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Abstract: The competitive balance between uranium (VI) (U(VI)) adsorption and fouling resistance
is of great significance in guaranteeing the full potential of U(VI) adsorbents in seawater, and it is
faced with insufficient research. To fill the gap in this field, a molecular dynamics (MD) simulation
was employed to explore the influence and to guide the design of mass-produced natural hemp
fibers (HFs). Sulfobetaine (SB)- and carboxybetaine (CB)-type zwitterions containing soft side chains
were constructed beside amidoxime (AO) groups on HFs (HFAS and HFAC) to form a hydration
layer based on the terminal hydrophilic groups. The soft side chains were swayed by waves to
form a hydration-layer area with fouling resistance and to simultaneously expel water molecules
surrounding the AO groups. HFAS exhibited greater antifouling properties than that of HFAO and
HFAC. The U(VI) adsorption capacity of HFAS was almost 10 times higher than that of HFAO, and
the max mass rate of U:V was 4.3 after 35 days of immersion in marine water. This paper offers a
theory-guided design of a method to the competitive balance between zwitterion-induced fouling
resistance and seawater U(VI) adsorption on natural materials.

Keywords: uranium adsorption; hemp fiber; fouling resistance; zwitterion

1. Introduction

Uranium (VI) (U(VI)) in seawater is an alternative resource for nuclear energy due to
the consequences of the rapidly growing discrepancy between production of and demand
for U(VI), as well as the depletion of U(VI) ores projected for in the next century [1–3].
Fortunately, representing an unconventional uranium source, the oceans contain about
4.5 billion metric tons of U(VI) [4,5]. To extract U(VI) from seawater, metal–organic frame-
works, covalent organic frameworks or biochar, as well as other materials, have been
designed and prepared with excellent performance [6–10]. However, the application of the
above-mentioned materials is limited by their small size, which makes their use in the sea a
challenge [11,12].

Fiber-based adsorbents could overcome the inconvenience of the use of these materials
in real seawater [13]. Hemp fibers (HFs) are among the largest produced plant fibers
and among the most promising biomaterials for biosorption due to their environmentally
friendly qualities and low costs [14,15]. The past decade has seen an intense interest in
hemp-based biosorbents [16]. Nevertheless, the application of HFs in seawater is obstructed
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by the ultralow concentration of U(VI) (~3.3 µg·L−1) and various coexistent interfering
cations [17–19]. The amidoxime (AO) group has been thoroughly studied and utilized
to improve the selectivity for seawater U(VI) adsorption in the last half century [20–22].
The AO group can coordinate U(VI) ions and form different stable structures (Scheme 1a),
which could be grafted on HFs to enhance seawater U(VI) adsorption performance [23–27].
However, even with the benefit of the AO group, U(VI) adsorption from seawater is
still a long-term process and is significantly limited by the biofouling caused by marine
life [28,29].

Scheme 1. Structures of the amidoximated AN and different coordinated forms with UO2
2+ (a);

synthesis routes of HFAO, HFAC, and HFAS from hemp fibers (b).

To eliminate the biofouling influence on seawater U(VI) adsorbents, several fouling-
resistance groups have been modified into substrates, such as guanidine, quaternary
ammonium, and phosphate zwitterion [30–32]. The sulfobetaine (SB) zwitterionic group
can immediately form a strong hydration layer around the terminal SO3

− group in an aque-
ous environment [33,34]. After having been immersed in marine water, the SB-modified
materials are covered by the instantly formed hydration layer ahead of the formation of the
organic conditioning film, which is the foundation of the following three steps of marine
fouling [35–37]. In addition, the hydration layer is also considered as a biofriendly strategy
for fouling resistance by antiadhesion, instead of cell-membrane damage [38–40]. The
fouling resistance of SB has been studied by molecular dynamics (MD) simulation, as well
as carboxybetaine (CB), to instruct the design of novel materials with antifouling proper-
ties [41]. However, to the best of our knowledge, the influence of a zwitterion-induced
hydration layer on U(VI) adsorption has not been investigated so far.

In this study, several models were built as candidates for MD simulation to investigate
the effect of the hydration layer on U(VI) adsorption. The simulated results were converted
into real adsorbents by the construction of SB or CB zwitterionic groups onto swaying soft
side chains around AO groups on HFs, namely HFAC and HFAS, respectively. Density
functional theory (DFT) calculation was utilized to understand the coordinated form of
U(VI) ions and AO groups on HFs. The adsorption performances of HFAO, HFAC, and
HFAS were investigated by batch U(VI) adsorption experiments in the laboratory and
35 days of immersion in marine water (Yellow Sea, Dalian, China). This paper presents
the theory-guided design of a novel method to obtain the competitive balance between
zwitterion-induced fouling resistance and seawater U(VI) adsorption on mass-produced
natural fibers.
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2. Results and Discussion
2.1. MD Simulation of AOSB0, AOSB1, and AOSB2

The above-mentioned models were simulated by MD calculation, and the structural
formulas are given in Figures 1c and S1c. Five cellulose molecules with only one AO group
at the center were named AOSB0; AOSB1 and AOSB2 were built based on AOSB0, with one
and two SB-type zwitterions, respectively, grafted onto HDI to construct soft side chains.
AOCB1 and AOCB2 were also built similarly to AOSB1 and AOSB2, except for the terminal
COO− group. The radial distribution functions (RDFs) of water molecules around the
AO group in AOSB0, AOSB1, and AOSB2 are shown in Figure 1a, and those for AOCB1
and AOCB2 are shown in Figure S1a, presenting the same peak positions at 0.28 nm. This
result indicated that the introduced swaying soft side chains showed no impact on the
position of water molecules around the AO groups. The dispositions of water molecules
around the AO groups in AOSB0, AOSB1, and AOSB2 are exhibited in Figure 1c, and
those for AOCB1 and AOCB2 are exhibited in Figure S1c. There were 14 water molecules
surrounding the AO group in AOSB0 in the absence of swaying soft side chains. After
having been modified by soft side chains, the number of water molecules around the AO
group was reduced with the increase in the amount of side chains, which was 10 and 6
for AOSB1 and AOSB2, respectively, and 14 and 6 for AOCB1 and AOCB2, respectively.
The blue clouds in the models stand for the hydration layer around the terminal SO3

−

or COO− group. Thus, the introduced swaying soft side chains were able to reduce the
number of water molecules around the AO groups. The interaction energy of each model in
Figure 1c shows that AOSB1, at 5.8 ns, interacted with U(VI) ions for half the time needed
by AOSB0, at 11.5 ns, in a whole period of 50 ns. Therefore, fewer water molecules around
the adsorption site accelerated the adsorption kinetics by reducing the competition between
water molecules and U(VI) ions for adsorption sites. The electrostatic interaction energy
and the van der Waals (vdW) interactions between U(VI) ions and the AO groups (from
both AOSB0 and AOSB1) were stable at about −600 and 150 kJ·mol−1, respectively. The
negative values of interaction energy indicated the stronger attraction of the U(VI) ions [42].
However, the AO group on AOSB2 had almost no interactions with U(VI) ions under the
same conditions. Compared with AOSB1, the two side chains on AOSB2 exhibited larger
hydration-layer areas during the swaying process, which limited the contact between U(VI)
ions and the AO group. In addition, the steric hindrance from the two swaying soft side
chains should also be considered. AOCB2 adsorbed U(VI) ions after a longer period, which
might be due to the weaker hydration layer formed by the terminal COO− group. Thus,
the appropriate amount of swaying soft side chains containing SB-type zwitterions is a
benefit for U(VI) adsorption onto HF-based materials, according to the theoretical results
from the MD simulation.

2.2. Characterization of HFAO, HFAC, and HFAS

The SEM images of HFs, HFAO, HFAC, and HFAS in Figure 2a show that all the HF-
based materials remained fibrous in structure. The sample of HFs showed the smoothest
surface among all the samples. Some etches on the surfaces of HFAS and HFAC could be
observed after further modification. Fortunately, the backbones of HFAO, HFAC, and HFAS
were not damaged by the several steps of chemical modification. The Fourier transform
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS) spectra of the
HF-based adsorbents are listed in Figure 2c,d. Compared with the spectra of the HFs, the
stretching vibration of C≡N on HFCN showed at 2251 cm−1, indicating the successful
modification by acrylonitrile [43]. The peak of C≡N groups disappeared in the spectra of
HFAO, HFAC, and HFAS after amidoximation (Figure 2c). The new peaks at 1772 cm−1

(HFAC) and 1787 cm−1 (HFAS) were due to C=N-O groups, indicating the successful
introduction of HDI onto the hemp fibers. From the spectra of HFAS, the peak at 1202 cm−1

suggested the modification of SO3
− groups [44]. All the HF-based adsorbents were further

analyzed by XPS tests to determine the surface chemical bonding status (Figure 2d). The
higher N element content of HFAC and HFAS compared with HFAO revealed by XPS
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spectra indicated that HDI and DMEA were successfully modified onto HFAC and HFAS.
Furthermore, the XPS survey scan spectra of HFAS proved the existence of S 2p (168.1 eV)
and S 2s (231.1 eV), which was indicative of atoms from sulfobetaine [45,46].

Figure 1. RDF of water molecules around AO groups (a); interaction energy between AO groups
and U(VI) ions (b); disposition of water molecules around AO groups (c) for AOSB0, AOSB1, and
AOSB2. White: H; green: C; blue: N; red: O; the blue cloud stands for hydration layer by terminal
SO3

− group.

2.3. Batch U(VI) Adsorption Experiments with HFAO, HFAC, and HFAS

The U(VI) adsorption kinetics of HFAO, HFAC, and HFAS were investigated. The
equilibrium times of both HFAS and HFAC were 2 h, which was 1 h faster than that
of HFAO at pH = 8.3 (Figure 3). This result was consistent with the theoretical results
obtained from the MD simulations. The accelerated adsorption kinetics of HFAC and
HFAS were also obtained at optimized pH and are shown in Figure S3a. In order to
explore the essential mechanism from a macro perspective, HFAO, HFAC, and HFAS were
further tested by water contact angle (WCA) and total permeant time (TPT) (Figure 3e
and Table S2). All the HF-based adsorbents exhibited fast permeated processes after the
touch of water drops on the surface, due to the abundant inherent -OH groups on the
HFs and further modified groups. The WCAs of HFAO showed to be slightly greater than
those of the HFs, and the TPTs were also 0.2 s longer. The introduction of CB- and SB-type
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zwitterions improved the hydrophilicity of the substrate and shortened the TPTs of HFAC
and HFAS by about half (1.4 s) and a quarter (0.8 s), respectively. The accelerated contact
between the adsorbents and water molecules benefitted the diffusion of U(VI) ions onto
the active sites of the absorbents [47]. Combining the lessened water molecules around
the adsorption sites, the adsorption equilibrium time was shortened from 3 h (HFAO) to
2 h (HFAC and HFAS). The low WCAs and fleeting TPTs of HFAC and HFAS would be
an advantage for applications in marine environments, because the first biofouling film
would be formed within several seconds after immersion. Following the above results,
the dynamic processes were further analyzed by pseudo-1st-order, pseudo-2nd-order,
and Weber–Morris (W-M) kinetic equations [48]. From Figures 3 and S3 and Table S3, it
can be seen that the adsorption kinetics of the HF-based adsorbents were closer to the
pseudo-2nd-order model with R2 > 0.99. In addition, the values of Qe,cal gained from the
pseudo-2nd-order model were much closer to the experimental results. The above results
suggest that the rate-determining step of all the HFAO, HFAC, and HFAS was mainly
chemical extraction. From Table S4, it can be seen that the values of C following the three
steps of HFAO, HFAC, and HFAS indicated that the edges of HFAC and HFAS made
a larger contribution to adsorbing U(VI) than HFAO at both optimized pH and pH 8.3.
In addition, none of the W-M linear fitted curves passed through the origin, meaning
there was no unique rate-limiting step. HFAO, HFAC, and HFAS showed a three-step
U(VI) extraction behavior. U(VI) ions went across the aqueous film to the surface of
the absorbent, entered the interior of the materials, and chelated the organic functional
groups. In Figures S4 and S5 and Table S5, we show the assessment of the U(VI) adsorption
isotherm of HFAO, HFAC, and HFAS at both pH 8.3 and optimized pH at 25 ◦C, fitted
according to the Langmuir, Freundlich, and Dubinin–Radushkevich (D-R) models. The
results show that the isotherms fitted closer to the Langmuir model (R2 > 0.99) than to
the Freundlich and D-R models at both pH 8.3 and optimized pH at 25 ◦C. The values
of the experimental results for HFAO, HFAC, and HFAS were close to the Qm,cal of the
Langmuir model (Table S5). Corresponding with the kinetics results, the U(VI) extracting
behavior of HFAO, HFAC, and HFAS was that of monolayer chemisorption. In addition,
the binding energy on the entire surfaces of HFAO, HFAC, and HFAS was uniformly and
homogeneously distributed.

Figure 2. SEM micrographs (a), FTIR (b), and XPS spectra (c) of HF-based adsorbents.
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Figure 3. Contact time (a) and kinetics study on HFAO, HFAC, and HFAS; W-M (b), pseudo-1st-order
(c), and pseudo-2nd-order (d) models linearly fitted curves at pH 8.3; water contact angle and total
permeant time of HF-based adsorbents (e).

The stability and reusability of the adsorbent is a significant factor to assess the
practical application value of adsorbents. Hence, five-time adsorption–desorption cycles
were employed to prove the regeneration ability of HF-based materials. The eluting
efficiencies of HNO3, citric acid, EDTANa2, NaHCO3, and NaOH at 0.1 mol·L−1 are
compared in Figure S6a. Among them, HNO3 was selected as the eluent and utilized in
the adsorption–desorption cycle experiments due to the largest desorption percentage
(86.6 ± 3.2%). In Figure S6b, the adsorption rate of the HF-based materials is seen to
decrease due to the adsorption–desorption procedure, but the adsorption efficiencies
of HFAS and HFAC still remained 83.0 ± 4.2% and 82.4 ± 2.2% after five cycles. In
summary, the stability and reusability of HFAS proved their promising value as seawater
U(VI) materials.

2.4. The Adsorption Performance of HF-Based Materials in Ion Competition Solution,
U(VI)-Spiked Nitzschia closterium Solution, and Seawater

After the batch experiments at high concentrations, HFAO, HFAC, and HFAS were
added into simulated seawater with concentrations of U(VI), V(V), Fe(III), Co(II), Ni(II),
Cu(II), Zn(II), and Pb(II) 100 times those in seawater (Figure 4a and Figure S7). In addition,
U(VI)-spiked Nitzschia closterium (N. closterium), Phaeodactylum tricornutum (P. tricornutum),
and Halamphora sp. solutions at ~1 mg·L−1 were prepared to simulate the adsorption
performance under the influence of marine life (Figure S8). The antifouling properties of
HFAO, HFAC, and HFAS were investigated by having them immersed in N. Closterium,
P. tricornutum, and Halamphora sp. solutions for 2 and 7 days under both 12 h:12 h light:dark
cycles and dark conditions to simulate the adhesion of marine organisms (Figures S9–S11).
G+ strain Staphylococcus aureus (S. aureus), G− strain Escherichia coli (E. coli), and marine
bacteria were also selected to test the antifouling properties of HFAO, HFAC, and HFAS,
as shown in Figure S12. Finally, HFAO, HFAC, and HFAS were subjected to 35 days
of immersion in the Yellow Sea, China (Figure 4b). In the ion competition experiments,
HFAS exhibited the highest U(VI) adsorption capacity of 624.3 ± 48.2 µg·g−1, but the
lowest V(V) adsorption capacity of 242.3 ± 14.3 µg·g−1 among the HF- based materials,
leading to the max mass rate of U:V at 3.0. The distribution coefficient (KIon

d ) values of
each of the ions were calculated and are given in Figure S7 to demonstrate the affinity
of HFAO, HFAC, and HFAS. The KU

d of HFAS was 8.2 ± 2.6 L·g−1, illustrating the great
U(VI) affinity in the presence of other interfering ions. Figure S8 shows the influence of
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marine life on the adsorption performance of all three HF-based materials simulated by
the three diatoms. HFAC and HFAS exhibited higher adsorption capacities than HFAO,
due to the introduction of zwitterionic groups. The U(VI) adsorption capacities of HFAS
were 1819.2 ± 49.7, 2024.9 ± 53.1, and 1887.3 ± 58.8 µg·g−1, which were almost twice
those of HFAO (1000.3 ± 43.8, 932.3 ± 89.0, and 828.2 ± 64.4 µg·g−1, respectively) in the
U(VI)-spiked N. Closterium, P. tricornutum, and Halamphora sp. solutions after 48 h. The
U(VI) adsorption capacities of HFAO, HFAC, and HFAS were 1801.2 ± 25.2, 1943.8 ± 52.9,
and 2064.3 ± 43.3 µg·g−1, respectively, in the U(VI)-spiked simulated seawater after 48 h.
The smaller drop in the adsorption capacities of HFAC and HFAS with respect to HFAO
was due to the fact that the zwitterion side chains endowed the materials with antifouling
properties to reduce the influence of diatoms. This result also indicated that the antifouling
properties of HFAS were greater than those of HFAC. The influence of these diatoms was
tested by immersing the HF-based materials in the three kinds of diatoms solutions. The
fluorescence microscopy images of the HFs, HFAO, HFAC, and HFAS immersed for 2 days,
displayed in Figures S9–S11, show that diatom cells only adhered to the HFs and HFAO
under both light–dark cycle and dark conditions. After soaking for 7 days, more diatoms
cells could be observed on the HFs and HFAO under both conditions, indicating that the
original HFs and the modified AO groups had no antifouling properties. According to
the above results, the adhesion of the three kinds of diatom cells hindered the interaction
between HFAO and the U(VI) ions, leading to reduced adsorption capacity. For HFAS, no
cells adhered on the surface even after 7 days of immersion in the three kinds of diatom
solutions. Furthermore, the great antifouling properties of HFAS were also proved by
antibacteria tests, shown in Figure S12. The above results point at the long-lasting and
broad-spectrum antifouling properties conferred to HFAS by the surrounding hydration
layer. Finally, HFAS exhibited the most affinity and the highest adsorption capacity for
U(VI) (184.8 ± 18.4 µg·g−1) among the three HF-based adsorbents, which was almost
10 times that of HFAO (18.3 ± 2.5 µg·g−1) after immersion in the Yellow Sea, China, for
35 days. HFAS also showed the max mass rate of U:V of 4.3, which was higher than
that obtained in the laboratory, due to the inexhaustible U(VI) ions in marine water. The
higher adsorption capacity of HFAS with respect to HFAC observed during the marine tests
was due to the greater antifouling properties. However, the lower adsorption capacity of
HFAS in marine water was because of the complex marine environment, such as numerous
marine organisms and different concentrations of coexisting ions. These experimental
results further demonstrated that antifouling properties are vital for the application of
adsorbents in an ocean environment and prove that HFAS have greater potential than
HFAC as seawater U(VI) adsorbents.

Figure 4. Adsorption capacity of HFAO, HFAC, and HFAS in ion competing solution (a) and
seawater (b).

2.5. Analysis of U(VI) Adsorption on HFAS

The coordinated form of U(VI) ions and HFAS was studied by XPS and density
functional theory (DFT) calculation. The XPS survey spectrum of HFAS after U(VI) ad-
sorption (HFASU) and the U 4f high-resolution spectrum are given in Figure 5a,b, respec-
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tively. Two peaks at 392.5 and 381.7 eV with 10.8 eV splitting were observed and were
attributed to the typical peaks of U 4f5/2 and U 4f7/2, respectively [49]. N 1s and O 1s
high-resolution spectra, analyzed to investigate the coordinated form of HFASU, are dis-
played in Figure 5c,d, respectively. The N 1s high-resolution spectrum could be curve-fitted
with four peaks at 399.3, 400.3, 401.2, and 402.5 eV for H2N-C=N-OH, C-NH2, N-COO,
and N+(CH3)2CH−

2 , respectively [44,46,50]. After the extraction of U(VI) onto HFAS, the
peaks of H2N-C=N-OH and C-NH2 reached 399.4 and 400.4 eV, respectively. The O 1s
high-resolution spectra in Figure 5d shows O=C-O, C-O-C/C-OH, H2N-C=N-OH, and
O=C-O peak at 534.0, 533.1, 532.2, and 531.1 eV, respectively. The H2N-C=N-OH peak
changed to 532.3 eV after the adsorption of U(VI). After the adsorption of U(VI), all the
binding energy shifted to higher values, indicating the decrease in electron density around
the atoms [51,52].

Figure 5. The XPS spectroscopy of HFASU (a), high-resolution spectra of U 4f (b), N 1s (c), and O 1s
(d) of HFAS and HFASU.

DFT calculation was employed to understand the contribution of N and O atoms
from the AO group in depth. The resulting six structures showed lower binding energy
(Eads) than UO2(CO3)3

4− (−31.8 eV), as shown in Figure 6 and Table S6, indicating greater
stability than UO2(CO3)3

4− and the trend of coordination between the adsorption sites
and U(VI) ions [53,54]. AO(UO2)(CO3)(H2O) exhibited the lowest Eads (−38.8 eV) among
the six structures, and it chelated with the U(VI) ion by the N atom from the amino group
and the O atom from the oxime part in the AO group. Other structures coordinated U(VI)
ions only with the oxime parts. η2-AO(UO2)(CO3)(H2O)2-1, η2-AO(UO2)(CO3)(H2O)2-2,
η2-AO(UO2)(CO3)(H2O), and η2-AO(UO2)(CO3)2 replaced two CO3

2− from UO2(CO3)3
4−

to coordinate U(VI) ions, and water molecules from the aqueous solution stabilized the
coordination structures by direct participation or hydrogen bonds. In the structure of η1-
AO(UO2)(CO3)2, only one O atom from the oxime part bound with a U(VI) ion. The higher
Eads of η2-AO(UO2)(CO3)2 and η1-AO(UO2)(CO3)2 with respect to the other structures
may be because two CO3

2− in the coordination structure occupied the equatorial ring
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of the U(VI) ion and did not leave much space for the AO group. In addition, the AO
group on cellulose may have led to steric hindrance in the structures. Thus, both the XPS
analysis and DFT calculation results proved that the AO groups on HFAS were the main
U(VI) adsorption groups. In this case, the high affinity of HFAS for U(VI) was due to
the introduction of the SB-type zwitterionic group containing soft sides, which improved
the hydrophilicity of the material but locally expelled the water molecules surrounding
the AO group, which, in turn, reduced the competition between water molecules and the
U(VI) ions and increased the opportunity of contact between the H2N-C=N-OH groups
and U(VI) ions.

Figure 6. Six models obtained via density functional theory calculation.

3. Materials and Methods
3.1. Amidoxime-Modified Hemp Fibers (HFAO)

Hemp fibers were pretreated as previously described [55]. In total, 9.0 g of treated
HFs, 1.8 g of tetrabutylammonium bromide (TBAB), 216 mL of acrylonitrile (AN), 6 mL
of deionized (DI) water, and 6 mL of 36% NaOH solution were added into a round-
bottom flask, stirred at 25 ◦C for 0.5, 1.0, 1.5, 2.0, and 2.5 h, and named HFCN0.5–2.5. After
the reaction, the solution was filtered. DI water and ethanol were used to wash all the
HFCN0.5–2.5, which were dried overnight at 60 ◦C in an oven. In total, 6.0 g of HFCN0.5–2.5,
20.0 g of hydroxylamine hydrochloride (NH2OH·HCl), 15.2 g of Na2CO3, and 200 mL of
DI water were placed in a round-bottom flask and stirred at 70 ◦C for 6 h. DI water and
ethanol were used to wash all the resulting HFAO0.5–2.5, which were also dried overnight at
60 ◦C in an oven. The adsorption capacities of HFAO0.5–2.5 at different pH values (4.0–9.0)
were estimated (Figure S2). From Figure S2a, it can be seen that the adsorption capacities of
HFAO2.0 and HFAO2.5 were similar at pH = 8.3. Thus, 2.0 h was selected to prepare HFAO.

3.2. Zwitterion-Modified Hemp Fibers (HFAC and HFAS)

In total, 0.5 g of HFAO, 0.46 g of hexamethylene diisocyanate (HDI), a catalytic dosing
of dibutyltin dilaurate (DBTDL), and 40 mL of anhydrous N,N-dimethylformamide (DMF)
were placed in a round-bottom flask and stirred at 50 ◦C for 0.5, 1.0, 1.5, 2.0, and 2.5 h
under nitrogen. After completion, the reaction was washed with anhydrous DMF. The
obtained fibers were placed in a round-bottom flask with 40 mL of anhydrous DMF, 0.62 g of
N,N-dimethylethanolamine (DMEA), and a catalytic dosing of DBTDL. Then, the solution
was stirred at 50 ◦C for 2.5 h in an N2 atmosphere. DMF, DI water, and ethanol were
used to wash all the resulting fibers, followed by drying them overnight at 60 ◦C in an
oven. A total of 0.5 g of the above obtained fiber, 0.66 g of 1,3-propanesultone (PrS) or
0.68 g of 1,4-butyrolactone (1,4-BL), and 20 mL of ethanol were placed in a round-bottom
flask and reacted at 60 ◦C for 2 h [56]. DI water and ethanol were used to wash all the
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resulting fibers, followed by drying them overnight at 60 ◦C in an oven. Zwitterionic-
groups-modified hemp fibers, HFAC0.5–2.5 and HFAS0.5–2.5, were obtained and tested under
the same condition as HFAO. In Figure S2b,c, it is shown that 0.5 h was necessary to prepare
HFAC and HFAS, due to the appropriate number of zwitterion soft side chains around the
AO groups on the HFs. The synthesis routes of HFAO, HFAC, and HFAS are schematically
illustrated in Scheme 1b.

4. Conclusions

In this study, AO groups were grafted onto HFs (HFAO) to enhance the selectivity for
U(VI), and sulfobetaine (SB) and carboxybetaine (CB) zwitterion side chains were further
grafted on HFAO to endow the material with antifouling properties. The SB and CB side
chains formed the hydration layer that protected the materials from fouling organisms
and expelled water molecules around the AO groups to improve their hydrophilicity and
adsorption properties. The results of the antifouling tests from N. closterium, P. tricornutum,
Halamphora sp., S. aureus, E. coli, and marine bacteria proved that HFAS had better an-
tifouling properties than HFAC and HFAO. The uranium adsorption capacities of HFAS in
uranium-spiked simulated seawater, i.e., the N. closterium, P. tricornutum, and Halamphora sp.
solutions, were 2064.3 ± 43.3, 1819.2 ± 49.7, 2024.9 ± 53.1, and 1887.3 ± 58.8 µg·g−1, which
were 1.1, 1.8, 2.2, and 2.3 times those of HFAO, respectively. The adsorption capacities
of balance-optimized HFAS exhibited almost 10 times higher effectiveness than those of
HFAO, and the max mass rate of U:V was 4.3 after 35 days of immersion in marine water
in China. From the results of the XPS and DFT calculation, the AO groups could coordinate
U(VI) ions to form different stable coordination structures. The above results provide
new perspectives for the theory-guided design of a method to obtain the competitive
balance between zwitterionic-group-induced fouling resistance and U(VI) adsorption ca-
pacity in seawater, as well as a basis for the mass production of U(VI) adsorbents based on
natural materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23126517/s1.

Author Contributions: H.G., conceptualization, investigation, data curation, and writing—original
draft preparation; J.Y., investigation, resources, and writing—review and editing; H.Z., methodology;
G.S., methodology and validation; R.L., methodology and writing—review and editing; P.L., software
and formal analysis; Y.L., software; J.W., conceptualization, supervision, project administration,
funding acquisition, and writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the NSFC-Nuclear Technology Innovation Joint Fund
(U1967214), National Natural Science Foundation of China (NSFC 51872057), Fundamental Research
Funds of the Central University, and Heilongjiang Touyan Innovation Team Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schiermeier, Q.; Tollefson, J.; Scully, T.; Witze, A.; Morton, O. Energy alternatives: Electricity without carbon. Nature 2008, 454,

816–823. [CrossRef]
2. Wang, X.; Chen, L.; Wang, L.; Fan, Q.; Pan, D.; Li, J.; Chi, F.; Xie, Y.; Yu, S.; Xiao, C.; et al. Synthesis of novel nanomaterials and

their application in efficient removal of radionuclides. Sci. China Ser. B Chem. 2019, 62, 933–967. [CrossRef]
3. Liu, Y.; Huo, Y.; Wang, X.; Yu, S.; Ai, Y.; Chen, Z.; Zhang, P.; Chen, L.; Song, G.; Alharbi, N.S.; et al. Impact of metal ions and

organic ligands on uranium removal properties by zeolitic imidazolate framework materials. J. Clean. Prod. 2021, 278. [CrossRef]
4. Luo, W.; Xiao, G.; Tian, F.; Richardson, J.J.; Wang, Y.; Zhou, J.; Guo, J.; Liao, X.; Shi, B. Engineering robust metal–phenolic network

membranes for uranium extraction from seawater. Energy Environ. Sci. 2019, 12, 607–614. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23126517/s1
https://www.mdpi.com/article/10.3390/ijms23126517/s1
http://doi.org/10.1038/454816a
http://doi.org/10.1007/s11426-019-9492-4
http://doi.org/10.1016/j.jclepro.2020.123216
http://doi.org/10.1039/C8EE01438H


Int. J. Mol. Sci. 2022, 23, 6517 11 of 12

5. Abney, C.W.; Mayes, R.T.; Saito, T.; Dai, S. Materials for the Recovery of Uranium from Seawater. Chem. Rev. 2017, 117,
13935–14013. [CrossRef]

6. Guo, X.; Yang, H.; Liu, Q.; Liu, J.; Chen, R.; Zhang, H.; Yu, J.; Zhang, M.; Li, R.; Wang, J. A chitosan-graphene oxide/ZIF foam
with anti-biofouling ability for uranium recovery from seawater. Chem. Eng. J. 2020, 382, 122850. [CrossRef]

7. Couzon, N.; Ferreira, M.; Duval, S.; El-Achari, A.; Campagne, C.; Loiseau, T.; Volkringer, C. Microwave-Assisted Synthesis of
Porous Composites MOF–Textile for the Protection against Chemical and Nuclear Hazards. ACS Appl. Mater. Interfaces 2022, 14,
21497–21508. [CrossRef]

8. Zhang, C.; Cui, W.; Niu, C.; Yi, S.; Liang, R.; Qi, J.; Chen, X.; Jiang, W.; Zhang, L.; Qiu, J. rGO-based covalent organic framework
hydrogel for synergistically enhance uranium capture capacity through photothermal desalination. Chem. Eng. J. 2022, 428, 131178.
[CrossRef]

9. Song, Y.; Sun, Q.; Aguila, B.; Ma, S. Opportunities of covalent organic frameworks for advanced applications. Adv. Sci. 2019,
6, 1801410. [CrossRef]

10. Guilhen, S.N.; Rovani, S.; de Araujo, L.G.; Tenório, J.A.; Mašek, O. Uranium removal from aqueous solution using macauba
endocarp-derived biochar: Effect of physical activation. Environ. Pollut. 2020, 272, 116022. [CrossRef]

11. Yu, Q.; Yuan, Y.; Feng, L.; Feng, T.; Sun, W.; Wang, N. Spidroin-inspired, high-strength, loofah-shaped protein fiber for capturing
uranium from seawater. Angew. Chem. Int. Ed. 2020, 59, 15997–16001. [CrossRef] [PubMed]

12. Ma, F.; Gui, Y.; Liu, P.; Xue, Y.; Song, W. Functional fibrous materials-based adsorbents for uranium adsorption and environmental
remediation. Chem. Eng. J. 2020, 390, 124597. [CrossRef]

13. Xu, Y.; Zhang, H.; Liu, Q.; Liu, J.; Chen, R.; Yu, J.; Zhu, J.; Li, R.; Wang, J. Surface hybridization of π-conjugate structure cyclized
polyacrylonitrile and radial microsphere shaped TiO2 for reducing U(VI) to U(IV). J. Hazard. Mater. 2021, 416, 125812. [CrossRef]

14. Pacaphol, K.; Aht-Ong, D. Preparation of hemp nanofibers from agricultural waste by mechanical defibrillation in water. J. Clean.
Prod. 2017, 142, 1283–1295. [CrossRef]

15. Schumacher, A.G.D.; Pequito, S.; Pazour, J. Industrial hemp fiber: A sustainable and economical alternative to cotton. J. Clean.
Prod. 2020, 268, 122180. [CrossRef]

16. Morin-Crini, N.; Loiacono, S.; Placet, V.; Torri, G.; Bradu, C.; Kostić, M.; Cosentino, C.; Chanet, G.; Martel, B.; Lichtfouse, E.; et al.
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