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Abstract: Uranium could be released into the aquatic ecological environment through various sorts
of nuclear-related procedures, which has high toxicity and carcinogenicity even with a trace amount.
A novel phosphonic acid functionalized cellulose adsorbent (PVKAP) with a simple synthesis strategy
is developed based on pumpkin vine cellulose (PVK) as the substrate material for efficient and
selective capturing U(VI). Because of the strong coordination between phosphonic acid groups and
U(VI), the adsorption efficiency and adsorption selectivity of modified cellulose to U(VI) are greatly
improved. The adsorption behavior follows the Langmuir adsorption model and pseudo-second-order
kinetics model. The maximum adsorption capacities (pH =5, T = 293 K) of PVK and PVKAP obtained
from Langmuir isotherm are 57.2 and 714.3 mg g~!, and the adsorption equilibrium are reached in
240 and 35 min, respectively. Additionally, PVKAP has a high adsorption selectivity which reached
70.36% for U(VI) in multi-ion condition, and recycling studies have shown that PVKAP has good
recyclability. Furthermore, batch adsorption experiments and spectral analysis reveal that the efficient
enrichment of U(VI) on PVKAP could mainly attribute to the inner layer complexation. Therefore,
this environmentally friendly and simple route prepared PVKAP has good a potential application
value for U(VI) enrichment in aqueous medjia related to nuclear waste.

Keywords: phosphonic acid; cellulose; U(VI); adsorption selectivity; biomass

1. Introduction

Uranium, as an important resource of nuclear fuel [1], could be released into the aquatic
ecological environment through various sorts of nuclear-related procedures including waste treatment,
spent fuel reprocessing, nuclear accidents, and so on [2-5]. Uranium primarily exists in the
form of uranyl (UO,2*) ion with good solubility and fluidity [6,7] at pH < 5, which has high
toxicity and carcinogenicity even with trace amounts and has an exceedingly long half-life of
~108 years [2,8-10]. Therefore, there is an urgent need to develop functional materials to capture U(VI)
from radioactive water. Adsorption methods, as diffusely utilized wastewater treatment approaches,
have received much attention due to their excellent removal performance, high availability and ease
of operation [11-15]. So far, various materials have been exploited for removal of U(VI), such as
metal organic frameworks (MOF) [16-19], functionalized mesoporous silica [20-22], carbon-based
nanomaterials [23-26], and natural polymers [24,27]. In general, superior adsorbents should meet the
combined requirements of high adsorption capacity, ultra-fast removal rate, high selectivity, stability,
and recyclability. However, few of the adsorption materials mentioned above could cover all these
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characteristics. Importantly, the adsorption selectivity of U(VI) is a significant characteristic, due to
the co-existing metal ions in the wastewater that could also compete with U(VI) on the adsorption
sites of the adsorbents [4,20,28,29]. Furthermore, the conventional preparation of U(VI) adsorbents is
multiplex, costly, and not eco-friendly. Therefore, it is highly imperative to exploit a facile strategy to
fabricate efficient adsorbents for U(VI) with high selectivity.

Cellulose, as the most abundant natural polymer, could be obtained from various natural resources
including plants, woods, and so on. Because of its exceptional characteristics such as environmentally
friendly, biodegradability, and low cost, it can be employed as adsorbents [30-32]. Moreover, cellulose
has an abundance of hydroxyl groups [33-35], which could be modified with functional groups such
as sulpho groups, carboxyl groups, and amino groups [36-38]. Pumpkin planting is very common
and there is abundant waste pumpkin vine in rural China, which is an abundant feedstock to derived
cellulose. In this research, in view of the above environmental requirements, a reasonable synthetic
strategy is developed to fabricate a novel phosphonic acid and acrylic acid functionalized pumpkin
vine based cellulose adsorbent (PVKAP) for efficient elimination of U(VI) with high selectivity. Owing
to the strong complexation between phosphonate sites (P=0) in the polymeric matrix and U(VI) [39],
the PVKAP probably shows excellent selectivity and high removal performance to U(VI). Therefore,
a series of characterizations are carried out to analyze the physico-chemical characteristics of pumpkin
vine cellulose (PVK) and PVKAP. Batch experiments and ICP-AES are adopted to explore the adsorption
behavior and selectivity of PVK and PVKAP to uranium under different conditions. Furthermore,
the potential adsorption mechanism was, in detail, revealed by FTIR and XPS techniques. This work
demonstrates a novel and important strategy to obtain excellent adsorbents with high selectivity and
capacity for capturing U(VI) in aqueous solution.

2. Experimental Part

2.1. Material Preparation

Pumpkin vine was obtained from Hefei, China. Acrylic acid (AA), Vinyl phosphate (VPA)
and azobisisobutyronitrile (AIBN) were purchased from Sinopharm Chemical Reagent Co., Ltd.
without further purification. UO; (NOs3), 6 HyO (purity of 99.99%) was bought from Sigma Aldrich.
The uranium stock solution was prepared by dissolving UO; (NOj3),-6 H,O in Milli-Q water.

The functionalized pumpkin vine based cellulose adsorbent (PVKAP) was prepared by graft
copolymerization of pumpkin vine-based cellulose under solvothermal conditions. The schematic of
the synthetic route of PVKAP is shown in Figure S1 in the Supplementary Materials. The pumpkin vine
was washed by Milli-Q water and then dried in a vacuum oven, then crushed into powder followed by
washing by Milli-Q water and then dried in a vacuum oven. In total, 5 g of pumpkin vine powder
was added into a three-necked and round-bottomed glass flask and mixed with 200 mL KOH solution
(7 mol L71), and reacted under the oil bath at 70 °C for 2 h with magnetically stir. Then, the suspension
was filtered and repeatedly washed by Milli-Q water and then dried in vacuum oven at 60 °C for
12 h, and the product was designated as PVK. 2 g PVK was dispersed into 15 mL ethyl acetate to
prepare a suspension solution, followed by adding 0.05 g AIBN under stirring for 15 min. Then vinyl
phosphate (1.5 g) and acrylic acid (1.5 g) were added into the above-mentioned reaction mixture,
and the mixture was transferred into a Teflon lining autoclave and reacted at 100 °C for 24 h. After the
reaction completed and cooled to ambient temperature, the product was repeatedly washed thoroughly
with Milli-Q water and ethanol. Finally, the product was freeze dried at —60 °C for 12 h in a vacuum
freeze dryer, and the product was designated as PVKAP.

2.2. Characterizations

The nanostructures and morphologies of PVK and PVKAP were performed on a JEOL J[SM-7001F
scanning electron microscope (SEM) with an accelerating voltage of 200 kV. The X-ray diffraction (XRD)
patterns were recorded on a Philips X'Pert Pro Super diffractometer with Cu K« radiation. The Fourier
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transform infrared spectra (FT-IR) of the prepared materials were measured by a Nicolet-5700 FT-IR
spectrophotometer. Brunauer-Emmett-Teller (BET) specific surface area analysis was carried out
by nitrogen adsorption—desorption measurements at 77 K using a Quantachrom Autosorb IQ-C gas
adsorption system. The thermogravimetric analysis (TGA) curves within 30-800 °C were calculated by
a TGA-50/50H analyzer. The X-ray photoelectron spectroscopy (XPS) analyses were performed on
a VG Scientific ESCALAB Mark II spectrometer. And the Figure S2 in the Supplementary Materials
shows the original data for XPS experiments.

2.3. Adsorption Tests

A certain amount of sorbent suspension, uranium stock solution, NaNOs and a multi-ion solution
were simultaneously placed into a group of 10.0 mL PE tubes to attain the desired concentrations.
Experimental equilibrium adsorption data of PVK and PVKAP were obtained under the condition
of C yvijinitial = 12.8~79.4 mg LY, m/V =0.1 g L1, pH = 5. The pH values of the suspension
were adjusted by adding a negligible volume of NaOH or HNOj; solutions (0.1-1.0 mol L™!) and
measured by a pH meter. Then, the suspensions were oscillated in the reciprocating shaker for a
specific time and temperature, and each PE tube was centrifuged to separate the solid phase from
the liquid phase. The concentrations of U(VI) in the supernatants were determined by a kinetic
phosphorescence analyzer (KPA-11, Richland, WA, USA). The concentrations of U(VI) mixed with
other competitive absorption metal cations were measured by an inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Optima 7300 DV, Perkinelmer, Waltham, MA, USA). The adsorption
capacities (ge) of U(VI) and adsorption percentage (R%) were calculated by the following equations [40]:

Co-C.) V
o= Q=Y (M
R% = =S¢ s 100% )
Co

where Cy, Ce, V and m represent the initial concentration of U(VI), the residual concentration of U(VI),
the volume of uptake systems, and the mass of adsorbent, respectively. (In this work, Cyp = 0.5 mmol Lt
for all cations, pH=5.0+0.1, m/V=005g L. The adsorption selectivity related to U(VI) (Sy) was
measured to illustrate the effectiveness of selectivity of the adsorbent to U(VI):

ge—U o
2o —tol x 100% (3)

Su=

where g..y and geto are, respectively, the adsorbed amount of uranium and all cations in
multi-ion solution.

2.4. Desorption and Regeneration Study

The desorption and regeneration of PVKAP were carried out for five consecutive cycles to evaluate
the stability and reusability. In each cycle, the PVKAP loaded with U(VI) was centrifuged after
saturation adsorption, followed by eluting it with HCI solution (0.1 mol L~!) which was gently shaken
in an oscillator at 293 K for 24 h, then repeatedly washed by ethanol and Milli-Q water and dried
for recycling.

3. Results and Discussions

3.1. Structural Characterizations

The nanostructure and surface features of PVK and PVKAP were revealed by SEM shown in
Figure 1. PVK and PVKAP are fibrous and both have a diameter of about 20-50 um. The PVK
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(Figure 1a) exhibits a relatively smooth fibrous morphology, while the PVKAP (Figure 2a) shows a
much rougher surface after grafting with VPA and AA, which is advantageous for trapping metal ions.
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Figure 1. SEM images for pumpkin vine cellulose (PVK) (a) and a novel phosphonic acid and acrylic
acid functionalized pumpkin vine based cellulose adsorbent (PVKAP) (b).
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Figure 2. (a) FTIR spectra of PVK and PVKAP; (b) XRD patterns of PVK and PVKAP.

The functional groups on the surface of PVK and PVKAP were analyzed by FT-IR spectroscopy.
As shown in Figure 2a, the characteristic absorption peaks of PVK at 3430, 1410, 1060, and 1630 cm™!
are, respectively, attributed to the stretching vibration peaks of -OH, COO, and C-O, and the -OH
bending vibration peak [39]. Comparing the FTIR spectra of PVKAP to PVK, the newly added
peaks of PVKAP at 1725, 1460, 1160, and 915 cm~! are attributed to the stretching vibration peaks
of C=0, P-C, P=0, and P-OH [41-43], respectively; thus, indicating that ethylene phosphate and
acrylic acid were successfully grafted onto the surface of PVK by copolymerization. As confirmed by
SEM, the FT-IR spectrum further demonstrates the successfully functionalized cellulose adsorbent
materials. Furthermore, the P-OH characteristic vibration at 915 cm™! and the P=O characteristic
vibration peak at 1160 cm~! almost disappeared, and the characteristic vibration of C=0 at 1725 cm™!
and the -OH characteristic vibration peak at 3430 cm™~! weakened after the uranyl was absorbed by
PVKAP (PVKAP-U); thus, indicating that the phosphonic acid group and the hydroxyl site participate
in the capturing of U(VI) [39,44]. Simultaneously, the XRD pattern (Figure 2b) of PVKAP exhibits
an added broad peak in the range of 15 to 30° compared to PVK, while the major diffraction peaks
remain unchanged. This significantly broad diffraction peak of PVKAP may be attributed to the
grafted polymer chain, which confirms successful copolymerization and is in line with the results of
FTIR spectroscopy.
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To further understand the specific surface area and pore size distribution of PVK and PVKAP,
the BET method was adopted to analyze the samples. The N, adsorption—desorption adsorption
isotherms of PVK and PVKAP are shown in Figure 3a. Furthermore, the specific surface area, pore
volume and average pore size are shown in Table 1. Obviously, the specific surface area is improved
after functionalization, and the average pore diameter of about 5 nm indicates the existence of internal
mesopores. Additionally, the significant uptake of the nitrogen adsorption—-desorption adsorption
isotherm of PVKAP at relatively high pressures (0.8-1.0) also indicates the presence of mesopores [38,45].
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Figure 3. (a) Nitrogen adsorption—-desorption isotherms of PVK and PVKAP; (b) the thermogravimetric
analysis (TGA) analysis curves of PVK and PVKAP.

Table 1. Pore structure parameters of PVK and PVKAP.

Sample  BET Surface Area (m? g-1)  Pore Volume (cm3 g-1)  Average Pore Size (nm)
PVK 5.02 4954 x 1073 4.47
PVKAP 6.63 7.965 x 1073 5.12

Generally, radioactive wastewater under certain circumstances has a relatively high temperature
due to the fission of radionuclides, so thermal stability is one of the significant physicochemical
properties to value adsorbent performance. As shown in Figure 3b, the TGA curves of PVK and PVKAP
exhibit similar characteristics, of which the weight loss processes can be divided into three stages.
The first stage loses weight at about 100 °C, which corresponds to the dissipation of water molecules
from the surfaces of the materials; the second stage loses weight at around 100238 °C. The weight
loss of PVK at this stage is mainly attributable to the consumption of hydroxyl sites. Meanwhile,
the weight loss of PVKAP at this stage is less than PVK, which is ascribed to the consumption of
hydroxyl groups and the grafted phosphonic acid groups and carboxyl groups [41,42]. In the third
stage, the weight loss of PVK at 238-800 °C is mainly caused by the collapse of the cellulose skeleton
at high temperature, and the disintegration rate of the skeleton is slowed down due to the polymer
grafted on the surface of PVKAP. These above results confirm that the successful copolymerization of
vinyl phosphate and acrylic acid are grafted onto the surface of PVK, and the graft ratio is about 7.93%.
Therefore, the improved thermal stability of PVKAP is beneficial for its application to the purification
of wastewater containing radionuclides under certain circumstances.

3.2. Adsorption Isotherms

The Langmuir adsorption model and Freundlich adsorption model were adopted to evaluate the
adsorption capacity of PVK and PVKAP to U(VI). Further details about Langmuir and Freundlich
isotherm adsorption models have been explained in the Supplementary Materials. Figure 4 and
Table 2 show the specific fitting parameters, the adsorption capacity of U(VI) by PVKAP is significantly
improved. Additionally, the adsorption capacity of PVKAP to U(VI) increases as the initial U(VI)
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concentration increases, indicating that the initial U(VI) concentration is the main driving force for
the liquid—-solid phase adsorption. Furthermore, the capture capacity of PVKAP increases rapidly
when the U(VI) concentration is relatively low, while the adsorption capacity increases slowly as its
concentration increases to relatively high values. Thus, the efficient capture of U(VI) by PVKAP could
be ascribed to surface complexation rather than U(VI) precipitation [46].
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Figure 4. (a) Experimental equilibrium adsorption data of PVK and PVKAP under the condition
of m/V=01g L1, cC U(VD)initial = 12.8~79.4 mg Lt pH =5 and 293 K; (b) adsorption isotherms of
Langmuir (solid line) and Freundlich (dash line) for PVKAP capturing (VI) under different temperatures;
(c) effect of temperature on the U (VI) captured by PVKAP; (d) variation of In K4 with T

Table 2. Isotherms parameters of Langmuir and Freundlich for PVK and PVKAP.

Adsorbate T (K) ge (mgg™) La&g;\;ﬁ)l( L R? Kg (mg™ L" g-1)  Freundlich n R?
PVK 293 57.2 0.03 0.991 3.2 0.60 0.971
PVKAP 293 714.3 0.42 0.995 257.5 0.34 0.971
PVKAP 313 770.2 0.82 0.994 362.3 0.29 0.950
PVKAP 333 853.7 1.03 0.994 428.8 0.29 0.952

Simultaneously, the fitting results of the Langmuir adsorption model show that the maximum
adsorption capacities (pH = 5, T = 293 K) of PVK and PVKAP are 57.2 and 714.3 mg g~!, respectively.
The significantly increased adsorption capacity of PVKAP could be attributed to the increased
adsorption sites introduced by copolymerization on the surface of PVK, which is in accord with the
results of FTIR spectroscopy. In addition, the Langmuir adsorption model could be better to describe the
adsorption process of U(VI) on PVKAP compared to the Freundlich adsorption model, which indicates
that the active adsorption sites on PVKAP are uniformly distributed, and the adsorption process is a
single layer adsorption process.
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3.3. Adsorption Thermodynamics

The influence of temperature on the adsorption of U(VI) by PVKAP is shown in Figure 4b.
The adsorption capacity of PVAP for U(VI) increases with the increased temperature, which indicates
that high temperature promotes the capture of U(VI) by PVKAP. The thermodynamic parameters of
the adsorption process (AH), entropy change (AS), and Gibbs free energy change (AG) are listed in
Table 3, and the details of the calculation Equations and methods are explained in the Supplementary
Materials [47,48]. As shown in Table 3, AG < 0 indicates that the capturing of U(VI) by PVKAP is a
spontaneous process. Furthermore, the absolute value of AG increases with the increased temperature
of the reaction system, which reveals that high temperature promotes the more efficiently capturing
of U(VI) on PVKAP. In addition, AH > 0 reveals that the process of capturing U(VI) by PVKAP is an
endothermic reaction; namely, increasing the temperature can increase the degree of reaction. This is
also in accordance with the results of the adsorption isotherm experiment. Furthermore, AS > 0 reveals
that the process is an entropy-driven adsorption process, which means the degree of freedom of the
solid-liquid interface is increased after the capturing of U(VI) by PVKAP. Therefore, the efficient
capturing of U(VI) by PVKAP is a spontaneous endothermic process.

Table 3. Thermodynamic parameters for U(VI) entrapment onto PVKAP.

Temperature (K) AG° (kJ mol~1) AH? (kJ mol-1)  AS° (J mol-1 K1)

293 -11.75
313 -15.53 43.57 188.72
333 -19.30

3.4. Kinetics Study

Adsorption efficiency is a key factor in the overall performance evaluation of adsorbents in
practical applications. Figure 5 shows that the capture rate of U(VI) by PVKAP is very fast and the
adsorption equilibrium is reached within the contact time of 35 min (Figure 5a). For the purpose of
further understanding the adsorption mechanism of U(VI) on PVKAP, a quasi-first-order kinetic model
and a quasi-second-order kinetic model were used for fitting [49,50]. As shown in Table 4, the correlation
coefficient (R2) of PVKAP for U(VI) adsorption fitting by quasi-second-order kinetics (R? = 0.994) is
higher than that of the quasi-first-order kinetic (R? = 0.980), indicating the quasi-second-order kinetic
model is more suitable to describing the adsorption process, thus, implying that the efficient capture of
U(VI) by PVKAP mainly is attributable to surface complexation and the chemisorption of strong forces,
rather than ion exchange [51,52]. Furthermore, the adsorption rate and capacity of U(VI) on PVKAP
are significantly improved compared with PVK, which is mainly due to the abundant phosphonic acid
groups and hydroxyl sites on the surface of PVKAP [39].
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Figure 5. The influence of the adsorption reaction time of uranyl on PVK and PVKAP.
(a) pseudo-first-order (b) pseudo-second-order.
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Table 4. Parameters for pseudo-first-order and pseudo-second-order models.
Adsorbate Ky (min-1) Pseudo-Flrst:?rder R2 K> (g mg min-1) Pseudo-Secong-Order R2
qe (mg g™") qe (mg g™)
PVK 0.07 13.6 0.985 7.92 x 1073 14.6 0.996
PVKAP 0.11 587.8 0.980 2.72x 1074 632.9 0.994

3.5. Influence of pH and lonic Strength

The adsorption behavior of U(VI) is highly dependent on the pH of the solution (Figure 6),
indicating that the adsorption of U(VI) by PVKAP is dominated by surface complexation [53].
These experiments were carried out under the condition of Cyiyinitial = 36.0 mg L, T=293K,
11 different pH values (pH =2, 3,4,5,6,7,8,9, 10, 11, 12, respectively) and three different ionic strengths
(0.1 M NaNOs3, 0.01 M NaNOs3, 0.001 M NaNOs). When the pH value of the solution increased from
2.0 to 6.0, the removal rate of U(VI) by PVKAP increased from ~39.0% to ~96.2%, and then decreased
to ~74.0% as the pH increased to 12.0. This result could be clarified by the intrinsic properties of
the adsorbents and the speciation of U(VI) in the solution. When pH < 6, U(VI) is mainly present
in solution in the form of UO,2*, UO(OH)* and (UO,)3(OH)>* [54], the sharply increased removal
rate of PVKAP could be attributed to the capture of UO,?* with a negatively charged active site on
the surface of PVKAP. When pH > 6, the positively charged U(VI) speciation gradually decreases
with the increased pH value, while the negatively charged speciation of U(VI) (e.g., (UO,)3(OH); ™) is
gradually increased, thereby causing an increasing electrostatic repulsion between PVKAP and U(VI),
and resulting in a decrease in the adsorption capacity [55-59].
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Figure 6. Influence of pH and ionic strength on the capturing U (VI) by PVKAP, Cy(viyinitial = 36.0 mg LT,
T=293K.

In addition, the adsorption behavior of PVKAP capturing U(VI) at different ionic strengths
is shown in Figure 6. According to the reported literatures [29,60], the dependence of adsorption
behavior on the ionic strength is an indirect method to distinguish the inner layer and the outer surface
complexation. As shown in Figure 6, at the three ionic strengths (0.1 M NaNO3, 0.01 M NaNOs, 0.001 M
NaNOQO3), the adsorption behavior of PVKAP is similar and there is no obvious adsorption boundary.
Therefore, the inner layer complexation dominates the efficient capturing of U(VI) by PVKAP [29],

which could be explained by the strong complexing ability of phosphonic acid groups and carboxyl
groups on the surface of PVKAP.

3.6. Adsorption Selectivity and Recycling Performance Study

In consideration of the complexity and heterogeneity of the real aquatic environment, ICP-AES was
adopted to check the adsorption selectivity of PVKAP versus U(VI) in a mixed solution containing Zr,
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Cu, Eu, Co, Pb, Cr, U, Hg, Cd, La, St, Th, and Cs (Cy = 0.5 mmol L~ for all these cations). As shown in
Figure 7, PVKAP has significantly enhanced preferential affinity for uranyl compared to PVK, indicating
that it is more capable of selectively enriching U(VI) from multi-component systems. According to
Equation (3), the sorption selectivity (Sy) of PVKAP to U(VI) is almost 70.36%, while PVK has almost
no adsorption selectivity in the same condition. So, the excellent adsorption selectivity of PVKAP
is mainly attributed to the excellent complexing ability between P = O group of PVKAP and U(VI).
In addition, PVKAP shows a selective adsorption sequence: U(VI) > Eu(Ill) ~ La(IIl) ~ Th(IV) > other
metal ions, which can be ascribed to the intrinsic properties of different metal ions and their affinity with
PVKAP [61,62]. Moreover, the reusability of the adsorbent is an important performance of practical
applications. Figure 8 shows the five recycling studies of PVK and PVKAP. The removal rate of U(VI)
by PVK is reduced from 90% to 75%, while the removal rate of U(VI) by PVKAP is maintained above
96% (99% to 96%). Thus, it was shown that the PVKAP has largely improved recyclability.
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024

de (mmol g™)
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Zr Cu Eu Co Pb Cr U Hg Cd La Sr Th Cs

Figure 7. Competitive adsorption of coexistent ions by PVKAP, Cy = 0.5 mmol L™ for all cations,
pH=50+0.1,m/V=005gL".
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Figure 8. Reusability studies of PVK and PVKAP on the removal of U(VI) from aqueous solution,
T =293K,pH =5.0 0.1, C yvijnitial = 36.0mg L™}, m/V =01gL.

3.7. Adsorption Mechanism

For the sake of further clarifying the adsorption mechanism of PVKAP to U(VI), XPS spectra were
used to analyze the changes of surface functional groups after enrichment of U(VI) by PVKAP. Figure 9
shows that the specific enrichment of U(VI) by specific functional groups was deduced from the O
1s and P 2p fine XPS spectra of PVKAP. In general, there are two possible ways for the adsorption
process between the phosphonic acid group and U(VI). One way is that the H* of the phosphonic
acid group is exchanged with U(VI) by ion-exchanged process, and the other way is by coordination
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between the phosphonic acid group (P=0) and UO,%* [63]. The peaks at 134.05 (P 2pyp) and 133.05
(P 2p32) eV shown in the P 2p high-resolution spectrum of PVKAP reveal that P 2p can be attributed to
phosphorus atoms in two phosphine-containing groups.

P2p Ols

Intensity (a.u.)

d o1s

Intensity (a.u.)

136 138 528 530 532

l:«l 534
B.E. (eV) B.E. (V)

Figure 9. XPS spectra of P 2p for PVKAP before (a) and after (b) uranyl entrapment, O 1s for PVKAP
before (c) and after (d) uranyl entrapment.

When PVKAP is loaded with U(VI), the peak intensities of P 2p3; and P 2py,, are significantly
reduced, and the binding energies of P 2p3, and P 2py; are increased from 133.05 and 134.05 eV to
133.55 and 134.65 eV, respectively. These results indicate that the phosphonic acid group forms a new
chemical bond with UO,2* [41].

In addition, the O 1s high resolution spectrum from PVKAP can be divided into four peaks,
namely peaks of 531.48, 532.38, 533.08, and 534.18 eV, respectively, corresponding to P=0O, C=0, C-O-C,
and -OH [11,64]. When the PVKAP is loaded with U(VI), the characteristic peaks at P=O and -OH
move from 531.48 and 534.18 eV to 531.18 and 533.78 eV, respectively, and the relative peak area
decreases significantly, indicating a coordination of P=0O and -OH with U(VI) was formed. However,
after PVKAP loading with U(VI), the positions of the peaks for C-O-C and C=0 remained unchanged,
indicating that C-O-C and C=0 did not participate in the coordination. Therefore, the enrichment of
U(VI]) by PVKAP can be mainly ascribed to the coordination of phosphonic acid groups rather than
carboxyl sites.

4. Conclusions

In this study, a novel phosphonic acid functionalized cellulose adsorbent (PVKAP) with a simple
preparation route is used for the highly efficient and selective adsorption of U(VI). The effects of
different temperatures, contact times, pH values, ionic strengths, and competitive adsorptions of
various metal ions were studied to explore the adsorption mechanism of the prepared adsorption
materials to U(VI). The adsorption behavior conforms to the Langmuir adsorption model and the
pseudo-second-order kinetics model. Owing to the strong coordination between phosphonic acid
groups and U(VI), the adsorption performance of PVKAP is obviously higher than that of PVK.
The maximum adsorption capacities (pH = 5, T = 293 K) of PVK and PVKAP based on Langmuir
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isotherm model are 57.2 and 714.3 mg g~!, and the adsorption equilibrium reaches in 240 and 35 min,
indicating that PVKAP has great potential value to capture U (VI). Moreover, PVKAP has high
adsorption selectivity for U(VI) (sorption selectivity is 70.36%) and good recyclability. The results of
batch adsorption experiments and spectral analysis reveal that the efficient capture of U(VI) by PVKAP
is mainly regulated by the inner layer complexation. Given the environmental friendliness of PVKAP,
its ease of preparation, and low cost, it has good application potential value for U(VI) enrichment in
aqueous media related to nuclear waste.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/16/5455/s1,
Figure S1: Schematic of the synthetic route of PVKAP, Figure S2: Original data for XPS experiments.
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