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Abstract
Radionuclide recycling by biosorption combined with the ashing process is a promising nuclide recovery method. To 
investigate the transformation process of radionuclide occurrence state in bio-recycling, uranium and strontium recycling 
by S.cerevisiae were studied. S. cerevisiae exhibits good performance in the enrichment of uranium and strontium with as 
high as almost 90% biosorption efficiency. The results demonstrate that adsorbed uranium and strontium precipitates can 
be transformed into authenite and strontium sulfate on cell surface. The final state of uranium is mainly in form of  UP2O7, 
while the final state of Sr(II) is mainly in form of  SrSO4 after ashing.
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Introduction

The utilization and development of nuclear technology has 
brought great economic and social benefits to human beings 
but has also produced much more radioactive waste [1, 2]. 
Radionuclides could potentially harm the ecological envi-
ronment and human health after they enter the water and soil 
environment [3, 4]. Biosorption is one of the most attractive 
and alternative methods for the removal of radioactive ions 
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and heavy metals from wastewater because it is not only 
cost effective but also provides an opportunity for the recy-
cling of radionuclides [5, 6]. Compared with the traditional 
methods, biosorption is regarded as a promising and effec-
tive method for radionuclides remove, and Saccharomyces 
cerevisiae (S. cerevisiae) is one of the most promising bio-
sorbent for its safety, low cost, high absorption capacity and 
easy obtain from fermentation industry [7]. In addition, the 
microorganism biosorption of radionuclide combined with 
the ashing process produced a great decrease in volume or 
weight and was more appropriate for use in solidification and 
geological disposal [8, 9].

Many researchers have studied the biosorption of heavy 
metals such as Cd, Cr, Cu, Mn, U, and Sr by Saccharo-
myces cerevisiae due to its outstanding biosorption perfor-
mance [10–15]. Shen et al. found that uranium interacted 
with –O–H, –C=O and –PO2− on Saccharomyces cerevisiae 
surfaces, as well as culture medium, and formed uranium 
precipitates on cell surfaces [16]. The precipitate on the 
Saccharomyces cerevisiae surface was a uranium–phos-
phate compound in the form of a scale-like substance, 
and Saccharomyces cerevisiae could transform the ura-
nium–phosphate precipitate into crystalline state-tetragonal 
chernikovite  [H2(UO2)2(PO4)2·8H2O] [14]. Liu et al. found 
that the cell wall of Saccharomyces cerevisiae was the pri-
mary biosorption site where the adsorbed strontium ion was 
approximately 90% of the total adsorbed amount; the bioac-
cumulation in the cytoplasm varied by approximately 10% 
[15]. Hu et al. investigated the interaction between strontium 
and the mixed microorganisms of Saccharomyces cerevisiae 
and Bacillus subtilis and found that the hydroxyl, carboxyl, 
amino, and amide groups of microorganisms are the main 
active sites of the interface reactions [17]. The previous stud-
ies mainly aimed to improve biosorption capacity for heavy 
metals removal from industrial wastewater [18]. However, 
the transformation process of the radionuclide occurrence 
state from the water-soluble phase or ion phase, biosorp-
tion species, and precipitates to ashing products is not fully 
documented.

This study represents a comprehensive study in which 
uranium and strontium were recycled from the ion phase to 
the mineral phase by biosorption combined with the ashing 
process. The transformation of the radionuclide occurrence 
state in uranium and strontium recycling by Saccharomyces 
cerevisiae during the biosorption enrichment-separation-
ashing process was investigated. The results of the study 
will help to design more efficient systems for bio-recycling 
uranium and strontium, which is not only cost effective but 
also have outstanding performance.

Materials and methods

Microorganism strain

The yeast Saccharomyces cerevisiae was provided by the 
Experiment Center of the Life Science and Engineering 
College, Southwest University of Science and Technology 
and domesticated in the laboratory under different uranium 
and strontium ion stresses.

Growth curves of S. cerevisiae and tolerance experiment 
solutions of uranium and strontium were mixed with sus-
pensions of exponential phase S. cerevisiae and inoculated 
in Erlenmeyer flasks at 80 rpm and 30 ℃. The yeast culture 
medium was composed of 5% glucose, (0.1%  NH4)2SO4, 
0.1% urea, 0.05% yeast extract and 0.05%  Na2HPO4 at pH 
4.5. The initial uranium and strontium concentrations var-
ied from 0 to 600 mg/L and were set at 0, 100, 200, 300, 
400, and 500 mg/L by adding a certain quantity of uranyl 
acetate dihydrate  (UO2(CH3CO2)2·2H2O) and strontium 
nitrate (Sr(NO3)2 (AR, BeilianChem, China). Then, the 
cultures were placed in a constant temperature incubator. 
The OD values of culture samples were determined by a 
spectrophotometer at 560 nm wavelength every 2 h for 
18 h. Each batch of domesticated experiments was per-
formed in triplicate and contained blank controls.

Biosorption of uranium and strontium ions by S. 
cerevisiae

The biosorption experiment was performed according to 
our previous studies [5, 6, 8, 15]. In brief, S. cerevisiae 
culture, uranium and strontium addition methods were as 
described above (“Microorganism strain” section), and the 
pH was allowed to drift freely. After 24 h, the cell suspen-
sions were centrifuged at 4000 rpm for 15 min (Eppendorf, 
Centrifuge 5804 R), and the residual uranium and stron-
tium ion concentrations were measured by a spectropho-
tometer at 652 nm using arsenazoIII [19] and anatomic 
absorption spectrophotometer (PE AA700, Shelton, CT, 
USA). The sediments were washed twice with doubly 
distilled deionized water. Then, the sediments were dried 
using a vacuum freeze drier (cf. Labonco, USA) for 48 h.

The dried sample was analysed by scanning electron 
microscopy (SEM) coupled with EDX analysis accord-
ing to Liu et al. (2010) and Fourier transform infrared 
spectroscopy (FTIR, Frontier). FTIR was conducted on 
dried samples of S. cerevisiae before and after biosorp-
tion and recorded on KBr pellets at room temperature 
using an FTIR spectrometer. Spectra ranging from 400 to 
4000  cm− 1 were obtained by coaddition of 64 scans with a 
resolution of 1  cm− 1 and a mirror velocity of 0.6329 cm/s.



2623Journal of Radioanalytical and Nuclear Chemistry (2022) 331:2621–2629 

1 3

Ashing process

The collected S. cerevisiae cell sediments were rinsed with 
doubly distilled deionized water and then dried using hot air 
(40 ± 0.5 ℃). The dried sediment was carbonized in a cru-
cible in an electrothermal furnace before ashing. The cruci-
ble containing S. cerevisiae cell sediments was placed in an 
electrothermal furnace (covered with an asbestos network) 
to heat the sediments. The heating process was completed 
until no smoke spread out, and then the crucible was placed 
on brick for cooling to room temperature. The carbonized 
sediment was placed into a muffle furnace (SX-4-10, Bei-
jing Guangming Medical Instrument Co., Ltd., China) at 
550–600 ℃ until all of the carbon had been oxidized and the 
weight was constant.

X-ray diffraction patterns of ashes were obtained by a 
PANalytical X’Pert PRO X-ray diffractometer (radius: 
240.0 mm). Incident X-ray radiation was produced from a 
line-focused PW3373/10 Cu X-ray tube operating at 40 kV 
and 40 mA with Cu Kα radiation of 1.54 Å. The scan step 
size and time per step were 0.03° and 10.16 s, respectively.

Results and discussion

Enrichment of uranium and strontium by S. 
cerevisiae

The biosorption rate and biosorption capacity of S. cerevi-
siae to uranium and strontium at different initial concentra-
tions were discussed (Fig. 1). The pH value has a vital role 
during uranium and strontium biosorption by S. cerevisiae, 
because the biosorption ability and the structure of uranium 
precipitation change significantly under different pH condi-
tions [20, 21]. The zeta potential of S. cerevisiae was about 
− 25 mV at pH 4.5. The biosorption rate of S. cerevisiae to 

U(VI) was not linear with the initial uranium concentra-
tions. The biosorption rate of S. cerevisiae to U(VI) was 
increased when uranium was at a low initial concentration. 
The biosorption rate of S. cerevisiae to U(VI) was the high-
est, up to 60%, when C0 reached 10 mg/L. The biosorption 
rate of S. cerevisiae to U(VI) showed a nonlinear declining 
trend with increasing initial uranium concentration after 
it reached the maximum. The biosorption capacities of S. 
cerevisiae to U(VI) increased with increasing initial ura-
nium concentration. The biosorption capacity per unit of S. 
cerevisiae to U(VI) was 320 mgU/g (D. W) when C0 was 
200 mg/L. Zhang et al. found that uranium biosorption of the 
protonated and chemically modified biomass of S. cereisiae 
also reached to nearly 100% biosorption rate at pH 4 [7].

In general, there were abundant biosorption points on the 
S. cerevisiae surface, and  UO2

2+ could be easily absorbed 
when the  UO2

2+ concentration was low. However, the 
biosorption efficiency of S. cerevisiae on U(VI) was unsat-
isfactory in a low concentration of uranium solution. This 
result showed that living microorganisms had a certain 
anti-biosorption capacity for low concentrations of uranium 
[14]. As the concentration of U(VI) increased, the toxicity 
of  UO2

2+ to living microorganisms increased. Therefore, 
the biosorption resistance of living microorganism surfaces 
was broken, the number of active sites was changed, and a 
large amount of  UO2

2+ was adsorbed. At the same time, the 
increase in uranium concentration provided a driving force 
for the barrier between the solid phase and liquid phase, 
and the effective biosorption points occupied by  UO2

2+ on 
the surface of S. cerevisiae were promoted in the dynamic 
balance. Thus, the biosorption capacity of the bacterial cells 
was increased, and the limited active biosorption points 
tended to saturate while the biosorption rate was decreased.

As Fig. 1 left shows, the biosorption rate of strontium 
was strongly affected by the initial strontium concentra-
tion. A very different from U biosorption was that the 

Fig. 1  Biosorption rate and biosorption capacity of S. cerevisiae with different initial uranium (right) and strontium (left) concentrations
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biosorption rate always increased with initial strontium 
concentration from 10 to 500 mg/L. Qiu et al. examined 
the biosorption capacity of the K-0, K-4000, and Y-7 
strains and found the maximum biosorption capacity of 
K-0 (12.227 mg  g− 1) and K-4000 (12.172 mg  g− 1) while 
the maximum biosorption capacity of K-0 was similar to 
K-4000 [13]. Also, it can be observed that the optimal cul-
ture time was 28–30 h for strontium (200 mg  L− 1) under 
culture conditions. In addition to biosorption by S. cer-
evisiae, it might be caused by the strontium ion reaction 
with the culture medium components, for example,  SO4

2−, 
which could form the microsolubility salt  SrSO4 [22, 23].

Morphology characterization of uranium 
and strontium on S. cerevisiae

The SEM results (Fig. 2b) showed that the S. cerevi-
siae cell surface was covered with uranium precipitate 
compared with pristine cells (Fig. 2a). Merroun et al. 
observed that uranium precipitated while uranium was 
absorbed by Bacillus sphaericus, and the uranium precip-
itate was also located on the cell surface, similar to this 
study [24]. Uranium precipitate of outer membrane-pep-
tidoglycan-plasma membrane complex as fine-grained, 
platy uranium minerals formed by Pseudomonas fluo-
rescens was spread around entire Pseudomonas fluore-
scens cell [25]. As shown in Fig. 2b, the morphology 

Fig. 2  Morphology of S. cerevisiae cells before (A, C) and after biosorption of uranium (B) and strontium (D) and EDS analysis



2625Journal of Radioanalytical and Nuclear Chemistry (2022) 331:2621–2629 

1 3

of only a few S. cerevisiae cells changed considerably 
after interacting with uranium. The EDS analysis after 
biosorption of uranium (Fig. 2) showed that the amount of 
Ca decreased and that the peak of Na and Mg almost dis-
appeared compared with pristine cells. An obvious new 
peak of uranium appeared after biosorption, indicating 
that uranium was absorbed on the cell surface. The ura-
nium amount on S. cerevisiae after biosorption was up to 
12% (wt%). A substantial increase in P was observed after 
uranium biosorption. The arise of uranium, the decreased 
Ca and increased P, with Ca:U:P at 1.2:1.0:1.9 (At%), 
suggested that the uranium precipitate was perhaps in the 
form of Ca[(UO2)(PO4)]·6H2O. The ability to precipitate 
or form minerals may play an important role in microbial 
antagonism to uranium stress. Extracellular and cellular 
secretions can interact with uranium to form precipitates 
or crystals outside the cell, thus reducing the acute lethal 
effect of high concentrations of uranium [26].

As shown in Fig. 2c, d, there were some granular pre-
cipitate particles attached to the cell wall, which might 
be formed by  Sr2+ and the surface organic groups of the 
cells or the medium component. In addition, some cells 
were broken and deformed. Bacteria spillage of S. cer-
evisiae could also adsorb  Sr2+ [27]. The EDS analysis 
of S. cerevisiae after biosorption of  Sr2+ (Fig. 2) showed 
that the amount of  Sr2+ increased from 0.3 to 2.5% (wt%) 
compared with pristine cells. An obvious peak of  Sr2+ 
appeared after biosorption, indicating that  Sr2+ was 
absorbed on the cell surface.  Sr2+ absorbed on B. sub-
tilis was reported, as the biosorption of  Sr2+ can inter-
act with two inner-sphere surface complexes,  SOSr+ and 
SOSr(OH)2−, simulated by diffuse layer modeling [28].

Interaction of uranium and strontium with surface 
active functional groups of S. cerevisiae

The FTIR spectra before and after biosorption of ura-
nium and strontium are shown in Fig. 3. The broad band 
at 3421  cm− 1 was assigned to the asymmetric stretching 
of –NH2 in the amine base of the protein and the stretching 
vibration of –OH [29]. After absorption, the peak of -OH 
shifted from 3421 to 3401  cm− 1, indicating that hydroxyl 
groups may be involved in uranium biosorption processes. 
Protein is one of the main components of the cell wall, and 
the absorption peak at 1652  cm− 1 is the C=O bond stretch-
ing vibration of the amide I band on the protein [30]. The 
absorption peaks at 1543  cm− 1 and 1244  cm− 1 are the amide 
II band and the amide III band [31], respectively, and are 
caused by the N–H bond bending vibration and C–N bond 
stretching vibration of the secondary amide. After absorp-
tion, the peaks of the amide I band and II bands of the 
protein did not change greatly, and the absorption peak of 
the amide III band was passivated, indicating that uranyl 
ions had an obvious coordination effect with this group. 
1400  cm− 1 is assigned to the carboxyl group characteristic 
absorption peak of the amino acid residues of the peptide 
side chain [32]. After absorption, the absorption peak shifted 
11  cm− 1 to a high wavenumber, indicating the coordination 
of the carboxylic anion with uranyl. The peak at 1075  cm− 1 
is the polysaccharide skeleton vibration absorption band of 
the cell [33], including the stretching vibration of C–OH of 
saccharide or the P–O–C stretching vibration, which indi-
cated that the carbohydrate on the cell wall was also involved 
in the biosorption process of uranium. After biosorption of 
uranium, a new peak appeared at 913  cm− 1, which was a 
vibration of  UO2

2+ [34] and was direct evidence for uranium 
absorbed on the S. cerevisiae surface.

Fig. 3  FTIR spectra of S. cerevisiae cells before and after biosorption of uranium (left) and strontium (right)



2626 Journal of Radioanalytical and Nuclear Chemistry (2022) 331:2621–2629

1 3

The FTIR results revealed that the S. cerevisiae cell wall 
was the major biosorption site and that –O–H, –C=O and 
–PO2 contributed to the major bonding groups. In general, 
most secondary uranium minerals were composed of uranyl 
ions. These uranium minerals could present a characteristic 
peak at 800–1100  cm− 1. The EDS results of Ca:U:P were 
1.2:1.0:1.9 (at%) in this study. Therefore, the precipitate may 
be autunite (Ca[(UO2)(PO4)]·6H2O) (Fig. 2

The FTIR spectra before and after biosorption of stron-
tium are shown in Fig. 2 (right). The polysaccharide skeleton 
vibration absorption band (stretching vibration of C–OH of 
the carbohydrate) of S. cerevisiae at 1049  cm− 1 [33] was 
increased and shifted to 1042  cm− 1, indicating that C–OH 
groups were involved in the process of  Sr2+ biosorption. 
The asymmetric and symmetric bending vibration peaks [δas 
 (CH3)] and [δs  (CH3)] of the methyl groups in the protein 
at 1454  cm− 1 and 1402  cm− 1 [35] did not change greatly 
before and after biosorption. The C=O stretching vibrations 
in the amide I band of the protein amide I band, N–H bend-
ing vibrations, N–H bending vibrations and C–N stretching 
vibrations of amide II are at 1637  cm− 1 and 1543  cm− 1 [36], 
respectively. After biosorption, the amide I and II bands are 
shifted to high wavenumbers. Similar to uranium, the peak 
of –OH shifted from 3438 to 3416  cm− 1, indicating that 
hydroxyl groups may be involved in strontium biosorption 

processes. The FTIR spectra of S. cerevisiae cells before and 
after biosorption of strontium revealed that hydroxyl groups, 
amino groups and carboxyl groups contributed to the major 
bonding groups.

Tolerance mechanism of S. cerevisiae to uranium 
and strontium

In response to environmental stress, microorganisms adapt 
to drastic changes while exerting cellular functions by 
controlling gene expression, metabolic pathways, enzyme 
activities, and protein–protein interactions [37]. S. cerevi-
siae transformed the radionuclide occurrence state, but at the 
same time, the radionuclide could also have some impact on 
S. cerevisiae. The antioxidant enzyme system of S. cerevi-
siae under different concentrations of uranium and strontium 
stress and reaction times are given in Fig. 4. Strontium had 
a more toxic effect on cells than uranium. This was because 
uranyl ions could combine with many complexing ligands 
to reduce the damage to cells.

Strontium ions caused a rapid increase in malonaldehyde 
(MDA), an increase in superoxide dismutase (SOD) activity 
and a decrease in catalase (CAT) enzyme activity in cells 
at the same concentration, indicating that strontium ions 
promoted the production of a large number of superoxide 

Fig. 4  Antioxidant enzyme system of S. cerevisiae under different concentrations of uranium and strontium stress and reaction time
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negative anions and hydrogen peroxide in cells and caused 
lipid peroxidation in the cells [38]. Surprisingly, uranyl ions 
mainly caused a decrease in CAT activity in cells, which did 
not generate significant changes in MDA and SOD levels. 
This means that the increase in hydrogen peroxide resulted 
in a drop in CAT, but it was not enough to induce lipid per-
oxidation in cells [39].

At low concentrations, for a short period of time, the 
antioxidant enzyme system was rapidly activated by S. 
cerevisiae to remove the damage caused by uranium and 
strontium oxide stress, which contributed to the fluctuation 
of enzyme activity [40]. With increasing time, the enzyme 
activity could be expressed steadily, indicating that S. cer-
evisiae had adapted to the stress of low concentrations of 
uranium and strontium.

At high concentrations, strontium could rapidly cause 
lipid peroxidation in cells. Therefore, the intracellular oxida-
tion clearance mechanism could be activated over time and 
alleviate lipid peroxidation in cells. In addition, the extracel-
lular membrane and culture medium could form precipitates 
with strontium and uranium to reduce the acute lethal effect 
of high concentrations of uranium and strontium, but high 
concentrations of uranium and strontium still inhibited the 
activity of antioxidant enzymes, caused irreversible oxida-
tive damage to membrane lipids, and even led to cell death.

Occurrence state of uranium and strontium 
after the ashing process

For recycling uranium and strontium, after biosorption 
enrichment by S. cerevisiae, centrifugal separation and the 
ashing process proceeded. The XRD spectra of S. cerevi-
siae after interacting with uranium (100 mg/L, 24 h) before 
and after ashing are given in Fig. 5 (left). Three sharp dif-
fraction peaks were observed at diffraction angles of 18.02, 
25.62 and 27.41. The results indicated that new crystals 
were formed after biosorption of uranium by S. cerevisiae. 
After burning for 4 h at 800 °C, the bacteria that precipitated 

appeared to have a large weight and volume reduction ratio, 
which suggested that the decomposition of organic matter 
and some unstable materials in the sediment disappeared 
gradually. After the ashing process, many new sharp diffrac-
tion peaks appeared, and the crystallization was excellent. It 
was suggested that the main phase after the ashing process 
was  UP2O7 (PDF card number 00-003-1196).

The XRD spectra of ash with different initial concen-
trations of strontium (Fig. 5, right) showed that strontium 
mainly existed as  SrSO4 in ash after biosorption, whereas 
only a small amount of  SrCO3 was found when the concen-
tration of strontium was higher than 200 mg/L. The XRD 
results also showed that there was little  Sr3(PO4)2 in the ash 
when the concentration of strontium was 100 mg/L.

Implications for radionuclide and microorganism

Our experiments described and compared the transformation 
of two radionuclide occurrence states in microbial recycling 
and the antioxidant enzyme system of microorganisms under 
different radionuclide stresses (Fig. 6). Free radionuclide 
ions will complex with the active groups on the cell sur-
face first and then be adsorbed on the cell surface. After the 
biosorption process, the adsorbed radionuclide could form 
special precipitates or even minerals on the envelope. For 
volume reduction and recycling radionuclides, the ashing 
process was applied in general, which could yield a volume 
reduction ratio of more than 1000 times or an approximately 
40 times the weight reduction ratio as well as more than 500 
enrichment times for radionuclides in ash [8]. The final state 
of radionuclide after ashing was diversiform on the basis of 
the kind of radionuclide and experimental conditions, but 
the final products were stable and reusable. For radionu-
clides, biosorption-bonding-precipitation or biomineraliza-
tion processes may be a way to recycle radionuclides, but for 
microorganisms, they may be a cell detoxification mecha-
nism. These results will help to understand the evolution of 

Fig. 5  XRD of S. cerevisiae after interacting with uranium (100 mg/L, 24 h) before and after ashing (left) and ashing with different initial con-
centrations of strontium (right)
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environmental minerals, such as bioinduced precipitation of 
autunite and celestite.

Conclusions

The transformation of two radionuclide occurrence states 
in bio-recycling and the antioxidant enzyme system of 
microorganisms under uranium and strontium stresses 
were described and compared. Our major findings are that:

(1) Free uranyl ions will mainly complex with –O–H, –
C=O and –PO2 on the cell surface and then become 
adsorbed. The adsorbed precipitate can be transformed 
into autunite on the cell surface. The final state of ura-
nium is mainly in the form of  UP2O7 after ashing.

(2)  Free Sr(II) ions will mainly complex with –O–H, –
NH2 and –C=O on the cell surface and then become 
adsorbed. The adsorbed precipitate and the final state 
of Sr(II) are mainly in the form of  SrSO4 after ashing.

(3) Strontium has a more toxic effect on cells than uranium 
because uranyl ions can combine with many complex-
ing ligands to reduce damage to cells.

(4) The biosorption and ashing environment have implica-
tions for the bioinduced precipitation of autunite and 
celestite.
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