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Freeze-crosslinking approach for preparing
carboxymethyl cellulose nanofiber/zirconium
hydrogels as fluoride adsorbents+}
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Tough carboxymethylcellulose nanofibers (CMF)/zirconium (Zr) hydrogels were easily obtained by a
freeze-crosslinking method, where Zr-containing HCl solution was added to frozen CMF sol and the
mixture was allowed to thaw. The Zr content of the hydrogels increased with increasing Zr concentration
in the initial HCl solution. Furthermore, the mechanical strength increased with increasing Zr content. The
Young's modulus value was improved by approximately 6 times compared to the CMF hydrogel without
Zr, i.e., from 4.5 kPa to 27.2 kPa. The hydrogel had a porous structure with a pore size of 133 + 37 pm and
a CMF-Zr sheet structure around the pores. The obtained CMF-Zr hydrogel exhibited high adsorptivity
for fluoride. The maximum adsorption capacity (Qmax) Was estimated to be 24.1 mg g~ This simple gela-
tion method provides useful insights for the development of easy-to-handle hydrogel-based adsorbents.
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Introduction

Hydrogels are polymer materials that can hold large amounts
of water (>95%) within their crosslinked polymer networks.
Recently, the use of hydrogels as adsorbents that allow waste-
water to flow inside them and only harmful substances to be
adsorbed by the polymer networks has attracted considerable
attention.”” The adsorption properties of hydrogels can be
tuned by varying the polymer and network structure.’

Although numerous adsorbents have been reported to date,
such as activated carbon, zeolites, and polymer-based
materials, the development of adsorbents that can adsorb
anionic substances remains a challenge.* Wastewater contains
various anions that must be removed, including fluoride,
bromate, or arsenic. Cationic adsorbents such as carbonaceous
materials,” metal-based materials,® and ion-exchange resins’ are
useful for removing these anions, but their applicability is
limited due to issues such as difficult to handle, high cost, and
low sustainability. The development of new types of adsorbents
should enable efficient decontamination under diverse environ-
ments. The use of zirconium (Zr), which is a non-toxic cationic
metal that can form complexes with renewable polymers such
as cellulose, represents a promising strategy for realizing versa-
tile and environmentally friendly cationic adsorbents.®’
However, it is still necessary to develop Zr-hydrogel composites
with sufficient mechanical strength, facile synthesis, easy to
handle, and good decontamination performance.

The freeze-crosslinking method is a valuable and extremely
simple approach for obtaining high-strength macroporous

This journal is © The Royal Society of Chemistry 2024
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hydrogels. High-strength hydrogels based on cellulose*'® and
poly(vinyl alcohol) (PVA)'' have been prepared using this
method, which involves simply adding a crosslinker solution
into frozen polymer sols such as cellulose or PVA and thawing
the resulting mixture. Normally, when water containing
solutes freezes, the solutes and bound water are not incorpor-
ated into the ice crystals and instead form freeze-concentrated
layers (FCLs) around them (Fig. S17)."> These FCLs have been
reported to remain fluid even at around 230 K.
Consequently, condensed reactive polymers in the FCLs can
react with crosslinkers even in the presence of ice, leading to
the formation of unusual ordered network structures.

Such reactions in FCLs may enable the creation of novel
functional hydrogel materials. However, there have been very
few reports of freeze crosslinking being applied to polymer-
metal composites. In this work, we aimed to develop a Zr-con-
taining cellulose-based composite hydrogel featuring high
strength and good fluoride adsorption performance using the
freeze-crosslinking approach.

Materials and methods
Materials

An aqueous carboxymethyl cellulose nanofiber (CMF) sol
(2 wt%, TF0-100002) prepared using a water jet system was pur-
chased from Sugino Machine Limited, Japan.'* Zirconium
chloride oxide octahydrate (ZrCl,0-8H,0), zirconium oxide
(Zr0,), hydrogen chloride (HCI) (1 mol L"), and fluoride ion
standard solution (sodium fluoride (NaF), 1004 mg L") were
purchased from Fujifilm Wako Pure Chemical Co. Ltd, Japan.

Preparation of hydrogel samples

The CMF-F-Zx hydrogels were prepared as follows. First,
ZrCl,0-8H,0 was dissolved in HCI solution (1 mol L™") at x =
0.1, 0.5, 1, or 3 wt% to obtain the desired HCI-Zx solutions
(where x denotes the ZrCl,0-8H,O content in wt%). Separately,
samples of the CMF sol (2 g, 2 wt%) were frozen in a freezer at
253 K for 12 h. The HCI-Zx solutions (2 mL) were then added
to the frozen CMF sols. The mixtures were allowed to thaw in a
refrigerator at 277 K for 24 h (Fig. 1). The resulting hydrogels
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Fig. 1 Schematic illustration of the preparation of CMF-F-Zx hydrogels.
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were repeatedly washed and then immersed in Milli-Q water
for 24 h. CMF-F was prepared by the same procedure but with
the omission of ZrCl,0-8H,O from the HCI solution. CMF-R-
Z3 was obtained by gently adding HCI-Zr3 solution (2 mL)
onto the CMF sol (2 g) and allowing the sample to stand at
room temperature for 24 h. CMF-mix-Z3 was prepared by
mixing ZrCl,0-8H,0O (60 mg) with the CMF sol (2 g). Water
contents (W) (%) was calculated using the following equation:

(0/0) = ( sgel — deel)/ngel % 100, where Wegel (g) and Wagel
(g) denote the weights of the swollen and dried hydrogels pre-
pared by heating at 373 K, respectively. The gelation ratio (Rg)
(%) was calculated using the following equation: Rye; = Wigei/
Wicmr % 100, where Wicymr (g) denotes the weight of CMF in
the initial sample and was calculated by multiplying the
weight of the initial CMF sol by 0.02 based on its concen-
tration of 2 wt%.

Characterization

The compressive strengths of the swollen samples were
measured on a texture analyser (TA.XTplus, Stable Micro
Systems Co. Ltd, UK). Thermogravimetric (TG), Brunauer-
Emmett-Teller (BET), scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), Fourier-transform
infrared (FT-IR) spectroscopy, and powder X-ray diffraction
(PXRD) measurements were performed using freeze-dried
hydrogel samples. TG tests were carried out using an analyzer
(TG-DTA, TG-8120, Rigaku Co., Japan). The specific surface
area was measured by using nitrogen at 77 K in a gas sorption
system (BELSORP MAXX, MicrotracBEL Corp.). SEM-energy-
dispersive X-ray (EDX) images were recorded on a
JSM-6010PLUS/LA (JEOL Ltd, Japan). XPS spectra were
measured on a spectrometer (Quantes, ULVAC-PHI, Inc.,
Japan) with Al-K, radiation (25 W, 15 kV). FT-IR spectra were
measured on a spectral reflectometer (FT/IR-6600, JASCO,
Japan) equipped with a diffuse reflection unit (DR-81, JASCO).
PXRD patterns were acquired on an X-ray diffractometer
(MiniFlex600, Rigaku Co. Ltd, Japan) with Cu-K, radiation.
Small-angle neutron scattering (SANS) experiments were per-
formed for swollen hydrogel samples using a SANS diffract-
ometer with sample-to-detector distance of 2 and 10 m,
SANS-J*® at the research reactor, JRR-3. The details of charac-
terization were described in the ESL ¥

Sorption tests

Adsorption measurements were performed using freeze-dried
samples and aqueous solutions of NaF at a concentration of
1-20 mmol L™". The sample (35 mg) was added to the aqueous
fluoride solution (7 mL) and the resulting mixture was stirred
without pH control for 0.25 to 24 hours. The supernatant was
removed and its fluoride concentration was determined by ion
chromatography on a Dionex ICS-2100 system (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a Dionex IonPac
AS11-HC column for elemental separation. KOH (10 mmol L")
was used as the eluent. The removal efficiency (Res) was calcu-
lated using the following equation: R = (C; — C,)/C; % 100,
where C; and C, (mg L") denote the initial fluoride concen-
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tration in the aqueous solution and the fluoride concentration
after reaction time ¢, respectively.

Results and discussion
Preparation of freeze-crosslinked CMF-F-Zx hydrogels

The CMF-F-Zx hydrogels were free standing and did not break
during compression under a load of 100 g (Fig. 2(a) and S27).
By contrast, mixing the CMF sol and an aqueous solution of
HCI-Z3 at room temperature afforded a free-standing but
fragile hydrogel (CMF-R-Z3), while mixing the CMF sol and
ZrCl,0-8H,0 powder gave a misshapen and fragile hydrogel
(CMF-mix-Z3) (Fig. 2(a)). The results demonstrated that freeze
crosslinking between CMF and HCI-Zr provided free-standing
hydrogels with satisfactory mechanical properties.
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Fig. 2 (a) Photographs of the CMF-F-Z3, CMF-R-Z3, and CMF-mix-Z3
samples (top: initial, bottom: after compression under a load of 100 g).
The scale bars represent 5 mm. (b) Regs (%) and W (%) values for CMF-F,
CMF-F-Zx (x = 0.1, 0.5, 1, or 3), and CMF-R-Z3. The bar graph and filled
circles represent Ry and W, respectively. (c) Photographs of CMF-F-Z3
during cyclic compression tests for three cycles. (d) Stress—strain curves
for CMF-F (brown), CMF-F-Z0.1 (pink), CMF-F-Z0.5 (blue), CMF-F-Z1
(green), CMF-F-Z3 (red). (e) Young's moduli of CMF-F and the CMF-F-Zx
hydrogels.
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Effects of Zr on properties of CMF-F-Zx hydrogels

The values of Ry (%) and W (%) of the CMF-F-Zx hydrogels (x
=0.1, 0.5, 1, or 3) are shown in Fig. 2(b). The Ry and W values
of CMF-R-Z3 and CMF-F are also shown for comparison. Rg|
was calculated using the weight of CMF in the initial sol
sample (2 wt%); thus, values above 100% mean that the
sample contained Zr. The R, values of the CMF-F-Zx hydro-
gels increased with increasing x from 98% for CMF-F to 147%
for CMF-F-Z3. The W values (ca. 97%) were similar irrespective
of x. These results indicate that all of the CMF-F-Zx hydrogels
had a high-water content and the Zr content increased with
increasing x.

The CMF-F-Zx hydrogels exhibited mechanical toughness,
and the mechanical strength increased with increasing Zr
content. CMF-F-Z3 displayed high compressive recoverability
during cyclic compression tests (Fig. 2(c)). The stress-strain
curves of CMF-F and the CMF-F-Zx samples are plotted in
Fig. 2(d). The stress-strain curve of CMF-F-Z0.1 was similar to
that of CMF-F, but the curve shape changed with x. Both
CMF-F-Z1 and CMF-F-Z3 exhibited a yielding point at a strain
of approximately 0.3, indicating characteristic plastic defor-
mation behaviour.'® Similar behaviour has been observed in
most tough hydrogels composed of polymers and metals.'®
The Young’s modulus increased with increasing x from 4.5
kPa for CMF-F to 27.2 kPa for CMF-F-Z3 (Fig. 2(e)). Thus, com-
plexation between CMF and Zr during freeze crosslinking sig-
nificantly enhanced the mechanical properties of the CMF-F-
Zx hydrogels.

Effects of Zr on structures of CMF-F-Zx hydrogels

SEM images of CMF-F-Z3 revealed a porous structure with a
pore diameter of 133 + 37 pm and a sheet structure around the
pores (Fig. 3(a)), similar to the results observed for CMF-F
(Fig. S31)."” A mottled structure was also apparent on the
surface of the sheet structure. Similar structures were pre-
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Fig. 3 (a) SEM images of the freeze-dried CMF-F-Z3 (upper) and the
corresponding magnified image (bottom). (b) IR spectra of freeze-dried
CMF-F and CMF-F-Zx.
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viously observed in cellulose-Zr complex materials.”'® EDX
analysis indicated that CMF-F-Z3 was composed of C (43%), O
(33%), Zr (17%), and Cl (7%), and the Zr:Cl ratio of the
CMF-F-Zx hydrogels increased with increasing x (Fig. S37). Zr
was observed throughout the entire structure (Fig. S31). The
specific surface area of CMF-F-Z3 was estimated to be 3.33 m?
g~' by BET method, which was larger than that of CMF-F
(2.21 m?> g7"). Those results indicate that the freeze-cross-
linking approach resulted in the introduction of Zr into the
CMF hydrogel.

Fig. 3(b) shows the FT-IR spectra of freeze-dried CMF-F and
the CMF-F-Zx hydrogels (x = 0.1, 0.5, 1, or 3) in the
500-4000 cm ™" range. All of the spectra exhibited several charac-
teristic peaks originating from CMEF, including those corres-
ponding to skeletal vibrations (1016 cm™'), C=O stretching
(1645 and 1731 ecm™"), C-H stretching (2892 cm™), and O-H
stretching (3050-3600 cm™'), as shown in the spectrum of
CMF-E." In the CMF-F-Zx spectra, the C=O stretching modes
shifted to lower wavenumber with increasing x (e.g., from 1645
and 1731 em™* for x = 0.1 to 1571 and 1720 cm™ for x = 3),
which was ascribed to the interaction between Zr and COOH
moieties. Similar peak shifts have been observed in other cell-
ulose-Zr complex materials.>*'® In addition, the O-H band
became broader with increasing x. Broader O-H bands can result
from hydrogen bonds in various conditions.'® This suggests that
Zr also interacted with O-H in the CMF-F-Zx hydrogels.

Fig. 4(a) presents the SANS patterns of CMF-F, CMF-F-Z3,
CMF-R-Z3, and CMF-mix-Z3 under wet conditions in the scat-
tering vector (Q) range from 0.03 to 3 nm™. In the case of
CMF-F, a clear hump was observed at Q = 0.2 nm™", indicating
that the hydrogel had a specific structure on the scale of tens
of nanometres. The d spacing was estimated as 31 nm. Similar
humps have been observed for freeze-crosslinked cellulose
nanofiber hydrogels,” as well as for water-dispersed cellulose
microfibrils at high concentrations.*® These may be attribu-
table to the self-ordering of cellulose molecules. A similar
hump was also observed for CMF-F-Z3, but its intensity was
lower than that for CMF-F. These findings suggest that the
degree of cellulose ordering decreased upon permeation of the
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Fig. 4 (a) SANS patterns of CMF-F (green), CMF-F-Z3 (yellow), CMF-R-

Z3 (purple), and CMF-mix-Z3 (pink), respectively. (b) XPS spectra of Zr

3d in CMF-F-Z3 (red), ZrCl,0-8H,0 (purple), ZrO, (green). The red,

purple, and green dashed lines represent the peak positions of CMF-F-

Z3, ZrCl,0-8H,0, and ZrO,, respectively.
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Zr from the FCLs into the CMF structure to form a more
complex structure. A significant decrease in the intensities of
the Bragg diffraction peaks from cellulose was also observed in
the PXRD pattern of CMF-F-Z3 (Fig. S41). In the SANS pattern
of CMF-R-Z3, a slight hump was observed at around Q =
0.15 nm™', which may be attributable to the crosslinking of
CMF under the acidic conditions. The SANS pattern of CMF-
mix-Z3 exhibited no discernible hump in the examined Q
range, indicating that the simple mixing of CMF and Zr
afforded an inhomogeneous CMF-Zr complex. These results
show that CMF-F-Z3 had a similar structure to CMF-F, albeit
with a lower degree of cellulose ordering. This complex struc-
ture of CMF and Zr likely accounted for the high mechanical
strength.

The full scale of XPS curve of CMF-F-Z3, ZrO,, and
ZrCl,0-8H,0 were measured (Fig. S5f). In the spectrum of
CMF-F-Z3, some peaks corresponding to Zr 3s at ~434 eV, Zr
3p at ~348 eV and 334 eV, and Zr 3d at ~184 eV were shown.
The XPS Zr 3d spectrum for CMF-F-Z3 have two peaks at
183.23 eV and 185.53 eV, corresponding to the Zr 3ds,, and Zr
3ds/,.22"* The peak positions were ~0.2 eV lower than those
of ZrCl,0-8H,0 (183.4 eV and 185.8 eV) and ~0.5 eV higher
than ZrO, (182.7 eV and 185 eV). The shape of the Zr 3d spec-
trum was similar to that of ZrCl,0-8H,O (Fig. 4(b)). This
suggests Zr in CMF-F-Z3 exists as Zr(1v) and bonds to O and CL.

Fluoride adsorptivity of CMF-F-Zx hydrogels

The fluoride adsorption performance of the CMF-F-Zx hydrogels
was investigated by conducting sorption tests using fluoride
solution at approximately pH 7. Fig. 5(a) shows the R of the
samples. CMF-F did not adsorb fluoride ions. By contrast, the
Regr values of the CMF-F-Zx hydrogels increased with increasing
x from 0% for CMF-F-Z0.1 to 81% for CMF-F-Z3. Thus, CMF-F-
73 exhibited the highest adsorptivity for fluoride ions. In
addition, CMF-F-Z3 did not break when the liquid is pushed out
after adsorbing fluoride ions (Fig. 5(b)), enabling convenient
removal and volume reduction of the spent adsorbent.

After the adsorption test, we confirmed the fluoride ion
concentrations of the remaining solution and the solution
squeezed out from the CMF-F-Z3 hydrogel were same. This
indicates that the fluorine solution efficiently penetrated
inside the CMF-F-Z3 hydrogel, and Zr was immobilized and
adsorbed on the skeleton structure. Fluorine ions are thought
to be immobilized through electrostatic interaction and ion
exchange.”?

The effect of contact time on the adsorption performance
of the CMF-F-Z3 was examined by measuring the equilibrium
adsorption capacity (Q.) with reaction time. The adsorption
reaction of CMF-F-Z3 for fluoride ions reached equilibrium
after 4 hours. The adsorption behavior is similar to that of
other porous adsorbents.”* Based on the result, we measured
the maximum adsorption capacity (Qmax) by measuring con-
centrations of fluoride ions after reaction time for 24 hours.
The adsorption isotherm of CMF-F-Z3 was fitted using the
Langmuir isotherm model with the fitting parameters listed in
Table S1t as shown in Fig. 5(d).>® According to the Langmuir
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Fig. 5 (a) Regs values for CMF-F and CMF-F-Zx (x = 0.1, 0.5, 1, or 3) in an
aqueous solution of NaF (1 mmol L™). (b) Photographs of CMF-F-Z3
during (left) and after (right) immersion in aqueous solution. (c) Q.
values of CMF-F-Z3 in an aqueous solution of NaF (10 mmol L™ with
reaction time. (d) Fluoride adsorption isotherm analysis for CMF-F-Z3.
The dashed line represents the fitting curve obtained using the
Langmuir model.

isotherm model, the Q. Was estimated to be 24.1 mg g~ *. TG
tests showed that the freeze-dried CMF-F-Z3 contained
approximately 14.5% water (Fig. S61). Thus, the value of Qpax
was calculated considering the amount of water in the sample.
The value of Qp,ax is similar to that of most previously devel-
oped fluoride adsorbents.”® The Qu. value of ZrO, was also
examined for comparison. The Qp,,x of ZrCl,0-8H,0 could not
be examined because it was dissolved in the reaction solution.
The Qmay value of ZrO, (Qmax = 1.5 mg g~ ') was much lower
than that of CMF-F-Z3.

The recovery of adsorbed metal and reusability of adsor-
bents are important parameters for building sustainable
systems. The fluoride ions desorption reaction of CMF-F-Z3
was examined.”” Fluoride adsorbed CMF-F-Z3 was prepared by
stirring CMF-F-Z3 in a fluoride solution (10 mmol L™") for
24 hours. Then, the sample was emersed in an aqueous solu-
tion of ammonium hydroxide (NH,OH) (5.6 mol L™") or HCl
(0.1 mol L™ for 24 hours. 95% and 75% of the adsorbed flu-
oride ions were released from CMF-F-Z3 after the reaction,
respectively. The reused CMF-F-Z3 adsorbed only approxi-
mately 20% of fluoride ions. Further research is needed on the
reusability of the adsorbent.

These results demonstrate that CMF-F-Zx has the advan-
tages of facile preparation, sufficient strength for convenient
handling, and has a high potential to become a good fluoride
adsorbent. It may also be possible to further improve the
adsorption performance by tuning the network structure and
Zr content.
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Conclusions

CMF-F-Zx hydrogels with sufficient mechanical strength were
prepared by using freeze cross-linking reactions between CMF
and Zr in FCLs. The developed CMF-F-Zx exhibited sufficient
adsorptivity for fluoride. This study demonstrated that the
freeze cross-linking method allows for facile and low-cost
preparation of Zr-hydrogel composites that have a high poten-
tial as fluoride adsorbents.
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