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A B S T R A C T   

Uranium is well-known to have serious adverse effects on the ecological environment and human health. 
Bioremediation stands out among many remediation methods owing to its being economically feasible and 
environmentally friendly. This study reported a great promising strategy for eliminating uranium by Steno-
trophomonas sp. CICC 23833 in the aquatic environment. The bacterium demonstrated excellent uranium 
adsorption capacity (qmax = 392.9 mg/g) because of the synergistic effect of surface adsorption and intracellular 
accumulation. Further analysis revealed that hydroxyl, carboxyl, phosphate groups and proteins of microor-
ganisms were essential in uranium adsorption. Intracellular accumulation was closely related to cellular activity, 
and the efficiency of uranium processing by the permeabilized bacterial cells was significantly improved. In 
response to uranium stress, the bacterium was found to release multiple ions in conjunction with uranium 
adsorption, which facilitates the maintenance of bacterial life activities and the conversion of uranyl to pre-
cipitates. These above results indicated that Stenotrophomonas sp. Had great potential application value for the 
remediation of uranium.   

1. Introduction 

The huge energy demand of the world promotes the development of 
the nuclear industry, which inevitably leads to the massive exploitation 
of uranium (Bjorklund et al., 2017; Li and Zhang, 2012). At present, 
more than 40 billion tons of uranium ore have been produced world-
wide, along with as many as 20 billion tons of tailings (Nair et al., 2010; 
Kamunda et al., 2016). Exposed waste rock and tailings are continuously 
leached by rain and weathering, causing the release of uranium com-
pounds into nearby soil and groundwater and subsequent uranium entry 
into the ecological food chain (Saueia and Mazzilli, 2006; Ashrap et al., 
2020). When the accumulated radionuclides in the body exceed a 
certain limit, they may cause leukemia, cancer, and heavy metal ion 
poisoning (Ashrap et al., 2020; Milacic et al., 2004; Wagner et al., 2010). 
Therefore, the prevention and control of uranium pollution have become 
an urgent problem. 

At present, the main treatment methods for uranium-containing 
wastewater include physicochemical remediation and bioremediation. 
Uranium-containing wastewater has extensive research in physico-
chemical remediation. For example, Wang et al., (2022) found that 
uranium’s removal rate and adsorption capacity by acidified sodium 
feldspar was 84.9% and 0.52 mg/g at pH = 6. Waqas Ahmed et al., 
(2021) used the hydroxyapatite biochar nanocomposite and could reach 
a maximum adsorption capacity of 423.04 mg/g for uranium within 30 
min. The physicochemical methods were shown to be effective in the 
treatment of uranium-containing wastewater, but there are still prob-
lems such as high material and site costs and serious secondary pollution 
(Zhang et al., 2014; Ishag et al., 2020). Thus, bio-derived adsorbents 
have received increasing attention for wastewater treatment (Banala 
and Subba Rao Toleti, 2021). 

Compared with traditional physicochemical methods, microbiolog-
ical methods are deemed environmentally friendly, highly efficient, and 

* Corresponding author. College of Resources and Environment, Hunan Agricultural University, Changsha, 410128, China. 
** Corresponding author. School of Water Resources and Environment Engineering, East China University of Technology, 330105, China. 

E-mail addresses: zhkzhou80@163.com (Z. Zhou), zhouyy@hunau.edu.cn (Y. Zhou).  

Contents lists available at ScienceDirect 

Environmental Research 

journal homepage: www.elsevier.com/locate/envres 

https://doi.org/10.1016/j.envres.2022.115093 
Received 14 November 2022; Received in revised form 10 December 2022; Accepted 15 December 2022   

mailto:zhkzhou80@163.com
mailto:zhouyy@hunau.edu.cn
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.115093
https://doi.org/10.1016/j.envres.2022.115093
https://doi.org/10.1016/j.envres.2022.115093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.115093&domain=pdf


Environmental Research 220 (2023) 115093

2

cost-effective (Sharma et al., 2016; Wang, 2002). Previous studies of 
microbiological methods’ removal effects and performance confirm its 
promising potential for uranium removal (Liu et al., 2021; Sivaperumal 
et al., 2022). The microbiological immobilization of uranium primarily 
consists of four mechanisms: biosorption, biomineralization, bio-
reduction, and bioaccumulation (Manobala et al., 2019). Among them, 
biosorption has attracted wide attention because of its excellent eco-
nomic feasibility and high treatment efficiency. The abundance of 
organic groups on bacterial cell surfaces (such as amino, carboxyl, 
phosphate, and hydroxyl groups) were significant components for 
microbe-uranium interactions (Lutke et al., 2012; Zou et al., 2014). 

As for specific bacteria, Barnali Sarma et al. (Sharma et al., 2016) 
found that pseudomonas fluorescent could remove up to 94% of the 
uranium in an environment with a uranium concentration of 100 μM. 
Suzuki et al. (Suzuki and Banfield, 2004) treated uranium-containing 
solutions with bacillus subtilis and adsorbed up to 160 mg/g in 1 h. 
However, most analyses and studies of bacterial adsorption processes 
are limited and mainly focus on the extracellular adsorption and 
extracellular precipitation of microorganisms. There are still few reports 
exploring the intrinsic relationship between uranium adsorption and ion 
release from the bacterium, and there is also a gap in the field of 
improving the ability of bacterial intracellular accumulation. Steno-
trophomonas sp. CICC 23833 has the advantage of excellent effectiveness 
and short consumption time in the treatment of uranium-containing 
wastewater, which involves both extracellular adsorption and intracel-
lular accumulation, as well as a certain mechanism of uranium 
detoxification. 

Herein, this study aimed to investigate the uranium adsorption by 
Stenotrophomonas sp. In water and explored the possible adsorption 
mechanisms. We have examined the uranium adsorption capacity of the 
bacterium under different adsorption conditions; analyzed the link be-
tween uranium adsorption behaviour and the ion release behaviour of 
the bacterium; identified the functional groups of bacteria that involving 
in adsorption; tested the uranium handling capacity of bacterial per-
meabilized cells and located of uranium after its accumulation by bac-
terial cells. This study provides a theoretical basis and technical support 
for the treatment of uranium-contaminated wastewater. 

2. Materials and methods 

2.1. Reagents 

The reagents used in the experiments were of analytical grade. 
Triton-100 and Tween 80 were purchased from Jinclon Biotechnology 
Co., Ltd. Pentanediol was purchased from Maclean’s. U3O8 was pur-
chased from the Beijing Institute of Metallurgy, Nuclear Industry. 

2.2. Bacteria and bacterial culture 

The strain used in this experiment was Stenotrophomonas sp. CICC 
23833 was purchased from the China Industrial Microbial Strain Con-
servation Center (CICC), and the storage method was refrigerator 
freezing at − 80 ◦C. 

The bacteria were incubated in Luria Broth (LB) medium at 30 ◦C and 
shaken at 120 rpm (Desai et al., 2008). After 36 h of incubation, the 
bacteria were collected by centrifugation at 4 ◦C for 5 min at 6000 rpm 
and then washed three times with sterile deionized water to obtain the 
bacterial cells. The obtained bacterial cells will be used in the following 
experiments. (1) The bacterial cells were freeze-dried and the dry weight 
of the bacteria was calculated. (2) The washed bacterial cells were dis-
solved in sterile water to prepare a concentration of cell suspension for 
subsequent adsorption, inactivation, permeation, and uranium stress 
response experiments (Ge et al., 2015; Yu et al., 2022). 

2.3. Characterization of bacteria 

Bacterial adsorption experiments were performed at, cell concen-
tration of 0.2 g/L, initial uranium concentration of 50 mg/L, 30 ◦C, pH 
= 6, and 120 r/min. After adsorption, the bacterial precipitate was ob-
tained by centrifugation at 6000 rpm for 10 min. The bacterial pre-
cipitates obtained were used for the following analyses. (1) Analysis of 
surface morphology and chemical element composition of bacteria from 
before and after adsorption. (2) Analysis of the internal ultrastructure 
and chemical elemental composition of bacteria from before and after 
adsorption. (3) Analysis of functional groups of bacteria from before and 
after adsorption. 

2.4. Uranium adsorption experiments 

Uranium adsorption experiments on bacteria were carried out at a 
cell concentration of 0.2 g/L, initial uranium concentration of 50 mg/L, 
30 ◦C, pH = 6, and 120 r/min. Sampling was carried out at different 
times (0–8 h) to determine the effect of adsorption time on the effec-
tiveness of bacterial uranium treatment. The system was adjusted to 
different pH values (3–8) to determine the optimum pH for bacterial 
uranium adsorption. Different initial uranium concentrations (10–150 
mg/L) were adjusted to investigate the effect of different initial uranium 
concentrations on uranium adsorption by the bacteria. The effect of 
temperature on uranium adsorption by the bacterium was examined by 
adjusting the incubation temperature (20–40 ◦C). 

2.5. Analysis of uranium removal capacity of inactivated and permeable 
bacteria 

They were prepared as follows: (1) The cell suspensions were fixed 
with 2.5% glutaraldehyde for 24 h to obtain glutaraldehyde-treated 
bacteria (Huang-LeeLlh and Nimni, 2010; Ramrakhiani et al., 2016; 
Deng and Ting, 2005). (2) The prepared bacterial suspension was 
inactivated at 121 ◦C for 20 min in an autoclave to obtain 
high-temperature-inactivated organisms (Wang et al., 2017). (3) The 
permeabilized bacteria were obtained by adding 0.2% (v/v) Triton 
X-100 and 0.2% (v/v) Tween 80 to the cell suspension and vortexing for 
20 min (Desai et al., 2008; Soni et al., 2013). 

Take appropriate amounts of the bacteria treated by the above pro-
cess and add them to 50 mg/L uranium solution to make the cell con-
centration 0.2 g/L. Adsorption was carried out at 30 ◦C, 120 r/min, and 
sampled at different times (0–8 h). 

2.6. Analysis of bacterial response mechanism to uranium stress 

An appropriate amount of the cell suspension prepared by the 
method of 2.2 was added to 50 mg/L of uranium solution to achieve final 
concentrations of 0, 0.01, 0.02, 0.04, 0.1, 0.2, and 0.4 g/L respectively. 
Adsorption at 30 ◦C and 120 r/min for 4 h. The solution was centrifuged 
at 6000 r/min for 10 min and filtered through a 0.22 μm membrane to 
obtain a supernatant sample. 

2.7. Characterization analysis 

K+, Ca+, Na+, NH4
+, Mg2+, and U6+ were determined by an induc-

tively coupled plasma emission spectrometer (Agilent 5100 ICP–OES). 
NO3

− , Cl− , NO2
− , SO4

2− , and inorganic phosphate were determined by ion 
chromatography (ISP-1100). The bacterial surface morphologies of the 
samples were observed by scanning electron microscopy (SEM, Nova 
Nano SEM 450) combined with Energy dispersive spectroscopy (EDS) to 
analyze their chemical elemental compositions. Transmission electron 
microscopy (TEM, FEI Tecnai Spirit) was used to obtain the bacterial 
cells’ overall morphology and internal ultrastructure. Fourier infrared 
spectroscopy (FTIR) patterns were determined by the Thermo Nicolet 
6700 instrument. 
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3. Results and discussion 

3.1. Characterization of Stenotrophomonas sp. 

3.1.1. SEM-EDS and TEM analysis of Stenotrophomonas sp. 
SEM-EDS and TEM analyses were used to determine the cellular 

location of uranium after adsorption. The morphology of the cells did 
not change significantly compared to the bacterial cells treated before 
adsorption (Fig. 1a and b), but the bacteria treated with uranium solu-
tion showed distinct uranium characteristic peaks. Some research has 
explained this phenomenon as some organic material secreted by 
extracellular bacteria, which forms a precipitate with uranium on the 
cell surface (Morel et al., 2009; Pinel-Cabello et al., 2021). 

Transmission electron microscopic analysis indicated that no un-
identified material was seen in the cells before uranium adsorption 
(Fig. 2a and b). The appearance of long black opaque stripes inside the 
cells exposed to uranium solution, combined with the results of intra-
cellular EDS dot analysis (Fig. 2c and d), indicated the presence of 
uranium inside the cells and coincided with the distribution of P, S el-
ements inside the cells (Fig. 2e–i). Thus, the adsorption of uranium by 
Stenotrophomonas sp. Was a combination of extracellular adsorption and 
intracellular accumulation. Similar results were observed by Iv’an 
S’anchez-Castro and Pinel-Cabello et al. (Sanchez-Castro et al., 2021; 
Pinel-Cabello et al., 2021). 

3.1.2. FTIR spectra of Stenotrophomonas sp. 
Microbial adsorption includes various processes, such as extracel-

lular adsorption and intracellular adsorption, and the effect of extra-
cellular adsorption is closely related to the functional groups on the 
surfaces of the microbes. Therefore, the identification of the functional 
groups involved in the extracellular adsorption of uranium was neces-
sary. As shown in Fig. 3, the bands at 3428.5 and 2962.6 cm− 1 corre-
spond to the O–H and N–H stretching vibrations (Yi et al., 2017) and the 
antisymmetric stretching vibration of alkane C–H, respectively (Ye et al., 
2013). The peak near 1402.3 cm− 1 can be attributed to the amino acid 
C–N or terminal carboxyl vibration (Jain et al., 2009; Han et al., 2007), 
while the peaks near 1243.3 and 1077.5 cm− 1 indicated the presence of 
phosphate groups (Yu et al., 2022). The peaks of 3425.1 and 2960.6 
cm− 1 after the adsorption of uranium compared to before adsorption 
indicate the involvement of –OH and –NH2 groups in the adsorption of 

uranium (Yi et al., 2017). The peak at 1394.7 cm− 1 is associated with the 
–NH2 and –COOH stretching vibrations (Cheng et al., 2021), which 
combined with the release of NH4+ during the adsorption of uranium, 
indicated the involvement of macromolecules such as proteins in the 
adsorption process. The peak variations of 1242.6 and 1077.5 cm− 1 

were attributed to the weakening of the vibrations of the phosphate 
groups P––O and P–O after uranium loading (Yu et al., 2022). Further-
more, the presence of an inorganic phosphate group released during 
uranium adsorption by the bacterium indicates that lipids are also 
involved in the uranium adsorption process (Gerber et al., 2018) (see 
Fig. 4). 

3.2. Uranium adsorption performance 

3.2.1. Effect of contact time 
Studies have reported that to resist the chemical toxicity of uranium, 

microorganisms will produce various substances, such as poly-
phosphates, under uranium stress (Achbergerová and Nahálka, 2011). 
Therefore, the adsorption time of the bacteria also has a significant 
impact on the treatment effect, which is related to not only the contact 
time between the functional groups and uranyl ions but also the state of 
the bacteria under uranium stress (Bondici et al., 2015). It can be seen 
from Fig. S1 that the adsorption of uranium by bacteria occurs mainly in 
the first 0.5 h, which is similar to the reported behaviour of uranium 
adsorption by other microorganisms (Jing et al., 2011), and the bacteria 
will reach adsorption equilibrium within 4 h, and the biosorption ca-
pacity is 174.32 mg/g. Compared to the treatment time of Iván 
Sánchez-Castro et al. (Sanchez-Castro et al., 2021) using Steno-
trophomonas strain Br8, this bacterium has a faster treatment rate, which 
means it has a shorter hydraulic residence time. No significant desorp-
tion occurred within 24 h. Therefore, Stenotrophomonas sp. Has a more 
stable treatment effect on uranium in water bodies. 

3.2.2. Effect of pH 
The pH could significantly influence the ionization states of func-

tional groups on the biomass surface and the solubility of metal ions, 
thereby exerting some effects on the adsorption process (Sharma et al., 
2016). It can be seen from Fig. 5a that the optimum adsorption pH of this 
bacterium was 6, and the biosorption capacity reached 174.32 mg/g at 
3 h. Fig. 5b showed that the environmental pH tends to change to neutral 

Fig. 1. SEM-EDS of Stenotrophomonas sp. Before (a) and after (b) uranium biosorption.  
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after adsorption for different initial pH conditions. Uranium adsorption 
was highest at pH 6 and the pH increase was larger. This is due to the 
different cell viability under different pH conditions. Therefore, it can be 
speculated that bacteria have some ability to regulate the pH of the 
external environment, Marqués and Ednei Coelho’s came to a similar 
conclusion (Marqués et al., 1991; Coelho et al., 2020). This process is 
associated with the emission of phosphate, which helps bacteria cope 
with the toxicity caused by uranyl ions (Pinel-Cabello et al., 2021). In 
addition to affecting microbial activity, pH can also influence the fugi-
tive form of uranium. At low pH, H+ competes with uranyl ions for 
binding sites on the bacterial surface (Yang and Volesky, 1999), and at 

pH = 7, uranium was mainly present as (UO2)3(OH)5- and UO2(OH)2 
(aq), indicating that microorganisms have a good adsorption effect on 
uranium-containing compounds in this form (Zhang et al., 2018). 

3.2.3. Effect of initial uranium concentration 
The initial concentration of uranium was a significant factor 

affecting the biosorption capacity and efficiency of the bacterium. As 
shown in Fig. 6, the biosorption of uranium was proportional to the 
initial uranium concentration, while the adsorption efficiency exhibited 
an opposite trend. This was because the bacterium had a large number of 
binding sites and did not reach saturation, with increasing uranium 

Fig. 2. TEM images of Stenotrophomonas sp. (a) and (b) SEM of Stenotrophomonas sp. Before and after exposure to uranium. (c) and (d) Scanning EDS spectra of points 
3 and 4 in TEM image (a) and (b). (e) To (i) Corresponding EDS mapping images of Stenotrophomonas sp. Exposure to uranium. 
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concentration, a growing number of uranium ions in solution were 
bound by the binding sites of the bacterium, thus increasing the bio-
sorption capacity. As the uranium concentration increased from 10 to 
150 mg/L, the uranium adsorption capacity of the bacteria increased 

from 43.7 to 392.9 mg/g. However, as the concentration of uranium 
increases, the proportion of available binding sites in the bacterium 
becomes smaller, and more uranium ions are in a free, unbound state, 
leading to a decrease in the adsorption efficiency (Tunali et al., 2006). 

3.2.4. Adsorption kinetic equation 
Fig. 7 and Table S1 show that the fitting coefficient of quasi-second- 

order kinetics (R2 > 0.998) was higher than that of quasi-first-order 
kinetics (R2 > 0.954). Furthermore, the theoretical adsorption capac-
ities (82.82–110.00 mg/g) of the quasi-first-order kinetic model differed 
significantly from the experimentally obtained adsorption capacities 
(206.5–217.1 mg/g). The theoretical adsorption capacities calculated by 
quasi-second-order kinetic equations (175.44–209.21 mg/g) were much 
closer. This indicated that the uranium adsorption process was more 
consistent with the quasi-second-order kinetic equation under different 
influencing factors, suggesting that the ability to adsorb uranium de-
pends on the active site available to the bacterium and the concentration 
and nature of uranium in solution (Li et al., 2016). 

3.2.5. Adsorption isotherm equation 
The adsorption isotherm model fitting results are shown in Fig. S2 

and Table S2. The correlation coefficient of the Freundlich model was 
0.996, which was higher than that of the Langmuir model (0.966), 
indicating the uranium adsorption process by Stenotrophomonas sp. Was 
a heterogeneous surface adsorption process. Moreover, the adsorption of 
uranium by Stenotrophomonas sp. Is a heterogeneous surface adsorption 
process (Tunali et al., 2006). Its theoretical saturation biosorption 

Fig. 2. (continued). 

Fig. 3. FTIR images of Stenotrophomonas sp. Before and after biosorption.  
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capacity for uranium was 301.20 mg/g. Compared with other microbial 
adsorption studies (Table S3), it shows great advantages (Coelho et al., 
2020; Manobala et al., 2019; Wang et al., 2017). 

3.3. Uranium removal by inactivated and permeable bacteria 

3.3.1. Effect of inactivation treatment 
The intracellular accumulation of substances by bacteria is an 

energy-consuming process (Banala and Subba Rao Toleti, 2021). 
Therefore, to investigate the relationship between intracellular accu-
mulation and bacterial activity, this experiment investigated the 
contribution of surface adsorption, intracellular accumulation, cellular 
activity, and cell structure to bacterial adsorption of uranium by two 
methods of inactivation, at 121 ◦C and glutaraldehyde. The adsorption 
of high-temperature-inactivated bacteria at 0–2 h was higher than that 
of other bacteria (Fig. 8), which was similar to the comparative results of 
the adsorption of metals by other microbial cells (Mohamed, 2001). 
After 4 h, the adsorption of the blank group was higher than that of the 
inactivated bacteria, while the adsorption of the 
glutaraldehyde-inactivated treated bacteria was always at a lower level. 
This was because the adsorption of uranium by bacteria relies on the 
second stage of intracellular accumulation behaviour in addition to the 
first stage of extracellular adsorption (Banala and Subba Rao Toleti, 
2021; Deng and Ting, 2005). In contrast to heat inactivation, glutaral-
dehyde can be used for cell inactivation while preserving the cell 
structure and functional groups on the surface of the bacterium. How-
ever, the ability of inactivated organisms to process uranium was lower 
than that of normal organisms, regardless of whether they had an intact 
cellular structure, again demonstrating the contribution of intracellular 
accumulation to bacterial uranium processing and showing that intra-
cellular transport is inextricably linked to cellular activity (Lee and Hur, 

Fig. 4. Schematic diagram of uranium-adsorbing functional groups on the surface of bacteria.  

Fig. 5. Changes in biosorption capacity (a) and pH (b) with time under 
different pH conditions. 

Fig. 6. Uranium biosorption capacity and rate exhibited by bacteria at different 
initial uranium concentrations. 

Z. Hu et al.                                                                                                                                                                                                                                       



Environmental Research 220 (2023) 115093

7

2014; Huang et al., 2020; Pan et al., 2015). 

3.3.2. Effect of permeabilization treatment 
With continuous research, it was found that by increasing the 

permeability of the cells, the adsorption effect was greatly improved (Ge 
et al., 2015). As shown in Fig. 9, the adsorption speed decreased after 
0.5 h. Uranium ions gradually entered the cell interior through active 
transport, and the adsorption rate of the permeabilized bacteria was still 
significantly higher than that of the blank group. This was because 
permeabilizes increase the permeability of cells and help them release 
cytoplasmic soluble proteins to translocate uranium ions into the cells. 
The release of cytoplasmic soluble proteins increased the contact be-
tween uranium ions, which allowed permeabilized bacteria to reduce 
uranium ions more effectively (Sumit and Alok, 2013; Sultan and Has-
nain, 2007). At 24 h, the adsorption capacities of the bacteria 
pre-treated with 0.2% (v/v) Triton X-100 and 0.2% (v/v) Tween 80 
reached 235.7 mg/g and 242.2 mg/g for uranium, with adsorption rates 
of 94.28% and 96.88%, respectively, which were 21.5% and 24.9% 
higher than the adsorption capacity of the normal bacteria. Therefore, 
the permeabilized bacteria can treat uranium ions in wastewater more 
effectively than ordinary bacteria, and the intracellular adsorption of the 

bacteria has a greater potential to be enhanced, for which Tween 80 is 
the most effective permeabilizer (Desai et al., 2008). 

3.4. Mechanisms of bacterial response to uranium stress 

Bacteria respond to uranium stress by producing multiple changes 
(Achbergerová and Nahálka, 2011). To investigate the bacterial coping 
strategies in uranium-containing environments and the characteristic 
mechanisms of uranium adsorption, we examined the concentrations of 
various ions in solution and found that bacterial adsorption of uranium 
is accompanied by a series of ion-releasing behaviours (Fig. 10 and 
Fig. S3). The first was attributed to changes in the external environment, 
thus resulting in the release of ions from the bacterium into the solution 
to alleviate the difference in osmotic pressure inside and outside the cell. 
Second, during uranium biosorption, certain ions are exchanged (Yi 
et al., 2017). To understand the relationship between uranium adsorp-
tion and ion release, we performed a correlation analysis of uranium 
adsorption with the concentration of each ion in the solution. The results 
of the analysis showed (Table 1) that uranium adsorption was 

Fig. 7. Pseudo-first-order model and pseudo-second-order model for the 
adsorption of uranium by Stenotrophomonas sp. 

Fig. 8. Changes in biosorption capacity by live cells and dead cells over time.  

Fig. 9. Changes in the uranium biosorption capacities of permeabilized cells 
with time. 
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significantly and positively correlated with the release of K+, Ca2+, Na+, 
NH4

+, NO2
− , SO4

2− and inorganic phosphate group (pi) and negatively 
correlated with the release of Mg2+ and NO3

− (see Fig. 11). 
Among them, the release of Na+ and K+ was related to the utilization 

of Na+ and K+-ATPase. Pribil et al. (Pibil et al., 1975) showed that the 

transmembrane transport of uranium requires the participation of ATP 
and that K+ is an important enzymatic activator in ATP synthesis and 
respiration (Vieira et al., 2019). These results again suggested that K+

release was associated with bacterial uranium adsorption, which was 
also observed for other microorganisms with heavy metal removal 

Fig. 10. Release of ions after uranium biosorption by Stenotrophomonas sp. (a) Potassium ion. (b) Calcium ion. (c) Sodium ion. (d) Ammonium ion. (e) Inorganic 
phosphate group (pi). 

Z. Hu et al.                                                                                                                                                                                                                                       



Environmental Research 220 (2023) 115093

9

capacities (Ye et al., 2013). The conversion of ATP to ADP will cause the 
release of Pi, which is one of the reasons for bacterial alkaline produc-
tion (Zheng et al., 2017). The SEM and FTIR results also indicated the 
greater contribution of phosphate groups in the surface adsorption of 
uranium (Sanchez-Castro et al., 2020), which promoted the chelation of 
uranium with phosphate groups and reduced the toxicity of uranium in 
solution (Shen et al., 2018). The TEM results also indicated that phos-
phate groups play a critical role in promoting the formation of intra-
cellular uranium precipitates. This is a mechanism of bacterial resistance 
to uranium stress and a similar strategy was observed in P. stutzeri and 
algal cells (Yu et al., 2022; Choudhary and Sar, 2011). The release of 
NH4

+ occurs because when bacteria are in an external nutrient-free 
environment, they break down intracellular organic matter for endog-
enous respiration to obtain energy to meet their energy requirements for 
survival, which leads to the release of NH4

+ (Hao et al., 2009). Ca2+ is 
released due to the ion exchange phenomenon between uranium and 
Ca2+ (Yi et al., 2017). The release of ions is a manifestation of the 
bacteria’s adaptation to the uranium-containing environment. The 
bacteria used in this study demonstrated high tolerance to the uranium 
environment, which supports the application of the strain in the reme-
diation of uranium contamination. 

4. Conclusions 

This research investigated Stenotrophomonas sp. Processes for high- 
efficiency uranium adsorption. The adsorption capacity of the bacte-
rium for uranium was achieved at 194 mg/g. Based on the results of 
SEM, TEM, adsorption isotherms, and kinetic fitting, we found that 

uranium was distributed on the surface and inside of the bacterial cells 
after adsorption, indicating the occurrence of active transport during 
uranium adsorption. The adsorption rate and adsorption capacity of the 
bacteria treated by permeabilization could reach 96.88% with 242.2 
mg/g, which improved the adsorption efficiency by 24.9%. The opposite 
result was obtained with glutaraldehyde treatment, which again proved 
the intracellular accumulation of the bacterium and its high potential. 
The uranium adsorption behaviour of the bacteria was found to be 
associated with the release of K+, Ca2+, Na+, NH4

+, NO2
− , SO4

2− , and 
PO4

3− . This demonstrates the involvement of Na+, K+-ATPase, the 
release of Pi, the endogenous respiration of bacteria, and the ion ex-
change behaviour of uranium and Ca2+ during uranium adsorption. The 
results of this study indicated that Stenotrophomonas sp. Exhibited strong 
uranium tolerance and excellent adsorption performance of uranium, 
which makes it practical for the treatment of uranium contamination in 
water. 
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Fig. 11. The possible schematic diagram of uranium stress resistance mechanisms and uranium adsorption in Stenotrophomonas sp.  

Table 1 
Correlation between uranium adsorption and ion release by Stenotrophomonas 
sp.   

P  P 

K+ 0.922** Cl− − 0.260 
Ca2+ 0.932** NO2

− 0.969** 
Na+ 0.992** SO4

2- 0.920** 
Mg2+ − 0.943** NO3

− − 0.973** 
NH4

+ 0.958** PO4
3- 0.973** 

1) * for P ＜ 0.05，** for P ＜ 0.01. 
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