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Nanocellulose, which can be derived from any cellulosic biomass, has emerged as an appealing nanoscale

scaffold to develop inorganic–organic nanocomposites for a wide range of applications. In this study,

titanium dioxide (TiO2) nanocrystals were synthesized in the cellulose nanocrystal (CNC) scaffold using

a simple approach, i.e., hydrolysis of a titanium oxysulfate precursor in a CNC suspension at low

temperature. The resulting TiO2 nanoparticles exhibited a narrow size range between 3 and 5 nm,

uniformly distributed on and strongly adhered to the CNC surface. The structure of the resulting

nanocomposite was evaluated by transmission electron microscopy (TEM) and X-ray diffraction (XRD)

methods. The growth mechanism of TiO2 nanocrystals in the CNC scaffold was also investigated by

solution small-angle X-ray scattering (SAXS), where the results suggested the mineralization process

could be described by the Lifshitz–Slyozov–Wagner theory for Ostwald ripening. The demonstrated

TiO2/CNC nanocomposite system exhibited excellent performance in dye degradation and antibacterial

activity, suitable for a wide range of environmental remediation applications.
Introduction

Recently, nanocellulose has attracted a great deal of research
interest as it represents a class of low-cost and renewable
nanomaterials that can be derived from any cellulose-
containing plant (cellulose is the most abundant biopolymer
on earth). Nanocellulose is intrinsically nontoxic, biocompat-
ible and sustainable. The different extraction methods,
involving varying chemical and mechanical treatments, can
result in different nanocellulose morphology, such as a rod-like
shape with larger cross-sectional dimensions and shorter
length, and a ribbon-like shape with smaller cross-sectional
dimensions and longer length.1–3 In this study, we selected
the rod-like nanocellulose, i.e., cellulose nanocrystals (CNCs),
as the scaffolding material. CNCs generally have an average
cross-sectional dimension about 10 nm and a length between 50
and 1000 nm, high aspect ratio and high surface-area-to-volume
ratio.4,5 They are produced by sulfuric acid hydrolysis of cellu-
lose, which introduces sulfate groups on the cellulose surface
and thus stabilizes the CNC dispersion at high concentration.6

As most amorphous regions are dissolved under the strong
acidic conditions, CNCs are mainly composed of crystalline
segments so they possess excellent mechanical strength and
ersity, Stony Brook, NY 11794-3400, USA.

l: +1-631-632-7793

and Engineering, Institute of Process

eijing 100190, China

f Chemistry 2019
chemical stability. As a result, CNCs have been utilized as
reinforcing agents for fabrication of polymer nano-
composites.7–9 In general, nanocellulose can be functionalized
by a wide range of surface modication schemes, which convert
the hydroxyl groups into different functional groups, such as
sulfate or carboxyl groups. The resulting nanocellulose can be
used as aerogel, adsorbent and sensor scaffolds10–21 in many
advanced applications including energy, biomedical, water
remediation, catalysis and 3-D printing.22–24

Nanoscale titanium dioxide (TiO2) has also drawn intense
research interests in the past decade since it is an efficient
photocatalyst. Aside from the photocatalytic activity, TiO2

nanomaterials have the advantages of being nontoxic, envi-
ronmentally friendly and abundant in nature. As a result, they
have been widely used in applications such as functional
coating, photovoltaics, energy storage and water purica-
tion.25–31 In specic, TiO2 nanomaterials are very suitable for
sterilization and can degrade a wide range of organic pollutants,
including dyes, pesticides and phenolic compounds.32–35

However, despite these qualities, there are also problems
associated with the usage of TiO2 nanomaterials, especially
nanoparticles in treating water. One problem is the agglomer-
ation of nanoparticles under the complexed physical and
chemical conditions in wastewater.36–38 The formation of
aggregates can greatly decrease the total surface area and the
catalytic efficiency. Another problem is the possibility of
creating secondary contamination due to the release of nano-
particles into the environment.39–41 The removal of released
RSC Adv., 2019, 9, 40565–40576 | 40565
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nanoparticles oen requires the use of energy intensive ltra-
tion methods such as ultraltration membranes.42,43 One
approach that can simultaneously resolve the above problems is
by creating dispersed TiO2 nanoparticles that are securely
anchored in a porous scaffold, where high catalytic activity can
be maintained and secondary contamination can also be
minimized. This motivation inspired us to develop a simple
method to prepare a nanocomposite system containing TiO2

nanoparticles and porous nanocellulose scaffold.24,44–47

It is well known that the colloidal behavior of CNC in
suspension can self-assemble into the nematic phase above
a critical concentration.48 As a result, CNC can be used to
produce birefringent lms or as a template to create inorganic
iridescent mesoporous silica, carbon or titania lms.49–53 It has
been shown that the hydroxyl groups on the cellulose surface
are responsible for the nucleation of TiO2 crystals.54 Our recent
study indicated that the negative charged groups, such as
sulfate groups, on the CNC surface, could limit the TiO2 crystal
growth by lowering the surface energy, and thus control the
crystal dimension in the nanoscale.55 Therefore, CNC can work
as an ideal scaffold to prepare nanocomposite with non-
aggregated and TiO2 nanoparticles. In this study, a simple
approach involving the hydrolysis of titanium oxysulfate
precursor in a CNC suspension at low temperature was used to
synthesize the TiO2/CNC nanocomposites. The growth of TiO2

nanocrystals was monitored by the solution small-angle X-ray
scattering (SAXS) technique, where the results showed that
the crystal growth mechanism could be described by the Lif-
shitz–Slyozov–Wagner theory for Ostwald ripening. Further-
more, the average size of the TiO2 nanocrystals was conrmed
by transmission electron microscopy (TEM) and found to be
below 5 nm, indicating the uniform dispersion of TiO2 nano-
particles in the CNC scaffold. The photocatalysis performance
of the TiO2/CNC nanocomposite was evaluated by dye degra-
dation and antibacterial activity tests under UV irradiation, and
the system demonstrated excellent potential for environmental
remediation applications.
Experimental
Materials

Titanium oxysulfate (TiOSO4, 15 wt% aqueous solution) was
purchased from Sigma Aldrich. Cellulose nanocrystals (CNCs)
slurry (11 wt%) was purchased from University of Maine.
Methylene blue was obtained from Alfa Aesar. All materials were
used without further purication.
Synthesis of TiO2/CNC nanocomposites

The chosen synthetic scheme was as follows. A CNC suspension
(25 mL, 0.2 wt%) was rst heated to 70 �C, and TiOSO4 solution
(200 mL, 15 wt%) was subsequently added dropwise. The
mixture was kept stirring for 3 h until white solid was formed.
The product was collected aer centrifugation and washed by
deionized (DI) water for 3 times. A small part of the products
was resuspended in water for TEM and solution SAXS charac-
terization, and the rest was freeze-dried for further
40566 | RSC Adv., 2019, 9, 40565–40576
characterization and application tests. Aliquots at 1 min, 3 min,
5 min, and 10 min were taken for solution SAXS experiments.
The schematic diagram of the TiO2/CNC nanocomposite
synthesis is shown in Fig. 1.
Thermogravimetric analysis (TGA)

TGA was performed by a Q50 thermogravimetric analyzer (TA
Instruments, New Castle, DE). In this test, CNC and TiO2/CNC
samples were loaded on the platinum pan and then heated up
from 25 �C to 800 �C at a heating rate of 10 �C min�1 under the
dry N2 environment. The weight loss (%) of the samples was
recorded as a function of temperature.
X-ray diffraction (XRD)

XRD was performed using a Rikagu Ultima III X-ray diffrac-
tometer with Cu Ka radiation. In this measurement, the sample
was spread on an amorphous glass slide and placed in the
diffractometer. The diffraction data from 5� to 50� (2q) was
collected at a step increment of 0.05� using a scanning rate of 2�

per minute. The Scherrer equation (eqn (1)) was used to esti-
mate the crystallite size of the TiO2 nanocrystals with the
following expression:

L ¼ Kl

Bð2qÞcosðqÞ (1)

where L stands for the crystallite size, K is the shape factor (the
value 0.94 was used), l is the X-ray wavelength (1.54�A for Cu Ka),
2q is the diffraction angle, and B(2q) is the full width at half
maximum of the peak at 2q (in radians).
Electron microscopy

Scanning electronmicroscopy (SEM) experiment was performed
by a Crossbeam 340 instrument (Carl Zeiss Microscopy,
Thornwood, NY) equipped with the energy dispersive spec-
troscopy (EDS, X-Max 50, Oxford Instruments, Concord, MA)
capability. In this measurement, the TiO2/CNC powder sample
was loaded onto the sample holder using a piece of carbon tape.
SEM images were obtained using the SE detector at 3 kV of EHT
(extra high tension), where elemental mappings were collected
at 20 kV of EHT. Transmission electron microscopy (TEM)
experiment was carried out by a JEOL 1400 instrument. In the
typical TEM sample preparation, 2 mL of TiO2/CNC suspension
at 0.01 wt% was deposited on a 300-mesh copper grid with
carbon lm coating. For the cryo TEM measurement (using
a FEI Vitrobot instrument), a 0.1 wt% TiO2/CNC suspension was
loaded onto a 300-mesh copper grid with lacey carbon. The TEM
images were acquired using a Gatan 626 single tilt liquid
nitrogen cryo-transfer holder.
Solution small-angle X-ray scattering (SAXS)

Solution SAXS measurements of CNC and TiO2/CNC suspen-
sions (0.2 wt%) collected at different reaction times during
synthesis were carried out at the LiX beamline in National
Synchrotron Light Source II (NSLS-II), Brookhaven National
Laboratory (BNL). The chosen X-ray wavelength was 1.14�A and
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The schematic diagram of the TiO2/CNC nanocomposite synthesis. After reaction, nanosized TiO2 particles were grown on the surface of
CNC.
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a PILATUS R 1M detector was used to collect the SAXS data (the
sample-to-detector was 3.62 m). In addition, two PILATUS R
300K detectors were placed at 0.308 m and 1.20 m, respectively,
to collect the wide-angle X-ray diffraction (WAXD) data. A liquid
sample holder containing a 1 mm slit opening with the mica
window was used to hold the suspension sample. In the X-ray
measurement, 40 mL of suspension was used, where the
sample was continuously driven back and forth through the
capillary by a syringe pump to minimize the radiation damage
during data collection. The SAXS scattering angle was calibrated
by using a silver behenate standard. In each scattering
measurement, ve 3 s scans were taken, and any outlier was
removed before these proles were averaged. The raw experi-
mental data was treated by the Python-based soware devel-
oped at the LiX beamline. In this treatment, dead pixels and
beam-stop were masked and raw 2D images were converted
into 1D scattering proles. Subsequently, SAXS and WAXD data
from 3 detectors were merged into one scattering prole, where
the background was subsequently subtracted. The Lorentz-
corrected plot was obtained by plotting the Iq2 vs. q prole
(where I and q stand for the scattered intensity and the scat-
tering vector, respectively). The peak positions found in this
plot were converted into distances in real space according to
Bragg's Law as shown in eqn (2):

dBragg ¼ 2p

qPeak
(2)

where dBragg stands for the Bragg distance, and qPeak is the peak
position in the Lorentz-corrected plot.
The growth kinetics analysis TiO2 nanoparticles

The Lishitz–Slyozov–Wagner (LSW) theory was used to
describe the growth kinetics of TiO2 nanoparticles in the TiO2/
CNC nanocomposite system.56 The LSW theory assumes that as
This journal is © The Royal Society of Chemistry 2019
the diffusion length is much greater than the particle radius,
the growth of the nanoparticles can be controlled by the diffu-
sion rate according to the rate law as demonstrated in eqn (3):

d3

8
� d0

3

8
¼ Kt (3)

where d is the diameter of the nanoparticles, d0 is the initial
diameter of the nanoparticles, and K is a constant given as
follows (eqn (4)):

K ¼ 8gDVm
2CN

9RT
(4)

In the above equation, g is the interfacial energy, D is the
diffusion constant, Vm is the molar volume of the solid phase,
CN is the equilibrium concentration at a at surface, R is the gas
constant and T is the temperature.
UV-visible spectroscopy

The UV-Vis spectroscopy of the TiO2/CNC suspension was
collected by the ThermoFisher Genesys™ 10S UV-Vis Spectro-
photometer. In this test, 1 mL of the suspension sample was
added to a cuvette and the absorbance was measured with over
the 300–800 nm range or at a single point.
Photodegradation of organic dye test

Methylene blue (MB) was chosen as a model dye to evaluate the
photoactivity of TiO2/CNC nanocomposites. In the photo-
degradation test, 10 mL of 0.1 wt% TiO2/CNC suspension was
added to 5 mL of 20 mg L�1 MB solution. The mixture was
subsequently placed into an Electro-Lite corporation ELC-500
UV curing chamber and irradiated for 3 h. Aer centrifuga-
tion, the precipitate was collected and added to 15 mL of
6.67 mg L�1 MB solution for the next cycle evaluation, where the
RSC Adv., 2019, 9, 40565–40576 | 40567
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absorbance at 665 nm (absorbance peak of MB) of the super-
natant was measured to determine the end concentration of
MB. The percentage of MB degraded was calculated using the
following expression (eqn (5)):

MB degradation efficiency ð%Þ ¼
�
1� ½MB�end

½MB�initial

�
� 100%

(5)

where [MB]initial ¼ 6.67 mg L�1 for all the tests.

Bacterial inactivation test

E. coli K12-strain cultured in the lysogeny broth (LB) media was
used to test the antibacterial activity of TiO2/CNC nano-
composites. In a typical test, the suspensions contained 5 � 103

to 104 CFUmL�1 of bacteria and 0.1 wt% of the testingmaterials
(i.e., CNC, TiO2/CNC suspension, and TiO2/CNC powder) were
rst placed in an Electro-Lite Corporation ELC-500 UV curing
chamber and irradiated for 30 min. Aerward, 0.1 mL of the
aliquot was taken and spread on an LB plate, where the plate
was placed into an incubator at 37 �C for 24 h. The nal
concentration of bacteria was determined by counting the
number of colonies.

Release evaluation of TiO2 nanoparticles

In this test, two samples: 1.0 mg of TiO2/CNC and 1.0 mg of TiO2

nanoparticles were wrapped separately in a piece of Kimwipe
paper, and they were immersed in a 1 ppm Ti solution for 24 h.
The pH level of all the samples was adjusted to 3, 7 and 11 by
HCl and NaOH, if necessary. The nal Ti concentration of the
suspension was determined by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) method.

Results and discussion
Synthesis and characterization of TiO2/CNC nanocomposites

Titanium oxysulfate is a widely used precursor that can
decompose into TiO2 crystals aer thermal treatment. In this
work, it was chosen for two reasons: (1) nanoscale TiO2 crystals
can be prepared in a mild condition (3 hours at 70 �C); (2) the
precursor can react in the acidic aqueous environment, which is
compatible with the nanocellulose suspension. Prior to the
nanocomposite system, the CNC scaffold was investigated by
TEM (Fig. 2A), where CNC particles were found to be short rod-
like having an average length of about 100 nm. The dispersed
CNCs in water were used as a scaffold to host TiO2 nanocrystals.
The structure of the TiO2/CNC nanocomposite was evaluated by
the cryo-TEM measurement. In this measurement, the
suspension was rapidly frozen to maintain the dispersed state
of the nanocomposite. A typical cryo-TEM image of TiO2/CNC is
illustrated in Fig. 2B, which conrmed the successful develop-
ment of TiO2 nanocrystals (shown as black dots) in the CNC
scaffold.

The presence of TiO2 nanocrystals was also conrmed by the
X-ray diffraction study. The XRD patterns of CNC (the starting
material) and TiO2/CNC are illustrated in Fig. 2C, where their
major diffractions were also labeled and indexed. It was found
40568 | RSC Adv., 2019, 9, 40565–40576
that the TiO2/CNC prole exhibited the characteristic peaks of
CNC, as well as new peaks from TiO2 crystals. In specic, the
newly emerged peaks at 25.1�, 38.2�, 47.5� could be assigned to
the anatase phase of TiO2.57

The TiO2 content was determined by the thermogravimetric
analysis. The TGA results of CNC and TiO2/CNC are shown in
Fig. 2D. In this measurement, the samples were heated from
25 �C to 800 �C under the N2 environment. In TGA proles, both
materials exhibited a continuous weight loss in the temperature
range of 200 �C to 650 �C due to the thermal degradation of the
organic component.58,59 It was found that at 650 �C, the residual
weight of TiO2/CNC was about 21.3% higher than that of CNC,
which was very close to the theoretical value of TiO2 (23.1%)
based on the amount of CNC used. In other words, the
conversion efficiency from the TiOSO4 precursor to TiO2 nano-
crystals was very high, so the demonstrated method is quite
atom economic. This further suggests that the TiO2 content can
be easily controlled by changing the ratio between CNCs and
TiOSO4 precursors during the synthesis.
Structure characterization of TiO2/CNC nanocomposites

The structure of the TiO2/CNC nanocomposite was character-
ized the cryo-TEM technique. As seen in Fig. 2B, the black spots
represented TiO2 particles as a result of the higher electron
density for Ti atoms, where the rod-like CNC scaffold (particles
are shown as grey rods) was also identiable. It was seen that
the TiO2 particles were nanoscale and uniformly distributed
over the CNC surface. It has been previously demonstrated that
the hydroxyl groups on the cellulose surface are responsible for
the nucleation of TiO2 crystals.54 However, CNC also contains
sulfuric groups on the surface. In a recent study, we demon-
strated that the presence of negatively charged sulfuric groups
can electrostatically interact with positively charged TiO2

surface, thus resulting in the decrease of surface energy and
suppressing the aggregation of TiO2 nanocrystals.60 The size of
TiO2 nanocrystals was found to be about 1/3 of the width of CNC
particle, and was in the range of 3–4 nm as seen in Fig. 2B. As
a comparison, the average crystal size of TiO2 nanoparticles was
also estimated from the XRD spectra using the Scherrer's
equation. In this analysis, the crystal size was estimated to be
4.1 nm by plugging in the full width at half maximum of the
strongest diffraction peak at 25.29� (the 101 plane of the anatase
TiO2 phase).61 The XRD result was thus consistent with the TEM
conrmation, conrming the TiO2 nanoparticles had the size
below 5 nm.

Morphology of freeze-dried TiO2/CNC nanocomposite
samples was evaluated by SEM, where the typical results are
shown in Fig. 3. It was found that the drying process induced
aggregation of nanocellulose and the formation of micrometer-
size structure (Fig. 3A). The EDS mapping (Fig. 3B) detected the
presence of C, O, S (from the sulfuric groups on CNC) and Ti
(from TiO2) elements. The results clearly showed a homoge-
neous distribution of Ti on the CNC surface, which was also
consistent with the distribution of the sulfuric groups as dis-
cussed earlier. Detailed morphology of TiO2/CNC nano-
composite could be observed in a view of higher magnication
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Characterization on CNC and TiO2/CNC nanocomposite. (A) TEM image of CNC; (B) an inset of cryo-TEM image of TiO2/CNC; (C) XRD
spectra of CNC and TiO2/CNC; (D) TGA profile of CNC and TiO2/CNC.
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(Fig. 3C). Due to the strong capillary force interactions between
CNC particles during freeze-drying, the CNC aggregation would
take place forming the sheet-like texture commonly seen in the
literature.62,63 It was seen that the nanocomposite sample con-
tained a rough surface with small granular texture, where the
average granule size is about a few nanometers. These granules
were probably indicative of the TiO2 nanoparticles on the CNC
surface. From SEM observation, there was no indication of the
TiO2 aggregation in freeze-dried TiO2/CNC nanocomposites.
The presence was uniformly distributed TiO2 nanoparticles in
the CNC scaffold is clearly benecial for photocatalytic activity.

To estimate the TiO2 growth kinetics in the CNC scaffold, we
have evaluated TiO2/CNC nanocomposite samples using the
aliquots prepared at varying reaction times: 0.5 h, 1 h, 2 h, 3 h
using the regular high-resolution TEM method (cryo-TEM was
not carried out due to the difficulty in sample preparation). The
results are shown in Fig. 4, where the black dots are recognized
as TiO2 nanoparticles and the grey substrates are from the CNC
This journal is © The Royal Society of Chemistry 2019
scaffold. In this gure, CNC particles were found to be in
tangled bundles rather than individual rods as seen in cryo-
TEM images (Fig. 2B), which was a result form the drying step
during the TEM sample preparation. It was difficult to obtain
quantied information of the TiO2 crystal size from these
images as the particle appeared to be in irregular shape and
some stacked on top of each other. Although, there was no
notable increase in crystal size, a general trend that the TiO2

density was increasing could still be observed. Therefore, it was
thought that the formation of the TiO2 crystal is a relatively
faster process (<30 min) and a higher time-resolution technique
is required to discern the crystal growth.
Growth evaluation of TiO2 nanocrystal in the CNC scaffold

Although electron microscopy is an excellent technique to
investigate the structure of TiO2/CNC nanocomposites, it is not
suitable to characterize the TiO2 crystal growth within the CNC
RSC Adv., 2019, 9, 40565–40576 | 40569
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Fig. 3 SEM images of TiO2/CNC composites: (A) the sample scanned at low magnification; (B) the corresponding EDS maps tracing the C, O, Ti
and S elements; (C) the sample scanned at high magnification; (D) the EDS spectra of the sample.
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scaffold in this study for two reasons: (1) resolving the smaller
structure of nanoparticle during growth requires higher voltage
electron beam, which may damage the organic part (i.e., CNC)
of the nanocomposite; (2) due to the limited observation area, it
may be difficult to extract statistically signicant data from the
TEM results. To resolve this issue, the complementary X-ray
scattering technique64 was used to extract the structure infor-
mation of nanocomposite in suspension. For this purpose,
aliquots of reaction mixture were taken at 1, 3, 5, and 10 min,
respectively, and measured by solution SAXS. The correspond-
ing scattering proles of CNC and TiO2/CNC suspensions
(0.2 wt%) are illustrated in Fig. 5A. From these proles, it was
found that a distinct scattering peak emerged in the mid-q
region of the scattering prole, which could be attributed to the
formation of TiO2 crystals. To better locate the peak location,
Lorentz correction (i.e. Iq2 vs. q plot) was carried out, and the
results are shown in Fig. 5B. It was found that as the reaction
time increased from 1 min to 10 min, the scattering peak (from
TiO2 nanoparticle formation) was shied from 0.25�A�1 to 0.20
�A�1. According to the Bragg's Law, the real-space dimension
corresponding to these peaks were 2.5 nm, 2.7 nm, 2.9 nm, and
3.2 nm, respectively. These lengths were consistent with the
40570 | RSC Adv., 2019, 9, 40565–40576
average TiO2 crystal dimension (around 4 nm) of fully developed
nanoparticles, as examined by TEM and XRD in this work.
Therefore, we argue that the shi of the scattering peak is
indicative of the growth of TiO2 nanocrystals. It was found that
the peak shi within the rst 10 min was relatively fast, whereas
the shi became much slower with the increase time. This is
consistent with the hypothesis that the presence of sulfuric
groups becomes the major factor limiting the size of TiO2

nanocrystals. With increasing time, more TiO2 crystals were
developed because of the increase in nucleating density,
however, the size of the nanocrystal was regulated by the
content and distribution of the sulfuric groups in the CNC
scaffold. The relatively broad peak in the Lorentz corrected plot
(Fig. 5B) is also consistent with the fact that the scattering
prole was the sum of scattered intensities from all particles
with different dimensions in the scattering volume, but the
breadth of the scattering peak for different intensity prole
seemed to be the same.

The TiO2 crystal growth results were analyzed by the Lifshitz–
Slyozov–Wagner (LSW) theory, which is a mathematical
approach to describe the particle coarsening.65 In this approach,
the growth of the nanoparticle is assumed to be driven by the
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 TEM images of TiO2/CNC nanocomposite prepared at varying
reaction time: (A) 0.5 h, (B) 1 h, (C) 2 h, (D) 3 h.

Fig. 6 The cubic of the average TiO2 particle size versus time and the
LSW fit line (blue line). The high R-square value indicates the growth of
TiO2 nanoparticles followed the predication of LSW model.
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equilibrium concentration of the specie at the solid/liquid
interface. The small particles are less stable and readily
soluble, and the nucleation sites have lower surface energy
where the particle species tend to deposit. Therefore, there is
a concentration gradient that leads to the transport of particle
species. As shown in Fig. 6, the result of the cubic of the TiO2

crystal size over reaction time could be tted by the LSW model
with a very high R-square value. The resulting experimental rate
constant was further compared with the theoretical value to
check the validity of employing the LSWmodel. To this end, the
diffusion coefficient D of the solvated particles can be expressed
by the Stokes–Einstein equation (eqn (6)):
Fig. 5 (A) Solution SAXS profiles of CNC and TiO2/CNC nanocomposit
profiles were vertically shifted for better visibility). (B) The Lorentz-corr
suspensions from different reaction times (the profiles were vertically shi
to estimate the crystal size.

This journal is © The Royal Society of Chemistry 2019
D ¼ RT

6pNaha
(6)

where Na is the Avogadro's constant, h is the viscosity of water,
and a is the hydrodynamic radius of the solvated species.
Therefore, the expression of the constant K can be expressed as:

K ¼ 8gVm
2CN

54pNaha
(7)

It is known that the surface energy of TiO2 is weakly
dependent on temperature, whereas for anatase, its surface
energy should be in the range of 1.3–1.8 J m�2.66,67 Let us
assume the molar volume of anatase is 21.1 cm3 mol�1 (the
molar mass of TiO2 (79.866 g mol�1) divided by the density of
anatase (3.78 g cm�3)); the solubility of TiO2 in the
es suspensions (0.2 wt%) prepared from different reaction times (the
ected plots of SAXS profiles of CNC and TiO2/CNC nanocomposites
fted for better visibility). The peak position was analyzed by Bragg's Law

RSC Adv., 2019, 9, 40565–40576 | 40571
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experimental condition is about 4 � 10�12 to � 10�13 mol L�1

and a is around 0.5 nm;68,69 the Avogadro's constant is
6.02 � 1023 mol�1; the viscosity of water at 70 �C is 0.4045
mPa s.70 With these parameters, the theoretical constant K can
be calculated which is in the range of 8.97 � 10�4 to 1.24 �
10�2 nm3 s�1. The measured experimental K value of 3.96
�10�3 nm3 s�1 (the slope 1.90 nm3 min�1 was 8 times of the
constant K, so K ¼ slope/8 ¼ 0.238 nm3 min�1 ¼ 3.96
�10�3 nm3 s�1) was within this range.

The results from the LSW t indicated that the growth of the
TiO2 nanoparticles in the TiO2/CNC composites followed the
diffusion-controlled mechanism.68,71 We argue that the CNC
surface having abundant hydroxyl groups provides the nucleating
sites for the nanoparticle growth. The absence of isolated TiO2

nanoparticles indicated that the CNC surface was a very effective
nucleating scaffold. The negative charged sulfuric groups on the
CNC surface can lower the surface energy by interacting with the
positive Ti(OH)3

+ species (under slightly acidic conditions), thus
limiting the growth of the nanoparticle by creating a minimum
surface energy. Notably, this process is relatively fast where the
solution SAXS technique has been shown as an effective tool to
extract the information about the crystal size during TiO2

formation and provide new insights into the growth mechanism.
In the similar nanocomposite systems, the demonstrated SAXS

approach provides a facile way to study the nanoparticle growth
mechanism on the so matter template. Currently, under-
standing and controlling the growth of nanoparticles in such
systems has raised great research interest, and many advanced
techniques including in situ microscopy, spectroscopy, and scat-
tering techniques have been utilized for characterization.72–74

Among them, some microscopic tools, such as liquid TEM is the
most straightforward way to observe the system and acquire the
real space information. However, the experimental setup for such
a measurement usually needs to balance the electron beam
damage to so materials and the spatial resolution, where the
Fig. 7 The results of photocatalytic activity test. (A) The UV-Vis spectra
(10 mL of 0.1 wt% TiO2/CNC suspension was added to 5 mL of 20 mg L�

within 5 cycles. The insets on the right was the appearance of MB soluti

40572 | RSC Adv., 2019, 9, 40565–40576
operations can be intricated.75 The spectroscopic methods are
also useful, but they can only be employed to a limited scope of
subjects having luminescence or light-emitting properties. The
advantages of the solution SAXS technique to study the growth
mechanism on the so matter scaffold, such as in the present
system, are several. (1) The sample can bemeasured in dispersion
state during synthesis and the sample preparation is very
straightforward. (2) The sample inside the irradiated volume is
owing continuously so the beam damage can beminimized, and
a good statistical average can be obtained. (3) The scattered
intensity from the inorganic component is much stronger due to
the higher electron density so a good scattering contrast can be
achieved enabling high instrumentation sensitivity. Therefore,
a synergistic combination of the characterization methods
abovementioned could lead to a better understanding of the
structure and mechanism of the nanocomposite systems.
Photocatalytic, antibacterial activity and stability of TiO2/CNC
nanocomposites

It is well known that the UV photons can excite the electrons in
TiO2, which are capable of oxidizing water to generate oxidative
hydroxyl free radicals that can subsequently oxidize organic
compounds and deactivate bacteria in the water.76 The TiO2/
CNC composites were expected to have good photocatalytic
activity because the TiO2 particles were present in the nano-
scale. To evaluate the ability of TiO2/CNC nanocomposites for
water purication applications, two tests were performed: the
MB degradation and bacterial inactivation under UV irradia-
tion. In the rst test, MB as the model organic dye (MB has
characteristic peak at 665 nm in UV-Vis range) can be oxidized
by hydroxyl free radicals. The test was carried out in a dynamic
mode, where the results are shown in Fig. 7A. It was seen that
when the MB solution was mixed with the TiO2/CNC nano-
composites (5 mL of 20 mg L�1 MB solution was mixed with
of the MB solution under UV irradiation in the presence of TiO2/CNC
1 MB solution). (B) TiO2/CNC could decompose >98% of MB in solution
on before and after UV irradiation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 The results of antibacterial activity test. (A) The concentration of
E. coli suspensions under different conditions were tested by the plate
count method: (1) blank control; (2) only UV was employed; (3) in the
presence of CNC under UV irradiation; (4) in the presence of TiO2/
CNC in suspension form under UV; (5) in the presence of TiO2/CNC in
suspension form under UV. (B) The logarithm of the bacteria
concentration under different conditions. Under UV irradiation CNC
could not inhibit bacterial growth, whereas TiO2/CNC in suspension (s)
or powder (p) form could decrease the bacteria concentration by
a magnitude of 3.

This journal is © The Royal Society of Chemistry 2019
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10 mL of 0.1 wt% TiO2/CNC suspension), a signicant decrease
in the absorbance at 665 nm was observed with the increasing
irradiation time. In another test, the photocatalytic activity of
TiO2/CNC nanocomposite to degrade MB in continuous repe-
titions (5 cycles) was evaluated. The results are shown in Fig. 7B.
It was seen that the TiO2/CNC nanocomposites possessed high
photocatalytic activity, which wasmanaged to degrade over 98%
of the MB dye in solution even in the h 5 cycle. Therefore, the
TiO2/CNC composites could be a very good candidate for
wastewater treatment.

TiO2 can be activated by UV-C light to generate oxidative free
radicals and deactivate microbes. In this evaluation, E. coli K12
strain was selected as the model bacteria. In the presence of
TiO2/CNC nanocomposites, the bacterial concentration in the
suspension was found to decrease by 3 orders of magnitude
using 30 min of UV radiation (Fig. 8A and B). However, no
signicant change in the number of bacteria was found in the
blank control group (with or without UV) and the experimental
groups only having CNC. Therefore, the antibacterial activity of
the nanocomposite was clearly resulted from the incorporation
of TiO2 nanoparticles. The commercial germicide UV lights
usually have a short wavelength (�254 nm). The results here
showed that the presence of TiO2/CNC could effectively deacti-
vate the bacteria in water using mild UV light (wavelength �
400 nm, which could not inhibit the bacteria growth). There-
fore, the use of TiO2/CNC nanocomposites can greatly reduce
the energy consumption and potential hazards brought by the
need for short-wavelength UV light.

Table 1 illustrates the comparison of photocatalytic activities
among varying TiO2/nanocellulose composite systems,77–84

including TiO2/CNC in this work. It was found that the
demonstrated TiO2/CNC nanocomposite possessed the smallest
TiO2 nanoparticles with high efficiency. In this survey, only
a few systems had TiO2 nanoparticles smaller than 10 nm,
where all systems containing sub 10 nm TiO2 nanocrystals
exhibited excellent catalytic performance (i.e., high dye removal
and bacteria reduction). We note that the demonstrated TiO2/
CNC nanocomposite was prepared by the simple synthesis that
is signicantly more energy efficient than the hydrothermal
method or CVD method.

The bonding (adhesion) stability of TiO2 nanoparticles on
the CNC scaffold was determined by immersing the TiO2/CNC
nanocomposite in water at different pH value for 24 h, where
the supernatant was characterized by ICP-MS to determine the
Ti concentration. The result is shown in Fig. 9. It was found that
there was minimal release of Ti, where the release was almost
independent of the pH value. In specic, over the pH range
from 3 to 11, the total release of TiO2 in the period of 24 h varied
from 0.31% to 0.26%, which was very small. With the fact that
TiO2 nanoparticles have low oral toxicity and the reaction time
during the photocatalytic tests was much lower than 24 h, this
low released amount of TiO2 suggested the TiO2/CNC nano-
composite system is suitable for practical applications.85

When using nanoparticles for water treatment, there aremany
issues for practical applications. In specic, unbounded nano-
particles are hard to operate and they also have toxicity concerns.
In addition, the use of nanoparticles in suspension will usually
RSC Adv., 2019, 9, 40565–40576 | 40573
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Fig. 9 The release study of TiO2/CNC nanocomposites at different pH
values.

Table 1 Comparison of the photocatalytic efficiency of nanocellulose–TiO2 composite systems prepared by different methods

TiO2 nanoparticle size Precursor Catalytic application Performance Ref.

3–4 nm Ti(SO4)2 Photodegradation of methyl blue and antibacterial
activity

>98% dye removal This
work>99% bacteria reduction

20–40 nm Ti(SO4)2
(hydrothermal)

Photodegradation of methyl orange >99% dye removal 77

4.3–8.5 nm Ti(OBu)4
(hydrothermal)

Photodegradation of methyl orange >99% dye removal 78

�20 nm Commercial Antibacterial activity Up to 87.9% bacteria
reduction

79

�200 nm Ti(OiPr)4 (microwave) Photodegradation of rhodamine B 74% dye removal 80
12 nm Commercial Antibacterial activity Up to 50% bacteria reduction 81
<25 nm Commercial Degradation of nitrophenols Up to 88% nitrophenols

removal
82

N/A Ti(OiPr)4 Photodegradation of eosin Y Up to 90% dye removal 83
Nanotube with 7 nm
thickness

CVD Photodegradation of methyl blue >99% dye removal 84
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incur high transportation cost. In this study, the nanosized TiO2

crystals induced by the nanocellulose surface not only can retain
the catalytic activity of TiO2, but alsominimize the release of TiO2

nanoparticles into water, thus lowering the potential toxicity.
Furthermore, the nanocomposite format can greatly facilitate the
separation of the treated water and photocatalytic agents, thus
minimize any secondary contamination concern.

Conclusions

In this study, a nanocomposite containing TiO2 nanoparticles
embedded in the cellulose nanocrystal scaffold was developed
and characterized. The synthesis of this nanocomposite was
straightforward and can produce a wide range TiO2 content
nanocomposite. The TGA results indicated the TiO2 content in
the demonstrated nanocomposite (21.3 wt%) was close to the
theoretical value (23.1 wt%) and the resulting TiO2 nanocrystal
was in the form of anatase as revealed by XRD. The cryo-TEM,
high-resolution TEM and SEM/EDS results all indicated that
the TiO2 nanocrystals (around 4 nm) were distributed homo-
geneously on the CNC surface. The formation of TiO2
40574 | RSC Adv., 2019, 9, 40565–40576
nanocrystals is due to the presence of negatively charged
sulfuric groups on the CNC surface that prevents the aggrega-
tion of nanoscale crystals. The growth of TiO2 nanocrystal in
CNC suspension was monitored by solution SAXS, where the
average crystal size was estimated by the Lorentz-corrected
scattering prole. The TiO2 crystal growth results were consis-
tent with the predication of the Lifshitz–Slyozov–Wagner
theory, indicating that the CNC surface provided the nucleation
sites for TiO2 growth, but the growth process was diffusion-
controlled. The resulting TiO2/CNC nanocomposite exhibited
excellent environmental remediation properties, based on the
methylene blue dye degradation and antibacterial tests. It was
found that the TiO2/CNC nanocomposite could degrade >98%
of MB under UV irradiation for 5 cycles of testing, and it could
also inhibit the bacteria growth by 3 orders of magnitude.
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