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Ion exchange (IX) is an attractive approach to extract uranium from wastewater, simultaneously reducing the
negative environmental impact of uranium mining and recovering uranium resources. However, the IX process is
limited by the deactivation of the resin, and the role played by microorganisms attached to the resin remains
unknown. Here, we characterized the chemical and mineralogical compositions, microbial community structure,
and network-related molecular mechanism of the uranium-bearing deposit on SBA exchange resin from a full-
scale U mine seepage water treatment system. The uranium removal by the resin was attributed to the forma-
tion of binary anionic UOZ(SO4)22’ or UOZ(SO4)34’ complexes and their subsequent association with the resin.
The deactivation of the resins might mainly result from the presence of deposits on the resin surface rather than
the saturation of functional groups. Microbial reduction of U(VI) to U(IV) was confirmed in the deposit. The long-
term operation acclimated functional microbial communities on the resin, such as Curvibacter sp., Acidovorax sp.,
and Herminiimonas sp. for uranium bioremediation, Methylotenera sp. for biofilm formation, and Polaromonas sp.
and Hydrogenophaga sp. for autotrophic metabolism. Molecular ecological network analysis indicated the syn-
thetic metabolisms among metal remediation bacteria and autotrophs might play major roles in microbial-
mediated uranium removal. This study offers new insights into the application of the IX system for uranium-
containing wastewater treatment.

1. Introduction

Nuclear power and its primary fuel, uranium (U), play a crucial in
decarbonizing the global energy supply [1,2]. Along with the flourish of
the nuclear power industry, large quantities of U-containing wastewater
are released during the mining and milling of U ores [3]. As U is highly
hazardous to the biosphere, the wastewater can pose serious threats to
the ecosystem if not properly treated [4].

Uranyl (UV'0,%7) is the dominant U species in U-containing waste-
water [5]. Ion exchange (IX) is the most adopted technique for the
removal of U(VI) in wastewater treatment practices [6,7]. Strong base
anion (SBA) exchange resins possess quaternary amine groups ([-N
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(CH3)30H]), a wide operating pH range and high selectivity for U. SBA
are hence the most commonly used IX resins in the treatment of U-
containing wastewater [5]. To date, much research efforts in U removal
by IX have focused on novel material development, removal efficiency
and capacity, and operating conditions for certain treatment objectives
[7-10]. However, in industrial operations, the progressive deactivation
of IX resins remains constantly a bottleneck of this widely implemented
technology [11]. Historically, the IX-based U mine wastewater treat-
ment process is generally-perceived as a pure physical-chemical water
treatment process. The blockage of IX functional groups by extracted
ions is generally considered to be the main reason for the resin deacti-
vation [12]. However, the IX efficiency depends on both the mass
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transfer processes and the ion adsorption/exchange process [13], espe-
cially the former [14]. Therefore, the obstructed mass transfer might be
also responsible for the resin deactivation in the IX process.

During the long-term continuous operation of IX columns, the resins
provide a suitable environment for microorganism attachment and
growth thanks to their macroporous structure [15]. Meanwhile, the
resin matrix material can be used as nutrients for microorganism growth
[16,17]. Therefore, the formation of biofilms on the resin surfaces is
inevitable in IX systems [16], which may result in biofouling and lower
mass transfer efficiency, even reduced lifetime and higher operational
costs. Moreover, the presence of biofilms allows for the potential long-
term microbial U metabolism [18]. Processes involving microorgan-
isms, such as bioreduction, bioaccumulation, biosorption and bio-
precipitation, could immobilize U [19]. Therefore, an in-depth
understanding of the microbial-mediated activities in IX columns will be
helpful for the implementation of IX techniques. However, the infor-
mation of microorganisms attached to the resin under real-world set-
tings is scarce, and whether and how the microbial community in resin
biofilm impacts U removal remain unknown.

Therefore, we aim to reveal the underneath deactivation mecha-
nisms of IX resins in a full-scale IX column treating real U mine seepage
water. The objectives of this study are to (1) decipher the mechanisms of
IX resin deactivation; (2) confirm the microbial-mediated U removal in
the IX system; (3) identify the core members and microbial interactions
in the resin biofilm. This study offers new insights on the deactivation
mechanisms of IX resins in treating U-containing waste streams, which
may facilitate future practical implementations of IX systems in U-con-
taining wastewater treatment.

2. Materials and methods
2.1. Materials

The resins were taken from a full-scale fixed-bed IX column for
treating the tailings seepage water of a U mine located in western China.
The resins were a strong basic anion exchange type (201 x 7, gel-type)
characterized by the quaternary amine functional group ([-N
(CH3)30H]), with a nominal saturation capacity of 6.5 mg/mLR. The
treatment process of the seepage water is shown in Fig. S1. The average
U concentration in the treated wastewater was about 5 mg/L, and the
influent pH fluctuated between 6.2 and 6.8. The wastewater was
oligotrophic with an organic carbon content of less than 10 mg/L. Six
fixed resin beds were divided into two groups, with three in series in
each group. The height of each resin bed was 4 m, and the speed of the
empty adsorption bed was 15 m/h. Six saturated resin samples (S1-S6)
were collected from six resin beds after a continuous operation of six
months. The regenerated resin (S0) was collected after rinsing with
NaHCO3/NaCl solutions. The fresh resin before adsorption was also
collected for a blank control.

2.2. Characterizations

The resins used for the following characterization were dried under a
continuously purified nitrogen atmosphere in a glove box (Unilab,
Mbraun). Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) were conducted using a JSM-7900F (JEOL) ultra-
high-resolution FE-SEM equipped with an X-Max N EDS system. The
resins were coated with an ultrathin coating of platinum (Pt) by low-
vacuum sputter before SEM characterization, and the coated Pt was
subtracted to accurately express element composition. X-ray photo-
electron spectroscopy (XPS) was carried out using a Thermo K-Alpha +
XPS with an Al (Ka) source. Fourier Transform Infrared Spectroscopy
(FT-IR) was measured in the range of 4000-400 cm ! on a Perkin-Elmer
Spectrum One FT-IR spectrometer (Perkin-Elmer, USA).
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2.3. Microbial community analysis

To collect biomass from resin surface, the resin first washed with
sterile water under rigorous oscillation. Subsequently, the resin was
removed and the remaining liquid mixture was centrifuged at 12000
rpm for 15 min, and the precipitates collected were the biomass. The
details for DNA extraction, PCR amplification, Illumina MiSeq
sequencing and taxonomic classification have been described in previ-
ous studies [20-22]. The microbial community structure and molecular
ecological network analysis were performed using the Majorbio Cloud
Platform (www.majorbio.com). The Spearman correlations between the
top 30 abundances of bacteria were calculated for the network con-
struction [23]. The raw sequencing data of 16S rRNA genes were
deposited in the NCBI database (Accession number: PRINA752976).

3. Results and discussion
3.1. The uranium removal and resin deactivation mechanisms

The IX system studied herein could reduce the U in the seepage water
from ~ 5 mg/L to less than 0.3 mg/L. After a long-term operation, the
actual breakthrough volume was only 40% of the nominal saturation
volume (1000 BV vs. 2500 BV). When U concentration in the resin
reached 500 mg/L, the rinsing process would be performed to reduce U
concentration in the resin to less than 100 mg/L. When the U concen-
tration in the effluent was still higher than 0.3 mg/L after rinsing, the
resin would be regenerated. The saturation capacity of the resin would
be decreased by 5-10% after each regeneration cycle.

3.1.1. Characterization of functional groups on the resin

The FT-IR was used to investigate the structural changes in the SBA
resins (Fig. 1). The broad and strong peak at 3419.06 cm ™ could be
attributed to the stretching vibration of the hydroxyl group in the [-N
(CH3)30H] structure [8]. The characteristic peaks at 1482.86 em ™! and
1619.06 cm ! could be ascribed to the vibration absorption of the
benzene skeleton, and the peaks at 1000-500 cm ™! belonged to the C-H
vibration in the benzene ring [24]. The peak at 2088.63 cm ™! could be
assigned to the stretching vibration of C-O [25], which might be
attributed to the contamination of the resin by carbon-containing sub-
stances (e.g., carbon oxides, bicarbonates, natural organic matters, etc.).
There was no obvious difference in these characteristic peaks among the
fresh resin, the saturated resin, and the regenerated resin, except a high-
intensity peak at 1114.88 cm ! (S = O bond in sulfate) in the saturated
resin spectrum [26], which could probably be assigned to the adsorption
of 5047 from the seepage water. This suggested that the seepage water
treatment and the rinsing regeneration did not significantly alter the
functional groups of the resin. Therefore, the deactivation of the resins
might not result from the saturation of the active sites.

3.1.2. Morphological changes of the resin surface

To examine whether the mass transfer was suppressed, the resin
morphologies were characterized using SEM (Fig. S2). The results
showed that the resins were spherically shaped, and the fresh resin
exhibited smooth morphology while the saturated resin was covered by
crust-like deposits. Compared with saturated resin, the deposits on the
surface of regenerated resin were noticeably reduced but still
observable.

The elemental composition analysis results showed that the resin was
enriched inFe, S, U, Siand Al (17.33%, 4.84%, 2.79%, 2.69% and 2.01%
(wt%), respectively) (Fig. 2). Especially, the elemental mapping
confirmed that the U and S were rather homogeneously distributed on
the entire resin surface, whereas Fe, Si and Al were concentrated in the
crust-like deposits, which occupied most of the resin surface. The U mine
where the IX resin was collected employs a sulfuric acid-based leaching
approach to solubilize the U from ores, leading to a high concentration
of 5042 (650 + 50 mg/L) in the seepage water. In the seepage water, U
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Fig. 1. FT-IR spectra of the fresh resin, saturated resin and regenerated resin.

exists in the form of uranyl structures. Theoretically, this aqueous uranyl
would complex with co-existing anions to form UO,?"-anion complexes,
especially under neutral or basic conditions (Eqs (1)-(2)) [6,27].With
increasing anion-to-uranyl ratio, the proportion of UO,2*-anion com-
plexes increases [5]. Considering the near-neutral pH (6.2-6.8), with a
high sulfate-to-uranyl ratio in the seepage water, it is logical to conclude
that the predominant U species was U022+-SO42' complexes [6,27].
Previous studies also reported that the efficient U uptake by the SBA
exchange resins was attributed to the adsorption of anionic UOz(SO4)22’
or UOZ(SO4)34’ complexes [5,6], which confirmed the correlation be-
tween the distribution of U and S. The reactions involved in the sorption
of UOg(SO4)22’ or UOZ(SO4)34’ by SBA exchange resins were shown in
Egs. (3)-(4).

UO,*" + 2504% = U0y(SO4)> €}
U0 + 3804% = U0(S04)3+ ®)
2ROH + UO5(SO4),>~ — RyUO,(SO4); 4+ 20H" 3)
4ROH + UOy(S04)3*~ — R4UO(SO4)3 + 40H" )

Besides, a fraction of U was adsorbed on the crust-like deposits.
These deposits could increase the resistance to mass transfer across the
boundary layer surrounding the resin particles and reduce intra-particle
diffusion [13]. On the other hand, no change of the functional group
([-N(CH3)30H]) of the resin was observed using FT-IR spectroscopy
(Fig. 1). Therefore, the decrease of adsorption capacity could mainly be
attributed to the deposits covering the resin surface, rather than the
failure of functional groups.

3.2. Reduction of uranium in the IX column

To further elucidate the U removal mechanisms, the saturated resin
was characterized using XPS (Fig. 3). Two characteristic U4f peaks
emerged, indicating the U deposition on the resin, which was consistent
with the SEM-EDS results (Fig. 2). The U4f scan spectrum showed two
major peaks separated from each other by ~ 10.9 eV due to the

spin—orbit split (Fig. 3a). The two U4f peaks could be assigned to the
U4f; /5 and U4fs 5, respectively. The U4f binding energies of both peaks
were ~ 1.0 eV lower than that of uranyl nitrate (Fig. 3b), indicating that
the surface deposited U in the saturated resin was at least partly reduced
[28]. Further, the U4f scan spectrum was fit to investigate the valence
state of the deposited U [29]. As U(VI) is the dominant and the most
stable uranium redox state in the seepage water, the XPS evidence of U
(IV) indicated the reduction of deposited U(VI) in the IX resins column
(Fig. 3a).

In theory, U(VI) reduction can take place via biological, chemical,
and photochemical processes [30]. In anoxic systems, sulfide (SZ'),
hydrogen (Hj), Fe(Il), and zerovalent iron (Feo) can reduce U(VI)
[31,32]. In this study, the mine seepage water to be treated by the IX
column was stored in the open air, hence the chemical reduction of U
(VI) should be negligible [30]. In addition, the IX column was made of
opaque materials, which ruled out light irradiation and the possibility of
photochemical U(VI) reduction. On the other hand, as the formation of
biofilms is inevitable in the long-term continuous operation of IX col-
umns treating non-sterilized wastewaters [15,16], and a variety of
environmentally relevant bacteria exhibit U(VI) reductive capacity [32],
the U(VI) reduction here is inferred to be the result of microbial meta-
bolic activity.

3.3. Potential functional bacterial genera in resin biofilm

Detailed information on sequencing information, diversity, domi-
nating phyla and classes were illustrated in supplementary data
(Fig. S3). At the genus level, Curvibacter (11.9%-42.4%), Acidovorax
(4.47%-17.5%), Methylotenera (2.0%-29.8%), Hydrogenophaga (2.0%-
20.8%), Polaromonas (1.0%-5.2%), Herminiimonas (0.4%-12.8%), Pseu-
domonas (1.4%-3.9%) and Massilia (0.4%-8.6%) dominated the resin
biofilms. Although the types of the bacterial genera enriched on the
surface of regenerated and saturated resins shared high similarities,
their relative abundances still showed an obvious difference (Fig. 4 and
S4).

Most of the dominant bacteria have the function of metal
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Fig. 2. (a) SEM image, (b-i) elemental mappings, and (j) EDS spectrum of the saturated SBA resin.

bioremediation. Specifically, Curvibacter sp. can resist and bioremediate
U at a concentration of 2 mM [33]. Acidovorax facilis was a suitable
candidate for in situ U bioremediation through biosorption on the cell
surface and intracellular accumulation [34]. Herminiimonas was re-
ported to be metal resistant and present in an acid mine drainage mi-
crobial community [35,36]. Sediminibacterium sp. was able to tolerate U
and was previously recovered from metal-rich sediment [37]. Oligo-
trophic Limnobacter bacteria was also observed in the community within
uranium ore [38]. Pseudomonas strains could tolerate and bioremediate
heavy metals and metalloids, including U, iron, etc. [39]. Previous
studies have confirmed the multiple-metal (e.g., Zn?t and Ni2+) resis-
tance of Massilia sp. [40]. Also, some low-abundance metal-reducing
bacteria, such as Ferribacterium (less thanl.8%) and Geobacter (less
than1.7%) with the ability to reduce U(VI) to U(IV), were observed in
the saturated resins [41,42]. This finding is consistent with the observed
U(VD) reduction (Fig. 3).

In addition, functional communities involved in biofilm formation
and autotrophic metabolism were found to be abundant (Fig. 4). Meth-
ylotenera is one widely known biofilm-forming organism, which could
secrete a high amount of extracellular polymeric substances [43]. Hence
it may play an important role in the formation of biofilm on resin. Be-
sides, Methylotenera was reported to be highly enriched in the soils or

groundwater with high metal contents [44]. Polaromonas and Hydro-
genophaga were observed in freshwater environments and dominated in
the biofilm of the filters treating ultraoligotrophic water [45]. In
oligotrophic solutions, the microbial growth is enhanced when they can
settle on a resin surface, attributed to the nutrient accumulation on the
surface by adsorption. Therefore, the long-term operation acclimated
the collaborative functional communities on the resin, such as Curvi-
bacter sp., Acidovorax sp., and Herminiimonas sp. for metal bioremedia-
tion, Methylotenera sp. for biofilm formation, and Polaromonas sp. and
Hydrogenophaga sp. for autotrophic metabolism.

3.4. Molecular ecological network of the potential core bacterial genera

The Venn diagram showed bacterial community structures of the
resin biofilms displayed noticeable overlap with each other (Fig. 5a).
The majority shared OTUs were affiliated with the putative functional
genera such as Curvibacter (OTU697: 25.81%), Acidovorax (OTU226:
11.53%), Methylotenera (OTU699: 11.15%), Hydrogenophaga (OTU63:
10.16%), Herminiimonas (OTU146: 6.94%), unclassified_f Comamona-
daceae (OTU675: 4.88%), Sediminibacterium (OTU535: 4.23%), Limno-
bacter (OTU647: 3.43%), Massilia (OTU471: 2.26%) (Fig. 5b).

We applied a molecular ecological network approach to explore the
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from six different adsorption beds.

interaction between different species. The overall network for the 30
most abundant genera was divided into three distinct modules based on
their relationships (Fig. 6). In the first module, the node of OTU697
categorized as Curvibacter showed 13 links (interactions) with other
OTUs, and 84.6% of the interactions were negative. Especially, both

Acidovorax (OTU226) and Herminiimonas (OTU146) showed a negative
correlation with Curvibacter (OTU697), representing their potential
competing relationships. While Curvibacter (OTU697), Hydrogenophaga
(OTU63) and Sediminibacterium (OTU535) were positively correlated
with each other, all of them were negatively correlated with other OTUs,
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Fig. 5. (a) Venn diagram of OTUs among each of resin biofilms and (b) the composition of the sharing OTUs.
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indicating their tight cooperative activities or similar preferred ecolog-
ical niche. It was worth noting that Acidovorax (OTU226) and Hermi-
niimonas (OTU146) were positively correlated. In the second module,
Methylotenera (OTU699) displayed a positive correlation with Limno-
bacter (OTU647), while both of them were negatively correlated with
other OTUs, implying the similar phylogenetic relatedness between
them. Interestingly, the two dominant genera, unclassified f Comamo-
nadaceae (OTU675) and Massilia (OTU471) had a positive correlation
with other OTUs except for Methylotenera (OTU699) and Limnobacter
(OTU647).

Based on the above mutual relationships, we could separate the
dominant bacteria into five groups (group 1, group 2, group 3, group 4
and group 5). Curvibacter (OTU697), Hydrogenophaga (OTU63) and
Sediminibacterium (OTU535) were in group 1; Acidovorax (OTU226),
Herminiimonas (0OTU146), Polaromonas (OTU329) and Geobacter
(OTU305) in group 2; Methylotenera (OTU699) and Limnobacter
(0TU647) in group 3; unclassified_f Comamonadaceae (OTU675), Mas-
silia (OTU471; OTU308) and Flavobacterium (OTU169; OTU119;
OTU151; OTU121) in group 4; Ferribacterium (OTU80), Polaromonas
(0OTU638), Gallionella (OTU135) and undibacterium (OTU705) in group
5, respectively. All of the internal links within each group were positive,
whereas the intergroup links were composed of negative interactions or
no obvious correlation. It was clear that the metal remediation bacteria
took important positions in the network of each group and the core
metal-reducing bacteria of each group were different. More importantly,
the interactions between metal remediation bacteria and autotrophic
bacteria (e.g., Curvibacter and Hydrogenophaga in group 1; Acidovorax
and Polaromonas in group 2; Ferribacterium and Polaromonas in group 5)
were positive, which implied the strong affinity of metal remediation
bacteria with the autotrophic bacteria. In the oligotrophic U-mine
seepage water, autotrophs might utilize inorganic bicarbonate as the
carbon source to synthesize organic compounds, contributing to the
thriving of heterotrophic metal reduction bacteria. Therefore, the syn-
thetic metabolisms among metal reduction bacteria and autotrophs
might form the foundation of the reduction mechanism for the dissolved
U. In addition, the interactions between members may buffer the whole
community function against environmental perturbation [46].

In the future, an in-depth understanding of the microbiomes in the
resin surface is necessary to answer how microbial interactions drive U
(VD) reduction. Further, determining a complete metabolic flux of mi-
crobial communities is meaningful for decoding the microbial-mediated
U removal pathways in the full-scale IX system, which is a valuable
though challenging research direction for the future. As our results
indicated, the formation of scarcely soluble U(IV) is detrimental to the
mass transfer, so removal of the U(IV)-containing deposits on the resin
surface is the key to avoiding progressive deactivation of resins, possible
approaches include dosing of oxidants or air-purging.

4. Conclusions

The U removal was attributed to the formation of binary anionic
UOZ(SO4)227 or UOz(SO4)34’ complexes and their subsequent associa-
tion with the resin. The deactivation of the resins might mainly result
from the presence of deposits on the resin surface rather than the satu-
ration of functional groups. Microbial reduction of U(VI) to UIV) was
confirmed in the deposit. The long-term continuous operation accli-
mated functional microbial communities on the resin with the functions
of uranium bioremediation, biofilm formation, and autotrophic meta-
bolism. The synthetic metabolisms among metal reduction bacteria and
autotrophs might form the foundation of U(VI) reduction mechanism.
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