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ABSTRACT: In the present study, the phosphorylated chitosan (CSP) and
phosphate-decorated carboxymethyl cellulose (CMCP) were cross-linked to
synthesize a water-stable CSP-CMCP composite. Fourier transform infrared
spectroscopy (FTIR) analyses indicated the occurrence of a dehydration- S
condensation reaction between amino and carboxyl groups as well as the &y
introduction of abundant phosphate sites on CSP-CMCP surfaces. The &

maximum adsorption capacity of CSP-CMCP toward U(VI) (i.e, 977.54 mg/ 2
g at pH = 5.0 and T = 293 K) was superior to a series of adsorbents reported
in the previous studies. In addition, CSP-CMCP showed an extremely high
affinity for the selective capture of U(VI) from a simulated wastewater with
multiple competing metal ions. The integrated analyses of X-ray diffraction, 20

40 60 80 100
FTIR, X-ray photoelectron spectroscopy, X-ray absorption near edge C (mg/L)
structure, and extended X-ray absorption fine structure spectroscopy ¢
suggested that the predominant U(VI) species formed inner-sphere surface complexes with the active phosphate groups,
while a small proportion of U(VI) was reduced to a lower U(IV) state by the amino sites. These research findings highlighted
the potential applicability of the CSP-CMCP composite for the remediation of uranium-bearing wastewater.

KEYWORDS: CSP-CMCP composite, U(VI), Removal performance, Selective capture, Spectroscopic analyses

B INTRODUCTION minerals with abundant resources, metal organic frameworks
(MOFs) with porous feature and carbon-based nanocomposite
with high surface area have been synthesized for the
decontamination of U(VI).*”® However, these materials are
not satisfactory enough in both the adsorption capability and
selectivity toward U(VI). Besides, the complicated synthesis

The anthropogenic nuclear activities discharge a series of toxic
radionuclides (e.g, “Co, *Sr, #Tc, 131, 92154y, 25238y,
237Np, 2%py, Am, and 2**Cm) into the soil and water

systems. Uranium, as the core element in nuclear industries

and the component in nuclear waste, is harmful to the process, high cost and potential ecotoxicity of MOFs and
organisms due to its radiochemical and toxicological effects. nanocomposite further limit their application in the real
The excess inhalation, ingestion, or percutaneous absorption of wastewater disposal. Carbohydrate polymers (e.g,, chitosan
radioactive uranium will disturb the basic functions of lung, (cs), carboxymethyl cellulose (CMQ), agarose, and alginate)
kidney, brain, and reproductive system in humans.' Hence, it is and their functionalized derivatives are known as good
imperative to design advanced technologies and versatile chelating agents for heavy metal ions and radionuclides.”"’
materials for the highly efficient removal of uranium from the Unfortunately, these adsorbents exist as a disadvantage of poor
polluted water bodies. physicochemical stability in aqueous solution. Based on the
Adsorption is one of the most popular techniques for

capturing heavy metal pollutants owing to its superiorities of Received: December 7, 2018
cost effectiveness, handy operation, high practicability and Revised:  January 18, 2019
extensively optional adsorbents.”* So far, a series of inorganic Published: January 29, 2019
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Figure 1. Schematic diagrams for the synthetic procedures and molecular structures of (a) CSP, (b) CMCP, and (c) CSP-CMCP.

above observations, it is imperative to design novel adsorbents
with the combined merits of good chemical stability,
environmental friendliness, excellent adsorption performance,
and favorable affinity toward U(VI).

In this work, CS and CMC were chosen as the precursors
due to their abundant sources, low cost, nontoxic, favorable
biocompatibility, strong metal-chelating capacity, and easy
functionalization.'”"* In general, the coordination chemistry of
actinides is dominated by its “hardness” and f-electrons. As a
“hard” Lewis acid, U(VI) tends to form stable complexes with
the “hard” Lewis bases, for example, the ligands that contain
oxygen and nitrogen donors such as carboxyl phosphate,
phosphonate, amino, amidoxime, and so on. 13- Accordmg to
this theoretical foundation, the P-bearing adsorbents are
expected to display excellent adsorption affinity toward
U(VI). In this work, the CS and CMC precursors were first
modified by two different phosphorus-containing ligands. A
subsequent cross-linking between the phosphorylated CS and
the phosphate-decorated CMC was conducted to generate a
novel and stable CSP-CMCP composite. The removal
performance and relative affinity of this material for U(VI)
was carefully studied under the effect of multiple environ-
mental parameters including solution pH, ionic strength,
temperature and coexisting heavy metal ions. Additional
spectroscopic technologies, including XRD, FTIR, XPS,
XANES, and EXAFS, were employed to clarify the underlying
retention mechanisms of U(VI) by CSP-CMCP.

B EXPERIMENTAL SECTION

Materials and Reagents. CS (Degree of deacetylation >95%,
100—200 mpa-s), CMC (MW = 700000, DS = 0.9, 2500—4500 mpa-
s) and trisodium trimetaphosphate (STMP) were obtained from the
Shanghai Yuanye Bio-Technology Co. Ltd. Methanesulfonic acid,
monosodium phosphate (MSP), and phosphorus pentoxide (P,O5)
were bought from J&K Scientific Ltd. UO,(NOs),-6H,0 was
received from commercial supplier. All other reagents with the
analytical purity grade were directly used in the experiments without
further treatment. A certain quality of UO,(NO;),"6H,0 was
dissolved in Milli-Q water to prepare the stock solution of U(VI).

Preparation of CSP, CMCP, and CSP-CMCP. The phosphor-
ylation of CS was carrled out in a methanesulfonic acid-phosphorus
pentoxide system.'® This approach had multiple advantages such as
mild synthesis condition, high modification efficiency, and ease of
operation.'” In brief, 2 g of CS was dissolved into 14 mL of
methanesulfonic acid to prepare a viscous solution, and then 2 g of
P,05 was slowly added with homogeneous mixing. The mixture was
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moved into an ice bath and manually stirred with a glass rod for 2—3
h. During the reaction, the mouth of the flask was sealed with plastic
wrap so as to prevent the adsorption of water molecules. Excessive
ether was used to precipitate the resulting phosphorylated product
(i.e., CSP). The obtained colloid was successively washed by using
ether (X3), acetone (X3), and methanol (X3) and then dissolved into
MIHI—Q_ water before it was lyophilized. According to the previous
study,'® the obtained CSP was a water-soluble composite with a
relatively high degree of substitution (DS). Meanwhile, the CS
molecules retained the amino groups after phosphorylation, which
would be beneficial for its further modification.

STMP was used as the phosphating agent for synthesizing the
phosphorylated CMC (i.e,, CMCP). The phosphorylation was based
on the cross-linking between the ring-opened STMP and the hydroxyl
(—OH) groups of CMC in diluted NaOH solution (1%). Under
alkaline conditions, the negatively charged carboxyl (—COO~) sites in
the CMC molecules can provoke strong electrostatic repulsion among
the polysaccharide chains. This situation will correspondingly
facilitate the interaction of STMP with the —OH sites of the CMC
polysaccharide units."® Briefly, a 200 mL solution containing 2 g of
CMC was prepared by using the alkaline water (pH = 12 adjusted by
2.0 mol/L of NaOH). A total of 50 mL of 30% (w/v) STMP was
added into the solution to activate the hydroxyl groups in the
disaccharide units. The mixture (with the pH value maintained at
~12.0) was gently stirred at 25 °C for 2 h followed by a vigorous
stirring at 65 °C for S h. The product was dried at 45 °C until a
translucent, flowing membranous material was obtained. The
membrane was soaked in a large amount of Milli-Q water (X3) and
then lyophilized. Herein, the as-prepared CSP and CMCP were water-
soluble and could not be directly used in capturing uranium from
solution. Therefore, CSP and CMCP were further cross-linked via a
dehydration condensation process to obtain a water-stable CSP-
CMCP composite.” In specific, 0.5 g of CSP and 0.5 g of CMCP
were dissolved into 10 mL of Milli-Q water, respectively. These two
suspensions were mixed with 2 g MSP and vigorously stirred at 100
°C for a time period of 1 h. The hot solution was then dumped into a
6 cm glass culture dish and the reactant was transferred into a muffle
furnace that was preheated to 100 °C. After 6 h, the solution was
dried by evaporation and a yellow pie-like dense polymer film was
obtained. The film was washed by 100 mL of dilute HCI (0.01 mol/
L), 100 mL of H,0, 100 mL of dilute NaOH (0.01 mol/L), 100 mL
of H,0, and 50 mL of methanol in sequence to remove the unreacted
substance and impurities. The purified CSP-CMCP film was vacuum-
dried at 55 °C, grinded by an agate mortar, and then screened by
using a 200-mesh sieve to get a fine powder. The chemical structures
of the synthesized CSP, CMCP, and CSP-CMCP are displayed in
Figure 1.

Characterizations. The FTIR spectra of the raw materials (i.e.,
CS, CMC) and the prepared composite (i.e., CSP, CMCP, and CSP-
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Figure 2. FTIR spectra of CS and CSP (A), CMC and CMCP (B), CSP, CMCP, and CSP-CMCP(C); (D) Zeta potentials of CSP-CMCP as a
function of solution pH, T = 293 K, m/V = 0.05 g/L, I = 0.01 mol/L NaNO;.

CMCP) were recorded with a Nicolet 6700 spectrometer (Thermo
Scientific). The zeta potentials of CSP-CMCP composite within the
pH range of 2.0—10.0 were measured by using a Zetasizer Nano ZS90
Analyzer. The TEM image and elemental maps of CSP-CMCP after
U(VI) adsorption were collected on FEI Tecnai G2 spirit BioTwin
Transmission Electron Microscope with the operating voltage of 120
kV. The physicochemical stability of CSP-CMCP in solution was
carefully evaluated under a series of solution pH values. Specifically,
the stock solution of CSP-CMCP composite was mixed with a series
of sodium nitrate (NaNOj;) solutions to obtain an adsorbent content
of 0.05 g/L. Herein, the usage of NaNO; as the background
electrolyte was based on the wide existence of sodium (Na*) and
nitrate (NO;”) in the natural water systems and the industrial
effluents. The pH values were carefully adjusted with negligible
volumes of HNO;/NaOH solutions with different concentration
gradients. Note that the increase of total volumes for the reaction
systems due to pH adjustments is negligible (several to dozens of uL).
Accordingly, the deviation of the CSP-CMCP dosage is lower than
1%. Then, the suspensions were shaken for about 24 h, and the solid
and liquid phases were separated by centrifuging at 8000g for 10 min.
The supernatants were seriatim passed through 0.22 um filters and
the amounts of released phosphorus (P) were quantified by an
inductively coupled plasma-atomic emission spectrometer (ICP-AES,
Thermo Scientific iCAP 7000 series).

Batch Experiments. The removal performance of CSP-CMCP
composite toward U(VI) was explored by conducting a series of batch
experiments. In brief, the stock solutions of CSP-CMCP, NaNO;, and
U(VI) were mixed, pH adjusted, oscillated, centrifuged, and filtered
by adopting the experimental procedures as mentioned above. The
concentrations of U remaining in the solution were initially
determined using ICP-AES with a detection limit of 0.08 ppm.
Then, the samples with U concentrations lower than 0.08 ppm were
further diluted and submitted for inductively coupled plasma-mass
spectrometer (ICP-MS, Thermo Scientific ELEMENT 2/HR)
measurement. The detection limit of U by using ICP-MS was 0.1
ppb. The adsorption percentage (S% = (C, — C.)/Cy-100%) and
amount (g, = (Cy — C.)-V/m, mg/g) were calculated from the initial
concentration of U(VI) (Cp, mg/L), the residual concentration of
U(VI) (C, mg/L), and the dosage of CSP-CMCP (m/V, g/L). All
the adsorption experiments were performed in triplicate, and each
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data point was measured for three times to obtain repeatable and
accurate values. The standard deviation of the data was less than 5%.

To further explore the adsorption selectivity of CSP-CMCP toward
U(VI), additional competitive adsorption experiments were con-
ducted in a mixed solution containing multiple metal ions, that is,
divalent strontium(II), cobalt(Il), cadmium(II), and copper(Il),
trivalent chromium(III), lanthanum(III), europium(IIl), and
ytterbium(III), as well as hexavalent uranium(VI). A parameter
named selectivity coefficient (Sy, eq 1) was adopted to describe the
relative adsorption affinity of CSP-CMCP toward U(VI):*°

qu
Sy = —L x 100%
qe,total (1)

In the above equation, g.;; (mg/g) represents the U(VI)
adsorption amount in the multicomponent system and g, o (mg/
g) represents the total adsorbed amount of all the metal ions by per
weight CSP-CMCP composite.

Spectroscopic Analyses. By refereeing to the batch experiments,
as described above, the U(VI)-containing sample for XRD, FTIR,
XPS, and XAS analyses was prepared in a 250 mL triangular flask.
Typically, the U(VI)-loaded wet pastes were moved into a sealed
Ziploc bag and settled in cold storage. XRD patterns were analyzed by
using a Bruker D8 Advance diffractometer with a Cu Ko radiation.
XPS data were collected on an Axis UltraDLD X-ray photoelectron
spectrometer (Kratos Analytical) equipped with a monochromatic Al
Ka source. XANES and EXAFS spectra of U Ly;; edge were acquired
at the BL14W1 beamline of Shanghai Synchrotron Radiation Facility
(China) in the transmission mode. The obtained spectra were
processed by using Athena and Artemis software.”’ Based on the
crystallographic information files of UO,(CH;C00),-2H,0,
UO,(NH,),0(H,0),, CaU(PO,),-H,0, and HUO,PO,-4H,0, the
theoretical phase shift functions and amplitudes of U-O, U-C/N,
U-P, and U-U paths were calculated by FEFF 7.0.%>*7%*

B RESULTS AND DISCUSSION

Characterization. The FTIR data of CS, CSP, CMC,
CMCP, and CSP-CMCP are shown in Figure 2A—C. For
pristine CS (Figure 2A), the broad band at 3376 cm™ results
from the combined stretching vibration signals of —OH and
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Figure 3. TEM image and elemental mapping of U(VI)-adsorbed CSP-CMCP composite.
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—NH, groups. The enhancement of this peak intensity after
phosphorylation is due to the improved hydrophilic CSP. The
FTIR spectrum of CSP exhibits characteristic P—O stretching
vibrations (i.e., v1 [PO,] mode) at 1160 and 1030 cm™, as
well as P—O—C bending vibrations (i.e,, v4 [PO,] mode) at
770 and 539 cm~.'%** In addition, the N—H deformation
vibration at 1590 cm™ in CS is replaced by two new
absorption peaks in CSP, that is, the symmetric and
asymmetric deformation variations of —NH;" at 1527 and
Moreover, the —OH bending

1

1630 cm™, respectively.”
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vibration band at 1016 cm™! vanishes and meanwhile the P—
O stretching vibration peak appears at 1030 cm™'. These
phenomena indicate the phosphorylation of —OH groups and
the successful conversion of CS into CSP. For the spectrum of
CMC (Figure 2B), the peaks at 1405 and 1590 cm™" result
from the symmetric and asymmetric stretching vibration
signals of —COO, respectively.”” After the phosphorylation
process, these two bands become weakened due to the
suppression of strong P-related peaks in CMCP. In addition,
the —OH bending vibration band at 1323 cm™" disappears and

DOI: 10.1021/acssuschemeng.8b06416
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a sharp peak corresponding to the free P—O stretching
vibration appears at 1296 cm™'. Moreover, the stretching
vibration band of CH—O—CH, bond at 1023 cm™! vanishes
and two sharp peaks corresponding to the stretchin% vibrations
of P—O—C bond appear at 1090 and 982 cm™"."*** These
spectral changes suggest the phosphorylation of hydroxyl
groups and the introduction of new phosphonate groups along
the CMC chains.

For the FTIR data of CSP-CMCP (Figure 2C), the weak
band at 1616 cm™' results from the characteristic stretching
vibration of C=O0 bond in the amide I groups, and that at
1527 cm™" corresponds to the combined bending vibration of
N-H bond and stretching vibration of C—N bond in the
amide II groups.”® These spectral features indicate that the
cross-linking reaction occurs between the amino groups of
CSP and the carboxyl sites of CMCP. The characteristic
vibration band of the residual amino groups in CSP are
possibly obscured by the absorption peaks of amide I and II
groups. The bands at 1153, 1043, and 893 cm ™! result from the
P—O stretching vibrations.>> Herein, the CSP-CMCP
composite is synthesized through the dehydration process
between CSP and CMCP. According to the above FTIR
analyses, the primary residual groups of CS and CMC after
phosphorylation are the positively charged NH;" and the
negatively charged —COOQO7, respectively. These two groups
will form stable COO™—NH;" bonds with the aid of strong
electrostatic attraction, the catalysis of MSP and the promotion
of high temperature, leading to the generation of water-stable
CSP-CMCP composite.”” Figure 2D exhibits the relationship
between the surface potential of CSP-CMCP and the pH value
of solution. Clearly, the zeta potential gradually decreases with
pH rising from 2.0 to 7.0, and then keeps almost constant at
pH > 7.0. According to this variation trend, the zero point
charge (i.e, pH,,) of CSP-CMCP is identified to be ~3.80.

As shown in the TEM-derived elemental maps (Figure 3),
phosphorus is abundant and uniformly distributed in the
structure of CSP-CMCP. The plentiful phosphate groups are
expected to greatly promote the adsorption capability of CSP-
CMCP composite for U(VI). Based on the ICP-AES
measurements after the dissolution experiments, the released
P amounts from the CSP-CMCP composite are almost
undetectable within pH 2.0—10.0. This result indicates that
CSP-CMCP exhibits excellent physicochemical stability in
both the acidic and alkaline solutions.

Macroscopic Adsorption Data. Figure 4A shows the
adsorption data of U(VI) on CSP-CMCP with variable pH and
ionic strength as the variables. Specifically, the adsorption
efficiency sharply increases from ~20% to ~100% as the
solution pH value rises from 2.0 to 5.5 and then keeps at the
maximum level of ~100% within pH 5.5—8.0. Afterward, the
adsorption percentage exhibits a slightly decreasing trend at
pH value above 8.0. This tendency can be explicated by
considering the surface potentials of CSP-CMCP and the
specific U(VI) species calculated from Visual MINTEQ, ver.
3.1 (Figure 4B).”° The lower adsorption efficiency at pH <
pH,,c (ie, 3.80 as shown in Figure 2D) arises from the
electrostatic repulsion between the positively charged CSP-
CMCP surfaces and the positive UO,>" species. As the solution
pH exceeds the pH,, value, the surfaces of CSP-CMCP
composite become negatively charged due to deprotonation.
Hence, the positively charged UO,(OH)*, (UO,),(OH),*,
(UO,);(OH);* and (UO,),(OH)," species are easily adsorbed
by the active sites on CSP-CMCP surfaces with the aid of
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strong electrostatic attraction. In contrast, the decrease of
U(VI) adsorption percentage at pH > 8.0 results from the
electrostatic repulsion between the negatively charged CSP-
CMCP surfaces and U(VI) species (i.e., UO,(CO,),>” and
UO0,(C0;);*7). As shown in Figure 4A, the adsorption trend
of U(VI) on CSP-CMCP is not influenced by the variation of
ionic strength over the entire pH range. In general, the
background electrolyte ions can influence the adsorption
procedures and binding modes of heavy metal ions onto the
solid surfaces via the following paths: (1) alter the electric
double layer thickness and interface potential of materials; (2)
decrease the activity of heavy metal ions in solution; and (3)
compete with the target metal ions for entering the cation
exchange sites or binding on the adsorbent surfaces via
electrostatic interaction (i.e., outer-sphere surface complex-
ation).”*" Therefore, ion exchange and outer-sphere surface
complexation are susceptible to the alteration of ionic strength
in solution. In contrast, inner-sphere complexation is scarcely
influenced by the background electrolyte ions. In view of the
above points, the ionic strength-independent adsorption
process of U(VI) on CSP-CMCP implies a removal
mechanism of inner-sphere surface complexation.

Figure 4C shows the adsorption isotherm data of U(VI) on
the CSP-CMCP composite at 293, 313, and 333 K
Apparently, the adsorption amount rises rapidly with
increasing U(VI) equilibrium concentration (C,) and
ultimately reaches a plateau at a higher C, value. This
observation excludes the occurrence of homogeneous precip-
itation and/or heterogeneous coprecipitation, under which
conditions the adsorption amount would exhibit an exponen-

tial growth trend. The adsorption isotherms are better

KLq““‘“Ce) than the
1+K.C

e

simulated by the Langmuir model (qe =
Freundlich model (g, = K;C;) for the adsorption isotherm

data, suggesting a chemisorption mechanism of U(VI) on
CSP-CMCP in a monolayer mode.””*’ The maximum
adsorption amounts (gy,,) are calculated to be 977.54 mg/g
at 293 K, 1043.40 mg/g at 313 K and 1174.69 mg/g at 333 K
(Table 1). As listed in Table 2, the maximum adsorption

Table 1. Parameters of Langmuir and Freundlich Model Fits
for Equilibrium Adsorption Data of U(VI) on CSP-CMCP

Langmuir Freundlich
temp Ky Gmax Kg
(K)  (L/mg) (mg/g) R (mg'™L'/g) n R’
293 0.12 977.54 0.99 258.75 0.281 0.97
313 0.13 1043.40 0.99 288.78 0.277 0.98
333 0.14 1174.69 0.98 344.69 0.266 0.97

capacity of CSP-CMCP toward U(VI) is higher than most of
the adsorbents reported in the previous studies,””>%**~**
while a little inferior to the supramolecular organic frame-
works-based solid phase extraction adsorbent (MA-TMA) and
phosphonate-functionalized dendritic fibrous nanosilica (PA-
DNFS).*>*® This relatively high g, value greatly enhances
the application potentiality of the CSP-CMCP composite in
the treatment of uranium-contaminated wastewaters.

Figure 4D illustrates the competitive adsorption behaviors of
U(VI) and the coexisting metal ions on CSP-CMCP. At both
the pH values of 3.0 and 5.0, the adsorption amounts (g, mg/
g) of U(VI) are well above those of trivalent Cr(III), La(III),
Eu(III), and Yb(III) as well as divalent Cu(II), Cd(II), Co(II),

DOI: 10.1021/acssuschemeng.8b06416
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Table 2. Comparison of the Maximum Sorption Capacity of
CSP-CMCP toward U(VI) with Other Adsorbents

adsorbents exp conditions (ngg;xg) refs
MWCNTs pH =350, T=298K 24.9 34
SZ-2 pH=1.0, T =298 K 58.18 6
Oxime-CMK-§ pH =45, T=298K 65.18 20
GO nanosheets pH=55T=298K 975 35
UiO-66-NH, pH =355, T=287K 114.9 36
N-doped Fe/Fe;C@C- pH =60, T=298 K 203 37
800

Ui0-68-D(0)(OEt), pH=25T=298K 217 38
Fe/N-C-700 pH =60, T=28K 23254 39
PA/TNTs pH =50, T=293K 276 40
GO-SH pH=35.0, T =298 K 281.69 41
PAF-1-CH,AO pH =60, T =298 K 304 7
¥-Fe,0,/LDO pH=50,T=303K 52632 42
MgO/carbon pH=40T=298K 77751 43
GO-CS-P pH=35.0,T=293 K 779.44 44
CSP-CMCP pH=35.0,T=293 K 977.54 this work
MA-TMA pH =350, T =298 K 1028 45
PA-DFNS pH =8.0, T =298 K 1106 46

and Sr(1I). In detail, the corresponding Sy, values are calculated
to be ~100% and ~72% at pH 3.0 and 5.0, respectively.
Obviously, CSP-CMCP exhibits an outstanding selectivity for
separating U(VI) from the multicomponent solution. The
higher adsorption priority of U(VI) than the coexisting metal
ions can be interpreted by considering their intrinsic properties
(e.g, oxidation state, charge-to-radius ratio (Z/r), first
hydrolysis constant (—log f;)) and relative affinities to the
functional groups on CSP-CMCP surfaces. Herein, U(VI) with
a higher oxidation state and larger Z/r value (Table 3) are
expected to exhibit a higher binding affinity on the surface sites
of CSP-CMCP."~* In addition, U(VI) is more easily to
hydrolyze in solution due to its lower first hydrolysis constant
(=log ;) value relative to the other competing cations.’’~>*
Generally, the solid surfaces have a higher affinity toward the
hydrolyzed species (M(OH),") than the unhydrolyzed one
(M™).>* Therefore, U(VI) with a lower first hydrolysis
constant is more easily retained by CSP-CMCP. Moreover,
the preferential adsorption of U(VI) may be also due to its
extremely high affinity and strong competitiveness for
interacting with the surface phosphonate groups.*”**
Removal Mechanisms. Figure 5 displays the XRD
patterns (A) and FTIR spectra (B) of CSP-CMCP before
and after the adsorption of U(VI). Specifically, the absence of
new diffraction peaks (Figure SA) eliminates the precipitation
of U(VI)-containing phases during the adsorption process.
This conclusion is well consistent with that derived from the
above adsorption isotherm analysis (Figure 4C). Several
distinct features emerge in the FTIR spectrum of CSP-
CMCP after U(VI) adsorption (Figure SB). Specifically, the
weak stretching vibration band of P—O at ~900 cm™ is

overlapped by a sharp and strong absorption peak originating
from the stretching vibration of O—U—-O bond. 3% In
addition, the stretching vibration peak of P—O bond at 968
cm™' shifts to a higher wavenumber and those at 1066 and
1022 cm™! become muted. Moreover, the vibration peaks of
amide and free —NH, groups exhibit some changes in their
relative intensities. In specific, the peak intensity at 1527 cm™
is slightly reduced and that at 1616 cm™ is relatively enhanced.
These phenomena suggest that both phosphonate and amino/
—NH, sites contribute to the capture of U(VI).

Figure 6A displays the full scale XPS curves of CSP-CMCP
composite before and after the retention of U(VI). Both
spectra show the P 2p, C 1s, N 1s, and O 1s at ~134, ~28S,
~400, and ~533 eV, respectively. In addition, an U 4f peak
appears in the spectrum of U(VI)-adsorbed sample. As
illustrated in Figure 6B and Table 4, the high-resolution U
4f;, and U 4f,, peaks are further subdivided into four
components, that is, U(VI) 4f;,, at 393.03 eV, U(IV) 4f;,, at
391.33 eV, U(VI) 4f;, at 382.19 eV, and U(IV) 4f,, at 380.42
eV.*>> Based on the relative areas of their peaks, the
proportions of U(VI) and U(IV) are fitted to be 73.3% and
26.7%, respectively. This result indicates that the adsorbed
U(VI) is partly reduced to a lower U(IV) state by CSP-CMCP.
The high-resolution C 1s spectra (Figure 6C) reveal three
peaks, that is, 284.77 eV for —CH, and C—NH, bonds, 286.45
eV for C—0, C—0—P, C—OH, and C—N—C=0 bonds, as
well as 287.96 eV for O—C—0 and N—C=0 bonds.””> No
remarkable changes on the positions and relative areas of these
peaks can be observed after U(VI) adsorption (Figure 6C and
Table 4). In view of this, the related functional groups that
participate in uranium immobilization can be deduced from
the high-resolution spectra of P 2p, O 1s, and N 1s.
Specifically, the P 2p spectrum of uranium-containing sample
shows a blue shift relative to that of the pristine CSP-CMCP
composite (Figure 6D and Table 4). This difference indicates
that the phosphate groups play a vital role in U(VI) removal.
The complicated O-containing components can provide
additional information for identifying the immobilization
mechanisms. The O 1s peaks of CSP-CMCP composite
before and after U(VI) uptake are split into the similar four
peaks. Specifically, the O 1s peak of pure CSP-CMCP
composite are composed of P—O at 531.00 eV, N—C=0
and O—C=0 at 532.03 eV, —OH at 532.46 eV as well as O—
C—0 and C—O-P at 533.11 eV (Figure 6E and Table 4).>>**
Both the positions and the relative proportions of these O-
donor functional groups exhibit apparent changes after
uranium adsorption (Figure 6E and Table 4).

Some obvious differences can be also observed for the high-
resolution N 1s spectra before and after the adsorption of
U(VI). For the N 1s spectrum of the pristine CSP-CMCP
composite (Figure 6F), the peak at 399.58 eV corresponds to
N—-C=O0 and —NH, groups, while that at 401.49 eV is
assigned to the protonated amino group (i.e., NH;*; Table 4)
due to the extremely acidic condition in the phosphorylation

Table 3. Physicochemical Properties of U(VI) and the Coexisting Metal Ions

metal properties Sr(II) Cd(Ir) Co(II)
oxidation state +2 +2 +2
ionic radius (A) 1.13 0.97 0.72
charge to radius ratio (Z/r) 1.78 2.06 2.78
first hydrolysis constant (—log f1) 24.96 10.08 9.60
5398

Cu(I1) Cr(II) La(III) Eu(III) Y(1I1) u(vI)
+2 +3 +3 +3 +3 +6
0.70 0.69 1.03 0.98 0.86 0.73
2.86 4.35 291 3.06 3.49 822
7.53 6.84 8.81 7.76 7.24 5.29
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Table 4. Binding Energies (eV) of C 1s, O 1s, N 1s, P 2p,
and U 4f before and after U(VI) Adsorption onto CSP-
CMCP

before U(VI)  after U(VI)

valence states samples adsorption adsorption
Cls —CH,, C-NH, 284.77 284.76
C-0, C-0OH, C-0- 286.45 286.49

P, C-N-C=0

0-C-0, N-C=0 287.96 288.14
O 1s P-O 531.00 531.29
N-C=0 532.03 531.74
C-OH 532.46 532.73
0-C-0, C-0-P 533.11 533.45
N 1s N-C=0, —-NH, 399.58 399.79
NH;* 401.49 402.02
P2p P2py, 133.40 133.33
P 2pip 134.30 134.22
U4f U4k, UQIV) 380.42
u(vI) 382.19
U 4f, UQV) 391.33
u(vl) 393.03
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process.””*” Both the positions and intensities of these two
peaks exhibit obvious changes after U(VI) adsorption. Note
that some of the protonated NH;" sites on CSP-CMCP
surfaces may be possibly converted into the free —NH, form
due to the deprotonation reaction during the pH adjustment
process, that is, S-NH;* < S-NH, + H* (herein, S represents
the surfaces of CSP-CMCP composite). Under such circum-
stances, a charge transfer from the active amino sites to the
U(VI) species would possibly happen and therefore results in
the conversion of U(VI) into U(IV).*® In a series of previous
studies, the reduction of Cu(1I), Hg(II), Cr(VI) and Mo(VI)
and U(VI) by natural and cross-linked CS was ascribed to the
following two aspects: (1) the terminal p-glucosamine in the
CS structure (i.e., the free NH, sites) acted as the predominant
reducing agent; and (2) the reductive activity of CS toward
metal ions could be reinforced by exposing to the visual
light.***? Herein, the similar reduction phenomena may also
occur during the retention process of U(VI) by CS-CMCP. In
light of the above discussions, one can make a conclusion that
the phosphonate and amino sites on the surfaces of CS-CMCP
composite contribution to the complexation and reduction of
U(VI).
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Figure 7. (A) XANES spectra of U-containing reference and adsorption samples; (B) Linear combination fitting (LCF) on the XANES spectrum of

CSP-CMCP/U sample.

The XAS analysis is further adopted to verify the valence
state and local structure of uranium on CSP-CMCP composite.
Figure 7A displays the Ly-edge XANES spectra of U-related
standard components and adsorption sample. The X-ray
absorption peaks of U(IV) (ie, UO,) and U(VI) (ie,
UO0,(NO;),(aq) and Na-autunite) components are located at
17174.5 (see the dash line) and 17177.6 eV (see the dot line),
respectively. Herein, the X-ray adsorption peak CSP-CMCP/U
(ie, 17177.2 eV) is located between those of U(IV) and
U(VI) but more close to that of U(VI). It seems that the
immobilized U(VI) on CSP-CMCP surfaces is partially
reduced to U(IV). Based on the linear combination fitting
embedded in the Athena software, the relative proportions of
U(VI) and U(IV) are calculated to be 77.6% and 22.4%,
respectively (Figure 7B). The relative ratios are well consistent
with those derived from the above XPS analysis, that is, 73.3%
for U(VI) and 26.7% for U(IV) (Figure 6B).

The k’y(k) EXAFS spectrum of CSP-CMCP/U sample
apparently differs from those of UO,(NO;),(aq) and Na-
autunite within the k range of 6.5—11.0 (marked by a
rectangle; Figure 8A). In this case, one can eliminate the
occurrence of cation exchange, outer-sphere complexation or
Na-autunite precipitation. For all the U-containing samples,
the corresponding RSFs (Figure 8B, no correction for phase
shift) show two high-intensity peaks at 1.37 A (originating
from the backscattering signals of axial O atoms) and 1.89 A
(originating from the backscattering signals of equatorial O
and N atoms). In addition, more peaks appear in the RSFs of
CSP-CMCP/U (centered at 2.40 A, 2.66 and 3.10 A) and Na-
autunite (centered at 3.01 and 4.97 A). Herein, the
characteristic peak at 4.97 A in the RSF of Na-autunite results
from the backscattering of the U—U shell. The absence of this
peak in the RSF of CSP-CMCP/U further rules out the
precipitation of Na-autunite during the adsorption process.
The structural parameters derived from the least-squares fitting
of RSFs are listed in Table S. The central U atom in the CSP-
CMCP/U sample is surrounded by 4.5 O/N atoms at Ry.ocq/
N of 2.36 A, 1.1 C atoms at Ryy_¢ of 291 A, 1.8 P atoms at
Ry_p; of 3.10 A (i.e.,, bidentate U(IV)-phosphonate complex-
ation) and 1.2 P atoms at Ryy_p, of 3.65 A (i.e, monodentate
U(VI)-phosphonate complexation). This fitting result suggests
the collaborative involvement of amino and phosphonate
groups on CSP-CMCP surfaces for immobilizing U(vI1).®°
This conclusion is well consistent with that proposed from the
above-mentioned FTIR and XPS analyses.
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Figure 8. k*-weighted EXAFS spectra and the corresponding RSFs
(uncorrected for phase shift) of U-containing reference (a:
UO,(NO,),(aq); c: Na-autunite) and adsorption (b: CSP-CMCP/
U) samples. (A) Solid lines represent the experimental k>-weighted
EXAFS spectra; (B) Solid lines represent the experimental RSF
magnitudes and dash lines represent the spectral fits. T =293 K, pH =
5.0, m/V = 005 g/L, Cyqypma = 50 X 107° mol/L, I = 0.01 mol/L
NaNO;.

Table 5. Structural Parameters of U-Containing Samples
Derived from EXAFS Analyses”

sample shell R (A) CN o (A%
UO,(NO;),(aq) U-0,, 1.79(2) 2.0° 0.0028(2)
U-0,, 2.35(3) 3.8(3) 0.0041(3)
CSP-CMCP/U U-0,, 1.78(2) 2.0° 0.0033(2)
U-0,/N 2.36(3) 4.5(2) 0.0045(3)
U-C 2.91(3) 1.1(3) 0.0050(4)
U-P1 3.10(4) 1.8(3) 0.0064(4)
U-P2 3.65(3) 1.2(4) 0.0068(5)
Na-autunite U-0,, 1.78(1) 2.0° 0.0034(2)
U-0,, 2.35(2) 3.9(2) 0.0042(4)
U-P 3.59(4) 4.0(3) 0.0058(3)
U-u 5.21(3) 3.8(3) 0.0074(4)

“R, bond distance; CN, coordination number; ¢*, Debye—Waller
factor. “Fixed or constrained during spectral fitting. The estimated
standard deviations are listed in parentheses, representing the error in
the last digit.
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B CONCLUSIONS

This work reports the rational design and synthesis of a novel
CSP-CMCP composite for the potential removal of radioactive
U(VI) from the polluted aquatic systems. The usage of
nontoxic CS and CMC with abundant source as the precursors
guarantees the environmental friendliness and low cost of the
CSP-CMCP composite. In addition, the easy synthesis of CSP-
CMCP via strong cross-linking between amino and carboxyl
sites empowers its excellent stability in a broad pH range. As
expected, the prepared CSP-CMCP exhibits good removal
performance and excellent adsorption selectivity for U(VI).
The inner-sphere surface complexation is identified to be the
predominant removal mechanism. In addition, the reduction of
a small proportion of U(VI) to U(IV) also occurs in the
retention process. Considering its multiple advantages as
mentioned above, the CSP-CMCP composite can be
potentially applied in the purification of uranium-contaminated
groundwater.
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