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ABSTRACT: Ultrafine cellulose nanofibers, 5−10 nm in
diameter, were prepared from oxidation of wood pulp using
the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)/NaBr/
NaClO process followed by mechanical treatment. Carboxylate
groups on the surface of these nanofibers provide negative
charges, which are very effective to adsorb radioactive UO2

2+ in
water, evidenced by static adsorption and high resolution
transmission electron microscopy (TEM) measurements. The
UO2

2+ adsorption capability of ultrafine cellulose nanofibers
was about 167 mg/g, which is 2−3 times higher than those of
typical adsorbents such as montmorillonite, ion imprinted
polymer particles, modified silica particles/fibrous membranes,
and hydrogels. The high UO2

2+ adsorption capability can be
attributed to the very high surface-to-volume ratio, high surface charge density, and hydrophilicity of ultrafine cellulose
nanofibers, which can be used as effective media to remove radioactive metals from radio-nuclear wastewater.

The survival of mankind will face many challenges in the
future. One of the challenges is water pollution, as more

and more water sources (e.g., oceans, rivers, and lakes) are
becoming polluted by different kinds of contaminants,
including radioactive species (e.g., U238, Cs137, Pu239, and I131)
accidentally discharged during nuclear power plant catastro-
phies.1,2 The new and more efficient cleaning technology (e.g.,
highly efficient adsorbents) to treat radioactive nuclear
wastewater has thus become particularly urgent.3−6 Currently,
there are several types of materials that can be used to remove
uranyl ions (UO2

2+) in water. For example, clay (montmor-
illonite, kaolinite) can be used to adsorb UO2

2+ through ion-
exchange, where its adsorption capacity is in the range of 54.0−
98.0 mg/g of clay.7 Another type of adsorbent is based on the
coordination of special ligands and uranyl ion. Ion imprinted
polymers containing such adsorbents have shown the maximum
UO2

2+ adsorption capacity of 98.5 mg/g.8,9 Chemically
modified silica particles10−12 infused in polyethylene fibrous
membranes13 have also shown decent UO2

2+ adsorption
capacity, ranging from 10.0 to 47.0 mg/g particle. Hydrogels
prepared from appropriate copolymers are efficient adsorbents
with the UO2

2+ adsorption capacity of 22−156 mg/g dry gel,
depending on the charge interaction and diffusion pathways.
However, the adsorption of UO2

2+ in hydrogel can take a long
time to reach equilibrium.14 Finally, other radioactive
contaminants, such as transuranium elements (e.g., plutonium
americium, curium, and neptunium), can also be removed via
ion-exchange15−17 and complex physical-chemical processes;
these contaminants are usually unstable and decay radioactively,
forming other elements.18

Ultrafine cellulose nanofibers are unique nanoscaled
materials fabricated from wood, cotton, or crustaceans through

oxidation via TEMPO/NaBr/NaClO reaction and subsequent
mechanical treatment.19−22 The ultrafine cellulose nanofibers
possess very small fiber diameters in the range of a few
nanometers (e.g., 5−20 nm) and fiber length in micrometers
(e.g., 1−100 μm), depending on the cellulose source. These
fibers achieve remarkably high surface-to-volume ratios.10 Large
amounts of ionic hydroxyl, carboxylate, and aldehyde groups
are present on the surface of these ultrafine cellulose
nanofibers, generated by the oxidation of C6-hydroxyl groups
that also enable the stabilization of nanofiber suspension in
water.23 It has been demonstrated that the carboxylate groups,
having negative charges, could serve as adsorption sites for
positively charged species, such as dyes,24 viruses,22-24 and
heavy metal ions. By taking advantage of this characteristic in
oxidized ultrafine cellulose nanofibers, we demonstrate that
these nanofibers can be used as effective media to remove
radioactive ions, for example, UO2

2+, with very high adsorption
capacity.
An aqueous suspension of 0.05 wt % ultrafine cellulose

nanofiber was prepared by the TEMPO/NaBr/NaClO
oxidation approach22 and was used to adsorb UO2

2+ from
water at pH 6.5 ± 0.5.25−27 The surface of these cellulose
nanofibers was characterized by the conductivity titration
measurement.28,29 The results indicated that the surface
contained about 1.4 mmol carboxylate groups per gram of
cellulose nanofibers. This value could be considered as the
charge density on the surface of nanofibers.30 The surface
morphologies of ultrafine cellulose nanofibers were taken with
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an aberration corrected transmission electron microscope
(TEM) operated at 80 kV (FEI Titan 80−300, corrected up
to a third-order aberration). To avoid radiation damage of
cellulose nanofibers, only 0.1 to 0.5 s of exposure time was
used. The representative TEM images of the surface
morphologies of ultrafine cellulose nanofibers before and
after the UO2

2+ adsorption are shown in Figure 1. From

these images, the diameter of ultrafine cellulose nanofibers was
found to be in the range of 5 to 10 nm (Figure 1A, stained with
1.6 wt % of uranyl acetate to distinguish individual fibers in a
macroscopic view), and the average aspect ratio of the
nanofiber estimated from the TEM image was about 160.
The inset in Figure 1A shows a typical electron diffraction
pattern of ultrafine cellulose nanofibers, indicating the presence
of a type I cellulose crystal form. This observation confirmed
that the TEMPO oxidation process primarily occurred on the
fiber surface, especially in the amorphous region of cellulose
nanofibers.31 From the high resolution TEM image of Figure
1B (without staining), individual chains of cellulose nanofibers
with fingerprint-like configuration were seen.
A total of 1.0 g of uranyl acetate aqueous solution (1.6 wt %)

was added to 10 g of cellulose nanofiber suspension (0.05 wt
%) under vigorous stirring. The pH value of the mixture was
6.5 ± 0.5. A gelatin of cellulose nanofiber adsorbed with UO2

2+

was observed immediately after mixing and could be collected
by filtration using 1.0-μm filter paper (Whatman). The
cellulose nanofiber-UO2

2+ gel was examined using TEM
(Figure 1C). After the UO2

2+ adsorption, the surface of
cellulose nanofibers became covered with metal ionic crystals,
as evidenced by the regular crystal lattice, providing direct proof

that the cellulose nanofiber could absorb a high amount of
UO2

2+.
To further explore the UO2

2+ adsorption capacity of ultrafine
cellulose nanofibers, a series of static adsorption experiments
was carried out using an aqueous suspension of 0.05 wt %
cellulose nanofiber (determined by total organic carbon (TOC)
analyzer) at pH 6.5 ± 0.5. Uranyl acetate aqueous solutions
with UO2

2+ concentrations of 1530, 760, 610, 380, 210, 150,
and 80 ppm (determined by UV−vis instrument at 420 nm)32

were subsequently added into the cellulose nanofiber
suspension under vigorous stirring. After 2 h, the gel-like
cellulose nanofiber scaffolds adsorbed with UO2

2+ were
removed by filtering with 1.0 μm filter paper (Whatman) and
0.1 μm PVDF filter (Millipore), separately. It should be
clarified that filters with different pore sizes were used to
selectively separate the mixture of cellulose nanofibers and
uranyl acetate. The 1.0 μm filter could retain the gel-like
cellulose nanofibers adsorbed with UO2

2+, while cellulose
nanofibers and acetate anions (released from uranyl acetate
after adsorption) would pass through the filter. In principle, the
TOC results could be used to determine the carbon
concentrations contributed by both acetate and cellulose
nanofiber components. However, because the 0.1 μm filter
allowed acetate anions to pass through the filter while retaining
both gel-like cellulose nanofibers adsorbed with UO2

2+ and
cellulose nanofibers, the TOC results reflected only the
concentration of acetate anions released from uranyl acetate
after adsorption.
It was found again that a gel was formed immediately upon

the addition of UO2
2+ ions to the cellulose nanofibers

suspension, possibly caused by the coordination between
UO2

2+ and carboxylate groups located on the surface of
ultrafine cellulose nanofibers.27 In other words, UO2

2+ acted as
a “cross-linker” to form a nanofibrous aggregate.11 The FTIR
spectra of cellulose nanofibers (Nicolet iS10 FTIR-ATR
spectrometer) before and after adsorption of uranyl ions are
shown in Figure 2.

It was found that the absorption band associated with
carbonyl vibrations at 1604 cm−1 in the spectrum of cellulose
nanofibers moved to 1634 cm−1 after the adsorption of UO2

2+

ions. Comparing the spectra of cellulose nanofiber-UO2
2+ and

cellulose nanofibers, a new asymmetric stretching band at 930
cm−1, which could be assigned to UO2, and an asymmetric
vibration band of the carboxylate groups at 1532 cm−1, were
observed in the former. This result confirmed the coordination
of the carboxylate groups with UO2

2+.27,33,34 The threshold
concentration of UO2

2+ for the formation of the cellulose
nanofibrous gel was about 150 ppm, which was determined by

Figure 1. Morphologies of ultrafine cellulose nanofibers, as seen by
TEM: (A) typical TEM image of cellulose nanofibers after adsorption
of UO2

2+; inset represents the corresponding electron diffraction
pattern of cellulose nanofibers; (B) high resolution TEM image of a
cellulose nanofiber before the adsorption of UO2

2+; (C) high
resolution TEM image of a cellulose nanofiber after the adsorption
of UO2

2+.

Figure 2. FTIR spectra of cellulose nanofibers before and after UO2
2+

adsorption.
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the following experiment. When the solution of 80 ppm UO2
2+

was added to the cellulose nanofiber suspension, the
equilibrium carbon concentration of the filtrate (with 1.0 μm
filter) determined by TOC was 140 ppm. This value was due to
the combined contributions of cellulose nanofibers and acetate
ions of uranyl acetate (the theoretical total carbon concen-
tration is 162 ppm). Therefore, only 22 ppm of carbon, which
equals to 50 ppm of cellulose nanofibrous gel, was collected by
using a 1.0 μm filter and defined as ccell‑gel in Figure 3. When the

UO2
2+ solution was higher than 150 ppm, 280 ppm of cellulose

nanofibrous gel (i.e., the cellulose nanofiber/UO2
2+ aggregate)

was formed, which could be removed completely by filtration
using a 0.1 μm filter, regardless of the gel formation. The TOC
determination of the equilibrium carbon concentration from
filtrate was 21 ppm, which was mainly from acetate ions. This
result suggests an adsorption mechanism of through coordina-
tion between UO2

2+ and carboxylate groups located on the
surface of cellulose nanofibers, where some excessive acetate
ions remained in the equilibrated suspension after filtration. A
similar observation was reported in a previous work, where
gelation of the 0.2 wt % cellulose nanofiber suspension took
place with the increase in ionic strength (created by adding
NaCl to >0.008 mol/L).22 With the increase of UO2

2+

concentration to 210 ppm, the amount of cellulose nanofibrous
gel (ccell‑gel) approached the plateau value of 288 ppm, which
remained constant with the increase in the UO2

2+concentration.
The adsorption capacity (qmax), calculated from the difference
between the original and the equilibrium concentration of
UO2

2+ (determined by UV−vis after filtration with a 0.1 μm
filter), was found to be 167 mg/g of cellulose nanofibers. These
results exhibited a clear correlation between the content of
carboxylate groups of cellulose nanofibers and the UO2

2+

adsorption capacity. Furthermore, the content of carboxylate
groups distributed on the surface of cellulose nanofibers was 1.4
mmol/g cellulose nanofibers according to the titration
measurement. Because the coordination ratio between UO2

2+

and carboxylate groups is 1:2,27 it is expected that 1.0 g of
cellulose nanofibers should adsorb 190 mg of UO2

2+. This
theoretical value is close to the maximum adsorption capacity of
UO2

2+ (167 mg/g cellulose nanofiber) determined experimen-
tally. Therefore, the above results confirm that the adsorption
mechanism of cellulose nanofibers is mainly based on the
coordination of UO2

2+ with the carboxylate groups by
chelation. The adsorbed UO2

2+ could be easily eluted by either
nitric acid,25 hydrochloric acid,26 sulfuric acid,27 or Na2CO3

solutions,27 allowing cellulose nanofibers to be recycled.

In summary, it has been shown that ultrafine cellulose
nanofibers with negatively charged surfaces containing
carboxylate groups can be used to adsorb a radioactive metal
ion, UO2

2+. The adsorption capacity of the cellulose nanofiber
is very high (167 mg/g of cellulose nanofiber). In addition, the
metal ion UO2

2+ can serve as a “cross-linker” to aggregate
ultrafine cellulose nanofibers and form a gel. The adsorption of
UO2

2+ on the surface of ultrafine cellulose nanofibers was
directly observed by high resolution TEM. Further studies on
the adsorption dynamics and infusing cellulose nanofibers into
various porous media for practical applications are ongoing in
our laboratory.
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