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Abstract: With the rapid development of nuclear energy, the contamination of environmental wa-
ter systems by uranium has become a significant threat to human health. To efficiently remove
uranium from these systems, three types of silica-based polyamine resins—SiPMA-DETA (SiPMA:
silica/poly methyl acrylate; DETA: diethylenetriamine), SSPMA-TETA (TETA: triethylenetetramine),
and SiPMA-TEPA (TEPA: tetraethylenepentamine)—were successfully prepared, characterized, and
evaluated in batch experiments. Characterization results showed that the silica-based polyamine
resins were successfully prepared, and they exhibited a uniform shape and high specific surface area.
SiPMA-DETA, SiPMA-TETA, and SiPMA-TEPA had nitrogen contents of 4.08%, 3.72%, and 4.26%,
respectively. Batch experiments indicated that these adsorbents could efficiently remove uranium
from aqueous solutions with a pH of 5-9. The adsorption kinetics of U(VI) were consistent with
the pseudo-second-order model, indicating that the adsorption process was chemisorption and that
adsorption equilibrium was achieved within 10 min. SiPMA-TEPA, with the longest polyamine
chain, exhibited the highest adsorption capacity (>198.95 mg/g), while SIPMA-DETA, with the
shortest polyamine chain, demonstrated the highest U(VI) adsorption efficiency (83%) with 100 mM
NaySO,. SIPMA-TEPA still removed over 90% of U(VI) from river water and tap water. The spectral
analysis revealed that the N-containing functional groups on the ligand were bound to anionic
uranium-—carbonate species and possibly contributed to the adsorption efficiency. In general, this
work presents three effective adsorbents for removing uranium from environmental water systems
and thus significantly contributes to the field of environmental protection.

Keywords: uranium; adsorption; silica; polyamine resins

1. Introduction

The development of human society cannot be separated from energy, which can be
divided into clean and non-clean energy sources. In recent decades, nuclear power, a
form of clean energy, has seen significant development [1,2]. Nuclear power plants do not
produce pollutants during nuclear power production. However, improper handling of
uranium tailing slag during uranium ore mining has resulted in uranium contamination
in environmental water systems. Radionuclide concentrations in contaminated areas are
up to 200 times those in non-contaminated areas [3]. In addition, radiological experiments
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with uranium at research institutions, nuclear energy generation, spent fuel treatment,
and nuclear weapon manufacturing can lead to uranium contamination [3,4]. These path-
ways of uranium contamination can result in uranium accumulation in aquatic organisms
within environmental water systems [5]. The World Health Organization recommends that
drinking water should not contain more than 30 ug/L uranium [6]. Uranium features both
metal toxicity and radioactivity, and the ingestion of uranium-contaminated water or fish
by humans can cause irreversible damage to the body. Therefore, removing radionuclide
uranium from environmental water systems is crucial.

There are various methods for removing radionuclide uranium from solutions, such as
membrane filtration [7,8], ion exchange [9-12], co-precipitation [13,14], and extraction [15].
However, the extraction method has a low treatment efficiency for solutions [15]. As for
co-precipitation method, it easily causes secondary pollution. Although the membrane
separation method is efficient, its service life is short and it is difficult to regenerate [7,16].
Compared with these separation methods, ion exchange offers advantages in removing
uranium from environmental water systems owing to its simplicity, cost-effectiveness,
simple operation, and reusability [11].

Adsorbents for uranium removal can be categorized into inorganic, organic, and
composite materials [17]. Inorganic adsorbents such as hydroxyapatite [18,19], zero-valent
iron [20,21], and natural clinoptilolite zeolite [22,23] have been widely studied. These ad-
sorbents typically enrich uranium through ion exchange, reductive precipitation, or porous
physisorption. However, inorganic adsorbents are less selective than organic adsorbents,
and carbonates in environmental water systems can affect the adsorption efficiency of inor-
ganic adsorbents [24]. Organic adsorbents, such as metal-organic frameworks (MOFs) [25],
covalent organic frameworks [26,27], and ion exchange resins [28,29], offer a more targeted
approach. These organic materials usually have a high adsorption capacity, but they also
take a long time to reach adsorption equilibrium and are less physically stable in aqueous
solutions [4]. MOFs can also be defined as composite materials, but they are also physi-
cally unstable in aqueous solutions. In recent years, many researchers have shown great
interest in alternative composite materials for uranium removal. For example, silica-based
composites are gaining attention owing to the low cost and physical stability of silica
spheres [30,31]. In this work, silica spheres and resins are combined to prepare composite
materials. In addition, environmental water systems contain many interfering ions. The
chemical form of uranium in these systems needs to be considered in the adsorption process
using the synthesized silica-based resins.

The chemical form of uranium in environmental water systems is influenced by pH
and various coexisting ions. When the pH of environmental water systems is 6.5-8.5, the
uranyl ion readily combines with carbonate to form the UO,(CO3),2~ and UO,(CO3)34~
anions [11]. Environmental water systems contain a large number of calcium ions. Con-
sequently, UO,(CO3)3*~ readily reacts with Ca?* to form CaUO,(CO3)3, which does not
contribute to the adsorption of uranium [4,30]. The concentrations of calcium and mag-
nesium ions vary regionally. Zhang [32] found that in some regions, the calcium ion
concentration reached 500 mg/L and was accompanied by sodium, potassium, sulfate, and
carbonate ions. Therefore, the designed ion exchange materials still exhibited high uranium
adsorption efficiency even in the presence of high concentrations of interfering ions. Ac-
cording to the soft and hard acid—base theory, the uranyl ion is considered a hard acid. Thus,
the functional groups of the hard base ligands should contain as many nitrogen or oxygen
atoms as possible. Therefore, research into uranium adsorption using polyamine resins
has increased in recent years. For example, Cao’s study [33] on uranium removal using
PS-N-P resin—prepared by amine-modified P,P-dichlorophenylphosphine—demonstrated
a saturated adsorption capacity of 97.60 mg/g and an adsorption efficiency of 99.72% for
uranium at pH 5. Amphlett [34] studied the preparation of polyamine-functionalized
ion exchange resins for uranium removal and examined how the maximum adsorption
capacity varied with the polyamine chain length. The maximum adsorption capacity was
269.50 mg/g, and all resins could extract over 86% of uranium from solutions at pH 1-6.
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Chen [30] studied the preparation of a novel silica-based anion exchange resin (SAER) for
removing uranium from drinking water and found that SAER had a relatively low pressure
loss in a packed column and could adsorb uranium with an efficiency of over 80% in a
working solution containing 40 mM Na,SOy. In the studies by Cao and Amphlett [33,34],
the solution environment in which the resin adsorbed uranium was relatively simple;
however, many interfering ions existed in the environmental water system, which was a
challenge for the adsorption of uranium. Chen [30] examined the adsorption efficiency of
the resin in real water samples and did not study the relationship between the chain length
of the polyamine resin and the adsorption performance. Therefore, in the present study,
three types of silica-based polyamine resins with different chain lengths were successfully
synthesized. A series of characterizations and evaluations of the adsorption properties of
these resins were also completed. The relationship between the polyamine chain length and
uranium adsorption efficiency was investigated. Additionally, the adsorption efficiency
of the polyamine resin SiIPMA-TEPA in environmental water systems was studied. This
research provides valuable insights for the synthesis of high-performance silica-based
composite resins.

2. Experimental Methodology
2.1. Materials and Reagents

Silica particles used as carriers for anion exchange resins had an average particle size
of 75-150 um and an average porosity of 69%. Divinylbenzene (DVB) (purity > 80%) was
supplied by Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China. DVB
was stabilized with 1000 mg/L tert-butyl catechol (TBC). The polymerization inhibitor
TBC was removed via decompression distillation using a rotary evaporator. Tetraethylene-
pentamine (TEPA) (purity = 95%), acetophenone, methyl acrylate (MA), diethyl phtha-
late, UO,(NO3)e6H,0 and diethylenetriamine (DETA), all of analytical grade, were pur-
chased from Macklin Biochemical Co., Ltd., Shanghai, China. Triethylenetetramine (TETA)
(purity > 70%) was supplied by Shanghai Titan Scientific Co., Ltd., Shanghai, China. Azodi-
isobutyronitrile (AIBN) of chemical grade was sourced from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China) and used as an initiator.

2.2. Synthesis of SiPMANS

The polyamine resins were prepared through an in situ solution polymerization and
post-modification strategy, which involved the following two steps: First, SiPMA was
synthesized through in situ solution polymerization of DVB and MA within silica spheres.
Next, SiPMA was modified with the amine reagents DETA, TETA, and TEPA to produce
SiPMA-DETA, SiPMA-TETA, and SiPMA-TEPA polyamine resins, collectively referred
to as SiPMANs. The detailed synthesis process is described in Sections 51-56 of the
Supplementary Materials. The schematic of the process for synthesizing SiPMA-TEPA is
provided in Figure 1, and the specific chemical reactions are illustrated in Figure S1.

2.3. Characterization

The morphology, elemental composition, and distribution of the prepared SiPMANs
were analyzed via scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS, Tesscan Mira Lms, Brno, Czech Republic). Fourier-transform
infrared (FTIR) spectroscopy (IRTracer-100, Shimadzu Corp., Kyoto, Japan) was used to
examine the structural information and functional groups of the resin and the changes in
chemical bonding at characteristic peaks before and after adsorption. The mass loss of
the resin’s organic components was determined using a simultaneous thermal analyzer
(TGA-DSC, SDT650, TA Instruments, Newcastle, DE, USA). The pore size distribution, pore
volume, and specific surface area of the resin were determined using a Brunauer-Emmett—
Teller specific surface area and porosity analyzer (BET, ASAP 2460, Micromeritics, Norcross,
GA, USA). The elemental composition was determined using an organic elemental analyzer
(Elementar Unicube, Hanau, Germany). Changes in characteristic bonds before and after
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Figure 1. Flowchart for the preparation of SIPMA-TEPA.

2.4. Batch Adsorption Experiments

Batch adsorption experiments were conducted to study the adsorption properties of
the adsorbent. The effects of the pH level, reaction time, solid-to-liquid ratios, and the
presence of various interfering ion species and concentrations on adsorption performance
were investigated. First, 0.05 g of SiIPMAN adsorbent was weighed and placed into a 40 mL
clear glass vial, to which 30 mL of the working solution was added. The mixture was then
reacted in a constant-temperature shaker at 25 °C and 120 r/min. After 2 h of shaking,
the mixture was filtered through a 13 mm diameter filter with a pore size of 0.45 um. The
concentration of U ions in the filtrate was measured via an inductively coupled plasma
atomic emission spectrometer (ICP-AES, Ultima Expert, Paris, France) after dilution with
2.5v/v% HNOs. The detailed steps of the batch experiment are provided in Section S2 of the
Supplementary Materials. SiIPMA-TEPA was used to remove uranium from environmental
water systems. The environmental water samples were collected from well water (WW)
in Mt. Yumu, Xiangjiang River on Jiefang Road, and tap water (TW) from the laboratory.
Details are provided in Section S2 and Figure S2 of the Supplementary Materials. The
preparation of the SIPMA-TEPA-U sample for the mechanistic analysis is described in
Section S5. The adsorption amount (Q), adsorption efficiency (E), desorption capacity (Qq),
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and desorption efficiency (E4) were used to represent the adsorption performance of the
adsorbent. The specific calculation formulas are as follows:

G -C
Q= T xV (1)
E= S —C  100% )
0
1%
Qq = Cq % p” (3)
E4= % x 100% @)

where m (g) is the mass of the adsorbent; V (mL) is the volume of the liquid phase; Cy and
C (mg/L) represent the ion concentrations in the liquid phase before and after adsorption
by the adsorbent, respectively; and C4 (mg/L) is the ion concentration in the liquid phase
after desorption. Additionally, the solid-to-liquid ratio during the elution process is the
same as that during the adsorption process.

3. Results and Discussion
3.1. Material Characterization
3.1.1. SEM-EDS Analysis

The electron microscopic morphology of the SiO, carrier (75-150 um, Figure 2a,b)
revealed that it exhibited a high degree of sphericity and a smooth spherical surface. The
SiPMA surface was also smooth, as shown in Figure 2c. The morphology of the SiPMA-
TEPA adsorbent is depicted in Figure 2d; the surface of SIPMA-TEPA appeared slightly
rougher than that of SiPMA.

Figure 2. SEM-EDS images of the surfaces of SiO, (a,b), SIPMA (c), SiPMA-TEPA (d), and SiPMA-
TEPA-U (e).
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The elemental distribution results, as shown on the right side of the energy spectra in
Figure 2d,e, and the elemental analysis results (Table S1) indicated that the elements C, N, O,
and U were evenly distributed within the silica particles. This suggests that SiPMA-TEPA
successfully adsorbed uranium. These findings confirm the successful preparation of the
silica-based polyamine composite resin.

3.1.2. TG-DSC Analysis

To determine the organic contents of SiPMA and SiPMANS, a thermogravimetric anal-
ysis was conducted between 25 °C and 650 °C. The DSC curves revealed that the peak de-
composition temperatures for SIPMA, SiIPMA-DETA, SiPMA-TETA, and SiPMA-TEPA were
approximately 354 °C, 311 °C, 320 °C, and 321 °C, respectively (Figure 3a-d), indicating
the decomposition temperatures of the organic polymers [30]. The mass losses for SiPMA-
DETA, SiPMA-TETA, and SiPMA-TEPA were 21.3%, 22.6%, and 24%; this indicates that
21.3%, 22.6%, and 24% of the resins were incorporated into the silica spheres, respectively.
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B
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3 2090 - \ 40.0 =
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Figure 3. TG-DSC analysis of SiPMA (a), SiPMA-DETA (b), SiPMA-TETA (c), and SiPMA-TEPA (d).
3.1.3. BET Analysis

To elucidate the pore size distribution and specific surface area of SSiPMANSs, a BET
analysis was performed. The N, adsorption—desorption isotherms of SiPMANs are shown
in Figure 4a. The presence of a type IV hysteresis loop in the adsorption curve indicates
that SiPMANSs had a mesoporous structure [35]. The pore size of SIPMA-TEPA did not
differ significantly from those of SiIPMA-TETA and SiPMA-DETA, presumably because
the polymerization of organic monomers did not fully penetrate the pore channels of SiO,.
However, SiPMA-TEPA still exhibited excellent adsorption performance. As shown in
Table 1, the specific surface area, pore volume, and pore diameter of SIPMANs were all
lower than those of 5iO;. This indicates that the organic polymer occupied space within
the SiO, pores.
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Figure 4. Ny-adsorption-desorption isotherms (a) and pore size distributions (b) of SiO, and SiP-
MANE.

Table 1. BET results for SiO, and SiIPMANSs obtained via nitrogen adsorption.

Materials BET Surface Area Pore Volume Pore Size
(m?/g) (cm3/g) (nm)
SiO, 74.59 0.76 56.08
SiPMA-DETA 48.38 0.25 23.05
SiPMA-TETA 46.86 0.59 23.77
SiPMA-TEPA 46.42 0.61 52.56

3.1.4. FTIR Analysis

The FTIR spectra of SiO,, SiPMA, and SiPMANSs are shown in Figure 5. The peak
at 3452 cm ™! corresponded to the stretching vibration of the adsorbed aqueous hydroxyl
groups. The peaks at 1639 cm ! and 2366 cm ! corresponded to the bending vibrations of
these hydroxyl groups [36,37]. The peaks at 1738 cm ™! corresponded to the vibration of the
carbonyl group in the intermediate methyl acrylate [30]. The peaks at 472 cm~!, 800 cm !,
and 1110 cm ™! corresponded to SiO; [30,37]. The spectra of all of the polyamine resins
exhibited these characteristic peaks, which indicated that the structure of the synthesized
adsorbent was stabilized. The spectrum of SiPMANSs featured a unique peak at 1566 cm ™1,
which corresponded to the bending vibration of N-H [30]. These results demonstrated
that the surface of the SiPMA material was successfully amidated, and SIPMANs were
successfully prepared.

3.2. Batch Adsorption Experiments

As shown in Figure 6a, all three polyamine adsorbents were highly effective in remov-
ing uranium from aqueous solutions at pH 4-10, with particularly high efficiency at pH 5-9,
where the removal efficiency remained nearly constant at ~90%. As the H" concentration
in the solution increased, the nitrogen-containing functional groups on the polyamine resin
ligands became more easily protonated. However, the chemical form of uranium gradually
converted from UO, (CO3);* to UO,2* [30], which is not conducive to ion exchange. This
resulted in a decrease in adsorption efficiency, particularly at pH 4, where the decrease
was most pronounced. As shown in Figure 6b, the polyamine adsorbents hardly adsorbed
uranium when the HNOj3 concentration exceeded 0.1 M. As fewer H* ions were present in
the solution, the nitrogen-containing functional groups on the polyamine resin ligands were
less likely to be protonated, which hindered ion exchange. Consequently, the adsorption
efficiency of the polyamine resins for uranium decreased, especially at pH 10. The pH of
environmental water systems varies owing to regional differences, with an overall range
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of 6-8 [30]. This indicates that SIPMANSs are widely applicable to diverse environmental

water conditions.
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Figure 5. FT-IR spectra of SiO;, SiPMA, and SiPMANS.
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m/v: 0.05 g/30 mL; (b) Co(U) =~ 10 mg/L, t =2 h; (c) Co(U) ~ 10 mg/L; and (d) Cy(U) ~ 50 mg/L,
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The adsorption equilibrium time is a crucial performance indicator for ion exchange
resins. Figure 6c¢ illustrates the effect of the reaction time on uranium adsorption. Adsorp-
tion rapidly increased within the first 5 min, and equilibrium was reached in less than
10 min. This rapid equilibrium was due to the SiPMAN resins having a larger specific
surface area and pore size, which facilitated the entry of uranium.

The experimental data were fitted using the pseudo-first-order kinetic model
(Equation (S1)) [38] and the pseudo-second-order kinetic model (Equation (52)) [36] to
investigate the adsorption mechanism. The fitting results are shown in Table 2.

Table 2. Parameters obtained by fitting the data with the pseudo-first-order and pseudo-second-order

models.
Adsorbents Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model (%ngp)
Ky Qe R2 K3 Qe R2
SiPMA-DETA 0.71 5.26 0.999 0.45 5.33 0.999 5.26
SiPMA-TETA 0.62 494 0.998 0.34 5.03 0.997 4.962
SiPMA-TEPA 0.55 4.64 0.995 0.27 4.76 0.999 4.681

According to the R? values in Table 2, the pseudo-second-order kinetic model was more
suitable for describing the adsorption mechanism than the pseudo-first-order kinetic model,
indicating that the adsorption of uranium onto SiPMA-TEPA was chemisorptive [39].

The saturated adsorption capacity of a resin is crucial for its practical application. This
capacity is generally determined from the adsorption isotherm. However, at pH levels close
to 7, highly concentrated uranium can hydrolyze and precipitate, which can complicate the
measurement of the adsorption capacity [40]. Thus, a solid-to-liquid ratio experiment was
conducted to investigate the maximum adsorption capacity of the resin.

As shown in Figure 6d, the maximum adsorption capacity of the SiPMA-TEPA ad-
sorbent exceeded 198.95 mg/g. The SIPMA-TEPA adsorbent with the longest polyamine
chain exhibited the highest adsorption capacity, consistent with the findings of Amphlett’s
study [34]. The adsorption capacity of the SAER adsorbent with the same polyamine group
was 124 mg/g [30,40]. Adsorption isotherm experiments were conducted to elucidate the
uranium adsorption mechanism of SIPMA-TEPA. The detailed experimental procedures are
described in Section S2 of the Supplementary Materials. The saturation U(VI)-adsorption
capacity of SiPMA-TEPA is illustrated in Figure S3. The fitting results of the Langmuir
model (Equation (S3)) [12] and the Freundlich model (Equation (54)) [41] are shown in
Table S2. The R? value for the Langmuir model was higher than that for the Freundlich
model, indicating that the adsorption process aligned with the Langmuir model, which
represents a monolayer chemisorption process.

Interfering ions in environmental water predominantly include anions such as C1~,
NO;~, and SO42~ and cations such as Na*, K*, Ca?*, and Mg2+. To compare the adsorption
selectivity of the three polyamine resins, experiments were designed using salts with
concentrations ranging from 0 mM to 100 mM. The three types of polyamine resins were
reacted in these three salts (NaCl, KNO3, and Na,SO,) with different concentrations. The
results are shown in Figure 7. As the number of interfering ions in the solution increased,
the interfering ions competed with UO,(CO3),2~ or UO,(CO3)3* for adsorption with the
protonated polyamine resin.

The adsorption selectivity of the three polyamine resins for uranium remained high
at a 100 mM salt concentration. Specifically, the uranium adsorption efficiency of all
three polyamine adsorbents exceeded 90% in the presence of 100 mM NaCl or KNOs3
and surpassed 80% in the presence of 100 mM Na;SOy4. SiPMA-DETA, with the shortest
polyamine chain, exhibited a higher selectivity for uranium than the other two polyamine
resins. The uranium adsorption efficiency of SiPMA-DETA reached 83% in 100 mM NaSOy,
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likely owing to the relatively higher content of primary amines in SiIPMA-DETA, which
enhanced selectivity [34].

As shown in Figure 8, the adsorption efficiencies of the three polyamine resins were
almost unchanged with an increase in the MgCl, concentration to 5 mM, while the removal
efficiencies of the three resins decreased with an increase in the CaCl, concentration to
5 mM, which corresponded to the average concentration of Ca?* in groundwater. The
decrease in the removal efficiency of the resins was due to the tendency of Ca?* to combine
with UO,(CO3)3*~ to produce a neutral molecule, CayUO,(CO3)3 [30,42]. The removal
efficiency of uranium remained around 90% in 5 mM CaCl, or MgCl,, demonstrating
the practical application potential of SiPMANSs. In summary, the SIPMA-TEPA resin
demonstrated superior overall adsorption performance and was selected for further study.
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3.3. Batch Desorption Experiments and Reusability

The uranium adsorbed by SiPMA-TEPA was desorbed using different concentrations
of nitric acid. As shown in Figure 9a, the resin achieved complete desorption of uranium
with 1 M nitric acid. Additionally, the uranyl ions were completely desorbed from the resin
in less than 3 min (Figure 54). Reusability and stability evaluations of SIPMA-TEPA were
conducted using 1 M nitric acid as the desorbent. As shown in Figure 9b, the adsorbent’s
adsorption and desorption efficiencies remained above 95% after five cycles, demonstrating
good stability and reusability.
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Figure 9. Uranium desorption efficiency with different eluents (a) and (b) reproducibility of SiPMA-
TEPA ((a) Co(U) =~ 1 ppm, pH =7, m/v: 0.05 g/10 mL).

3.4. Evaluation of the Uranium Removal Performance in Environmental Water Systems

The results for the uranium removal efficiency of SIPMA-TEPA in environmental water
systems are shown in Figure 10a. SIPMA-TEPA achieved the highest removal rate of 94.03%
for uranium in ultrapure water (UPW). Uranium removal exceeded 90% in TW, river water
(RW), and simulated groundwater (SGW). The configuration of the simulated water samples
was based on the literature [43,44]. Details are provided in Section S2 of the Supplementary
Materials and Figure S2. The uranium removal efficiency was lowest in WW, owing to
the high concentration of Ca?* (410.4 ppm) in the groundwater environment, which was
significantly higher than that in other water systems. The elevated Ca®" concentration led
to the formation of the neutral molecule Ca,(UO;)(CO3); and thus inhibited the resin’s
adsorption of uranium. Nevertheless, the excellent uranium removal efficiency observed in
TW and RW indicated that SIPMA-TEPA was suitable for practical applications.
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Figure 10. Uranium removal by SiPMA-TEPA in different water systems (a) and (b) Ca®*, Mg?*

ion concentrations in different water systems (temperature: 298 K, Co(U) =~ 1 ppm, t: 2 h, m/v:
0.05 g/30 mL).
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3.5. Adsorption Mechanism Study
3.5.1. FTIR and XPS Analyses

To further study the mechanism of U(VI) adsorption by SiPMA-TEPA, FTIR and XPS
analyses were performed. As shown in Figure 11a, the characteristic peak at 1566 cm ! for
SiPMA-TEPA corresponded to the bending vibration of the N-H bond of the polyamine
functional group of the resin [30]; moreover, the peak of the N-H bond of the resin SiPMA-
TEPA-U shifted, and a new peak for nitrate appeared. This indicates that the polyamine
functional groups in the resin were involved in coordination. A peak for nitrate [45]
(1385 cm~!) was detected on the adsorbent after uranium adsorption; this peak corre-
sponded to a small amount of nitric acid extracted by SiPMA-TEPA.
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Figure 11. (a) FTIR spectra of SiPMA-TEPA and SiPMA-TEPA loaded with U; (b) XPS spectra of
SiPMA-TEPA and SiPMA-TEPA loaded with U, including fine XPS C 1s and O 1s spectra (c,d); (e) fine
XPS U 4f spectrum; and (f) fine XPS N 1s spectrum.
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The full XPS spectra of the SiPMA-TEPA adsorbent before and after adsorption of
U(VI) are shown in Figure 11b. The appearance of the characteristic U(VI) peak on the U-
loaded SiPMA-TEPA adsorbent indicates that U(VI) was successfully adsorbed. Figure 11c
shows the XPS fine scan C 1s spectrum. The peak area percentage of C=0 (288.5 eV) [46-48]
became larger after uranium adsorption by SiPMA-TEPA, indicating the contribution of
carbonate. Figure 11d presents the high-resolution XPS O 1s spectrum. Changes in the
peak areas of C=0 (532 eV) and C-O (533 eV) [49,50] after uranium adsorption further
confirmed that CO32~ was bound to UO,?*. Figure 11c illustrates the high-resolution U
4f spectrum, where the peaks at 381.5 eV and 392.5 eV correspond to the 7/2 and 5/2 U
4f levels, respectively. Figure 11f shows the high-resolution XPS N 1s spectrum. The
binding energy of N-H shifted from 396.9 eV to 397.5 eV, and the binding energy of N-C
shifted from 397.9 eV to 399.4 eV. After U adsorption, the resin showed a characteristic peak
between nitrate and uranium at 404.6 eV [38]; this indicates that the primary amine groups
of the resin extracted nitric acid, further corroborating the FTIR results. Additionally, the
binding energy of N-C shifted from 397.9 eV to 399.4 eV, suggesting the involvement of N-
containing functional groups on the polymer in the coordination [30,51]. The predominant
chemical form of uranium at pH 6-7 was UO,(CO3)3*~, and all the polyamine groups
on the adsorbent were protonated to coordinate with UO,(CO3)3*~. The mechanism is

illustrated in Figure 12.
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Figure 12. Schematic of the adsorption and desorption mechanisms of uranium from environmental
water using the SiIPMA —TEPA adsorbent.

3.5.2. Comparison of SiPMA-TEPA with Other Materials

Furthermore, the SiPMA-TEPA adsorbent was compared with other materials for the
treatment of uranium (Table 3). The results showed that SiIPMA-TEPA had a relatively
high adsorption capacity and an extremely fast adsorption equilibrium time. SiPMA-TEPA
exhibited excellent adsorption properties.

Table 3. Comparison of the adsorption performances of SiPMA-TEPA and various solid materials for
uranium removal.

Adsorbent Qmax (mg/g) te (min) Temperature (K) Reference

SBA/EnSA 1053 1675 298 [52]
MHO 106.4 - 293 [53]
FMHO 1333 480 293 [53]
SAER 124 8 298 [30]
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Table 3. Cont.

Adsorbent Qmax (mg/g) te (min) Temperature (K) Reference
PS-N-P 94.95 240 298 [33]

SiPMA-TEPA 270 10 298 This work
Sal-APS-MCM-41 10 <1 298 [54]
M-Ti,CTx 470 2880 298 [55]
PEI/GO 145.1 90 303 [56]

4. Conclusions

Three novel silica-based polyamine composite resins were synthesized through in situ
solution polymerization and post-modification strategies. Among them, the resin with the
longest polyamine chain, TEPA, demonstrated the best overall performance. SiPMA-DETA
and SiPMA-TETA were mesoporous adsorbents, while SiPMA-TEPA was a macroporous
adsorbent. Adsorption equilibrium was achieved in less than 10 min, and desorption was
completed in under 3 min. SiPMA-DETA, with the shortest polyamine chain, exhibited
the highest uranium adsorption efficiency of 83% in 100 mM Na,SOy, and SiPMA-TEPA
exhibited the highest adsorption capacity (>198.95 mg/g). The adsorption process for
SiPMA-TEPA followed the pseudo-second-order kinetic model and the Langmuir isotherm
model, indicating a chemisorption process. Additionally, SiIPMA-TEPA removed over 90%
of uranium from both TW and RW. After five cycles of adsorption and desorption, the
removal efficiency remained high, demonstrating excellent stability. FTIR and XPS analyses
revealed that the N-containing functional groups in the SIPMA-TEPA adsorbent bound
to the UO,(CO3)3%~ anion in the solution and acted as an effective adsorption site for the
UQ,(CO3)32~ anion in the solution. Overall, SIPMA-TEPA demonstrated strong potential
for the rapid treatment of uranium-containing water in environmental water systems.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/toxics12100704 /s1: Section S1. Synthesis of SIPMANS; Section S2.
Batch experiments; Section S3. Introduction of the mathematical models used; Section S4. Ex-
periments on the reusability of SIPMA-TEPA; Section S5. Sample preparation for the adsorption
mechanism investigation; Section S6. Experimental results; Figure S1. MA-and-DVB-crosslinked
copolymerization (a) and substitution reaction between SiPMA and TEPA (b); Table S1. Elemental
contents of SiIPMAN resins; Table S2. Parameters obtained by fitting adsorption isotherm data for
different solutions; Figure S2. Well water of Mt. Yumu, Hengyang City (a); water collected from
Xiangjiang River, Jiefang Road, Hengyang City (b); and tap water from Science and Innovation
Building 406, University of South China (c); Figure S3. Adsorption isotherms for uranium removal by
SiPMA-TEPA in ultrapure water (UPW) and groundwater (temperature 298 K, t: 2h, pH =6, m/v:
0.01 g/30 mL); Figure S4. Desorption kinetics.
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