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Abstract: TiO,/cellulose nanocomposites (TiO,/NC NCPs)
have been successfully synthesized using natural sources from
sugarcane bagasse and titanium butoxide precursors’. The
obtained results from Field Emission Scanning Electron
Microscopy (FESEM) and Transmission Electron Microscopy
(TEM) micrographs show that the TiO,/NC NCPs particles
with average size respective ~4.5-10 nm (TiO, nanoparticle)
and ~10-25 nm (cellulose nanorectangular) are distributed well
and homogeneous. Besides, X — ray Diffraction (XRD)
displays nanocellulose (NC) which is high crystallinity (~77%)
and nanotitanium dioxide (NT) is anatase phase. Energy
Dispersive X-ray Spectrometry (EDX) spectra demonstrates
that NT exists in the samples. The band-gap of new material
also is decreased, which allows to enhance photocatalytic
ability. Moreover, TiO,/cellulose nanocomposites are used as
nanomaterials with high photocatalytic and adsorption ability
for degradation of methylene blue (MB) under support of the
sunlight and hydroxy peroxide. The decompositional yield of
MB reaches up to 98.3% within 90 min. Last but not least, the
material also can be reused simply to decaying MB with 3
cycles.

Keywords: TiO,/cellulose nanocomposites (TiO,/NC NCPs);
photocatalysis; degradation of methylene blue (MB);
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1. INTRODUCTION

In recent years, nanocellulose (NC) have been used as a
sustainable carbohydrate polymer material in numerous
innovative electronics for their quintessential features such as
flexibility, low thermal expansion and self-/directed assembly
within multiphase matrices. NC is natural material, a cheap and
sustainable polymeric material with useful functional
properties such as tailored hydro/oleophilicity, optical
transparency and remarkable mechanical performance both as
films and aerogels [1-7]. The exploration of cellulose
nanoparticle hybrids is still relatively sparse but has increased
pronouncedly since the pioneering report on multifunctional
magnetic NC hybrids.

Nanotitanium dioxie, especially the anatase form of
TiO, that has more oxygen vacancies than the rutile phase, has
a high photocatalytic efficiency under UV light [8]. For anatase
TiO,, its (001) facet has a higher surface energy of 0.90 J/m?
than other facets, thus a highest chemical activity [9-11].
Titania-based materials are very attractive due to their inherent
high refractive index and UV absorbing properties. For
instance, titania-polymer hybrids have been prepared with
conductive polymers [12-14], polyacrylonitrile electrospun
fibers [15], polyacrylonitrile and carbon nanotubes [16,17],
block co-polymers [18-20], polystyrene beads [21, 22],
polyamide [23], acrylic acid or PMMA [24-26], silicates or
siloxanes [27], polyimides [28], epoxies [29], and polycations
[30].
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Organic—inorganic nanocomposites or hybrids have
attracted much interest due to their current and potential
applications as they can combine useful chemical, optical and
mechanical characteristics [31, 32]. Traditionally, organic—
inorganic nanocomposites have had a focus on the polymeric
matrix, being e.g., formed from vinyl polymers, condensation
polymers or polyolefins filled with relatively passive inorganic
components such as layered silicates, i.e., montmorillonite or
hectorite [31, 32]. With the strong movement towards
biodegradable, renewable, sustainable, and carbon-neutral
polymeric materials, it is also of importance to develop viable
and facile production routes for nanocomposites using such
biopolymers.

In this work, we report the facile fabrication of
TiO,/cellulose nanocomposite hybrids with high inorganic
content by the adsorption of TiO, (anatase) nanoparticles on
plant-derived  rectangular  cellulose  nanocrystals. The
nanostructure of the hybrids was characterized mainly by
electron microscopy and the optical transparency and
mechanical performance of the hybrids were evaluated using
spectrophotometry and nanoindentation tests, respectively.

I1. MATERIALS AND METHODS
a. Materials

Ethanol (C,HsOH; 96%), Sodium hydroxide (NaOH;
99%), Sulfuric acid (H,SO,4; 98%), Acetic Acid (CH3COOH,;
99%), Sodium hypochlorite (NaCIO; 99%), Titanium Butoxide
(Ti(Obu)s; 99%), Ethylene Glycol (C,Hs(OH),; 99%),
Ammonium Chlorite  (NH,CIl; 99%), Methylene Blue
(CH18CINsS. xH20; 99%), and Hydroxy Peroxide (H,O,;
30%) were bought from Sigma-Aldrich. A local sugar factory
located Can Tho city, Vietnam, supplied sugarcane bagasse.
All solutions were prepared with deionized water from a
MilliQ system.

b. Preparation of cellulose

A local sugar factory located Can Tho city, Vietnam,
supplied sugarcane bagasse. After drying and grinding,
sugarcane bagasse was refluxed in Soxhlet apparatus with
C,HsOH and DI H,0 with ratio 1:1 (v/v). Next to, the deposit
was treated with a solution of H,SO, 5%, NaOH 5%, mixture
between NaClO 5% and a few drops of CH;COOH, NaOH
18%, respectively. Finally, the product was dried in vacuo
oven at 60°C, 0.03 MPa for 6 h to obtain purified cellulose.

c. Preparation of cellulose nanorectangular

0.5 g purified cellulose was stirred with 20 mL H,SO,
solution with speed is 1000 rpm (Table 1). To recrystallize
nanocellulose (NC), 200 mL cold DI H,O was added into the
above solution mixture. The mixture was centrifuged for
several times in order to remove excess acid. Pre-product was
sonicated for 1 h in an ice bath to avoid overheating and dried
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in vacuum oven at 60°C, 0.03 MPa in 12 h, respectively. NC
powder was stored at 2°C for next steps.

d. Synthesis of TiO, nanoparticles

The different volumes (0.25, 0.5 and 0.75 mL) of
(Ti(Obu), were dropped slowly into 5 mL C,H,(OH), during
20 min. Those were stirred homogeneously by heating a
magnetic stirrer to form a gel. After that, the gel was poured
into a 100 mL solution of 3.5 g NH,CI dissolved carefully in
H,S0, 0.1 M. The reaction was carried out during 1 h at 90°C.
A milky solution was centrifuged a lot of times and dried in
vacuo oven at 24 h, 60°C and 0.03 MPa to obtain white
nanopowder (TiO, nanoparticles: NT).

e. Preparation of TiO,/cellulose nanocomposites

0.5 g NT was added into a beaker containing 200 mL
H,SO, 0.1 M. The suspension was sonicated 15 min in ice
bath. Next, 10, 15, 20 and 25 mL solutions of NC 2% were
poured NT solution mentioned, respectively. The absorption
process between NC and NT happened at 40°C for 4 h and
stirred at 800 rpm. When the one stopped, TiO,/cellulose
nanocomposites (TiO,/NC NCPs) solution was neutralized by
NaOH 0.1 M. The mixture was decanted of the clear water and
centrifuged repeatedly to obtain the samples. The suspension
was dried in vacuum oven at 60°C for 24 h and 0.03 MPa to
get TiO,/NC NCPs powder.

f. Preparation of methylene blue solution

Weighing various sample weights put into a beaker of
methylene blue (MB) 40 ppm solution with a few drops of
H,0, and sonicated in an ice bath for 7 min. Then, It was
placed under sunlight (13 p.m) to degrade the contaminants.
On the other hand, a control examination between NC, NT,
TiO,/NC NCPs and without the catalyst also proceeded. And
then, the material as soon as treatment was separated by
centrifugation within 2 min. A detailed way of the experiments
as shown in Table 2. Amount of lost MB was determined
according to Equation 1.

H% = 100. (C/C,) (Equation 1)

where AC=C, - C.
C,: original MB concentration
C: remain MB concentration

g. Reusing of TiOy/cellulose nanocomposites after
adsorbing and photocatalytic methylene blue

Weighing and adding TiO,/cellulose nanocomposites
(TIO,/NC NCPs) into MB 40 pm solution (without H,0,),
TiO,/NC NCPs was sonicated within 7 min. Then, it was
exposed to sunlight at 13 p.m. Optimum conditions are results
of the above experiments. After the processing time has
elapsed, the material was centrifuged for 2 min. Then, they
were soaked in C,HsOH for 15 min and gone on centrifuging
to wash off the solvent. This process was repeated several
times until removing absolutely the adsorbed pigments on the
surface. Finally, TiO,/NC NCPs were washed once with
distilled water and vacuum dried within 12 h at 0.03 MPa,
60°C. The reusing process was carried out 3 times.

I1l. RESULTS AND DISCUSSION

Table 1 illustrates the yield of isolation NC. Namely, the
highest mass is No.1 with 72.38%. Follow that, No.5, No.2 and
No.3 are 61.14%, 41.9% and 41.7%, respectively. The quantity
of both No.6 and No.7 is insignificant with 0.74% and 3.2%,
respectively. Finally, recrystallization does not happen
according to No.4 and No.8 possibly due to large acidic
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concentration and high temperature. Meanwhile, cellulose
molecules will be depolymerized quickly in a strong acidic
environment to form an oligomer solution [33]. Hence, the best
optimum condition for isolation NC is 50% H,SO, at 30°C
within 30 min.

Table 1. Conditions and results nanocellulose isolation

No Conc. H,SO, (%) Temp. (°C) Time (min) Yield (%)

1 50 30 30 72.38
2 55 30 30 41.9
3 50 45 30 41.7
4 55 45 30 0

5 50 30 45 61.14
6 55 30 45 0.74
7 50 45 45 3.12
8 55 45 45 0

NT has linked with NC via hydro linkage. The volume
ratio between two ones plays a vital role in enhancing
absorption intensity of UV-vis spectrum (Figure 1). In fact, the
sample comprises 10 mL of NC solution, the maximum
absorption peak is 346 nm. Compared with the sample
containing 15 mL, this value is larger up to 395 nm belonging
to the UVA region. However, according to 20 mL and 25 mL
of NC solution, they tend to transfer to the UVB region with
380 and 376 nm, respectively. Band gap energy is determined
according to Equation 2.

E(eV) = (1239.8)/A (nm) (Equation 2)
where A(nm) is maximum absorption wavelength.

The change of band gap energy corresponding to each
various NC volume is demonstrated in Figure 2. The band gaps
of NC solutions (10 mL, 15 mL, 20 mL and 25 mL) were
obtained correspond to 3.58 eV, 3.14 eV, 3.26 eV and 3.3 eV,
respectively. Band gap energy is widened when overloading
possibly due to aggregation of NC in an acid environment. To
sum up, this hybrid material improves photocatalytic capacity
and as well as restricting recombination of electrons and holes.
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Figure 1. UV-vis spectras of TiO/cellulose nanocomposites
with various volumes of nanocellulose.
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Figure 2. Bandgap energy of TiO,/cellulose nanocomposites.

The lattice structure of both NC and TiO,/NC NCPs as
shown in Figure 3. Specific peaks of NC appear at 12°, 20°,
22°, and 34° correspoding with planes (101), (100), (002) and
(040) verify high crystallinity. Peaks of 20 = 20°, 22° and 34°
represent for both type (1) and (1) of cellulose while 26 = 12°
is feature signal of only type (1) off cellulose [34, 35].
Cellulose type (1) exists in almost all planes and is able to be
transferred to type (I1) by NaOH and H,SO,4. Hydroxyl groups
are changed by ONa™ groups in the alkaline process. Thence,
when centrifugation and washing off by DI H,0, ions’ Na" is
separated leading to cellulosic type Il generated. When
presenting NT, special peaks intensity are decreased strongly
possibly due to “covering phenomenon”. Moreover, feature
peaks’ anatase phase also are bared on XRD pattern at 20 =
25°, 20 = 38°, 20 = 47°, 20 = 54° and 20 = 62° assigning as
facets of (101), (004), (200), (105), (211) and (213).
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Figure 3. XRD patterns of TiO,/cellulose nanocomposites and
nanocellulose.

Informationally chemical groups and its transformation
when adding NT solutions is recorded by the FTIR spectrum
(Figure 4). Firstly, in NC the control sample, featuring
vibrations in range 3175 — 3440 cm™ are assigned to
intermolecular O-H of type | cellulose stretching. Bands 2730
— 2910 cm™, 1640 — 1660 cm™, 1443-1458 cm™, 1370-1380
cm™ are assigned C-H stretching, O-H bending due to absorbed
water [36], CH, in cellulose scissoring motion and C-H
bending, respectively. Peaks at 1332 cm™, 1313 cm™ and 1250
cm™ are assigned O-H bending, CH, wagging and C-O outside
aryl ring out of lignin bended. Even though sugarcane bagasse
has retreated well, lignin molecules are still present due to
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recombination in order to form suspensive products.
Furthermore, peak at 1054 cm™ (C-O-C ring pyranose
stretching), and band at 892 — 900 cm™ (present cellulosic f-
glycosidic linkage), peaks at ~1125 cm™ (C-C ring stretching
band) and 1105 cm™ (C-O-C glycosidic linkage of ether) also
are observed [37-39]. Peaks 1430 cm™ and 893 cm™ are out of
type | cellulose type [40]. Besides that, a strong peak at 1375
cm™, two weak peaks at 1335 cm™ and 1313 cm™ and a slight
band at 1275 — 1285 cm™ diffused other spectral bands at 1100
cm™ also are assigned to cellulose type | [41]. Secondly, as far
as TiO,/NC NCPs, although feature spectral bands are into NC
still appearance, the spectral intensity is decreased significantly
due to “covering phenomenon”. Especially, bands at 3175 and
3440 cm™ being O-H bending because it is blocked by titanium
via Ti-O-Cellulose linkage.

100 4

90

80

70 4

60 ——TiO,/Cellulose CPs

=—NC

% Transmittance (a.u)

50

40

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4. FTIR spectras of TiO,/cellulose hanocomposites (c)
and nanocellulose.

The morphology of TiO,/NC NCPs is shown in Figure
5. Surface s’ TiO,/NC NCPs have a lot of porosity and NT is
dispersed well on the NC surface (Figure 5a). Polymerization
between NT and NC creates a scabrous surface, hence, it also
possesses high potential adsorption. However, they tend to be
aggregated because of hydro linkages. TEM image (Figure 5b)
displayed that the NC is rectangular with a length of 20-30 nm
and a width of 10-25 nm. Besides, the NT is spherical
nanoparticles which is the range size ~45 — 10 nm.
Furthermore, TEM image in Figure 5(b) also shown those both
of them are adsorbed on the mutual surface. This result is
suitable with both FTIR spectrums and XRD patterns.
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(b)

Figure 5. (a) FESEM and (b) TEM images of TiO,/cellulose
nanocomposites, respectively.

EDX which is attached to FESEM was used for
elemental analysis of TiO,/NC NCPs. In EDX spectra (Figure
6), there are peaks of carbon, oxygen, sodium, sulfur and
titanium. Hydrogen s’ peaks are absent since there is a slight
atom. TiO,/NC NCPs compose of 1.11% va 0.91% impurities
of sodium and sulfur, respectively, because of esterification of
the NC surface. In the other hand, main atoms include of
30.59% carbon, 48.24% oxygen and 19.16% titanium as shown
in Figure 6.

Element Weight%  Atomic%

CK 30.59 4217

0K 4824 49.94
Na K 111 0.80
SK 0.91 0.47
TiK 19.16 6.62

100.00 100.00

0 1
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Figure 6. EDX spectrum of TiO,/cellulose nanocomposites.

The result methylene blue (MB) disintegration is shown
as in Figure 7 and Table 2. First of all, to prove MB dye
degradation by TiO,/NC NCPs, symmetric experiments
between TiO,/NC NCPs, NCs, NTs and without catalysts were
carried out. From the obtained results (Figure 7a), TiO,/NC
NCPs show that MB dye decomposition is better than others by
virtue of the combination of adsorption and photocatalytic. The
TiO,/NC NCPs degrade MB solution is 98.3% higher than
those of NTs, NCs and the blank sample respective being
86.7%, 79.6% and 58.4% for comparisons. According to NCs,
the adsorption of NCs is dominant while NTs are
photocatalytic. However, the recombination of electrons and
holes in NTs leads to lower the yield. As far as the blank
sample, the lost MB comes to the hydroxyl group (OH.)
generated by decaying of the H,O, under the ultraviolet
radiation but not significantly. It indicated that H,O, plays a
secondary role in the break up of MB dye while the catalyst is
a key factor. Results as shown in Figure 7(b), when reaction
time is increased from 30, 60 to 90 min, MB percentages also
go up from 79.2% to 90.4% and up to 97.2%, respectively.
However, within 120 min, this line is flat because of the
saturated solution and covered the catalyst’s surface by
pollutant. Various mass effects of the material are significantly
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different to degradation of MB dye. And the catalytic
efficiency of TiO,/NC NCPs for the degradation of MB dye
correspond 58.3%, 89.9%, 91.4% and 89.8% when the amount
of TiO,/NC NCPs were used respective being 0 mg, 25 mg, 50
mg and 75 mg. When overloaded mass, below materials are
unable to be exposed to photons to generate pairs of the
electron and holes.

Table 2. Conditions and yield of degradation methylene blue

Factor No Study Degraded
Condition  Percentage (%)
1 TiO,/NC NCPs 98.3
Role of TiO,/NC NCPs 2 NT 86.7
3 NC 79.6
4 Blank 58.4
1 30 min 79.2
Time 2 60 min 90.4
3 90 min 97.2
4 120 min 97.2
1 0g 58.3
Mass TiO/NCNCPs 2 00025 89.9
3 0.005¢ 914
4 0.0075 g 89.8
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Figure 7. (a) Comparison of TiO,/NC nanocomposites and
other catalysts (b) yields of decaying methylene blue
corresponding various times and weights

Nanocomposites” TiO,/NC NCPs are able to redo for 3
times (Figure 8). In the first cycle, the yield rises steadily from
30, 60 to 90 min corresponding to 86.4%, 88.5% and 91.9%
according to sample comprises TiO,/NC NCPs, respectively.
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As far as samples without the material, within 90 min, MB
only loses 8.1 %. The next cycle, we can also observe
differences between both two ones. In the blank sample, MB
percentages are decomposed by sunlight within 30, 60 and 90
min increases linearly, respective being 4.3%, 12.6% and
18.9%. Even higher than the first cycle a little, it is not crucial
possibly due to different radiation between days. Collating it
with the control sample, it is lower significantly. Namely, at 30
min, 60 min and 90 min, respectively, the yield is 84.5%,
83.8% and 82.1%. Compared to the control sample in the first
cycle, they slightly decrease because of TiO,/NC NCPs surface
covered by pigment. Following this, TiO,/NC NCPs cannot be
exposed to sunlight to create pairs of electrons and holes as
well as receiving pollutants on the facets. The final cycle,
percentages’ MB decomposed go down only 68.3% after 30
min and improve up to 73.6% and 74% within the next 30 min
and 60 min. After two cycles, on the TiO,/NC NCPs’ surface,
there are a lot of MB adsorbed so that TiO,/NC NCPs cannot
react to the sunlight to generate hydroxyl groups. From the
above result evidented that TiO,/NC NCPs possess highly
potential ability in order to redo to decompose the MB.
Besides, this material can easily recover by simple methods.
Thus, it promises to become an elite catalyst applied in various
fields.
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Figure 8. Recycling of TiO,/cellulose hanocomposites
CONCLUSIONS

Methylene Blue is a carcinogenic dye and one of the
environmental pollutants. Herein, we fabricated successfully a
hybrid nanocomposite between NCs (~10-25 nm with
nanorectangular morphology) and NTs (~4.5-10 nm), for
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removal of the MB from aqueous solution. Structure,
properties, morphology and ingredients are characterized by
FESEM, TEM, XRD, FTIR, UV-vis and EDX analyses. They
are carried out to explore the optimum conditions of time and
mass make significant contributions in treatment contaminants
for the dye removal.. TiO,/NC NCPs show good photocatalytic
and adsorption recyclability. Thus, it is an elite material for the
degradation of MB dye from aqueous solution and can be
applied as an assistance for the removal of MB dye from
industrial effluents.
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