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ABSTRACT: Uranium (U(VI)) contamination poses a serious threat to
groundwater, which is the primary source of drinking water in many regions
across the world. Removal of the predominant UO2

2+ species present in
environmental water samples at affordable cost in resource-limited settings is
challenging, particularly in the presence of competing ions. In this work, we
introduced a sustainable approach for developing a biopolymer-based
carboxymethyl cellulose (CMC)-chitosan (CH) adsorbent, free of metals, for
selective removal of U(VI) from water. Amide functionalities, which serve as
active sites for U(VI) capture, have been introduced by cross-linking CMC and
CH with 4-aminobenzoic acid via 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC) coupling. The adsorbent demonstrated excellent U(VI)
removal efficiency in the presence of counterions such as transition metals,
alkaline earth metals, and pentavalent vanadium (V(V)), which interfere strongly
with many adsorbents. The composite showed 99.5% removal efficiency when tested on a field water sample containing 102 μg/L of
U(VI). Mechanistic insights into U(VI) adsorption on the composite were obtained through infrared spectroscopy and X-ray
photoelectron spectroscopy, which revealed that nitrogen in the amide functionalities facilitates interaction with U(VI). Raman
measurements were performed to understand the speciation of U(VI) in solution at pH 7, which confirmed no change in the charge
state of uranium in solution upon interaction with the composite. The adsorbed U(VI) can be easily removed by 10 mM HCl (10
mL) within 90 min of reaction, and the adsorbent can be reused. The adsorbent maintained a removal efficiency of more than 92%
over three reactivation cycles. Cost of the composite was estimated to be around $10 for treating 1 KL of contaminated water at a
U(VI) concentration of 1000 μg/L. However, as N-hydroxysuccinimide and EDC reagents, used for the synthesis, are contributing
more than >90% of the overall cost, further optimization or substitution of these reagents by industrial chemicals will ensure
economic viability of the process.
KEYWORDS: Uranium, Adsorption, Biopolymers, Amide functionalities, Sustainability metrics

■ INTRODUCTION
U(VI), a naturally occurring radionuclide, widely distributed in
the earth’s crust with an average concentration of around 2.7
mg/L, is found in various sources including rocks, minerals,
groundwater, and seawater; in the latter it is at 3.3 μg/L.1,2
Despite its crucial role in nuclear power generation and as a
carbon-free energy source, it poses significant radiological and
toxicological effects.3 Although geogenic sources are the
primary contributors of uranium in groundwater,4 human
activities such as mining, production and use of phosphate
fertilizers, and nuclear power plant operations significantly
contribute to its release into the environment.4 Human
exposure to uranium occurs through food, drinking water
and dermal contact, causing adverse health effects, including
nephrotoxicity and reproductive toxicity.3,5 Uranium concen-
trations in the High Planes and Central Valley aquifers of the
United States have been reported to reach 180 times the
World Health Organization’s (WHO) permissible limit of 30

μg/L.6 In India, where 85% of rural drinking water supplies
rely on groundwater, uranium contamination exceeds the
WHO’s limit in 18 states.7−9 In groundwater systems, uranium
predominantly exists in two oxidation states: U(IV) (as UO2)
and U(VI) (as UO2

2+). U(IV) is sparingly soluble (∼10−6

mol/kg), largely immobile, and typically precipitates under
reducing conditions as insoluble minerals or complexes. In
contrast, U(VI) is highly soluble, mobile, and environmentally
toxic. A study by Patnaik et al. reported that elevated
concentrations of U(VI) in the groundwater of Punjab are
primarily attributed to the weathering of the Siwalik
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mountains. Meanwhile, U(IV) tends to accumulate at the
redox fronts within the paleo-channels of the Siwalik
formations.10 Furthermore, the presence of nitrates in
groundwater can oxidize U(IV) to U(VI), enhancing its
dissolution.4 Depending on the availability of counterions,
U(IV) can form stable, soluble complexes, thereby increasing
its mobility and leaching potential in groundwater systems.
U(IV) minerals readily convert to dissolved U(VI) species
under oxidizing conditions.6 U(VI) can also complex with
other ions like carbonates, phosphates and humic substances
(HS) present in water.11,12 HS can interfere with and affect
U(VI) adsorption. Liu et al. demonstrated that HS can
mobilize U(VI) under reducing conditions.13 Similarly, A.
Krepelova et al. investigated the adsorption of U(VI) on
kaolinite in the presence and absence of HS. Their study
showed that pH plays a significant role in U(VI) sorption; at
neutral pH, the formation of uranyl-humate complexes inhibits
U(VI) adsorption onto kaolinite.14 However, A. Kumar et al.
have shown that carbonates exert a stronger influence on
U(VI) sorption as compared to HS in the pH range 3.5−9.5.15
There are several methods for removing U(VI) from water,

including membrane filtration,16 electrocoagulation,17 ion
exchange,18 and biological methods.19 These methods are
expensive and are effective only when the concentration of
pollutants is high.20 Among all the techniques, U(VI) removal
via adsorption is the most cost-effective and efficient
technique. Adsorption of contaminants onto a solid surface
is a simple and well-known technology for heavy metal removal
from water.21 A variety of adsorbents, including zeolites,22

biosorbents,23 activated carbon,24 carbon nanotubes,25 clays,26

metal oxides,27 and metal−organic frameworks (MOFs),28

have been reported for U(VI) removal from water.
In the following, we briefly review the literature on the use of

biopolymer-based materials for U(VI) removal. Biopolymers
like chitosan (CH) and cellulose, known for their biocompat-
ibility, nontoxic character and multiple active sites, have been
widely used for heavy metal remediation.29 They have reactive
functional groups in their matrix like hydroxyls (−OH),
carboxylic acid (−COOH) and amine (−NH2) that can be
easily tuned to interact with heavy metals including U(VI).30

CH, a naturally abundant biopolymer with -NH2 groups, is a
potential candidate for heavy metal removal from water.31,32

However, it has poor chemical and mechanical stability in
aqueous solutions,33 rendering its usage. To overcome this
limitation, it is crucial to develop novel adsorbents with
improved stability and enhanced affinity for U(VI). Cross-
linking of biopolymers is one such approach to enhance the
stability of the adsorbents.34 Moreover, cross-linking of
biopolymers by introducing specific functionalities that serve
as active sites enhances the heavy metal removal efficiency.35

Carboxymethyl cellulose (CMC), an anionic derivative of
cellulose having ether functionalities (−O−CH2COONa), is
particularly known for its ease of modification, and it provides
active sites for cross-linking with other polymers.36,37 Manzoor
et al. demonstrated the cross-linking of CMC with CH using
ethylenediaminetetraacetic acid (EDTA) for copper (Cu)
removal from wastewater.38 However, the preparation of the
adsorbent requires p-toluene sulfonic acid (p-TSA), which is
toxic,39 and the reaction needs high temperatures. Similarly,
Wang et al. modified CH using 3-indoleacetic acid in p-TSA
for U(VI) removal from water, and the reaction needed
elevated temperatures.30 These methods are unsustainable due
to reliance on high temperatures and organic solvents for

adsorbent preparation. It is known that functional groups like
phosphates,12 imines,40 amines,41 carboxyls,42 and amidox-
imes43 form stable complexes with U(VI) and can be
integrated into biopolymers to enhance their adsorption
capacity as well as mechanical and chemical stability. It is
also possible to introduce amide functionalities into biopol-
ymers for enhanced U(VI) removal efficiency. Galindo et al.
investigated the cosorption of uranyl and phosphates and the
formation of uranyl phosphates on alumina surface at pH 3
through IR spectroscopy, highlighting the role of phosphates in
enhancing uranyl adsorption on the surface of alumina.44

Kushwaha et al. explored the adsorption of U(VI) on palm-
shell-based adsorbent to understand the role of −COOH
functionality in reducing U(VI) to U(V) and U(IV) through
XPS, Extended X-ray Absorption Fine Structure (EXFAS) and
IR spectroscopy.45

Several methods have been reported for the introduction of
amide functionalities. For example, Wang et al. introduced
amide groups to CH in the presence of p-TSA at 60 °C.46
Additionally, Sabatini et al. have described approaches for
amide bond formation focusing on sustainability and
efficiency.47 Various coupling agents, such as thionyl chloride,
oxalyl chloride, and carbodiimide-based reagents like EDC and
dicyclohexylcarbodiimide (DCC), are commonly used for
amide bond synthesis. The choice of solvent and reaction
temperature also significantly influences the efficiency and
outcome of these reactions.
In this research, CMC and CH were chosen as precursors

due to their abundance, nontoxicity, biocompatibility, active
functional groups, low cost and ease of modification. A novel
adsorbent (CMABCH) was developed by cross-linking CMC
and CH with 4-aminobenzoic acid (PABA) to introduce amide
functionalities through EDC coupling (details in materials and
methods). EDC/NHS was selected due to its water solubility
and compatibility with our reaction conditions, as many
alternatives are water-insoluble. This method utilized the facile
coupling of -NH2 and −COOH to introduce amide
functionalities in aqueous media.48 Our work focused on
elucidating the role of amide functionalities in enhancing
U(VI) adsorption, with insights obtained through IR spec-
troscopy and Raman spectroscopy. Along with it, the
mechanism of interaction of U(VI) with CMABCH was
elucidated by XPS. Batch adsorption studies were conducted to
examine the adsorption capacity of CMABCH, which
demonstrated excellent adsorption capacity for U(VI) over a
broad range of pH and in the presence of competing ions.
Furthermore, CMABCH demonstrated excellent adsorption
capacity over three reactivation cycles, highlighting its
reusability and robustness. Real-field groundwater samples,
containing U(VI) were collected from a well in Shamshabad
village, Fazilka, Punjab State, India to evaluate the performance
of the adsorbent, and we found a removal efficiency of 99.5%
by CMABCH in the real-field sample.

■ EXPERIMENTAL SECTION
Materials. CMC and CH were purchased from Avantor

Performance Materials India Ltd. and Pelican Biotech & Chemicals
Laboratories Pvt. Ltd. (India), respectively. PABA was purchased
from Merck Chemicals Pvt. Ltd. (India). EDC and NHS were
purchased from Spectrochem Pvt. Ltd. (India). Uranyl nitrate
(UO2(NO3)2.6H2O) was procured from Thomas Baker (Chemicals)
Ltd. (India). Analytical-grade chemicals were utilized without
additional purification. Porous filters were purchased from local
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suppliers and deionized water (DI) was used throughout the
experiments unless otherwise specified.
Synthesis of CMC−CH Adsorbent (CMABCH). A simple

approach was employed to synthesize CMABCH. Initially, 2 g of
CMC was dissolved in 100 mL of water and stirred for 30 min to
achieve a uniform dispersion. Subsequently, 0.5 g each of EDC and
NHS were added to the CMC solution, and the reaction mixture was
stirred for 24 h. Following this, 2 g of PABA was introduced to the
reaction mixture and stirred for an additional 12 h, facilitating the
linkage of PABA to CMC via EDC coupling. To this reaction mixture,
another 0.5 g of EDC and 0.5 g of NHS were added and the solution
was stirred for another 24 h. Subsequently, 2 g of CH solution in 100
mL of 1% HCl was added to the mixture and incubated for 12 h. The
resulting precipitate (CMABCH) was washed thoroughly with water
and dried at 60 °C. Finally, the dried material was mechanically
ground and sieved with a 200-μm sieve to obtain a granular powder.
The composite was insoluble in water and the yield of the composite
was about 4.2 g. The synthesis was performed under ambient
conditions using water as the solvent, making the process greener and
more sustainable. EDC and NHS were used as catalysts to facilitate
amide bond formation. The dual functional groups of PABA (−NH2
and −COOH) enabled it to function as a chelating ligand,49

effectively cross-linking CMC and CH and facilitating amide bond
formation as shown in Scheme 1a. The high-resolution scanning
electron microscopy (HRSEM) image of CMABCH demonstrated
granular and rough surface, making it suitable for its use in water
purification cartridge as shown in Scheme 1b and 1c. Brunauer−
Emmett−Teller (BET) surface area measurement was performed to
analyze the structural framework of CMABCH, revealing a surface
area of 20.6 m2/g with an average pore size of 2.44 nm, making it a
mesoporous material as shown in Figure S1.
Batch Adsorption Studies. U(VI) removal efficiency of the

composite was checked by adding 30 mg of CMABCH to 10 mL of
U(VI) spiked water at a concentration of 1000 μg/L. Water samples
were collected at regular time intervals to determine the leftover
U(VI) concentration. This was measured using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) after acidifying the samples

with 5% HNO3. The maximum uptake capacity of U(VI) was
calculated using eq 2 in Supporting Information.
pH Effect. pH-dependent studies were conducted to investigate

the effect of pH on the adsorption of U(VI) on CMABCH. 30 mg of
CMABCH was added to U(VI) spiked (1000 μg/L) DI water (10
mL), and pH was adjusted using 1 M NaOH/1 M HCl. After 2 h of
reaction, the water samples were collected and analyzed by ICP-MS.
Interfering Ions. To evaluate the selectivity of CMABCH toward

U(VI), an adsorption experiment was conducted with 10 mL water
solution spiked with 1000 μg/L multimetal ions containing cadmium
(Cd2+), lead (Pb2+), zinc (Zn2+), manganese (Mn2+), lithium (Li+),
nickel (Ni2+), cobalt (Co2+), sodium (Na+), calcium (Ca2+),
magnesium (Mg2+), and U6+. Thirty mg CMABCH was added to
the solution to check its selectivity for U(VI). Also, Since V(V) have
properties similar to U(VI) and competes for active adsorption sites,
batch adsorption study was carried out with 10 mL water spiked with
almost equal concentrations (1000 μg/L) of U(VI) and V(V). Thirty
mg of CMABCH was added to the solution to check the performance
of CMABCH in the presence of V(V). Water sample was collected
after 2 h, and ICP-MS analysis was performed. Further studies were
performed to analyze the effect of common anions on U(VI) removal.
A multianion mixture (10 mL) containing 1000 μg/L each of
fluoride(F−), chloride(Cl−), bromide (Br−), nitrate (NO3

−), nitrite
(NO2

−), sulfates (SO4
2−), and phosphates (PO4

3−) was spiked with
1000 μg/L of U(VI) (10 mL) and ICP-MS analysis was done after 2h
treatment with 30 mg of CMABCH.
Instrumentation. IR spectra were recorded using a PerkinElmer

FT-IR spectrometer, keeping spectrometer resolution at 4 cm−1.
HRSEM images and Energy Dispersive X-ray Spectroscopy (EDS)
mapping were carried out on a Thermo Scientific Verios G4 UC SEM.
XPS measurements were performed with an Omicron Nano-
technology ESCA Probe TPD spectrometer, utilizing a Mg Kα X-
ray source (hν = 1253.6 eV). A constant analyzer energy of 20 eV was
applied for the measurements, and binding energies were calibrated
with respect to the C 1s peak at 284.8 eV. Residual U(VI)
concentration was analyzed using a PerkinElmer NexION 300X ICP-
MS. Thermogravimetric analysis (TGA) was performed with a TA

Scheme 1. (a) Schematic of the Synthesis of CMABCH through EDC Coupling Using Water as the Solvent.a (b) Schematic
Illustration of the Use of CMABCH Filter for U(VI) Removal from Water. (c) HRSEM Image of Granular CMABCH Used for
U(VI) Removalb

aThe active sites of CMABCH convert U(VI) to U(IV), enhancing the adsorption capacity. bInset shows an expanded HRSEM image of the
selected region with a scale bar of 2 μm.
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Instruments Q500 Thermogravimetric Analyzer. The analysis was
carried out under air and nitrogen atmospheres, covering a
temperature range from room temperature to 900 °C, with a scan
rate of 5 °C/min. Raman spectra were obtained using a CRM 200
micro Raman spectrometer of WiTec GmbH (Germany). The
substrate was mounted on a sample stage of a confocal Raman
spectrometer with 633 nm laser excitation. The treated water samples
were taken on a glass substrate and analyzed keeping the laser and
other parameters the same. BET surface area measurement was done
using Micromeritics ASAP 2020 by degassing the sample at 120 °C
for 12 h. Zeta potential studies were done using a Malvern Zetasizer
Nano ZSP.

■ RESULTS AND DISCUSSION
Characterization of CMABCH, before and after U(VI)

Adsorption. The IR spectra of CMABCH and its precursors,
i.e., CMC, PABA, and CH were recorded to confirm the
synthesis of CMABCH as shown in Figure S2. For CMABCH,
a peak at 1598 cm−1, corresponding to C−C aromatic
stretching, confirmed the successful cross-linking of PABA to
CMC and CH.50,51 Additionally, shoulder peaks at 1660 cm−1

(amide-I) and 1540 cm−1 (amide-II) confirmed the amide
bond formation.52,53 A broad peak at 1000−1070 cm−1, along
with a shoulder peak at 1160 cm−1, attributed to C−O−C
stretching of glucopyranose ring,54,55 further supported the
cross-linking and formation of CMABCH. IR spectra depict
the changes in the active sites of CMABCH on treatment with
U(VI) solutions ranging from 1000 mg/L to 5000 mg/L, to
determine the U(VI) adsorption mechanism at equilibrium.

Figures 1a and 1b present the deconvoluted concentration-
dependent IR of CMABCH, before and after U(VI)
adsorption, in the regions corresponding to UO2

2+ antisym-
metric stretch and amide band region, while the parent IR
spectra of CMABCH, before and after U(VI) adsorption, are
presented in Figure S3. The characteristic antisymmetric
vibration of UO2

2+ at 940 cm−1 (as shown in Figure S4)43 was
red-shifted to 910 cm−1 upon U(VI) binding to CMABCH (as
shown in Figure 1a), with increased intensity at higher U(VI)
concentrations indicating high adsorption capacity of
CMABCH. It is worth noting that the shift in the amide-I
peak occurs from 1660 cm−1 to 1640 cm−1, and the amide-II
peak shifts from 1540 cm−1 to 1530 cm−1, along with reduction
in −N-H band intensity with higher U(VI) concentrations
suggests nitrogen interaction and complexation with U(VI),
confirming the role of nitrogen of amide functionalities as
active sites in U(VI) binding, shown in Figure 1b. The reaction
mechanism is represented by eq 1.

+ [ ]

··· ] +

+

+ +

C CO NH UO (H O)

C (CO) N UO (H O) H
2 2 5

2

2 2 4 (1)

Further analysis included monitoring the IR spectra of
CMABCH, before and after U(VI) adsorption at regular
time intervals as shown in Figure S5. The deconvoluted time-
dependent IR spectra in the region of UO2

2+ antisymmetric
stretch are shown in Figure 1c, indicating that active sites on
CMABCH reached saturation within 90 min, beyond which no

Figure 1. FTIR studies of CMABCH before and after U(VI) adsorption. Deconvoluted concentration-dependent IR spectra, before and after
U(VI) adsorption (m-50 mg, V-10 mL, pH-7): (a) in the U(VI) antisymmetric region and (b) in the amide I and amide II regions. Deconvoluted
time-dependent IR spectra (U(VI)o-5000 mg/L, m-50 mg, V-10 mL, pH-7), (c) before and after U(VI) adsorption in the U(VI) antisymmetric
region. (d) Adsorbed U(VI) fraction (%) in CMABCH and residual U(VI) fraction (%) in water, as a function of time. (e) Raman spectra of
residual UO2

2+ species in solution after treatment with CMABCH at regular time intervals (U(VI)o - 5000 mg/L, m-50 mg, V-10 mL, pH-7).
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significant adsorption was observed. To quantify the
availability of U(VI) adsorption in relation to the availability
of active sites, the peak area at 914 cm−1 was used to estimate
the fraction of U(VI) adsorbed with respect to the availability
of active sites with time. The fraction (%) of U(VI) adsorbed
was calculated using eq S1a (Supporting Information)56 and
compared with residual U(VI) fractions determined from ICP-
MS data (Supporting Information, eq S1b). This strongly
suggests that the active sites were fully occupied within 90 min,
as all the amide functionalities were engaged in binding with
U(VI). Additionally, Raman spectroscopic studies were
performed at room temperature to understand the species of
U(VI) in water over time at pH 7. The standard aqueous
U(VI) solution (5000 mg/L, Figure 1e) showed two
characteristic peaks at 870 cm−1 and 751 cm−1, corresponding
to UO2

2+ symmetric stretching and bound NO3
− of

UO2(NO3)20, respectively.
57 Over time, the peak intensity of

the U(VI) species in solution decreased, suggesting no change
in U(VI) species in solution upon interaction with CMABCH,
as shown in Figure 1e. Raman spectroscopy is particularly
informative on the speciation of uranium in solution.
XPS provided further insights into U(VI) interaction with

CMABCH. The survey spectra revealed C 1s, N 1s, and O 1s
peaks, with additional peaks appearing after U(VI) adsorption
due to U 4f, as shown in Figure 2a. Peaks for adsorbed U(VI)
were detected at 380.6 eV (U 4f7/2) and 391.5 eV (U 4f5/2),
with a 2 eV shift compared to standard UO2

2+, suggesting a
partial reduction of U(VI) to U(IV),45 as presented in Figure

2b and Table 1. To further investigate the U(VI) adsorption
process on CMABCH, deconvoluted XPS spectra before and
after U(VI) adsorption were compared and the deconvoluted
N 1s peaks were observed at 399.0 eV (R−N−H-C�O),
399.7 eV (N−C�O), and 401.3 eV (−NH3

+), with a post
adsorption major shift of C−N−H-C�O bond to 398.8 eV,

Figure 2. XPS survey spectra of (a) CMABCH before and after U(VI) adsorption.(b) U 4f regions of CMABCH, before and after U(VI)
adsorption (U(VI)o- 5000 mg/L, m-50 mg, V-10 mL, pH-7). (c) Deconvoluted XPS spectra of N 1s region before and after U(VI) adsorption. (d)
HRSEM of CMABCH after U(VI) adsorption and corresponding EDS elemental mapping of U, N, C, and O (U(VI)o - 5000 mg/L, m-50 mg, V-
10 mL, pH-7).

Table 1. Binding Energies (eV) of C 1s, O 1s, N 1s, and U 4f
before and after U(VI) Adsorption onto CMABCH

Valence
states Samples

Binding energy
(eV) before

U(VI)
adsorption

Binding energy
(eV) after U(VI)

adsorption Reference

C 1s C−C, C−N 284.7 284.7 53
C−O, C−
OH, C−
N−C�O

286.3 286.4 53

N−C�O 288.0 288.1 55
O 1s C−O 530.4 530.5 30

Aromatic
C�O

531.7 531.8 58

N 1s -C-NH−
CO-

399.0 398.7 59

N−C�O 399.7 399.6 60
-NH3

+ 401.3 401.3 53
U 4f U(VI) 4f7/2 382.8 39

U(VI) 4f5/2 393.6 43
U(IV) 4f7/2 380.6 61
U(IV) 4f5/2 391.5 61
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indicating the interaction of nitrogen with U(VI) as shown in
Figure 2c. The deconvoluted C 1s spectra (Figure S5) showed
peaks for −C-C and −C-N bonds (284.7 eV), C−O, C−OH,
and C−N−C�O bonds (286.3 eV), and N−C�O bonds
(288.0 eV) with no significant change after U(VI) adsorption.
Similarly, no notable shift in binding energies of O 1s was
observed, as shown in Figure S6 and Table 1. These findings
suggest that the nitrogen atoms in amide groups serve as the
active sites for U(VI) immobilization on CMABCH,
facilitating charge transfer and contributing to the reduction
of U(VI) to U(IV),55 consistent with the IR studies. Based on
the observations from IR and XPS, the proposed mechanism
involves the amide functionalities providing active sites for
U(VI) binding and chelation. Upon adsorption of U(VI) onto
the surface of CMABCH, the lone pair electrons on the
nitrogen atoms facilitate charge transfer to U(VI), leading to its
partial reduction to U(IV). This charge transfer alters the
electronic environment surrounding U(VI), as evidenced by
the shift in N 1s binding energy from 399.0 to 398.8 eV and U
4f shift to 380.6 and 391.5 eV, confirming U(VI) binding and
reductive adsorption on the CMABCH surface, indicating that
the reduction step plays an essential role in the adsorption
process.
The surface morphology of CMABCH was examined before

and after U(VI) adsorption using HRSEM. The HRSEM
image of granular CMABCH, along with its corresponding
elemental mapping, is provided in Figure S7. The high carbon
and oxygen content were coming from the polymer backbone,
and the nitrogen was coming from amide functionalities. No
changes in the morphology of CMABCH were observed after
exposure to a concentrated U(VI) solution and U(VI) was
homogeneously adsorbed on the surface of CMABCH and the
corresponding elemental mapping is shown in Figure 2d. This

confirms the successful adsorption of U(VI) onto CMABCH.
Figure S8 shows powder XRD patterns of the precursors
CMC,62 PABA,63 CH,64 CMABCH, and CMABCH after
U(VI) adsorption. In the case of CMABCH, the diffraction
patterns display a peak at 15.5° along with a broad hump
between 16° and 30°, originating from its precursors, which
confirms the amorphous−crystalline nature of CMABCH.
Following U(VI) adsorption, only a broad peak is observed,
indicating the amorphous nature of CMABCH and the
disappearance of distinct crystallinity peaks as a result of the
adsorption process.
The studies have shown the interactions of nitrogen,

phosphonate and oxygen functional groups with U(VI).9,65

Based on our studies, we can interpret the probable binding of
U(VI) with the nitrogen of amide functionalities, dependent
on the availability of amide sites, supported by IR and XPS
studies, as shown in Figure 3a.
Control studies were conducted with CMC which removed

100−200 μg/L of U(VI) from 1000 μg/L U(VI) spiked water,
suggesting that it could be used as a platform for U(VI)
adsorption. Thermal stability of CMABCH was analyzed by
TGA. Analysis was performed under nitrogen and air
atmosphere within the temperature range from room temper-
ature to 900 °C at the heating rate of 5 °C min−1 as shown in
Figure S9. It is known that CMC and CH start decomposing at
250 and 175 °C, respectively,30,38 while PABA degrades within
the temperature range of 200−300 °C.66 In the case of
CMABCH, a three-step degradation was observed. Around 8%
weight loss was due to the adsorbed water molecules below
120 °C. CMABCH exhibited thermal stability until 235 °C. A
significant mass loss of 45% occurred in the temperature range
of 238 to 400 °C, due to the decomposition of organic
molecules into low molecular weight organic compounds.67

Figure 3. (a) Possible adsorption mechanism of U(VI) onto amide active sites of CMABCH. (b) Concentrations as a function of dosage of
CMABCH.(Conditions- U(VI)o-1000 μg/L, V-10 mL, pH-7). (c) U(VI) concentration as a function of contact time. (Conditions- U(VI)o-1000
μg/L, m-30 mg,V-10 mL, pH-7).
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The final degradation of CMABCH, from 400 to 600 °C, was
attributed to the complete degradation of CMABCH to CO2
and H2O.

68 We infer that the cross-linking of CH and CMC
enhanced the thermal stability of the composite as compared
to their pristine forms.
Batch Studies of U(VI) Adsorption on CMABCH. Figure

3 illustrates the performance of CMABCH for U(VI)
adsorption, derived from batch studies. Ten mL of 1000 μg/
L U(VI) spiked water was treated with CMABCH and its
performance was evaluated. Different dosages of CMABCH
ranging from 2 mg to 100 mg were checked and we found that
less than 30 mg of CMABCH was enough to reduce the
concentration of U(VI) below 10 μg/L within 2 h, as shown in
Figure 3b. CMABCH also exhibited faster uptake kinetics as
shown in Figure 3c. CMABCH showed high capacity to rapidly
reduce the concentration of U(VI) below 10 μg/L, dependent
on the number of active sites available for U(VI) adsorption.
To analyze the kinetics data of U(VI) adsorption onto
CMABCH, Ho’s pseudo-second-order model was applied. The
linear form of the equation used is presented in eq S3
(Supporting Information). The plot of t/qe versus time gave a
linear fit for U(VI) adsorption, as shown in Figure S10, with a
correlation coefficient of 1 indicating that chemical adsorp-
tion69 is the primary mechanism for U(VI) removal.
Furthermore, it also suggests that the rate determination step
is influenced by the availability of active adsorption sites20 and
the involvement of amide functionalities in U(VI) adsorption,
as supported by the IR and XPS analysis discussed in Figures 1
and 2.
The maximum U(VI) uptake capacity of CMABCH was

evaluated by introducing it into U(VI) spiked water, with
U(VI) concentrations ranging from 1 to 100 mg/L at neutral
pH. The Langmuir isotherm model was used to understand the

influence of equilibrium concentration on the adsorption
capacity of CMABCH. This model assumes that adsorption
occurs at discrete, homogeneous sites on the adsorbent surface,
forming a monolayer at equilibrium with no lateral interaction
between adsorbed molecules. A plot of Ce/qe versus Ce
resulted in a linear fit using the eq S4 (Supporting
Information), consistent with the Langmuir model. The
adsorption isotherm gave the maximum adsorption capacity
(qmax) of 107 mg/g for CMABCH, with a strong correlation
coefficient of 0.99 as shown in Figure 4a. This confirms
monolayer adsorption, which is also in agreement with
Freundlich isotherm (Figure S11) having less R2 value and n
value greater than unity, confirming chemical adsorption
(Table 2).70

The performance of CMABCH was assessed for its
selectivity toward U(VI) in the presence of competing metal
ions at neutral pH. A selectivity study was conducted using a
mixed solution containing 1000 μg/L (10 mL) Cd2+, Pb2+,
Zn2+, Mn2+, Li+, Ni2+, Co2+, Na+, Ca2+, Mg2+, and U6+ as shown
in Figure 4b. Figure 4b presents the removal efficiencies of
individual ions by CMABCH within the mixture. CMABCH
exhibited complete removal of U6+, while the removal
efficiencies for the other metal ions were below 12%,
demonstrating exceptional selectivity for U(VI) over the
coexisting ions in the same mixture. Since V(V) is the major

Figure 4. (a) Langmuir adsorption isotherm of CMABCH (m-5 mg, V-10 mL, pH-7). (b) Selective U(VI) capture from 10-ions mixture solution
(Mo and U(VI)o-1000 μg/L, m-30 mg, V-10 mL, pH-7). (c) Batch adsorption studies for adsorption−desorption cycles of U(VI) on CMABCH
(U(VI)o-1000 μg/L, m-30 mg, V-10 mL, pH-7). (d) Batch adsorption studies of CMABCH as a function of pH (U(VI)o-1000 μg/L, m-30 mg, V-
10 mL).

Table 2. Parameters of the Adsorption Isotherm Models for
U(VI) Adsorption

Langmuir model Freundlich model

qmax (mg/g) R2 KF (mg1−n·Ln/g) n R2

107 0.99 10.54 2.07 0.95
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competitor during U(VI) extraction from seawater, CMABCH
performance was evaluated for U(VI) in the presence of V(V)
and it was observed that CMABCH removed 99% U(VI) and
only 30% V(V), as shown in Figure S12. This selectivity is
attributed to the preferential interaction of V(V) with imide-
dioxime groups.71,72 Superior selectivity for U(VI) over other
ions is due to the strong interaction of U(VI) with nitrogen
atoms in the amide functionalities within CMABCH. These
studies align well with IR and XPS analysis, further confirming
the affinity of CMABCH for U(VI). Additionally, to assess the
adsorption capacity of CMABCH in the presence of common
anions, a multianion water mixture containing 1000 μg/L each
of F−, Cl−, Br−, NO3

−, NO2
−, SO4

2−, and PO4
3− was spiked

with 1000 μg/L of U(VI) (10 mL). Under these conditions,
CMABCH also achieved a U(VI) removal efficiency of 98%.
The reusability of CMABCH was evaluated across multiple
cycles as shown in Figure 4c. The adsorbent was recovered by
centrifugation to minimize material loss, and the adsorbed
U(VI) was effectively desorbed using 10 mM HCl (10 mL)
within 90 min, and the composite retained a removal efficiency
of 70% after three consecutive cycles. Comparative testing of
various eluents (Table S1) showed low desorption efficiencies,
while higher concentrations of HCl damaged the CMABCH
structure and reduced its adsorption performance. In contrast,
mild 10 mM HCl (10 mL) treatment efficiently desorbed
UO2

2+ without compromising the functional groups of
CMABCH, as confirmed by post-treatment IR analysis (Figure
S13). Notably, the amide functionalities were retained for
consecutive adsorption−desorption first cycle. However, after
the third cycle, the composite exhibited a reduction in U(VI)
removal efficiency to 70%, accompanied by damage to the
amide functionalities, as evidenced in Figure S13. This
deterioration is likely due to cumulative HCl exposure,
which appears to degrade amide groups beyond the third
cycle. Additionally, the appearance of a peak at 910 cm−1 in the

IR spectrum suggests the presence of residual adsorbed U(VI),
contributing to the decreased efficiency observed after three
cycles. Note that U(VI) removal efficiency was evaluated over
a wide pH range (pH 3−10), as illustrated in Figure 4d. The
composite demonstrated excellent U(VI) removal efficiency
between pH 4 and 10, with reduced efficiency at pH 3. The
decline at lower pH is likely due to the protonation of amide
functionalities73 and competitive adsorption of H+ ions, which
interferes with UO2

2+ adsorption, reducing U(VI) removal
efficiency. These observations align with the reusability of
CMABCH, as the adsorbed U(VI) could be desorbed using 10
mM HCl. Changes in the pH not only affect the surface charge
of the adsorbent but also influence the U(VI) speciation.33

Zeta potential studies were conducted to examine the
surface charge of CMABCH to understand the preference of
U(VI) adsorption. The zeta potential shifted from +8 mV at
pH 3 to −20 mV at pH 12, as shown in Figure 5a. As the pH
changed from acidic to neutral media, zeta potential shifted
from positive to negative indicating reduced protonation of
amide functionalities. At neutral pH, CMABCH acquired
negative surface charge, enhancing the electrostatic attraction
between the adsorbent and the UO2

2+, thereby improving the
removal efficiency. However, at very high pH beyond 10,
CMABCH became highly negatively charged, leading to
repulsions between CMABCH and the uranium species and
decreasing the U(VI) removal efficiency.74 To gain insights
into U(VI) removal efficiency of CMABCH in real field
samples, groundwater samples were collected from a well in
Shamshabad village, Fazilka, Punjab. The water samples had a
high concentration of U(VI), i.e. 102 μg/L, with other
chemical characteristics as shown in Table S2. The field water
exhibited high alkalinity, approximately 240 mg/L, elevated
concentrations of SO4

2− and Cl−, while the PO4
3− concen-

tration was negligible, remaining below the detection limit.
The adsorbent demonstrated a remarkable removal capacity,

Figure 5. (a) Zeta potential vs pH (pH window 3−11) for CMABCH in water (2 mg in 10 mL). (b) U(VI) removal efficiency of CMABCH of
groundwater containing 102 μg/L U(VI) and other coexisting ions. (m-30 mg, V-10 mL).

Table 3. Comparison of Adsorption Capacities of Other Cellulose/CH-Based Reported Materials for U(VI)

S.no. Adsorbents Uptake capacity (mg/g) Optimum pH Time (min) Reusability Reference

1 Deacetylated chitosan 17.44 3.5 1440 3 75
2 Chitosan modified phosphate rock 8.06 2.5 300 - 76
3 Chitosan bentonite composite 49.09 8 60 6 77
4 Hyper cross-linked polymer 46.74 8 70 4 78
5 Functionalized natural cellulose fibres 16.0 - 240 - 79
6 CMABCH 107 neutral 120 3 This work
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achieving 99.5% U(VI) removal. It effectively reduced U(VI)
concentration to levels within the permissible limit set by
WHO, even in the presence of coexisting ions as shown in
Figure 5b.
The U(VI) adsorption capacity of CMABCH was compared

with the existing composites and CMABCH showed higher
U(VI) removal efficiency as shown in Table 3.
Aspects of Sustainability. The extent of “greenness” of

this technology was assessed through mass-based sustainability
parameters, with the formulas mentioned in the Supporting
Information (eqs S7−S10).
Raw Materials. CMC and CH were used majorly because of

their nontoxicity, renewable and biodegradable nature, with
water being used as the solvent. The mass intensity (excluding
water) came out to be 1.9, while water intensity was 47.6. The
mass intensity could be further reduced to 1 by minimizing
composite loss during filtration and washing. The reaction
mass efficiency was determined to be 52.5%.
Resulting Emissions. The synthesis of the composite

avoided the use of toxic harmful solvents. The E factor
(environmental factor) was calculated to be 0.8 (without
solvent recovery), indicating minimum emissions. NHS and
EDC were removed through washing. The spent adsorbent
may be processed similar to other such adsorbents following an
evaluation of toxicity characteristic leaching procedure
(TCLP), causing negligible environmental impact.31 U(VI)
was desorbed using 10 mM HCl (10 mL), and the acidic
effluent generated during this process can be subsequently
neutralized with NaOH and CaCO3. Specifically, 0.4 g of
NaOH and 0.5 g of CaCO3 are sufficient to treat 1000 mL of
10 mM HCl solution.80

Economic Analysis. A cost analysis of the composite
revealed that the composite can give uranium-free water at an
approximate cost of $10/1000L. This cost, based on the cost of
laboratory reagents, equipment use and labor, can be reduced
by optimizing or substituting NHS/EDC with industrial raw
materials, improving economic viability of the technology.
According to the commercially available raw materials, the cost
of CMC, CH and PABA (per kg) is around $10 whereas the
cost of EDC/NHS (per kg) is approximately $50 which
contributes to the total cost in the synthesis of CMABCH.
Various alternative coupling agents are available for amide
bond synthesis. For instance, Elschner et al. reported the
synthesis of cellulose carbamate using phenyl chloroformate.81

However, this reaction was carried out in organic solvents,
under inert conditions, and at elevated temperatures. Such
processes tend to be highly energy-intensive and generate
significant amounts of secondary waste. Similarly, Wang et al.
modified and introduced amide functionalities with the help of
chloroformate at high temperatures.82 While less expensive
reagents such as oxalyl chloride or chloroformates could be
considered for industrial-scale applications, their successful
implementation would require substantial optimization of
reaction conditions, including solvent systems and temperature
controls, to achieve efficient and sustainable processes. A
thorough techno-economic and process optimization study
would be essential before considering the alternatives for
industrial-scale optimization. However, a cost reduction by an
order of magnitude is expected considering the cost of
alternate reagents.

■ CONCLUSIONS
In this work, we present an eco-friendly method to cross-link
CMC and CH by incorporating amide functionalities for
efficient U(VI) removal from water. The removal mechanism
involves the initial coordination of U(VI) ions with the
nitrogen atoms of amide functionalities, followed by charge
transfer and subsequent reduction to U(IV) as confirmed by
IR and XPS. HRSEM analysis confirmed that the surface
morphology remained the same after saturation with uranium.
The adsorption capacity of CMABCH reached 107 mg/g,
determined from the Langmuir adsorption model, which is
superior as compared to other reported cellulose/chitosan
materials. The adsorbent exhibited excellent U(VI) removal
efficiency in the presence of other counterions, and the
composite could be easily recovered and reused, giving a high
U(VI) removal efficiency of more than 92% over three
reactivation cycles. Its efficiency in removing U(VI) from
groundwater in Punjab state, India, in the presence of many
competing ions, highlights its potential as an excellent
composite for drinking water decontamination.
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