
[UO,OH]" and [(UO,),(OH),]*] are dominant in
solution. The hydrated species of U(VI) had larger ionic
radii and might occupy more adsorption sites when
interacting with S. cerevisiae, resulting in a decrease
in uranium removal. At pH 5.00 - 7.00, [(UO,),(OH),]*
and [(UO,),(OH),]* had become the main species with
a small amount of [(UO,),(OH)J;, [UO,(OH),]" and
UO,(OH),. The adsorption was gradually inhibited
by electrostatic repulsion between the inactivated
S. cerevisiae cells and the negatively charged uranium
complex anion. Thus pH 2.75 was chosen for the
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Fig. 1. a) Effect of initial pH on biosorption of U(VI) by
inactivated S. cerevisiae (U(VI) concentration: 100 mg/L;
temperature: 25°C; inactivated S. cerevisiae dosage: 5 g/L;
contact time: 60 min), and b) relative species distribution
of 100 mg/L U(VI) calculated by Visual MINTEQ 3.1

further studies, where the U(VI) species in solution are
dominated by highly mobile UO,*.

Effect of Initial U(VI) Concentration
and Adsorption Isotherm

The biosorption experiment was investigated over
the initial U(VI) concentration range of 5-200 mg/L
and the equilibrium data were evaluated using
adsorption isotherm models. The effect of the initial
uranium ion concentration on U(VI) immobilization is
shown in Fig. 2. When the initial U(VI) concentration
was between 5 to 200 mg/L, the uranium removal
efficiency exceeded 92%. U(VI) biosorption capacity
increased from 0.9 to 31.8 mg/g with increasing U(VI)
concentration over 5 to 200 mg/L, indicating that
the adsorbent had not reached saturation in the
experiment. Previous studies reported that the collision
frequency between metal ions and the adsorbent
increased with increasing initial metal ion concentration,
resulting in an enhanced adsorption process [39]. The
maximum U(VI) removal efficiency and biosorption
capacity in our experiment were 96.8% and 31.8 mg/g,
respectively.

Adsorption isotherm provides important information
on how the adsorbate molecules are distributed between
the liquid and solid phases while the adsorption process
reaches equilibrium [40]. The biosorption data were
fitted to four different isotherm models viz. Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich (D-R)
isotherms, as shown in Fig. 3. The isotherm parameters
calculated from the four models are presented in
Table 1. Correlation coefficient (R?) values were used
to determine the best fit model among the four models
tested.

The Langmuir model hypothesized monolayer type
adsorption and assumed that all active sites on the
adsorbent surface have the same level of attraction to
the adsorbate. The Langmuir model is expressed by the
equation:

C 1 C
e + —e
de K1 qmax qmax (5)

.where C_ (mg/L) is the equilibrium concentration
of U(VI) ions in solution, q, (mg/g) is the equilibrium
adsorption capacity, q__ (mg/g) is the theoretical
maximum adsorption capacity and K, (L/mg) is the
Langmuir constant.

The Freundlich isotherm is an empirical equation
based on adsorption on a heterogencous surface with
a non-uniform distribution of adsorption energy [41]. It
can be written as follows:

1
Inq, = InKyp + ;lnCe ©

..where K is Freundlich constant, 1/n is the heterogeneity
factor representing the intensity of biosorption.
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The Temkin isotherm assumes that the heat of
adsorption of all molecules in the layer decrease linearly
[42-43]. This model can be written in the following
linear form:

RT RT
qe = TanT + TlnCe e

..where R (8.314 J/mol'K) is the general gas constant,
T (K) is absolute temperature, K, (L/g) is the Temkin
isotherm equilibrium binding constant and b is the
Temkin isotherm constant.

The Dubinin-Radushkevich (D-R) isotherm is
based on the Polanyl potential theory, which expresses
the adsorption mechanism with a Gaussian energy
distribution onto a heterogeneous surface [44]. The D-R
isotherm is expressed as:

lnqe = anmax - ﬁ ' 52 ®)

..where B is D-R isotherm constant related to mean
sorption energy. The parameter € can be found from Eq.

):

e=RT-In(1+—) o

The adsorption energy (E) can be evaluated as
follows,

1
E=——
2p)0> (10)

The magnitude of E is in the range of 1-8 and
9-16 kJ/mol for the physical and ion exchange,
respectively [45].

The correlation coefficient (R?) wvalues of the
Langmuir, Temkin and D-R isotherms all deviated
from 1.0, which indicated that biosorption of U(IV)
by inactivated S. cerevisiae did not coincide with
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these three isotherms. By contrast, the R? value of
the Freundlich isotherm model was closer to 1.0,
showing that the Freundlich isotherm was more
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Fig. 2. Effect of initial U(VI) concentration on the biosorption
of U(VI) by inactivated S. cerevisiae (initial solution pH: 2.75;
temperature: 25°C; inactivated S. cerevisiae dosage: 5 g/L;
contact time: 60 min)
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Fig. 3. a) Langmuir adsorption isotherm, b) Freundlich
adsorption isotherm, ¢) Temkin adsorption isotherm, d) D-R
adsorption isotherm (initial solution pH: 2.75; temperature:
25°C; inactivated S. cerevisiae dosage: 5 g/L; contact time: 60
min; U(VI) concentration = 5-200 mg/L; solution volume = 20
mL).
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Table 1. Isotherm parameters for the biosorption of U(VI) on
inactivated S. cerevisiae.

Adsorption isotherm Parameter Value
q,,.(mg/g) 74.8503

Langmuir K, (L/mg) 0.0504

R? 0.5958

K, (mg/g) 3.5793

Frendulich I/n 0.8303

R? 0.9881

K, (L/mg) 2.7464

Temkin RT/b 6.6317

R? 0.7330
q,,.(mg/g) 10.6152

Dubinin-(l?)zt(gshkevich E (k/mol) 20691
R? 0.5718

suitable for describing the adsorption process. The
result also indicated that the biosorption of uranium
by the inactivated S. cerevisiae biomass occurred
on a heterogeneous surface where different sites could
have different energies. Furthermore, K, = 3.5793 and
I/n = 0.8303 (less than 1) showed that the separation of
U(V]) ions was easy from aqueous solution, suggesting
that the immobilization of U(VI) on inactivated S.
cerevisiae was favorable under experimental conditions
[25].

Because neither the Langmuir model nor the D-R
model were a good fit for the biosorption process,
the q,, calculated from the Langmuir and D-R
models are quite different from the experimental
results, demonstrating that uranium biosorption on
the inactivated S. cerevisiae did not occur as a single
physical or chemical adsorption.

Effect of Temperature on Biosorption of U(VI)

The effect of temperature on the biosorption of
U(V]) by inactivated S. cerevisiae was studied over the
temperature range of 288-313 K. As shown in Fig. 4,
U(V]) removal efficiency and biosorption capacity were
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. ° ® ® ®
904 A/‘__\A/A A | 18
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§ 0.0032 0.0033 0.0034 0.0035 —®—R (%) ['° %5
Z ™ 60 —A—q(mglp)[ E
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60 4
ke 12
50 42
40 T T 38 T T 10
288 294 300 306 312
T (K)

Fig. 4. Effect of temperature on the biosorption of U(VI) by
inactivated S. cerevisiae and the plot of In K versus 1/T (U(VI)
concentration: 100 mg/L; biomass dosage: 5 g/L; contact time:
60 min; initial solution pH: 2.75).

almost constant with increasing temperature, which
suggested that uranium biosorption by inactivated S.
cerevisiae was independent of temperature.

Thermodynamic parameters of the adsorption
process, such as enthalpy (AH’), entropy (ASY) and
Gibbs free energy (AGY) are important indicators for the
practical application of U(VI) biosorption by microbes.
The thermodynamic parameters can be calculated by the
following equations [46]:

ASO  AHO
InKq === %1 an
AG® = AH? — T - AS® 12)

.where K, (=q/C) is the distribution coefficient,
AH’ (kJ/mol), AS’ (J/mol'K) and AG? (kJ/mol) are the
enthalpy, entropy, and Gibbs free energy, respectively.
The linear variation of InK versus 1/T is shown in
Fig. 4. Values of AH’, AS” and AG" for the adsorption
of uranium (VI) by inactivated S. cerevisiae are given
in Table 2. The negative values for AG’ proved the
feasibility as well as the spontaneity of the U(VI)
adsorption by inactivated S. cerevisiae. Generally,
the value of AG” is in the range of 0 ~ -20 kJ/mol and
-80 ~ -400 kJ/mol for physical and chemical sorption,
respectively [39]. Values of AG’ in the experiment
were between 0 ~ -20 kJ/mol, indicating that U(VI)

Table 2. Thermodynamic parameters for the biosorption of U(VI) by inactivated S. cerevisiae.

Temperature (K) G°(kJ/mol) S%(J/mol-K) H°(kJ/mol) R?
288 9.2 278.0 70.9
293 -10.6 278.0 70.9
303 -13.4 278.0 70.9 0.9963
308 -14.7 278.0 70.9
313 -16.1 278.0 70.9
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biosorption by inactivated S. cerevisiae may be
controlled by physical sorption. The positive value of AS”
showed that the affinity between U(VI) and inactivated
S. cerevisiae increased and the system randomness also
increased. Furthermore, positive entropy is beneficial to
the complexation and stability of sorption. The value of
AH’ at 70.9 kJ/mol suggested that U(VI) adsorption by
inactivated S. cerevisiae was an endothermic process
and the adsorption process might be controlled by
chemical sorption [47].

Effect of Contact time and Biosorption Kinetics

The biosorption kinetics of U(VI) on inactivated
S. cerevisiae were measured and results are shown in
Fig. 5. As can be seen from Fig. 5a, two stages of U(VI)
removal process were observed in the experiment:
the first stage occurred from 0 - 5 min and was a fast
adsorption stage with U(VI) removal efficiency from
0 to 85.3%, while the second stage occurred during
5-60 min with slower adsorption and U(VI) removal
efficiency from 85.3% to 89.4%. After 60 min, the
removal of U(VI) by inactivated S. cerevisiae was
almost constant, which showed that the adsorption
process reached an equilibrium state.

To further understand the biosorption mechanism
of U(VI) by inactivated S. cerevisiae, a pseudo first-
order model, pseudo second-order model and an intra-
particle diffusion model were used to describe the rate-
controlling mechanism of the adsorption process. The
liner forms of the pseudo first-order kinetic model,
pseudo second-order kinetic model and intra-particle
diffusion model are given in equation (13), (14) and (15),
respectively.

ln(qe _qt):lnqe _klt

(13)
t 1 t
- = > + —
9 k4. 4. (14)
_ 0.5
q, = kwt (15)

..where q, (mg/L) is the biosorption capacity at time t,
k, (min”) is the pseudo first-order kinetic rate constant,
k, (g/mgmin) is the pseudo second-order kinetic rate
constant, and k, (mg/gmin'?) is the intra-particle
diffusion rate constant.

The fitted curves and parameters from the U(VI)
adsorption by inactivated S. cerevisiae using the
above-mentioned three kinetic models are shown in
Fig. 5(b-d) and Table 3. Comparing the calculated
correlation coefficient (R?) from the three kinetic
models, it can be seen that the pseudo second-
order model gave a very good correlation coefficient
(R?=0.9999), while the pseudo first-order model poorly
matched the biosorption experimental data, suggesting

that the pseudo second-order model best describes
U(VI) adsorption by inactivated S. cerevisiae. The
pseudo second-order kinetic model also indicated that
the rate-limiting step in the biosorption of U(VI) by
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Fig. 5. Kinetic models of U(VI) biosorption by inactivated S.
cerevisiae a) Effect of contact time on U(VI) adsorption by
inactivated S. cerevisiae; b) pseudo first-order model; ¢) pseudo
second-order model; d) intraparticle diffusion model; U(VI)
concentration: 100 mg/L; biomass dosage: 5 g/L; initial solution
pH: 2.75; temperature: 25°C.
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Table 3. Parameters of the kinetic models for U(VI) adsorption.

Models Parameters
ke (min™") 0.0157
Pseudo-first-order

model q.(mg/g) 1.0375
R? 0.9525
k(g/mg-min’ 0.0642
Pseudo-second- (mg/g) 175285

order model 9.\mg/e :
R? 0.9999
Intraparticle K, 3.0136
diffusion R2 0.7847

inactivated S. cerevisiae may be chemical sorption
involving valency forces through sharing or exchange
of electrons between the sorbent and sorbate [48]. The
adsorption capacity q, ., (17.5 mg/g) calculated from
the pseudo second-order kinetic model was close to
the experimental value q (172 mg/g), indicating
that equilibrium of U(VI) biosorption by inactivated
S. cerevisiae was established in 60 min.

Fig. 5d shows that the relationship between g, and
t%5 of the intra-particle diffusion model was not linear,
suggested that the biosorption of U(VI) by inactivated
S. cerevisiae was controlled by several adsorption
mechanisms. It is worth noting that the intra-particle
diffusion plot could be divided into two straight
segments, which suggests two mechanisms are involved
in the U(VI) biosorption process. The first segment (D)
was controlled by membrane diffusion, where U(VI)
ions were rapidly adsorbed on the outer surface of the
cells. Once the first segment reached saturation, U(VI)
ions may have begun to combine with functional groups
such as carboxyl, amide or amino groups on the cell
surface, where intra-particle diffusion was the rate-
limiting step (D,).

Thus, both membrane diffusion and intra-particle
diffusion contributed to the rate-limiting step during
the adsorption process of U(VI) by inactivated
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Fig. 6. The residual U(VI) concentration and U(VI) total removal
efficiencyusing gradient descent biosorption by inactivated
S. cerevisiae — U(VI) concentration: 100 mg/L; biomass dosage:
5 g/L; initial solution pH: 2.75; temperature: 25°C; contact time:
60 min.

Gradient Descent Biosorption

The residual U(VI) concentration and U(VI) total
removal efficiency in the gradient descent biosorption
by inactivated S. cerevisiae are shown in Fig. 6. The
results showed that uranium removal efficiency reached
approximately 99.97% after 6 rounds of biosorption. The
100 mg/L uranium in solution was reduced to less than
0.05 mg/L, indicating that the residual concentration of
U(VI) in the supernatant met the Chinese Environment
Protection Ministry maximum contaminant limit for
drinking water. Thus, gradient descent biosorption is
a feasible method for the removal of uranium to the
discharge level.

Reduction and Enrichment for Uranium

Volume reduction of uranium solutions and weight
reduction of the adsorbent were investigated and
the results are shown in Table 4. As seen from the
experiment, approximately 95% of the uranium was
adsorbed on inactivated S. cerevisiae after biosorption

S. cerevisiae. (CU(VI):IOO mg/L) and the residual 5% of the uranium
Table 4. VRR and WRR after ashing process.
Content A-1 A-2 A-3
U(VI) solution volume (mL) before biosorption 250.0 250.0 250.0
Ash volume (mL) 0.0558 0.0573 0.0539
Volume reduction ratio 4480 4363 4638
Vi (average) 4494
Sediment weight after biosorption (g) 1.1255 1.1523 1.1750
Ash weight (g) 0.0558 0.0573 0.0539
Weight reduction ratio 20.2 20.1 21.8
W, (average) 20.7
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in solution was ignored. Therefore, the calculated ratio of
uranium solution volume reduction was approximately
4500 times and the ratio of biosorbent weight reduction
was approximately 20 times. The results revealed that
treatment of the adsorbent by ashing could lead to
a great reduction in the volume ratio for radioactive
effluent, making the process very useful for geological
disposal.

In the following, the enrichment of uranium in the
ash was examined. Fig. 7(a-b) show SEM micrographs

b)

100um

Electronimage 1

2 3 4 5 6
Energy (k eV)

Fig. 7. SEM images of a) inactivated S. cerevisiae before and
b) after biosorption of uranium and c¢) U(VI)-loaded inactivated
S. cerevisiae cells after ashing; d) EDS analysis of the ash —
U(VI) concentration: 100 mg/L; biomass dosage: 5 g/L; initial
solution pH: 2.75; temperature: 25°C; contact time: 60 min;
U(VI) solution volume: 250 mL.

of inactivated S. cerevisiae cells before and after
exposure to 100 mg/L of U(VI) for 60 min, respectively.
The inactivated S. cerevisiae control cells had an intact
shape and smooth surface. After U(VI) treatment, the
surface of the inactivated S. cerevisiae cells was covered
with numerous irregular clusters of nanoparticles.
Fig. 7(c-d) shows SEM micrographs and EDS spectra
of U(VI)-loaded inactivated S. cerevisiae cells after
ashing. Some strong uranium peaks emerged around
energy level of 2.5 ~ 3.5 keV in the EDS spectra. The
uranium content in the ash (q,,) reached 50.8% and
the enrichment factor of the uranium was about 30
compared to the inactivated S. cerevisiae cell sediments
(9. = 17 mg/g). This means that the ashing process
could lead to uranium enrichment as well as a large
volume and weight reduction ratio. Therefore, the ashing
process appears to be beneficial for metal recovery in
addition to the reduction process.

During ash precipitation, the elements of U, C, O, P,
Na, K, Mg were the main elements, the other elements
are few.

Speciation of Uranium in Ash

In order to investigate the speciation of uranium
in ash, the ash was analyzed by XRD. The results
demonstrated that the X-ray powder diffraction peak
curve of the ash sample without loaded uranium
(control) was a bread peak, which revealed the
amorphous characteristics of the ash and the high
content organic components (Fig. 8). However, some
obvious diffraction peaks were detected in the ash when
uranium was adsorbed onto inactivated S. cerevisiae.
The XRD analysis showed that uranium existed in ash
in the form of uranium phosphate and KPUO,-3H,0.
The results also mean that uranium in solution can
exist as stable uranium crystals after biosorption and
ashing treatment, which is convenient for separation and
advanced treatment, and provides important information
for the disposal of actual uranium-containing
wastewater.

Uranium loaded

W

k PDF#25-0996-U(P03) )
ol | | vl "
PDF#49-0433-KPU06'3H20

| L | ||| L1l

10 20 30 40 50
20 (degree)

Intensity (a.u.)

Fig. 8. XRD spectra of ash samples before and after biosorption
of uranium.
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Conclusions

In the present study, the use of inactivated S.
cerevisiae in the removal of uranium(VI) was
investigated. The U(VI) biosorption process on
inactivated S. cerevisiae has been suggested to be
influenced by experimental conditions such as solution
pH, initial concentration of U(VI), temperature and
contact time. The results revealed that inactivated
S. cerevisiae biomass was able to adsorb uranium.
The maximum removal efficiency and biosorption
capacity for uranium were 96.8% and 31.8 mg/g,
respectively. Solution pH is an important parameter
that affects the biosorption process and the optimum
biosorption pH value in the study was found to be
2.75. The biosorption process was well described
by the Freundlich isotherm model. Thermodynamic
investigation revealed that the biosorption of U(VI)
on inactivated S. cerevisiae was a spontaneously
endothermic process that was independent of
temperature. Kinetics studies indicated that uranium
biosorption occurred in 60 min and followed a
pseudo-second-order kinetics model. Both membrane
diffusion and intra-particle diffusion contributed to
the rate-limiting step during the adsorption of U(VI)
on inactivated S. cerevisiae. In the gradient descent
process, 100 mg/L of uranium was reduced to less
than 0.05 mg/L with constant replacement and
6 rounds of gradient descent. The ashing process
resulted in a volume reduction ratio 4500 times of
the uranium solution and a 20 times weight reduction
ratio of the biosorbent as well as an enrichment ratio
of approximately 30 times for uranium in ash. XRD
results showed that the species of uranium that existed
in the ash was uranium phosphate and KPUO,-3H,0.
The results revealed that biosorption combined with the
ashing process could be beneficial for nuclide and heavy
metal disposal.
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