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ABSTRACT: Due to its long half-life of 4.5 billion years and
inherent toxicity, uranium is an important radioactive pollutant,
necessitating effective methods for its removal from water,
although its chemical toxicity is more significant. Adsorption
using advanced materials is emerging as an affordable and
sustainable approach for the removal of soluble uranium,
principally in the form of UO22+, a major concern in several
water sources in India and other parts of the world. This study is a
comparative investigation of the adsorption capabilities of two
phosphorylated cellulose-reinforced iron oxyhydroxide composites,
namely, nano- and microstructures and their potential use in
removing UO22+ from water. Results indicate that cellulose
nanostructures exhibit superior efficiency compared to the
corresponding microstructures for UO22+ adsorption, with equilibrium achieved within 2 min of exposure. Green synthesis of the
composite produces particulate media with excellent structural integrity. Furthermore, it exhibits rapid adsorption dynamics despite
the presence of competing ions in water. It also exhibits high uranium extraction efficiency over a broad pH range and exhibits
outstanding regeneration performance. Various analytical techniques, including XRD, SEM, HRTEM, XPS, TGA, and FT-IR, were
employed to investigate the structure of the composites and their interactions with uranium. We find that UO22+ binds through
oxygen and phosphorus functional groups of the material. We evaluated various sustainability metrics to assess the ecological impact
of the composite and its synthesis process. We demonstrate the potential of the developed adsorbent as a highly efficient and
sustainable method for uranium removal from water.
KEYWORDS: cellulose nanocrystal, cellulose microcrystalline, uranium, adsorption, sustainability metrics, water treatment,
Langmuir isotherm

■ INTRODUCTION
Uranium (U), a dense, silvery actinide, is chemically and
radiologically toxic, with chemical toxicity posing a greater
health risk.1,2 Naturally occurring uranium, present in the
earth’s crust (3 ppm) and seawater (3 ppb), consists of three
isotopes: 238U (99.274%), 235U (0.7%), and 234U (0.0055%).3,4

It exhibits multiple oxidation states ranging from 2+ to 6+, but
it predominantly occurs in its hexavalent (uranyl) and
tetravalent (uranous) forms in nature, with the hexavalent
form occurring predominantly as the uranyl ion (UO22+).

5

Uranium has been mobilized into groundwater due to
anthropogenic activities like nuclear power, mining, and
fertilizers as well as natural processes like weathering and
volcanic eruptions.6 Its solubility in groundwater is influenced
by pH, conductivity, redox potential, temperature, and the
presence of specific ions such as carbonates, nitrates, and
sulfates, with acidic, oxidizing conditions enhancing dissolu-
tion.7−10 Many complexes of uranium exist at a specific pH of
the solution. For example, at a pH range of 5−7, cationic

species such as (UO2)3(OH)5+ and UO2OH+ as well as anionic
species like UO2(CO3)4− and (UO2)2CO3(OH)3− are
present.11

Uranium can accumulate in organs, increasing the risk of
cancer, blood disorders, kidney damage and affecting the
neurological, reproductive, and circulatory systems.12−14

According to a survey conducted by the Ministry of Jal Shakti
of India in 2020, 151 districts in 18 states of India are partly
affected by high concentrations (>30 ppb, which is the WHO
threshold limit for uranium in drinking water) of uranium in
groundwater, highlighting the critical need for efficient and
cost-effective removal methods.15 Chemical methods for
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uranium extraction frequently implemented include ion
exchange, membrane processes, precipitation, solvent extrac-
tion, adsorption, and electrochemical/photochemical techni-
ques.16−23 Among these, adsorption is the most favorable in
terms of design, cost and operational flexibility, effectiveness,
and efficiency.24 Many adsorbents such as zeolites, biosorbents,
activated carbon, carbon nanotubes, clays, metal oxides, and
metal−organic frameworks (MOFs) have been reported for
uranium extraction from water.25−33 However, carbon-based
adsorbents and MOFs exhibit insufficient adsorption capacity
and selectivity for uranium, while their complex synthesis, high
cost, and potential ecotoxicity hinder practical water treatment
applications. The development of sustainable and efficient
adsorbent materials plays a vital role in addressing environ-
mental and resource challenges. Recent advancements, such as
the utilization of molten pyrolysis to synthesize high-value
carbon materials from abundant sources, as reported by Zhang
et al., exemplify innovative approaches that combine environ-
mental compatibility with high performance.34 Wang et al.
synthesized titanium-doped zirconium-based MOFs for
uranium extraction, exhibiting high sorption capacity across a
broad pH range but showing reduced efficiency in the presence
of competing anions such as CO32− and PO43−.

35 On the other
hand, nanoscale metal oxides, like Al2O3, TiO2, MgO, Fe2O3,
and ZrO2, are effective adsorbents for heavy metals due to their
high surface area, porosity, and stability across various pH
conditions and high ionic concentrations, making them ideal
for water treatment applications.36 Among these, iron oxides,
including forms like magnetite (Fe3O4), hematite (α-Fe2O3),
maghemite (γ-Fe2O3), iron oxyhydroxide (FeOOH), and
metallic zerovalent iron are widely used for their low cost,
easy synthesis, and efficacy in removing metals such as As, Cd,
Hg, and Sb across various oxidation states.37−39

Compared with other adsorption processes, biosorption
offers several advantages, including cost-effectiveness, high
efficiency, reusability, and potential for metal recovery.

Chitosan, a biopolymer with hydroxyl and amine groups that
exhibit a strong affinity for uranium ions, has been used for
uranium adsorption.40 But we cannot ignore that chitosan is
environmentally less stable and expensive due to its origin from
crustacean exoskeletons and degrades at 254.6 °C. In this
context, cellulose, a naturally occurring polysaccharide found in
plant cell walls, is more thermally stable, with degradation
beginning at 312.9 °C, making it suitable for harsh
conditions.41 Microcrystalline cellulose (MCC) and cellulose
nanocrystals (CNCs) have been explored for pollutant
removal, including uranium, with differing adsorption capa-
bilities due to their structural properties.42,43 MCC, derived via
acid hydrolysis, has a crystalline structure with particle sizes of
2−50 μm in diameter and 100−1000 μm in length. CNCs, on
the other hand, obtained through acid hydrolysis and
homogenization, are smaller, with particle sizes of 5−20 nm
in diameter and 100−500 nm in length, offering higher surface
area and crystallinity. The phosphorus-, oxygen-, and nitrogen-
based additional functional groups act as chelating agents,
enhancing the binding of uranyl species. In a study, researchers
synthesized phosphorylated cellulose nanofibers to improve
uranium adsorption capacity.44 Phosphorylated carboxy methyl
cellulose and chitosan composites have also been studied for
the same.45 Although both the composites are showing high
uptake capacity, their adsorption efficiency decreases after
certain pH. To the best of our knowledge, there are no reports
on the removal of U(VI) using iron oxyhydroxide-incorporated
phosphorylated cellulose. This low-cost material notably
overcomes the limitations of most of the previously reported
adsorbents such as slow kinetics, reduced adsorption efficiency
in the presence of coexisting ions, and performance across a
wide pH range, making it suitable for industrial applications.
Incorporating sustainability into the synthesis of adsorbents

for contaminant removal from water ensures environmental
protection, cost-effectiveness, safety, and regulatory compli-
ance and promotes resource efficiency and longevity. Here, in

Scheme 1. Schematic Diagram of the Application of Phosphorylated Cellulose-Ferrihydrite Composite Material for Cost-
Effective Removal of Uranium from Water
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this study, we successfully synthesized phosphorylated
cellulose-iron oxyhydroxide materials for uranium removal
from water with a comprehensive evaluation of relevant
sustainability metrics. The cellulose precursors were function-
alized with phosphorus groups to enhance adsorption
efficiency as uranium, a “hard” Lewis acid, preferentially
forms stable complexes with “hard” Lewis bases such as
phosphate, carboxyl, and amino ligands.45,46 Incorporation of
iron oxyhydroxide produced novel and structurally robust
nanocomposites, addressing the stability and recovery
limitations of phosphorylated cellulose, which exhibited a

partial water solubility. Additionally, we compared the uranium
uptake performance of phosphorylated cellulose-incorporated
iron oxyhydroxide nanocomposites by taking two different
cellulose precursors MCC and CNC (Scheme 1). Although
previous research indicated that MCC-based composites
performed better than CNC-based composites for arsenic
removal, our findings showed a different trend for uranium
removal. Specifically, the CNC-based nanocomposite exhibited
superior adsorption capacity for uranium due to its smaller
particle size and higher surface area of CNC, which was
confirmed from BET. In this work, the uptake capacity and

Figure 1. Schematic diagrams illustrating the synthetic procedures and molecular structures of CNC/MCC and synthesized phosphorylated
cellulose. Photographs of PCNC and PCNCFH are also shown. PMCC and PMCCFH are also similar to PCNC and PCNCFH, respectively, in
terms of physical appearance.

Figure 2. (a) FTIR spectra of blank CNC and PCNC. (b) FTIR spectra of PCNCFH and U−PCNCFH. (c) HRTEM image: (i) PCNCFH and
(ii,iii) beam-induced crystallization of PCNCFH and (iv) U−PCNCFH.
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comparative affinity of both composites for uranium were
thoroughly investigated in the context of a variety of
environmental factors, such as the pH of the solution and
coexisting heavy metal ions of relevance. Both the composites
exhibited rapid adsorption kinetics and maintained high
performance across a broad pH range and even in the
presence of coexisting ions. Further, the morphology of the
composite and the mechanism of uranium uptake were
thoroughly investigated by several microscopic (SEM and
TEM) and spectroscopic techniques (XPS and FTIR).

■ EXPERIMENTAL SECTION
The materials used, protocol of synthesis, experimental methodology
adopted for characterizations, and evaluation of adsorption are
presented in Supporting Information. Essentially, synthesis involved
functionalizing CNC and MCC with trisodium trimetaphosphate
(STMP) resulting in phosphorylated materials, which are used to
create appropriate iron oxyhydroxide composites. They were
characterized by XRD, SEM, HRTEM, XPS, TGA, and FT-IR
techniques, and these materials were used for evaluating adsorption by
established methods. Materials after adsorption were also studied
using various diverse techniques. Suspended media were evaluated for
toxicity characteristic leaching protocol (TCLP). Kinetics of the
adsorption were fitted with various adsorption models.

■ RESULTS AND DISCUSSION
The schematic diagram of material of Figure 1 represents the
chemical structures of CNC, MCC, and synthesized
phosphorylated cellulose and photographs of phosphorylated-
cellulose nanocrystal (PCNC) and phosphorylated-cellulose

nanocrystal ferrihydrite (PCNCFH). Phosphorylated-micro-
crystalline cellulose (PMCC) and phosphorylated-micro-
crystalline cellulose ferrihydrite (PMCCFH) exhibit similar
physical appearance to PCNC and PCNCFH. A green
synthesis approach was used to prepare phosphorylated
cellulose-ferrihydrite nanocomposites in two steps: phosphor-
ylation of cellulose using STMP, followed by the incorporation
of ferric chloride to form a stable composite. The final product,
a dark brown crystalline material, was obtained through pH-
controlled reactions and thorough washing, yielding approx-
imately 3.68 g of nanocomposite.
Characterization of PCNCFH, before and after

Uranium Uptake. The FTIR spectra of CNC and
phosphorylated CNC (PCNC) are compared in Figure 2a.
For PCNC, there is a broad band at 3378 cm−1 corresponding
to the −OH stretching mode in cellulose. The phosphorylation
of cellulose is indicated by the disappearance of the −OH
group bending vibration at 1323 cm−1 and the emergence of a
distinct peak at 1277 cm−1, characteristic of the free P−O
stretching vibration. Additionally, the stretching vibration at
1025 cm−1 corresponding to the C−O bond of cellulose
disappears, while two sharp peaks emerge at 1083 cm−1 and at
973 cm−1 corresponding to the out-of-plane P−O−C and in-
plane P−O−C stretching, respectively. These spectral changes
confirm the phosphorylation of hydroxyl groups in the
cellulose matrix. Figure 2b represents the FTIR spectra of
PCNCFH before and after uranium adsorption [samples after
adsorption are labeled as (U−PCNCFH)]. The iron oxide
content within the composite was confirmed using infrared

Figure 3. (a) XPS of PCNCFH and U−PCNCFH. High-resolution XPS spectra in the (b) O 1s, (c) P 2p, (d) Fe 2p, (e) Na 1s, and (f) U 4f
regions of PCNCFH and U−PCNCFH (U-1 = U−O, U-2 = U−O−P). The structures in the inset of (f) show the possible mechanism of U(VI)
adsorption on iron oxy-hydroxide and phosphorylated cellulose. Spectra in the expanded regions have been fitted using Casa XPS software.50

Conditions: T = 293 K, pH = 7, initial concentration of uranium = 1000 mg/L.
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spectroscopy, revealing Fe−O vibrations within the range of
600−700 cm−1. A prominent and intense absorption peak of
the O−U−O bond overlaps with the weak P−O stretching
vibration at 905 cm−1.45 The peak observed at 905 cm−1

corresponds to the asymmetric stretching vibration of the O−
U−O bond, confirming the successful adsorption of uranyl
ions onto the ferrihydrite surface.5 Similar spectra were
obtained for PMCC and PMCCFH [Figure S1(a,b)]. Figure
2c(i,iv) represents the high-resolution transmission electron
microscopy (HRTEM) images of the PCNCFH and U−
PCNCFH, respectively. From Figure 2c, it is confirmed that
the iron oxyhydroxide nanoparticles were embedded within the
cellulosic matrix, thereby confirming the formation of a
composite.47 This analysis is further supported by surface
area measurements using the BET isotherm via N2 adsorption.
The specific surface area of the parent CNC was found to be
3.51 m2/g, while the composite exhibited 299.89 m2/g. This
substantial increase in surface area may be attributed to the
incorporation of nanoscale iron oxyhydroxide particles within
the cellulose matrix, which also enhances U(VI) removal
efficiency of the composite. Both the structures exhibit a
predominantly amorphous nature. The amorphous nature of
PCNCFH was further supported by the comparative powder
XRD data (Figure S2), which reveal two broad peaks
characteristic of amorphous or poorly crystalline phases.
Specifically, the broad peaks observed at 25.08° and 63.4°
correspond to the (110) and (221) planes, respectively, of
goethite (α-FeOOH).48 The phase remains stable under
ambient conditions but progressively transforms into more
stable forms of hematite and goethite upon exposure to
electron beam irradiation for 25−30 min [Figure 2c(ii,iii)].
High-resolution lattice images of these phases are presented in
insets d1, d2, d3, and d4. The phases were confirmed by the
lattice planes of goethite (d1, d2) and hematite (d3, d4).

49

Figure 3a presents the X-ray photoelectron spectroscopy
(XPS) data of PCNCFH and U−PCNCFH. Figure 3b−f
shows the deconvoluted spectra in the O 1s, P 2p, Fe 2p, Na
1s, and U 4f, regions, respectively. High-resolution C 1s spectra
(Figure S3) reveal three characteristic peaks corresponding to
291.8 eV for the C−C bond, 286.1 eV for the C−OH and C−
O−P bonds, and 284.7 eV for the−CH2 bond. Shift can be
observed in the case of the O 1s spectra (Figure 3b) of U−
PCNCFH. Here, the O 1s peak of the parent PCNCFH
composed of Fe−O, P−O, and C−O (C−OH, C−O−P, and
O−C−O) shows peaks at 528.99, 529.98, and 534.6 eV,
respectively. In U−PCNCFH, we can see a characteristic peak
at 530.22 eV corresponding to the U−O bond. The P 2p
spectrum of U−PCNCFH (Figure 3c) exhibits a blue shift
compared to that of the pristine PCNCFH. It suggests that the
phosphate groups play a crucial role in uranium removal. The
Fe 2p spectra (Figure 3d) show a peak at 711.2 eV for 2p3/2
core level and a broad satellite feature at 718.4 eV, which is
characteristic of Fe (III) species in iron oxyhydroxides.51 The
Fe 2p spectrum of U−PCNCFH shows a slight shift toward
lower binding energy. This observation could be attributed to
changes in the chemical environment of the adjacent oxygen
atoms due to interaction with uranium. In the case of the Na 1s
spectrum (Figure 3e) of U−PCNCFH, area under the peak is
less as compared to the pristine PCNCFH. This is due to the
replacement of some Na+ of STMP with UO22+ after
adsorption. The U 4f spectrum (Figure 3f) reveals two distinct
interactions following adsorption: a U 4f7/2 peak at 379.0 eV,
corresponding to the U−O bond (U-1), and a U 4f7/2 peak at
381.0 eV (U-2), corresponding to U−O−P. These two
features appear in a 9:1 ratio, respectively. We interpret this
observation in terms of two distinct kinds of interactions
experienced by the hydrated uranyl species. The species
UO2(H2O)52+ can interact with the phosphorylated cellulose,
hydroxyl groups of cellulose, as well as iron-oxyhydroxide, as

Figure 4. (a) SEM image of PCNCFH and corresponding EDS elemental mapping (a1−a6), and (b) SEM image of U−PCNCFH and
corresponding EDS elemental mapping (b1−b6).
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shown in the inset of Figure 3f. Latter two types of interactions
are more common as these species are available in plenty and
all the hydroxyl species are electron rich. Therefore, these
contribute to the lower binding energy feature at 379.0 eV.
The phosphine oxide binding, in contrast, reduces the electron
density slightly at uranium, making it a higher binding energy
feature at 381.0 eV. From the intensity, it is apparent that the
available phosphorus sites are far too few in comparison to the
hydroxyl groups.
The adsorption mechanism of U(VI) on PCNCFH is

attributed to inner-sphere surface complexation, where
uranium forms stable bonds with oxygen and phosphorus
containing functional groups. These groups generate an
electron-rich environment that enhances the U(VI) binding.
Recent studies have emphasized the critical role of an electron-
dense environment in U(VI) adsorption. For instance, Meng et
al. (2024) developed an all-polymer-based 0D/2D C4N/C6N7
material designed to efficiently separate charges, which helps
create an electron-rich surface for better U(VI) removal. This
material achieved >97% uranium removal under acidic
conditions and maintained high efficiency even under radiation
exposure.52 Recent studies have demonstrated the role of
secondary metal ions such as alkaline earth metals (e.g., Ca2+
and Mg2+), transition metals (e.g., Fe3+ and Pb2+), and
lanthanides (e.g., Ce4+, Th4+) in stabilizing reduced uranium
species during the electrochemical reduction processes,
emphasizing the significance of strong binding interactions.53

The combination of cellulose and Fe enhances the U(VI)
sorption efficiency of PCNCFH. Cellulose provides hydroxyl
and carboxyl groups for adsorption and complexation along
with structural stability. Fe contributes additional active sites

through coordination and facilitates the binding of U(VI).
Furthermore, the nanostructured morphology of CNCs
ensures a uniform dispersion of Fe, improving the accessibility
of active sites and enabling efficient uranium removal through
multiple mechanisms.
The SEM images of pristine PCNCFH and U−PCNCFH

are shown in Figure 4a,b, respectively. Exposure to high
concentration of uranium solution did not lead to any
alterations in the particle morphology, indicating that the
interaction mechanism is likely to be adsorption. EDS
elemental mappings of PCNCFH and U−PCNCFH are
presented in a1−a6 and b1−b6, respectively. From the EDS
elemental mapping, it is confirmed that uranyl is evenly
adsorbed and homogeneously distributed on PCNCFH. To
support this, the EDS analysis of U−PCNCFH is depicted in
Figure S4, with the weight percentages of each element.
Batch Adsorption Studies of Uranium Adsorption on

Cellulosic Composites. Figure 5 shows the comparative
batch adsorption performance of PCNCFH and PMCCFH
toward uranium uptake from water. As illustrated in Figure 5a,
it is evident that both of the composites demonstrate
exceptional performance upon treating 100 mL of water
spiked with 1.1 mg/L uranium using various dosages of
adsorbent composites, ranging from 5 to 100 mg. For both the
composites, within 2 h of exposure, uranium concentrations
drop to less than 15 μg/L upon adding just 25 mg of the
composite. Figure 5b illustrates the rapid uptake kinetics of the
composites, where the initial uranium concentration of 950
μg/L was quickly reduced to less than 10 μg/L within 2 min of
incubation due to the abundance of available free surface sites.
The residual uranium concentration decreased even further at

Figure 5. Batch study comparing the uranium removal performance of the composites, PMCCFH and PCNCFH. (a) Residual uranium
concentrations as a function of composite dosage. (b) Residual uranium concentrations in relation to the contact time with the composites. (c)
Performance of composites made of MCC and CNC toward uranium removal over a pH window of 3−10. (d) Zeta potential as a function of pH
(range 3−11) for PCNCFH particles in water (2 mg in 2 mL). Insets in a,b show magnified images in the low concentration region, for clarity.
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the end of 2 h, following slower kinetics. It is clear that the
PCNCFH is more effective in uranium removal.
To better understand the system, data from the kinetics

study were initially evaluated using a reaction model named
Ho’s pseudo-second-order model (Figure S5). The plots
illustrating the relationship between t/qt [where qt is the
amount of adsorbate adsorbed at time t (mg/g)] against time
(for the adsorption of uranium) followed the pseudo-second-
order model. The correlation coefficients approached unity
(>0.9999), indicating that the availability of surface sites
significantly impacted the adsorption process, thus playing a
major role in determining the overall rate. From this, it was
calculated that qe (the amount of adsorbate adsorbed at
equilibrium) is 3711.95 mg/g and k2 (the rate constant of
pseudo-second-order adsorption) is 0.01939 g/mg min. This
also suggests that the primary mechanism for the removal of
uranium by PCNCFH could be the complexation of
phosphorus and oxygen containing groups with uranium.
The following complexation equations could also contribute to
the overall adsorption rate.

+ ++ + +FeOH UO FeOUO H2
2

2 (i)

+ + ++ +FeOH UO H O FeOUO (OH) 2H2
2

2 2
0

(ii)

where ≡ denotes the reactive sites on the surface of the solid
adsorbent.
In an open environment, the adsorbed species of uranium on

iron oxyhydroxides consisted of ≡FeOUO2+ at pH below 4.5
and ≡FeOUO2(OH)0 at pH above 4.5.54,55 In contrast to the
photochemical generation of studtite ((UO2)(O2).4H2O)
nanodots facilitated by H2O2 on imine-based covalent organic
framework photocatalysts, uranium adsorption on PCNCFH

proceeds through the formation of inner-sphere surface
complexes with oxygen-donating functional groups such as
hydroxyl and phosphorus groups, as evidenced by XPS and
FTIR analyses.56 The sorption capacity of both PCNCFH and
PMCCFH toward uranium was also examined under different
pH conditions. As illustrated in Figure 5c, all of the composites
demonstrated outstanding effectiveness within a wide pH
range of pH 4−10. We find that PCNCFH performs better
than PMCCFH due to its larger specific surface area, attributed
to its distinctive nanostructure. The BET analysis revealed that
the surface area of PCNCFH was 299.89 m2/g, whereas that of
PMCCFH exhibited a surface area of 276.71 m2/g. Figure 5d
represents the zeta potential of PCNCFH in aqueous solutions,
which explains their pH-dependent sorption behavior. As we
can see from the figure, sorption efficiency of both the
composites is very high in basic pH as compared to that in
acidic pH. As the pH level was changed from acidic to alkaline
conditions, the zeta potential exhibited a transition from a
positive value of +7.01 mV at pH 3 to a negative value of −32
mV at pH 12. At a low pH level (pH 3), Fe3+−O2− (from
ferrihydrite) and C−OH (from cellulose) groups of nano-
composites would undergo protonation, resulting in the
formation of Fe3+− OH and C−OH2+ species. This would
cause the composite to carry a positive charge below pH 4.0.
The positively charged adsorbent would repel UO22+ electro-
statically, which is the dominant species below pH 5.0.
Electrostatic repulsion between the adsorbent and adsorbate
led to a decreased efficiency of adsorption. As the pH
increases, the sorbent becomes more negatively charged and
shows a strong attraction to uranium species that are dominant
in alkaline conditions, such as [(UO2)3(OH)5+] and
[(UO2)2(OH)22+].

57 Furthermore, to gain deeper insights
into the mechanism, diverse isotherm models such as

Figure 6. (a) Adsorption selectivity of PCNCFH for uranium in the presence of multiple metals, at concentrations of relevance to tap water. (b)
Effect of ionic strength for the uranium adsorption capacity. (c) Regeneration performance of PCNCFH toward uranium adsorption using 0.01 M
HNO3. (d) Langmuir adsorption isotherms of the composites for comparing the maximum uptake capacities of uranium.
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Freundlich and Langmuir were assessed.58,59 The Freundlich
isotherm yielded a correlation coefficient (R2) of 0.949, which
is inferior to the R2 = 0.994 value acquired from the Langmuir
fit (Figures S6 and 6d). This indicates a prevalent
chemisorption pathway for the UO22+ species.
Since natural groundwater typically contains a variety of

other ions, it is crucial to assess the impact of these coexisting
ions on the adsorption of UO22+ by PCNCFH. Figure 6a
represents the uranium uptake performance of PCNCFH in
the presence of ions such as Mg2+, SO42−, F−, Ca2+, CO32−,
HCO3−, K+, PO43−, SiO32−, Cl−, Na+, and NO3− with
concentrations relevant to tap water. PCNCFH maintains a
uranium removal effectiveness of >98% in the presence of all
other anions, except for sodium. It may be due to increase of
ionic strength of the solution due to high concentration of
sodium, in agreement with the Na+ release mentioned in the
section on XPS. To further understand the influence of ionic
strength on uranium adsorption by PCNCFH in detail, we
have conducted ionic strength experiment by varying the
concentration of NaCl from 0.001 to 0.008 M, representing the
maximum TDS levels permissible in groundwater or drinking
water. As shown in Figure 6b, uranium removal efficiency
remains consistently above 99% even at 0.008 M NaCl,
indicating no significant reduction in performance compared
with a pristine U(VI) solution. This observation suggests that
uranium uptake capacity of PCNCFH in groundwater level is
unaffected by ionic strength, affirming that the adsorption
process predominantly involves inner-sphere surface complex-
ation rather than outer-sphere interactions.60 We evaluated the
uranium uptake performance of PCNCFH in a multi-ion
solution containing major heavy metals such as Cu(II), Cd(II),
Al(III), Zn(II), Mn(II), Mg(II), Cr(III), Li(I), Co(II), and
Ni(II) with concentrations up to 1 ppm (Figure S7). Metal ion
removal percentage is calculated using the equation mentioned
(Supporting Information, eq i). Despite the existence of several
interfering cations, PCNCFH shows a uranium removal
efficiency of >88%. Al(III) and Cr(III) are two main
competitors for adsorption. Notably, it has the added
advantage of simultaneously removing uranium with toxic
contaminants such as chromium, highlighting its versatile
remediation potential. The concurrent removal of chromium
and aluminum, alongside uranium by iron oxide-based
materials can be attributed to the speciation of these ions at
specific pH. In the pH range of 5−7, Cr(III) and Al(III)
predominantly exist as hydroxylated species such as Cr(OH)2+,
Cr(OH)2+ and Al(OH)2+, Al(OH)3, which exhibit stronger
affinities for oxygen-donating functional groups (e.g., hydroxyl,
phosphate).61−63 Conversely, the adsorption of Zn(II),
Mn(II), Li(I), Co(II), and Ni(II) is significantly lower, likely
due to their lower charge density compared to those of Cr(III),
Al(III), and U(VI). This result demonstrates that PCNCFH
adsorbent possesses good selectivity for uranium in water with
a significant number of relevant ions. Considering that V(V)
and U(VI) have similar properties for binding to oxygen-
containing functional groups, U(VI) adsorption experiments
were carried out in the presence of V(V), with concentrations
of both the metals being nearly equal (Figure S8). The results
indicate that the presence of V(V) does not adversely affect the
U(VI) removal efficiency of PCNCFH, but it can also remove
V(V) up to 85%. However, it is worth noting that V(V)
concentrations are negligible in uranium-contaminated
groundwater regions of India.64 Figure 6c shows the
regeneration of PCNCFH up to four cycles toward uranium

adsorption. The reusability of sorbents is a crucial character-
istic that impacts their environmental sustainability and
economic viability.65 Here, 0.01 M HNO3 was used as the
eluent, and the continuous adsorption−desorption cycle
revealed that regeneration efficiency of the sorbent is above
99% even after four continuous cycles. HNO3 is a good eluting
agent as regeneration happens within 90 min of the reaction.
This can be attributed to the protonation of the negatively
charged surface groups such as hydroxyl groups on PCNCFH
in acidic solutions. This reduces the electrostatic attraction
between the surface and adsorbed uranium species (often in
the form of uranyl ions, UO22+).

54 Adsorbed uranyl cations on
the adsorbent can form water-soluble uranyl nitrate complexes
such as UO2(NO3)2. Formation of these soluble complexes
facilitates the desorption of uranium from the adsorbent
surface into the solution. The adsorption isotherm of both the
composites (PCNCFH and PMCCFH) at neutral pH and
room temperature was examined using the Langmuir equation
to obtain a better understanding of the adsorption mechanism
and efficiency. The plots of Ce/qe against Ce exhibit linear
relationships when utilizing the linearized form of the
Langmuir eq (Supporting Information, eqs S3 and S4) for
both the composites, as illustrated in Figure 6d. A linear
relationship observed in the plot of Ce/qe against Ce, coupled
with a high correlation coefficient value exceeding 0.99 in each
instance, suggests that the mechanism was monolayer
adsorption. PCNCFH exhibited a higher adsorption capacity
compared to PMCCFH.
The differences in U(VI) sorption performance between

PMCCFH and PCNCFH, as seen in Figure 5 and Table 1, can

be attributed to the experimental conditions and material
structure. In Figure 5, adsorption studies were performed with
an initial uranium concentration of 1 ppm, consistent with
typical uranium levels in Indian groundwater, showing minimal
differences in U(VI) removal efficiency at this lower
concentration. However, the maximum adsorption capacity,
calculated from the Langmuir isotherms in Table 1 with
uranium concentrations up to 150 ppm, shows a substantially
higher sorption capacity for PCNCFH. This is due to the
nanostructure of PCNCFH, which provides a larger surface

Table 1. Comparison of the Adsorption Capacity of
PCNCFH with Other Reported Cellulose-Based Adsorbents
from the Literature

adsorbents qmax (mg/g)
pH and

temperature refs

amidoximated cellulose 52.88 5.0 66
cellulose microspheres modified by
n-aminotrizole, n = 3 n = 4

98.90 (n = 3)
and 72.20 (n

= 4)

5.0 67

plasma-light-amidoxime-cellulose 101.15 6 and
303 K

68

PGTDC−COOH 99.4 6 69
Poly(B2MEP)-g-cellulose 79.9 70
PCNCFH 100 neutral this

work
PMCCFH 25 neutral this

work
cellulose p-toluidine 80 10.5 71
Fe2O3-impregnated cellulose beads 7.6 7 72
phosphate-functionalized bacterial
cellulose

50.65 4.0−8.0 73

graphene oxide-cellulose (GOC) 101.01 74
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area and more accessible active sites compared to the
microstructure of PMCCFH. At higher concentrations, these
features enable PCNCFH to achieve much greater uranium
removal efficiency. This highlights the critical role of
nanostructure in enhancing sorption performance.
The thermal stability of PCNCFH was assessed through

thermogravimetric analysis (TGA) conducted under both
nitrogen and air atmospheres (Figure S8). The composite
experiences weight losses of 25.66% and 28.61% as it was
heated from room temperature to 1000 °C in nitrogen and air
atmospheres, respectively. The composite initially releases
loosely bound water from both its interior and exterior surfaces
up to 100 °C, accounting for the initial weight loss.
Subsequently, significant thermal degradation of the cellulosic
framework occurs as the temperature reaches 250−300 °C.
Preliminary Sustainability Evaluation. Water treatment

processes often require substantial energy consumption and
have numerous economic, environmental, and social implica-
tions. Consequently, for a technology to be sustainable, it must
address the three core aspects of sustainability: environmental,
economic, and societal.75 To evaluate these parameters, it is
essential to first determine the extent of its “greenness” by
assessing some relevant sustainability parameters.76−78 The
formulas used to compute the sustainability metrics are
detailed as eqs 4−8 in Supporting Information
Resource Efficiency. One of the primary raw materials is

cellulose, which is both biodegradable and renewable. CNCs
are derived from cellulose and are abundantly available from
renewable sources such as wood pulp, waste materials, and
agricultural residues. This makes CNCs a sustainable
alternative to nonrenewable materials. Alkali and iron salts
were utilized in minimal amounts, both of which are not
considered toxic. Additionally, water was used as the solvent in
the process. The mass intensity (excluding water) was
determined to be 3.11, while the water intensity was measured
as 22.28. The reaction mass efficiency was calculated to be
32.08%. Enhancing the reaction mass efficiency can be
accomplished by further optimizing the quantities of reactants
and minimizing the use of surplus reagents.
Energy Use. Electricity was employed for the purposes of

stirring, vacuum filtration, and drying. There will be no
consumption of energy in the operation of the technology. The
energy intensity, determined through the lab-scale synthesis
setup, was 2.63 kW·h/kg of the composite. Mukherjee et al.
reported the energy use of 2.3 kW h/kg for cellulose-
ferrihydrite composite, which is comparable with the above-
mentioned value.59

Emission. No deleterious solvents or fumes or secondary
products were emitted during the synthesis of the composite.
The E-factor was 0.11, signifying minimal release of harmful
byproducts.
Similar calculations were also performed for PCNC (Table

S2).
Toxicity potential of the reagents In toxicology analysis,

LD50 (Lethal Dose 50) values are important because they
provide a standardized measure of the acute toxicity of a
substance. LD50 represents the dose of a substance required to
cause death in 50% of a population of test animals (typically
rodents) within a specified time period. The lower the value of
LD50, the more toxic the substance is. The LD50 values for
some common phosphorylated reagents are presented in Table
2. Here, STMP is used as the phosphorylating agent for
cellulose. STMP is less toxic than other phosphorylating agents

such as phosphoric acid, phosphorus acid, and diphosphorus
pentoxide.
Furthermore, according to the European Chemicals Agency

(ECHA), FeCl3 (ferric chloride) has been categorized as a skin
irritant, while NaOH (sodium hydroxide) has been classified as
corrosive. Despite these classifications, both substances exhibit
nonflammable properties and remain stable at ambient
temperature.
Waste Management. Uranium-loaded composites under-

went repeated regeneration processes through acidic treat-
ments to facilitate subsequent adsorption cycles. They can be
disposed of by methods such as encapsulation in cementitious
materials, incorporation into ceramic waste forms, deep
geological disposal, and incineration followed by immobiliza-
tion.
Societal Approval. The social acceptability of a technol-

ogy based on adsorption depends on various factors, including
its perceived benefits, potential risks, and alignment with
societal values and norms. The PCNCFH-based technology is
environmentally sustainable, straightforward, and economically
efficient and does not entail excessive operational expenses.
Therefore, it is anticipated that the project will garner
significant acceptance from the impacted communities.
The TCLP studies, following the USEPA standard SW-846

Test Method 1311, were performed on saturated composite
PCNCFH to evaluate the potential leaching of adsorbed
uranium. The analysis indicated a leaching concentration of
2.41 mg/L, which is below the permissible limits. We have
taken the limit of leaching as that of arsenic as no limit for
TCLP is mentioned for uranium.79 Note that limit of arsenic in
drinking water (10 ppb) is below that of uranium (30 ppb),
and so, using the arsenic limit in TCLP is justified.
By considering the maximum adsorption capacity of

PCNCFH as 100 mg/g, we have theoretically assessed the
cost of this technology, including both material and electricity
expenses. It is estimated that this method can deliver uranium-
free water at a cost of less than rupee 14.60 per 1000 L of clean
water ($0.17 per 1000 L).

■ CONCLUSIONS
We employed a sustainable and cost-effective method to
synthesize a phosphorylated cellulose ferrihydrite composite
for uranium removal from water. The composite, PCNCFH,
exhibited superior performance over PMCCFH in adsorbing
uranium. Both the oxygen and phosphorus groups on the
composite surface serve as the binding sites for uranium
adsorption. The enhanced capacity of PCNCFH is found to be
due to the enhanced specific surface area of the adsorbent.
Equilibrium was reached within 2 min of the reaction (at Co =
1 ppm, adsorbent dose, 25 mg). Utilizing the Langmuir model,
the highest adsorption capacity of PCNCFH for uranium was
determined to be 100 mg/g at room temperature and neutral
pH. Furthermore, the composite demonstrated effectiveness
across a wide pH range and in the presence of various

Table 2. Comparison of LD50 Values of Different
Phosphorylating Agents

phosphorylating agent route organism dose (mg/kg)

STMP oral rat 3650
phosphoric acid oral rat 1530
phosphorous acid oral rat 1560−1580
diphosphorus pentoxide oral rat 200
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interfering ions. SEM, HRTEM, XPS, and IR analyses
confirmed that the surface morphology of both the composites
remained unchanged even after saturation with uranium, while
TCLP results indicated negligible leaching of uranium from
PCNCFH. PCNCFH displayed efficient reusability for up to 4
cycles with a minimal decrease in adsorption efficiency.
Assessing the sustainability metrics further offered deeper
insights into the socioeconomic benefits and environmental
impact of the manufacturing process of nanocomposites. Due
to its high uranium extraction capacity, affordability, and rapid
adsorption rate, PCNCFH emerged as a promising bio-
adsorbent for uranium extraction from water.
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