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Selective extraction of uranium from seawater remains challenging due to its ultra-low concentration and
the presence of competing ions. In this study, an engineered bacterial biosorbent (BDUQ9) was constructed
by displaying the uranium-binding protein U09 on the outer membrane of Escherichia coli ECN 1917 via the

Lpp-OmpA surface display system. To enhance mechanical stability and enable practical application,

BDUOQ9 cells were encapsulated within polyethylene glycol diacrylate (PEGDA), forming structurally stable

microbial beads with high selectivity toward U(vi). Batch adsorption experiments demonstrated that both

BDUQ9 and the corresponding microbial beads exhibited selective U(vi) uptake in the presence of
competing ions, driven by specific coordination interactions between U(v)) and surface functional groups.
The microbial beads maintained favorable selectivity and structural integrity in uranium-spiked simulated

seawater as well as natural seawater. Continuous fixed-bed column experiments further confirmed

effective U(vi) separation, with breakthrough behavior significantly influenced by initial concentration,
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bed height, and flow rate. The adsorption process was well described by the Yoon—Nelson model, and

high-purity U(vi) recovery was achieved in simulated seawater. This work translates protein-level binding
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1 Introduction

With the continuous growth of global energy demand, nuclear
energy has attracted considerable attention due to its high
energy density and low carbon emissions. Uranium, primarily
present as U(vi) and U(v) in natural environments, is a critical
resource for nuclear energy systems. At present, uranium
resources are mainly obtained from terrestrial uranium ores,
which are unevenly distributed and limited in reserve."* In
contrast, seawater contains approximately 4.5 billion tons of
uranium, nearly 1000 times that of terrestrial reserves, repre-
senting a potentially sustainable long-term resource for nuclear
fuel supply.®* However, uranium extraction from seawater
remains challenging because of its extremely low concentration
(~3.3 ug LY, its predominant existence as stable Ca,[UO,(-
CO3);] complexes, and the presence of abundant competing
ions.>”

Various strategies have been explored for uranium recovery
from seawater, including membrane separation,® ion
exchange," electrochemical methods,” and adsorption
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specificity into a mechanically robust and scalable biosorption platform, offering a promising strategy for
uranium extraction from seawater.

techniques.”" Among these, adsorption is considered one of
the most promising approaches due to its operational
simplicity, low energy consumption, and relatively low cost.”* A
wide range of adsorbent materials have been developed, such as
carbon-based materials, metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), biopolymers, and
amidoxime-functionalized materials."* For instance, Chang
et al.™® constructed a three-dimensional composite adsorbent
composed of graphene oxide, ZIF-8, and sodium alginate with
high uranium adsorption capacity, while Wei et al.*® reported
rapid U(vi) removal using glyphosate-modified MIL-101(Cr).
Nevertheless, most synthetic adsorbents rely primarily on
non-specific coordination interactions, often involving rela-
tively complex synthesis procedures and high material costs,
and may face challenges in long-term stability and environ-
mental compatibility under complex marine conditions."”
Therefore, developing selective, environmentally compatible,
and efficient adsorption systems remains highly desirable.
Biomass-derived adsorbents, including bacteria,'® proteins,
fibers,*® chitin,* lignin,”** and chitosan,* have attracted
increasing interest owing to their renewability, biocompati-
bility, and abundance of functional groups. Compared with
conventional synthetic materials, engineered microbial systems
allow precise genetic control over surface functional groups and
binding specificity. Recent studies have demonstrated the
potential of engineered microorganisms for uranium and other
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metal ions separation. Yuan et al.*® isolated a Bacillus strain
capable of uranium immobilization; Wang et al.*® developed
SUP chimeric protein fibers with enhanced mechanical strength
for uranium enrichment from natural seawater; and Brewer
et al.”® achieved selective adsorption of rare earth elements
using engineered E. coli. These findings suggest that rationally
designed surface-displayed functional proteins can enable
selective enrichment of target radionuclides.

The Lpp-OmpA system is a well-established outer membrane
anchoring and surface display platform in Gram-negative bacteria,
enabling stable presentation of heterologous proteins on the cell
surface through coordinated interactions between lipoprotein
signal peptides and B-barrel membrane structures.’®*” EcN 1917,
derived from the probiotic strain Escherichia coli Nissle 1917,
possesses a well-characterized biosafety background and stable
outer membrane architecture. The U09 protein, originating from
the archaeon Methanobacterium thermoautotrophicum, has been
rationally engineered to exhibit high affinity toward UO,>" ions.?
In this context, surface display of U09 provides a promising
strategy to construct selective biosorbents. Accordingly, a novel
engineered biosorbent (BDU09) was constructed in this study by
expressing U09 on the outer membrane of EcN 1917 via the Lpp-
OmpA display system.

Despite the promising selectivity of microbial and protein-
based adsorption systems, their practical application is often
limited by insufficient mechanical stability and poor adapt-
ability to continuous-flow processes, which may result in
structural collapse or column blockage. To address these limi-
tations, BDU09 cells were encapsulated within polyethylene
glycol diacrylate (PEGDA) microbial beads, enhancing
mechanical strength while preventing clogging during contin-
uous operation. The resulting microbial beads integrate
protein-level binding specificity with polymer-based structural
stability, enabling selective U(vi) adsorption and column sepa-
ration. Furthermore, by replacing the surface-displayed func-
tional proteins, this modular platform may be extended to the
tailored separation of other radionuclides, providing new
perspectives for uranium extraction from seawater and radio-
active metal recovery.

2 Materials and methods
2.1 Materials

Luria-Bertani (LB) medium and r-arabinose were purchased
from Solarbio (Beijing, China). Ampicillin was obtained from
Servicebio (Hubei, China). Uranyl nitrate hexahydrate (UO,(-
NO3),-6H,0, purity = 99.0%) was supplied by Chu Shengwei
Chemical Co., Ltd (Hubei, China). Poly(ethylene glycol) di-
acrylate (PEGDA, Mn = 575) and 2-(N-morpholino)ethane-
sulfonic acid (MES) were purchased from Macklin (Shanghai,
China). Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (TPO-
L) and piperazine-1,4-bis(ethanesulfonic acid) (PIPES) were
obtained from Aladdin  (Shanghai, China). Poly-
dimethylsiloxane oil (PDMS oil, 10 cSt) was purchased from
D&B (Shanghai, China). Triton X-45 was obtained from Merck
(Germany). All chemicals were of analytical grade and used
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without further purification. Ultrapure water (18.2 MQ cm) was
used throughout all experiments.

2.2 Bacterial culture and preparation

The Escherichia coli EcN 1917 strain was kindly provided by Prof.
Zhuang Liu (Soochow University, China). The construction and
transformation of the Lpp-OmpA-Linker-U09-pBAD plasmid are
described in SI 1 and Fig. S1. Western blot analysis was performed
to qualitatively confirm the expression of U09. A flexible Gly-Ser-
rich linker ((GGGS);) was introduced between the membrane
anchor and U09 to reduce steric hindrance, improve conforma-
tional flexibility, and facilitate proper folding and surface exposure
of the functional protein. The sequence of the fusion protein,
including the linker region, is provided in the SI 2.

EcN 1917 cells harboring the Lpp-OmpA-Linker-U09-pBAD
plasmid were cultured in LB medium containing 100 pg mL ™"
ampicillin at 37 °C with shaking at 200 rpm. When the cells
reached the logarithmic growth phase, L-arabinose was added to
a final concentration of 0.2% (w/v) to induce U09 expression,
followed by incubation at 25 °C overnight. Protein expression
was verified by western blot analysis (Fig. 1a). Cells were
subsequently harvested by centrifugation, washed once with
5 mM MES buffer (pH 6.0), and resuspended in the same buffer.
The cell density was adjusted to approximately 1 x 10" CFU
per mL based on ODgo measurements calibrated by plate
counting. The bacterial suspension was stored at 4 °C prior to
use.

2.3 Preparation of microbial beads

Microbial beads were prepared through an emulsion photo-
polymerization process. Briefly, TPO-L photoinitiator (1 wt%)
was first dissolved in PEGDA (Mn = 575, 99 wt%), and the
resulting mixture was combined with the bacterial suspension
at a volume ratio of 1: 3 to form the aqueous phase, following
the method reported by Brewer et al..>® The oil phase consisted
of Triton X-45 (1 wt%) dissolved in PDMS oil (10 cSt, 99 wt%).

The aqueous phase was then added to the oil phase at
a volume ratio of 1:7 and vortexed for approximately 15 s until
a visually homogeneous emulsion was formed. The relatively
high oil-phase fraction was chosen to stabilize the water-in-oil
emulsion and prevent droplet coalescence, which is consistent
with previous report,® thereby enabling the formation of
uniform microbial beads. The emulsion was subsequently
exposed to 365 nm UV irradiation (4 W cm~?) for 60 s to initiate
polymerization, resulting in the formation of PEGDA microbial
beads encapsulating engineered bacteria.

After polymerization, the beads were collected by filtration
through a 700-mesh nylon filter and washed ten times with
physiological saline to remove residual oil and unreacted
components. The final products were stored in 10 mM PIPES
buffer (pH 7.0) at 4 °C prior to use. A schematic illustration of
microbial beads preparation is shown in Fig. S2.

2.4 Batch adsorption and desorption experiments

2.4.1 Pretreatment of microbial beads and water content
determination. Microbial beads stored in PIPES buffer were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Construction and structural characterization of engineered bacteria-encapsulated microbial beads. (a) Western blot analysis confirming
successful expression of the target protein in engineered bacteria; (b) two-dimensional confocal laser scanning microscopy (CLSM) image of PI-
stained bacteria within the microbial beads; (c) three-dimensional CLSM Z-stack reconstruction showing the spatial distribution of Pl-stained
bacteria inside the microbial beads; (d—f) scanning electron microscopy (SEM) images at different magnifications, showing the surface
morphology of the microbial beads and associated bacterial distribution; (g) SEM-EDS elemental mapping images showing the spatial distribution
of C, O, N, P, and U elements in the microbial beads after U(vi) adsorption; (h) transmission electron microscopy (TEM) image of an ultrathin
section (~70 nm) of the microbial beads. Corresponding TEM-EDS elemental maps of C, N, O, P, S, and U from the same region are also shown,
together with an overlay of the bright-field TEM image and the U elemental map.

filtered through a 700-mesh nylon filter and washed with 5 mM
MES buffer (pH 6.0) to remove residual solution prior to
weighing. A portion of the samples was freeze-dried at —60 °C
under a vacuum of approximately 20 Pa for 72 h until constant
weight was achieved. The water content was determined by
comparing the mass before and after freeze-drying and was
found to be 73.05 £ 0.13%. All adsorption capacities reported in
this study were calculated based on dry weight.

2.4.2 Batch adsorption experiments. Batch adsorption
experiments were conducted by varying parameters including
initial U(vi) concentration, adsorbent dosage, solution pH,
NaNO; concentration, temperature, and contact time to eval-
uate their effects on adsorption behavior. For isotherm studies,
the initial U(vi) concentration ranged from 8 to 40 mg L. All
experiments were performed in a thermostatic shaker at
200 rpm.

After adsorption, the suspension was filtered through a 0.22
pm membrane to separate solid and liquid phases. The filtrate
was acidified with nitric acid, and the residual U(vi)

© 2026 The Author(s). Published by the Royal Society of Chemistry

concentration was determined using inductively coupled
plasma optical emission spectrometry (ICP-OES).

2.4.3 Adsorption-desorption cycling experiments. After
reaching adsorption equilibrium, microbial beads were sepa-
rated by filtration, washed three times with ultrapure water, and
dried at room temperature to constant weight. The beads were
then transferred into 0.1 mol L™ " sodium citrate solution and
shaken until desorption equilibrium was achieved. The
desorption solution was filtered through a 0.22 pm membrane,
acidified, and analyzed by ICP-OES.

The desorbed beads were washed with ultrapure water,
dried, and reused for subsequent adsorption cycles. The
adsorption-desorption process was repeated for five cycles to
evaluate reusability.

2.5 Dynamic column separation experiments

A fixed volume of wet microbial beads was wet-packed into
a glass chromatography column (¢4.0 mm x H80 mm), and

RSC Adv, 2026, 16, 22659-22671 | 22661
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experiments were conducted at room temperature. The packed
microbial beads in the column corresponded to approximately
0.0656 g (wet weight) for a 10 mm bed height and 0.1314 g (wet
weight) for a 20 mm bed height. Based on a measured water
content of ~73%, the corresponding dry weights were approx-
imately 0.0177 g and 0.0355 g, respectively. All dynamic
adsorption capacities (Q,) were calculated based on dry weight.
Breakthrough experiments were performed by varying initial
U(vi) concentration, flow rate, and bed height to evaluate the
effects of operational parameters on dynamic adsorption
behavior.

For simulated seawater experiments, 10 mL of spiked
simulated seawater was introduced into the column. The
concentrations of major ions are listed in Table S2, and the
initial U(v1) concentration was 14.85 mg L' (11.95 mg L~ for
spiked natural seawater). The column was then flushed with
15 mL of water and eluted using 15 mL of 0.1 mol L ™" sodium
citrate solution. Effluents were collected automatically in 2 mL
fractions, and subsequently acidified with nitric acid for ICP-
OES analysis to determine the concentrations of U(vi) and
other coexisting metal ions.

After each experiment, microbial beads in the column were
kept immersed in MES buffer for subsequent reuse.

2.6 Calculation methods

The adsorption ratio (R,), adsorption capacity (g. and g,), and
distribution coefficient (K4) were calculated using the following
equations:

Co — Ce

R, = 1002
@ X % (1)
co—¢co)V
- @
m
co—c)V
go= 0o ®)
m
K= "%y V_ 4 (4)
Ce m e

where ¢y, ¢, and ¢, (mg L’l) represent the initial concentration,
concentration at time ¢, and equilibrium concentration, respec-
tively; g. and ¢, (mg g~ ") denote equilibrium adsorption capacity
and adsorption capacity at time ¢ m (mg) is the dry weight of
adsorbent; V (mL) is the solution volume; R, is the adsorption ratio
(%); and Ky is the distribution coefficient (L g~ ).

3 Results and discussion
3.1 Characterization of microbial beads

3.1.1 Verification of protein expression and microbial
beads construction. To verify the successful construction of the
engineered bacteria and their incorporation into PEGDA
microbial beads, protein expression was first characterized. As
shown in Fig. 1a, a clear band appeared at approximately 28 kDa
in the western blot analysis, consistent with the theoretical
molecular weight of the target protein (28.5 kDa), confirming
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successful expression of the target protein in the engineered
bacteria. The internal structure of the bacteria-loaded microbial
beads was subsequently examined using confocal laser scan-
ning microscopy (CLSM). As shown in Fig. 1b, PI-stained
confocal images of microbial beads with three different sizes
exhibit strong fluorescence signals throughout the beads,
indicating successful encapsulation of bacteria within the
microbial beads. Further three-dimensional Z-stack recon-
struction (Fig. 1c) revealed a relatively uniform spatial distri-
bution of bacteria within microbial beads of different sizes,
without noticeable aggregation or void regions, suggesting good
structural homogeneity of the microbial beads. The surface
morphology of the microbial beads was further characterized by
scanning electron microscopy (SEM). As shown in Fig. 1d-f, low-
magnification images (Fig. 1d) demonstrate that the microbial
beads exhibit a regular spherical morphology. At higher
magnification (Fig. 1e), densely distributed bacterial protru-
sions can be observed on the microbial bead surface. Local
magnification (Fig. 1f) further shows bacteria attached with
different orientations and partially protruding from the surface,
indicating that bacteria are not only uniformly distributed
within the microbial beads but also form a continuous coverage
on the surface.

Together, these results confirm successful protein expres-
sion, effective bacterial encapsulation, and structural integrity
of the PEGDA-based microbial beads.

3.1.2 Spatial distribution of uranium after adsorption.
After U(vi) adsorption, SEM-EDS elemental analysis was per-
formed (Fig. 1g). The results show uniform distributions of
C, N, O, and P elements across the microbial bead surface, with
C and O signals dominating. Meanwhile, the U signal is also
homogeneously distributed, indicating that U(vi) adsorption
does not lead to significant localized enrichment or precipita-
tion at the microbial bead scale. To further resolve the spatial
distribution of uranium at higher resolution, ultrathin sections
(~70 nm) were prepared for TEM-EDS analysis (Fig. 1h).
Bacterial structures are clearly identifiable in the TEM bright-
field images, while elemental mapping shows uniform distri-
butions of C, N, O, P, S, and U within the observed region.
Overlaying the U elemental map with the bright-field image
reveals that uranium signals are mainly localized around the
bacterial periphery, suggesting that U(vi) is primarily associated
with regions near the cell membrane, consistent with the
membrane localization of the expressed target protein. These
observations reflect a multi-scale distribution behavior, where
uranium appears uniformly distributed at the bead scale while
being preferentially associated with bacterial interfaces at
higher resolution, indicating that adsorption primarily occurs
on bacterial surfaces that are homogeneously dispersed
throughout the microbial beads.

3.1.3 Functional group interactions and chemical-state
evolution (FTIR and XPS). Fourier transform infrared spec-
troscopy (FTIR) was employed to investigate changes in surface
functional groups of bacteria before and after U(vi) adsorption
(Fig. 2a). Both samples exhibit a broad and intense absorption
band above 3000 cm ™', commonly attributed to the stretching
vibrations of hydroxyl (-OH) and amino (-NH) groups

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Spectroscopic characterization of bacteria before and after U(vi) adsorption, and of PEGDA microbial beads; (a) FTIR spectrum of bacteria

before and after U(vi) adsorption; (b) FTIR spectrum of pristine PEGDA

microbial beads; (c) XPS survey spectra of bacteria before and after U(vi)

adsorption; (d—g) High-resolution XPS spectra of C 1s, N 1s, O 1s, and U 4f regions of bacteria before U(vi) adsorption; (h—k) High-resolution XPS
spectra of C 1s, N 1s, O 1s, and U 4f regions of bacteria after U(v)) adsorption.

originating from polysaccharides, proteins, and adsorbed water
on the bacterial surface.** The overall shape and intensity of this
band remain largely unchanged after adsorption, indicating
that hydrophilic functional groups are preserved during the
adsorption process. The absorption peak near 2922 cm ™’
corresponds to aliphatic —-CH,/-CH; stretching vibrations
associated with membrane lipids,*** showing negligible
changes after adsorption and suggesting that the lipid back-
bone structure remains intact. In the mid-wavenumber region,
characteristic amide I (C=O stretching) and amide II (N-H
bending coupled with C-N stretching) bands appear at
1648 cm™ ' and 1543 cm ™', respectively.®® After U(vi) adsorption,
these peaks slightly shift to 1638 ecm ™" and 1539 cm™ ", indi-
cating changes in the local chemical environment of carbonyl
and amino groups, possibly due to interactions between uranyl
ions and oxygen- or nitrogen-containing functional groups. In
the fingerprint region (1500-1000 cm ™), multiple weak bands
associated with C-O, P-O, and C-O-C vibrations are observed,**
and partial variations in peak shape and intensity after
adsorption suggest rearrangement of oxygen-containing func-
tional groups during uranyl binding. Notably, a new band at
911 cm ' can be attributed to the characteristic O=U=0
stretching vibration of uranyl species. Compared with typical
values reported for aqueous uranyl species, this band may
reflect a shift in vibrational frequency due to coordination
interactions with surface functional groups, providing spectro-
scopic evidence for U(vi) adsorption. In the low-wavenumber
region (500-600 cm™'), a broad weak band is observed both

© 2026 The Author(s). Published by the Royal Society of Chemistry

before and after adsorption,* which is discussed qualitatively
due to its low resolution. FTIR analysis of PEGDA microbial
beads (Fig. 2b) shows characteristic absorption peaks at
1734 cm™ ' corresponding to ester C=O stretching, at
1653 cm ™! related to C=C bonds, and at 1105 cm ™" assigned to
C-0O-C stretching vibrations, confirming the successful forma-
tion of the PEGDA crosslinked polymer network.***” These
results indicate that PEGDA mainly provides structural support,
while functional group variations associated with adsorption
originate predominantly from bacterial components.

X-ray photoelectron spectroscopy (XPS) was further con-
ducted to analyze changes in surface elemental composition
and chemical states before and after adsorption (Fig. 2c). The
survey spectrum of the pristine sample shows dominant C 1s, N
1s, and O 1s signals, corresponding to organic and nitrogen-
containing functional groups on the bacterial surface. After
adsorption, distinct uranium-related peaks appear while C, N,
and O signals remain present, confirming successful immobi-
lization of uranyl species on the surface. High-resolution
spectra of C 1s, N 1s, O 1s, and U 4f (Fig. 2d-k) were further
analyzed within the XPS probing depth (~3-5 nm). The C 1s
spectra (Fig. 2d and h) can be deconvoluted into three compo-
nents at approximately 284.4 eV, 285.6 eV, and 287.5 eV,
assigned to C-C/C-H, C-O/C-N, and O-C-O/C=O0O bonds,
respectively.*® No obvious chemical shift or significant change
in relative distribution is observed after adsorption, indicating
that the organic framework remains chemically stable. The N 1s
spectra (Fig. 2e and i) show a dominant peak centered at

RSC Adv, 2026, 16, 22659-22671 | 22663
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approximately 399.6 eV, attributed to amine or amide nitrogen
species.***® After adsorption, slight baseline elevation is
observed, mainly due to the adjacent strong U 4f signal at
higher binding energy. The O 1s spectra (Fig. 2f and j) can be
fitted into two components. Before adsorption, peaks appear at
approximately 530.9 eV and 532.2 eV, while after adsorption
they shift to 531.2 eV and 532.6 eV. The lower binding energy
component is typically associated with C=0, P=0, or P-O
groups, whereas the higher binding energy component corre-
sponds to C-OH, C-O-C, and P-O-C species.* Notably, the
relative intensity of the double-bonded oxygen component
increases after adsorption, accompanied by positive shifts of
0.32 eV and 0.42 eV, respectively, indicating the involvement of
oxygen-containing functional groups in uranyl coordination.*
The positive shift suggests a decrease in local electron density
around oxygen atoms upon coordination with uranyl ions,
consistent with electron donation from oxygen ligands to the
uranium center. This observation agrees with the reported
binding mode of the U09 protein, in which carboxyl groups
from Glu8, Glu12, and Glu35, together with a coordinated water
molecule, interact with the equatorial plane of the uranyl ion
(Fig. S3).° In the U 4f region, two new peaks appear at
approximately 382.16 eV (U 4f,,,) and 392.96 eV (U 4fs),) after
adsorption, while no uranium-related signal is detected in the
pristine sample (Fig. 2g and k), directly confirming successful
enrichment of uranyl species on the material surface.** The
relatively sharp peak shape suggests that uranium exists in
a relatively uniform chemical state.

3.2 Effect of contact time, solid-liquid ratio, and initial
acidity

The adsorption behavior of metal ions on adsorbents is influ-
enced by both the physicochemical properties of the adsorbent
surface and solution conditions, including metal speciation,
concentration, solution acidity, and medium composition.
Fig. 3a shows the variation of adsorption percentage with
contact time under conditions of [U(vi)] = 25 ppm, T = 25 °C, pH
=5,andmV ' = 0.4 mg mL™". Rapid adsorption occurs during
the initial stage, reaching 37% within 3 h. After 15 h, the
adsorption percentage reaches 40%, corresponding to an
adsorption capacity of 25 mg g~ ', and subsequently remains
stable. This behavior indicates that adsorption initially occurs
on readily accessible surface sites, followed by a slower stage
that may be associated with mass transfer resistance within the
PEG network until adsorption-desorption equilibrium is ach-
ieved. Therefore, an equilibrium time of 24 h was adopted for
subsequent experiments.

Adsorption kinetics analysis was conducted to further
investigate the adsorption behavior of U(vi), including possible
contributions from external diffusion, internal diffusion, and
surface interactions. The pseudo-first-order (eqn (5)) and
pseudo-second-order (eqn (6)) kinetic models are commonly
used to describe adsorption behavior of metal ions.** The
pseudo-first-order model is generally associated with diffusion-
related processes, whereas the pseudo-second-order model
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assumes that the adsorption rate is related to the availability of
adsorption sites.

G = g X (1 — 64"") (5)
kthez

= = 6

qt 1+ katge (6)

Fitting of the experimental data using eqn (5) and (6)
produced the curves shown in Fig. 3b and c, with correlation
coefficients (R*) of 0.8826 and 0.9999, respectively. The results
indicate that the pseudo-second-order model provides a better
description of the adsorption behavior of U(vi), suggesting that
the adsorption process is more closely related to the availability
of active sites and surface interactions rather than being solely
controlled by diffusion. The calculated equilibrium adsorption
capacity (g = 26.18 mg g~ ') agrees well with the experimentally
obtained value (25 mg g ") obtained under the same conditions
([U(w)] = 25 ppm, pH =5, T=25°C, m V' = 0.4 mg mL ™).

The solid-liquid ratio (m V') significantly influences the
adsorption performance of U(vi). As shown in Fig. 3d, increasing
the adsorbent dosage increases the adsorption percentage from
45% to 83%, while the adsorption capacity decreases from
18.4 mg g~ ' to 12.8 mg g '. This behavior indicates that
although more adsorption sites become available at higher
dosages, incomplete utilization of active sites, together with
possible site overlap and reduced concentration gradients,
leads to a decrease in unit mass adsorption capacity.'®

The effect of solution pH on adsorption percentage is shown
in Fig. 3e, while Fig. 3f presents the calculated speciation
distribution of U(vi) over pH 1-14 using Visual MINTEQ 3.1. The
adsorption percentage increases from 18% to 90% as pH rises
from 3 to 6, reaches a maximum at pH 6, and decreases at
higher pH values, consistent with previous reports.***” At pH <
5, U(vi) mainly exists as UO,>*, and competition between H* and
adsorption sites results in relatively low adsorption efficiency.*
When 5 < pH < 8, hydrolyzed uranyl species such as
(UO,);(0H)5" and (UO,)4(OH)," gradually form, while deproto-
nation of surface functional groups enhances coordination
interactions with U(vi), leading to improved adsorption perfor-
mance. At pH > 8, negatively charged hydroxo complexes,
including (UO,);(OH),, UO,(OH); ™, and UO,(OH),*", become
dominant. The presence of these species may lead to electro-
static repulsion between uranyl complexes and the adsorbent
surface, resulting in decreased adsorption efficiency.*® There-
fore, adsorption of U(vi) on microbial surfaces is likely governed
by the combined effects of coordination interactions between
amino acid functional groups and uranyl ions together with
electrostatic interactions.

3.3 Adsorption isotherm study

Adsorption isotherms were employed to describe the adsorp-
tion behavior of the adsorbent at different equilibrium
concentrations. The Langmuir and Freundlich models are
commonly used to analyze adsorption processes. The Langmuir
model assumes monolayer adsorption on a homogeneous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Effect of contact time on U(vi) adsorption by microbial beads, [UO,2*] = 25 ppm, T =25 °C, pH =5, m V™' = 0.4 mg mL™%; (b) Pseudo-
first-order kinetic model fitting; (c) Pseudo-second-order kinetic model fitting; (d) effect of adsorbent dosage on U(vi) adsorption by microbial
beads, [UO,2*] =25 ppm, T =25 °C, pH = 5, t = 24 h; (e) adsorption edges of U(v) at different pH values on microbial beads, [UO,2*] = 25 ppm, T
=25°C, t=24h mV!t=0.1mgmL (f) the relative species of U(vi) as a function of pH value (simulated using Visual MINTEQ v3.1).

surface with finite and identical active sites, whereas the
Freundlich model is an empirical equation describing multi-
layer adsorption on heterogeneous surfaces. The mathematical
expressions of the Langmuir and Freundlich models are given
in eqn (7) and (8), respectively:

C. 1 C.
J’_

qe B qmaxKL Gmax

7)

1
In ¢. = InKf + (E) InC, (8)

where Kj, is the Langmuir constant, and K and n are Freundlich
constants.

The Langmuir and Freundlich fitting results at 283, 298, and
323 K are presented in Fig. 4a and b, respectively. The equilib-
rium adsorption capacity of U(vi) increased with increasing
temperature, indicating that elevated temperature favored the
adsorption process. In addition, higher initial concentrations
resulted in increased equilibrium adsorption capacities due to
the enhanced concentration gradient between solution and
adsorbent surface. The corresponding fitting parameters and
correlation coefficients (R*) are summarized in Table 1. Both K

a) 5 b) c)wc
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- .
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Fig. 4 (a) Linear fitting of the Langmuir isotherm at different temperatures; (b) Linear fitting of the Freundlich isotherm model at different
temperatures; (c) effect of ionic strength on the adsorption percent and capacity of microbial beads; (d) effect of competitive cations on the
adsorption of U(vi) by bacteria and microbial beads (cations: K*, Na*, Ca?*, Mg®*, Cd®*, Zn?*, Eu®*; [IM]=1x 10 *molL™t, mVt=1mgmL™?, pH
=5); (e) removal efficiency of microbial beads in spiked simulated seawater (left) and spiked natural seawater (right) (The concentration of cation
can be seen in table S2). (f) Reusability of microbial beads in U(vi) adsorption.
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Table 1 U(v) sorption isotherms parameters of the models

Temperature/K
Isotherm Parameter 283 298 323
Freundlich 1/n 0.3433 0.2317 0.2772
Kp [(mg g ")/(mgL™)""]  3.4866 5.8780  6.1700
R 0.9505  0.9547  0.8318
Langmuir K (L mg ) 0.0706  0.1532  0.1560
Gmax (Mg g7 1) 17.11 16.26 19.69
R? 0.9946 0.9978 0.9962

and Kj, increased with temperature, further suggesting that
adsorption was thermodynamically favorable at higher
temperatures. However, excessive temperature may affect the
structural stability of the microbial beads. As shown in Fig. S4,
high-temperature treatment or prolonged UV exposure resulted
in decreased adsorption capacity, which may be attributed to
structural alterations or partial denaturation of bacterial
proteins.*” Comparison of correlation coefficients indicates that
the Langmuir model provided a better fit than the Freundlich
model, with R* values closer to unity. This result suggests that
U(vi) adsorption on the microbial beads predominantly follows
monolayer adsorption behavior with relatively uniform active
sites.

3.4 Effect of ionic strength and competing ions

The influence of ionic strength on U(vi) adsorption onto
microbial beads is shown in Fig. 4c. Within the NaNO;
concentration range of 0.1-40 ppm, the adsorption percentage
remained between 50% and 60%, and the adsorption capacity
was maintained at approximately 13-15 mg g~ *. These results
indicate that variations in ionic strength exert only a minor
influence on U(vi) adsorption. Therefore, the adsorption
behavior suggests the involvement of inner-sphere surface
complexation.”® In the inner-sphere complexation model,
adsorbed ions directly coordinate with surface functional
groups without the involvement of intermediate water mole-
cules, resulting in strong and specific chemical interactions.
This interpretation is consistent with the post-adsorption
characterization results. In contrast, outer-sphere complexa-
tion involves at least one water molecule between the adsorbate
and surface functional groups, leading to nonspecific adsorp-
tion that is more sensitive to changes in ionic strength; elevated
salt concentrations typically reduce adsorption capacity under
such mechanisms.*” The weak dependence on ionic strength
observed here suggests that the microbial beads maintain
stable adsorption performance under high-salinity and high-
ionic-strength conditions, highlighting their potential for
uranium extraction from seawater. However, further control
experiments would be required to fully distinguish specific
coordination from non-specific adsorption.

In addition to U(vi), seawater contains various competing
metal cations, including K(i), Na(1), Mg(u), Ca(u), Zn(u), Cd(u),
and Eu(m), which may compete for adsorption sites and influ-
ence selectivity. The adsorption percentages of different metal
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ions on BDUO9 and microbial beads are presented in Fig. 4d.
The microbial beads exhibited significantly higher adsorption
toward U(vi), reaching 80% and 60%, respectively, while
adsorption toward competing ions remained below 2%. In
contrast, BDU09 showed higher adsorption toward impurity
ions, with Eu(u) reaching up to 25% and other ions below 10%.
The separation factor between U(vi) and competing metal
ions (SFy/y) was calculated using eqn (9):
U

K
SFym = ﬁ 9)
d

As summarized in Table S1, the highest and lowest separa-
tion factors for BDU09 were 7.9 x 10° (U/Na) and 2.7 (U/Eu),
respectively. For microbial beads, the highest separation
factors reached 5.9 x 10° (U/Ca and U/Mg), while the lowest
value was 67.3 (U/K). Although the adsorption capacities of
microbial beads toward some metal ions were lower than those
of BDU09, the substantially reduced adsorption toward
competing ions resulted in enhanced overall separation
selectivity.

3.5 Adsorption in spiked simulated seawater and natural
seawater

Natural seawater contains not only abundant inorganic ions but
also various organic substances and microorganisms,'® all of
which may influence adsorption performance. Therefore, eval-
uating adsorption behavior under seawater conditions is
essential for practical applications. The adsorption perfor-
mance of microbial beads was investigated in both spiked
simulated seawater and spiked natural seawater, with compo-
sitions listed in Table S2. The results are shown in Fig. 4e.

In both systems, the adsorption of abundant competing
divalent cations such as Mg>* and Ca®* remained very low, while
U(vi) adsorption maintained good selectivity. The removal effi-
ciency of U(vi) reached approximately 65% in simulated
seawater and slightly decreased to 55% in natural seawater.

The reduced adsorption performance in seawater can be
attributed to the complex ionic composition. The presence of
high concentrations of CO;>~ and Ca*>* promotes the formation
of neutral complexes such as Ca,UO,(COs);(aq),” rather than
positively charged UO,>" or hydroxyl complexes. The formation
of neutral species weakens electrostatic interactions between
U(vi) and adsorption sites. Furthermore, organic matter and
microorganisms present in natural seawater may further
interfere with adsorption, leading to additional decreases in
removal efficiency.

3.6 Desorption and reusability

Reusability is an important criterion for evaluating the indus-
trial applicability of adsorbents. The adsorption-desorption
cycling performance of microbial beads for U(vi) was therefore
investigated. As shown in Fig. 4f, the desorption percentage as
a function of cycle number was evaluated according to eqn (10),
where m,q represents the amount of U(vi) adsorbed per unit

© 2026 The Author(s). Published by the Royal Society of Chemistry
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through microbial beads column. pH = 5, room temperature, column

mass of adsorbent during adsorption and mq. represents the
amount desorbed into solution during desorption.

Mge

D% = x 100%

- (10)

The initial desorption efficiency reached nearly 100%.
Although a gradual decline in adsorption-desorption perfor-
mance was observed with increasing cycle number, the
desorption efficiency remained above 70% after five cycles,
demonstrating good regeneration capability and structural
stability of the microbial beads.

To evaluate the structural stability of microbial beads after
repeated adsorption-desorption cycles, SEM images were ob-
tained after five cycles (Fig. S5). Compared with the pristine
microbial beads (Fig. 1e—f), the cycled beads exhibit a slightly
roughened surface with the appearance of micro-scale

diameter =5 mm.

irregularities. However, the overall spherical morphology and
structural integrity are well preserved, with no obvious collapse
or fragmentation observed. This result indicates that the
PEGDA-based microbial beads maintain good structural
stability during repeated adsorption-desorption processes,
which is consistent with the retained adsorption performance.

3.7 Column separation experiments

The photo of the column setup is shown in Fig. S6. Break-
through curves obtained under different initial U(vi) concen-
trations, column heights, and flow rates are presented in
Fig. 5a-c. Here, C, and C; represent the initial concentration
and the concentration at time ¢, respectively, and the x-axis
denotes the operating time after the U(vi) solution entered the
column. The dynamic adsorption behavior of microbial beads
under various operating conditions is summarized in Fig. 5d.

Table 2 Yoon-Nelson parameters for dynamic adsorption of U(vi) and Q, on microbial beads at different experimental condition®

U(v1) Flow rate Column height

concentration (ppm) (LL min™") (mm) Kyx (min™?) 7 (min) Texp (Min) R’ Qi (mgg™)
20 200 20 0.0201 197.29 182.58 0.9516 28.33

20 200 10 0.0112 119.64 106.38 0.9720 30.33

20 400 20 0.0298 82.04 73.91 0.9226 23.22

10 200 20 0.0340 224.24 219.87 0.9930 20.63

“ 1: the time required to adsorb 50% of U(vi) according to model calculation; tey: the time required to adsorb 50% of U(vi) according to the

experiments; Qy: the adsorption capacity of U(vi) by microbial beads.
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The dynamic adsorption capacity (Q,) was calculated according
to eqn (11), where m and v represent the mass of microbial
beads and flow rate, respectively:

v r (Co— Cy) dr

-OT (11)

Ql:

When flow rate and column height were kept constant, break-
through curves obtained at initial U(vi) concentrations of 10 and
20 ppm are shown in Fig. 5a. Earlier breakthrough occurred at
higher feed concentrations, indicating faster saturation of
adsorption sites. The corresponding experimental break-
through times (tc.p,, defined as the time when C,/C, = 0.5) were
219.87 and 182.58 min, respectively (Table 2). Lower feed
concentrations reduced the concentration gradient and mass
transfer driving force, thereby prolonging breakthrough time
but resulting in lower saturation capacity.®* In this study, the
column performance was primarily evaluated based on experi-
mental breakthrough behavior, while the Yoon-Nelson model
was further applied for quantitative analysis.

Under identical initial concentration and flow rate condi-
tions, increasing column height from 10 to 20 mm increased
Texp from 119.64 to 182.58 min and slightly decreased Q. from
30.33 to 28.33 mg g ' (dry weight basis). A higher column
height provides more active sites and longer residence time,
thereby improving overall adsorption performance.>

When initial concentration and column height were fixed,
increasing the flow rate from 200 to 400 uL min~ "' reduced Texp
from 182.58 to 73.91 min and decreased the adsorption capacity
from 28.33 to 23.22 mg g~ ' (dry weight basis). Higher flow rates
shorten solution residence time, limiting equilibrium between
U(v1) and adsorption sites and leading to earlier breakthrough
and reduced adsorption capacity.>*>*

The experimental data were further fitted using the Yoon-
Nelson model,*® expressed in eqn (12):

(o 1

G~ T+ eopKom(t—1)) (12)

where Kyy is the rate constant associated with mass transfer
and t is the theoretical breakthrough time. The fitting results
(Fig. S7a-d) show good agreement with experimental data, with
deviations between calculated and experimental breakthrough
times below 10% and correlation coefficients higher than 0.92,
indicating that the Yoon-Nelson model adequately describes
the dynamic adsorption behavior of U(vi) in the fixed-bed
column.

As shown in Fig. 5d and Table 2, the adsorption capacity
gradually increased with operating time and eventually
approached saturation. Within the investigated conditions,
lower column height resulted in higher adsorption capacity per
unit mass, whereas lower initial concentration led to reduced
adsorption capacity, and increased flow rate shortened the time
required to reach saturation.

Column separation performance in spiked simulated
seawater is shown in Fig. 5e (composition listed in Table S2).
Coexisting divalent ions such as Ca®>", Mg”*, and Sr** were
scarcely retained in the column, indicating weak interaction
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with the adsorbent. In contrast, monovalent ions (e.g., Na" and
K") were still detected in the eluent due to their high back-
ground concentrations. U(vi), however, was effectively adsorbed
and selectively eluted using sodium citrate solution. Citrate
forms stable complexes with U(vi), enabling its desorption from
active sites. The calculated adsorption and desorption effi-
ciencies of U(vi) were approximately 80% and 62%, respectively.
Although U(vi) was effectively enriched during the elution stage,
monovalent ions such as Na" and K" were still present due to
their high background concentrations. In contrast, divalent
ions (e.g., Ca®* and Mg>*) showed negligible elution, indicating
the selective recovery of U(vi).

4 Conclusion

In this study, an engineered biosorbent (BDU09) was con-
structed by displaying the U09 peptide on the surface of
Escherichia coli EcN 1917 via the Lpp-OmpA system. Encapsu-
lation with PEGDA produced structurally stable microbial beads
with selective adsorption toward U(vi). The adsorption process
followed the Langmuir model and exhibited favorable selec-
tivity in multi-ion systems, including simulated and natural
seawater. Fixed-bed column experiments confirmed effective
dynamic separation of U(vi), and the breakthrough behavior was
well described by the Yoon-Nelson model. These results
demonstrate the potential of the engineered microbial beads
for uranium recovery from seawater.
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