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Abstract: Different amounts of a stable aqueous TiO, hydrosol were used to fabricate paper sheets
having photocatalytic activity. The TiO, hydrosol was prepared in aqueous medium using titanium
butoxide as precursor and acetic acid as catalyst for the hydrolysis of titanium butoxide. An aging
process at room temperature and atmospheric pressure was finally applied to obtain crystalline
anatase TiO, hydrosol. The effects of different TiO, hydrosol loadings on the mechanical strength and
barrier properties of modified paper sheets were investigated in detail. The photocatalytic behavior of
TiO,-modified paper sheets was investigated as well using methylene blue (MB) as target pollutant.
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1. Introduction

The increase in environmental pollution related in part to the rapid growth of population as well
as industrialization poses a serious concern for human life because of its negative effects on natural
elements that are vital for life itself such as air and water. In this scenario, photocatalysis can be
considered a valid solution to mitigate pollution and to give a sustainable alternative for environmental
concerns [1].

TiO, has been widely investigated as promising photocatalyst because of its relatively low
cost, high photocatalytic activity, excellent optical properties, high physical and chemical stability,
non-corrosive, lack of toxicity, and high availability [2-7]. For practical application, it is highly attractive
to incorporate TiO, nanoparticles on flexible substrates. In the last years, for example, the incorporation
of TiO;, nanoparticles on woven fabrics, such as cotton, silk, or wool, has been well investigated [8].
However, the anchoring of TiO, photocatalyst on such flexible substrates is still challenging: the
irregular shape of the fibers, very often, impedes the requirement for a sufficient interfacial adhesion
of the photocatalyst to the fibers themselves, and therefore an adequate photocatalytic activity.
Furthermore, many of the proposed fabrication process require post-deposition high-temperature
treatments to promote crystallinity of TiO,, which are incompatible with the low chemical and thermal
resistance of woven fabrics [9-11]. In this respect, the possibility to use also common paper as flexible
substrate to anchor TiO, nanoparticles has stimulated great attention from research and industrial
communities, as paper has many advantages such as low cost, flexible, easy to handle, environmental
friendly, and renewable [12]. Photocatalytic paper sheets indeed can find application for numerous
purposes, i.e., medical and protective purposes, food packaging, filters, etc. The concomitant use
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of TiO,, in particular, may result in the fabrication of paper sheets with high efficient self-cleaning
activity, having the capability to degrade adsorbed stains, bacteria, and volatile organic compounds
(VOCS) transforming them into harmless CO, and H,O molecules [13]. Therefore, a detailed study
of the preparation process and application of the active coating is of significant importance in the
manufacturing process of high quality and end products.

Furthermore, the successful application of TiO,-modified paper sheets can overcome the
environmental drawbacks often associated with the recollecting and removal of free TiO, nanoparticles
suspended in treated water after the photocatalytic process. In this contest, several techniques such
as sol-gel processing [14], liquid phase deposition [15], and chemical vapor deposition [16] can be
employed to fabricate TiO,-based nanostructures. Among these preparation techniques, the relatively
simple sol-gel method is very appealing in terms of cost effectiveness and better environmental impact.
However, very often the sol-gel process requires high temperatures to produce highly crystalline
TiO,, which generally assures better photocatalytic performance [17]. The formation of photocatalytic
TiO, nanoparticles at low temperature is highly desirable for any practical application involving
the utilization of thermolabile materials, such as paper sheets. In addition, the destructive effect
of strong acids frequently used in the sol-gel process to keep aqueous sols in the peptized state
hinders such applications on thermolabile substrates. Daoud and his coworkers [7] reported on the
fabrication of nanosized TiO,-modified paper by a hydrothermal process that involved relatively low
temperature (97 °C). Recently, the blending of paper pulp with TiO,/sodium alginate nanocomposites
was successfully applied to the fabrication of photocatalytic paper [18]. In this case, sodium alginate
acted mainly as a template to control the nucleation and growth of TiO, nanoparticles.

In this paper, we report the successful fabrication of photocatalytic paper obtained by introducing
TiO, hydrosol in the paper sheet production process. The TiO, hydrosol was prepared at room
temperature in aqueous medium using titanium butoxide as titanium source and the mild acetic
acid as catalyst for the hydrolysis of the titanium precursor. An aging process was finally applied
to obtain highly crystalline anatase TiO, nanoparticles in the hydrosol. An efficient binding of
the nanoparticles on the surface of cellulose fibers is an important factor that plays a key role for
enhancing the photocatalytic properties of the modified paper sheets. Natural polysaccharides were
extensively studied for this purpose. Sodium alginate is a kind of linear natural polysaccharide
extracted from brown seaweed [19], and very recently it received considerable attention due to its good
biodegradability, biocompatibility, and renewability. Considering its complete compatibility with the
paper sheet-making process, and the presence of binding sites due to its carboxylate functional groups,
sodium alginate was chosen for increasing the binding of the synthesized TiO, nanoparticles over
cellulose fibers. Note that the paper sheets fabricated in this work were obtained from the chemical
treatment of agricultural Egyptian waste. Agricultural residues are used in many types of applications
such as biomass energy, fertilizers, livestock feeding, and furniture. In Egypt, agriculture residues
like rice straw, bagasse, and cotton stalks are produced in mass amounts [20] and they are currently
used in the paper industry [21]. In this industry, paper with improved intrinsic properties obtained
from agricultural waste is significantly very important in terms of control of secondary pollution
and sustainability.

The physicochemical properties of the modified paper sheets with different TiO, hydrosol
loading content have been fully investigated using atomic force microscopy (AFM), X-ray diffraction
(XRD), Fourier transmitted infrared (FTIR) and p-Raman spectroscopy, and UV—Visible spectroscopy.
As previously outlined, paper suffers some drawbacks in terms of low strength properties, and the
effects of TiO, loading content on the mechanical strength and barrier properties of TiO,-modified
paper were investigated in detail. Finally, the photocatalytic activity of the modified paper sheets was
verified by monitoring the photodegradation of methylene blue (MB) aqueous solution under UV light
irradiation. The results showed that the proposed approach is undoubtedly a green and cost-effective
process in terms of application, development, and preparation.
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2. Materials and Methods

2.1. Materials

The bagasse fibers were kindly supplied from Quena Company of the pulp and paper industry
(Cairo, Egypt). The chemical compositions of bagasse raw material were determined in accordance
with Tappi standard methods, namely, lignin 20.40% (T-222 om-88), x-cellulose 41.50% (T 203 cm-99),
hemicellulose content 27.20% (T-223 cm-84), and ash 1.80 % (T-211 om-02). All measurements were
carried out in triplicate and the results are recorded as the mean value for each set of measurements.
Titanium butoxide (> 99%) and glacial acetic acid were reagent grade (Alfa Aesar, Harverhill, MA,
USA). Sodium alginate (Mv = 1.2 x 105, p = 280 mPa.s) was acquired from the Shanghai Chemical
Reagent Co. (Shanghai, China). Deionized water was used throughout the study. All reactants were
used as received.

2.2. Preparation of Nanocrystalline TiO, Hydrosol by Aging at Room Temperature

Ti(OBut)4 and glacial acetic acid were carefully mixed in a volume ratio of 1:2, respectively,
under magnetic stirring at room temperature. After 10 min of vigorous stirring, the acidic dispersion
containing titanium was added dropwise to 100 mL of deionized water. The mixture was stirred at room
temperature for 24 h, and then the aqueous white dispersion was stored in dark without stirring at room
temperature and atmospheric pressure. After five days, the white suspension turned into a yellowish
translucent colloidal TiO; hydrosol. The final pH was 2.25 + 0.05. TiO, powders were precipitated
from the hydrosol by shifting the pH from acidic to neutral through the addition of a 10%w/w sodium
carbonate solution. The precipitate TiO, nanoparticles were collected by centrifugation at 6000 rpm
(ThermoScientific IEC CL31R Multispeed centrifuge, Waltham, MA USA), washed three times with
deionized water, and finally oven dried at 45 °C overnight.

2.3. Preparation of Photocatalytic Paper Sheets

2.3.1. Paper Sheet Preparation

Bagasse raw material was treated chemically to remove lignin and extract cellulose fibers: bagasse
raw materials were exposed to soda kraft pulping process using 80 g/L total active alkali (NaOH +
Naj,S) and 12% sulfides (NayS/NaOH + Na,S) at a 1:3.5 liquor ratio for 120 min at 160-170 °C. The pulp
was isolated from black liquor by several washing. Three stages of bleaching process were carried
out: (1) chlorine dioxide (D0-Stage) by adding 10% ClO, based on dry oven pulp with 10% H,SO; for
adjusting pH at 60-65 °C for 1 h, (2) oxygen stage (EO-Stage) by adding 10% (H,O, + O5) in presence
of 10% Hy50, at 60-65 °C for 1.5 h, and (3) chlorine dioxide (D1-Stage) 5% ClO, based on dry oven
pulp with 10% H;SO4 at 60-65 °C for 4 h. The bleached kraft bagasse pulp was washed several times
and subjected to refinery disks to 40-45° SR.

Paper handsheets of a basis weight of 80 g/m? were prepared according to the S.C.A standard,
using the model S.C.A sheet former (AB Worentzen and Wettre). The weight of oven dry pulp used
for every sheet was approximately 1.8 g. The pulp suspension was then diluted by 5-7 L of water.
After a stirring phase (air injection avoids aeration), the suspension was filtrated on a wire. In the
machine, a sheet of 165 mm diameter and 214 cm? surface area was obtained. The wet sheet was
pressed for 4 min using a hydraulic press, and then it was collected on blotting paper, and dried using
a rotating cylinder or drum at 105 °C for 2 h.

2.3.2. Fabrication of TiO, Hydrosol/Sodium Alginate Hybrid Nanocomposite on Paper Sheets

Sodium alginate solution was prepared by dissolving the sodium alginate (2% w/v) in distilled
water while stirring for 2 h. Then, after complete dissolution, different concentrations of TiO,
nanoparticles (0.125, 0.25, 0.50, and 1%w/v) were added and stirred at the constant stirring condition of
3000 rpm for 1 h. The solution was further sonicated for 30 min. The prepared sheets were coated with
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different concentrations of TiO,/sodium alginate nanocomposite solution with thickness 120 um in
an applicator, and then dried on air at room temperature. All paper samples were conditioned before
testing at temperature of 23 + 1 °C and 50 + 2% relative humidity for 24 h according to the standard
ISO 187-1977.

2.4. Characterization of TiO, Hydrosol and TiO,-Modified Paper Sheets

X-ray diffraction (XRD) patterns were recorded on a Siemen D5000 X-ray diffractometer, using Cu
kot (A = 1.5406&) radiation and operating at 40 kV and 30 nA.

UV-Vis diffuse reflectance spectra were recorded by a Jasco double-beam V660 UV-Vis
spectrophotometer (Tokyo, Japan) in reflectance mode, equipped with a 60mm integrating sphere and
BaSOy as standard diffuse reflectance material.

Transmission Electron Microscope (TEM) for TiO; hydrosol was carried out using a high-resolution
JEOL- JEM 2100 (Tokyo, Japan).

Environmental scanning electron microscopy (ESEM) and Energy-dispersive X-ray spectroscopy
(EDAX) investigations were carried out using a Quanta FEG-250 microscope (Waltham, MA, USA) at
a voltage of 20 kV.

Atomic force microscopy (AFM) was carried out using a Dimension 3100 atomic force microscope
equipped with a NanoScope Illa controller (Veeco, Santa Barbara, CA, USA) operating in tapping
mode. Silicon nitride (TESP) probes with a resonant frequency of ~300 kHz and a nominal spring
constant of 20/80 Nm were employed (Veeco, Santa Barbara, CA, USA). A scan rate of 0.3-1 Hz was
employed at a resolution of 512 pixels/line.

FTIR measurements were carried out by an Alpha FI-IR spectrometer (Brucker Optics, Ettingen,
Germany) equipped with exchangeable sampling modules. The spectra were collected as the average
of at least 200 scans at a resolution of 4 cm~! in the frequency range 4000-500 cm~!. An external
reflection module was employed for the spectroscopic investigation of the samples analysing a few
spots (~3 nm diameter) for the sake of comparison, controlling, and monitoring the sampling areas
with an integrated video camera.

Raman spectra were collected with a p-Raman spectrometer (Renishaw RM 2000, Gloucestershire,
UK) operating in the backscattering configuration, and equipped with a Peltier cooled charge-coupled
device (CCD) camera in conjunction with a Leica optical microscope with a 50x objective. For data
analysis, Stokes lines were considered. Incident light was focused on each sample through the optics.
Measurements were performed using the 785 nm emission line of a laser diode.

2.5. Evaluation of Photocatalytic Activity of TiO, Hydrosol and TiO,-Modified Paper Sheets

The photocatalytic activities of TiO, nanoparticles were estimated by the degradation of methylene
blue (MB) in aqueous solution at room temperature using the method described in our previous
paper [22]. Briefly, 50mg of the powder photocatalysts were ultrasonically dispersed in 100 mL of 10-M
MB aqueous solution. Before irradiation, the sample was magnetically stirred and kept in the dark for
60 min to ensure the adsorption—desorption equilibrium of MB on the surface of the photocatalyst.
The suspension was then exposed to either a 39W UV lamp with two emission wavelengths (254 and
365 nm). The change in dye concentration was evaluated by measuring the absorbance maximum of
MB at 665 nm. Therefore, the degradation efficiency was calculated using the formula (Cy—C/Cp) X% 100,
where Cj is the initial concentration of the original MB aqueous solution, and C is the concentration of
MB solution after every given time intervals.

TiO,-modified paper sheets were cut in small pieces (3 x 3 cm?): each piece was immersed in 50 mL
of 10°M MB aqueous solution and maintained in the dark for 120 min. The stained TiO,-modified
paper sheets were dried in dark, and then they were exposed for a given period of time to a 39 W UV
lamp at excitation wavelength of 365 nm. The residual MB on TiO,-modified paper sheets was assessed
by UV-Vis measurements, fixing the samples on the hole of the integrating sphere and recording the
absorbance variation of MB on the paper surface at certain time intervals
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2.6. Mechanical and Barrier Properties for Photocatalytic Paper Sheets

Strength properties (tensile, burst, and tear indices) were determined according to Tappi standard
methods. Average and standard deviation for all measurements was calculated based on 5 replicates
for each sample. Tensile strength testing was measured according to TAPPI (T494-06) standard method
using a universal testing machine (LR10K; Lloyd Instruments, Fareham, UK) with a 100-N load cell at
a constant crosshead speed of 2.5 cm/min. Strips of 10 cm long and 15 mm wide were used in tensile
strength test and the span was set at 10 cm. Tear resistance was carried out with an Elmendorf-type
tear tester (Thiwing-Albert Instrument Co, Philadelphia, PA, USA) using TAPPI (T414-04) standard
method. Burst strength was carried out according to TAPPI Standard test method (T403 om-10) using
Mullen Testers (Chicopee, MA, USA).

Air permeability of the paper sheets was measured according to ISO 5636, using a Bendtsen
smoothness and porosity tester made in Denmark (Andersson and Sorensen, Copenhagen). The air
permeability was determined as the rate of air flow between the paper surface and two concentric,
annular metal rings, which were applied to the paper samples of area 2 cm?, under ambient air
conditions and standard pressure, while applying a vacuum of 2.5 kPa. The time of measurement was
5 min for each sample, and the average air permeability was calculated from at least five measurements.
Air permeability is partially dependent on the uniformity and porosity of the coating layer, and it is
a physical parameter that determines the resistance of the paper to air flow.

Water vapor permeability (WVP) was carried out according to the standard ASTM E96/E96M-10.
Coated paper sheets were conditioned at 25 °C and 50% RH for 24 h, and then they were used to
hermetically cover aluminum cups containing 5g of anhydrous calcium chloride. The coated side was
that facing the humidified side; the WVP was calculated using

WVP =g x/tA AP

where (g/t) = the slope of the plot between weight gain(g) and time (t), x = the average thickness of
the papers, A = the permeation area, and AP = the partial water vapor pressure difference between
the ambiance in the cup (0%RH) and the saturated sodium chloride solution (75%RH = 2385 Pa).
Three-fold determinations were performed for all samples, and average WVP was measured. Standard
deviations (SD) were calculated for all measurements.

3. Results and Discussion

3.1. Characterization of TiO, Nanoparticles

Transmission electron microscopy (TEM) images of TiO, hydrosol are shown in Figure 1.
TEM investigations pointed to the formation of quasi-spherical shape TiO; nanoparticles with slight
agglomerations, and an average size of about 3.8 nm. These results were comparable with those
obtained using low-temperature sol-gel methods [23,24]. The image with higher magnification is
also shown in Figure 1b: lattice fringes indicated that the particles are nanocrystalline with anatase
phase, which is also confirmed by X-ray diffraction. The selected area electron diffraction (SAED)
confirmed that TiO, nanoparticles are in the anatase phase with good crystallinity (inset Figure 1b):
the rings can be clearly indexed to diffraction from the (101), (004), (200), (105), (211), and (204) planes
of TiO, anatase.
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Figure 1. (a) TEM and (b) HRTEM images of TiO, nanoparticles; Inset: selected area electron diffraction
(SAED) images of TiO, nanoparticles.

The structure of TiO, nanoparticles and their crystallinity were further confirmed by X-ray
diffraction (XRD) (Figure 2). All the diffraction peaks in the XRD spectrum were related to the
characteristic peaks of TiO, in the anatase phase (JCPDS file 73-1764). The diffraction peaks indeed
appeared at 20 = 25.23°, 37.71°, 47.72°, 54.16°, 55.32°, and 62.54°, and they were well indexed to the
corresponding tetragonal crystal planes (101), (004), (200), (105), (211), and (204), respectively. The XRD
peak broadening was used to evaluate the size (Dyy) of the crystal domains, and it was calculated
from the widths at half maximum height (B) using the Debye—Scherrer equation Dy = %, where A
is the X-ray wavelength of the incident beam (1.5406A), 0 is the Bragg angle, and K is a constant,
approximately equal to 0.9, related to the domain shape. The average crystallite size of the synthesized

TiO, nanoparticles was calculated as ~7.09 nm (Table 1).

_~
—
(—]
]
S

Intensity (a.u.)

20 25 30 35 40 45 S50 55 60 65
2 Theta (Degrees)

Figure 2. XRD pattern of TiO, nanoparticles.
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Table 1. Crystallite size of TiO, nanoparticles calculated by Debye-Scherrer method.

20 FWHM Crystallite Size (nm)
25.23° 1.08 7.88
37.71° 1.12 7.89
47.72° 121 7.50
62.54° 1.89 5.14

The chemical structure of TiO, nanoparticles was investigated by FTIR spectroscopy to obtain
information on the presence of certain functional groups on their surfaces. The FTIR spectrum showed
the peaks corresponding to TiO, (Figure 3a): the broad absorption in the range 800 to 400 cm~! derived
from the contribution of the anatase TiO,, and the peaks between 750 and 646 cm™~! were assigned to the
Ti—O-Ti stretching vibrations [25]. The band at 1408 cm~lwas assigned to TiO; lattice vibrations [26].
The strong and broad absorption at 3000-3600 cm~! and the peak at 1637 cm™! are related to the O—H
stretching mode and O-H bending vibrations, respectively, of hydroxyl groups, deriving from the
presence of adsorbed water molecules on the surface of TiO, nanoparticles [27]. The FTIR spectrum
showed also the absorption bands related to the vibrational modes of organic residual species, such as
carboxylate and alkane groups. The two weak absorptions at 2908 and 2840 cm™" are characteristic of
stretching vibrations of methyl groups. The peak at 1531 and 1339 cm™! could be attributed to carboxyl
(C=0) and methylene groups. In this case, the alkane and carboxylic groups could arise from titanium
butoxide and acetic acid used as precursors during the synthesis.

In Figure 3b, the Raman spectrum of synthesized TiO; nanoparticle is reported. According to
factor group analysis, anatase has six Raman active modes (A1g + 2B;g + 3Eg). The Raman spectrum of
an anatase single crystal was first investigated by Ohsaka, who concluded that the six allowed modes
appear at 144 cm™ (Eg), 197 em™! (Eg), 399 em™ (Byg), 513 cm™! (Ayg), 519 cm™! (By,), and 639 cm ™
(Eg) [28]. The synthesized TiO, nanoparticles showed the characteristic Raman active modes of the
anatase phase; however, a significant shift of the Eg peak (155 cm™!) was observed. The observed Raman
shift is indicative of the presence of TiOparticles with size in the nm range. Choi et al. [29] reported
that when the particle size decreases to the nanometer scale, a volume contraction occurs within the
nanoparticles, which leads to an increment in the force constants: as a consequence, the observed
Raman bands shift towards higher wavenumbers.

70000 | (b) Eg
2
s 60000
< 2
@ £.50000
& &
= -
g £+40000
= =
s £ 30000
= =
g Z 20000
= B4 o
10000 A08
T T E2 T T T 4 T ¥ T O T T T T
4000 3500 3000 2500 2000 1500 1000 500 800 600 L 400 200
Wavelength (cm™) Raman Shift (cm™)

Figure 3. (a) FTIR and (b) Raman spectra of TiO, nanoparticles.

The optical band gap of TiO, nanoparticles was obtained by diffuse reflectance spectroscopy in
the UV-Vis range (Figure 4a). As expected, TiO; nanoparticles exhibited a strong light absorption
below 400 nm with a maximum at around 326 nm, attributed to a band-to-band TiO, transition [30].
The optical band gap energy (Eg) was determined using the Tauc equation [(chv)" = B(hv-Eg)], where «
is the optical absorption coefficient, hv is the incident photon energy, E; is the band gap energy, B is
a constant, and n is a number that depends on the nature of the transition being n=2 for allowed direct
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transitions and n = 1/2 for indirect ones [31]. As the Eg of a semiconductor is usually determined from
diffuse reflectance spectra, the corresponding reflectance spectra were transformed to absorption ones
by applying the Kubelka-Munk function and obtaining the following equation; (F(Re)hv)" = Bthv —
Eg), where Roo = Rsample/Rstandard is the reflectance of an infinitive thick specimen [32]. Bulk TiO; is
an indirect semiconductor; however, in “nanoparticle systems”, the lattice periodicity could be lost
over the length scale of the nanoparticle size, so direct transitions could in principle take place [22].
To establish the nature of the band-to-band transition in TiO, nanoparticles, the absorption data were
fitted to a Tauc plot considering both direct and indirect bandgap transition. The corresponding
spectra showed the steep and linear increase of light absorption upon increasing energy characteristic
of semiconductor materials [33,34]. Considering TiO, as an indirect semiconductor, a band gap energy
value of allowed indirect transition of ~3.11 eV was obtained (Figure 4b), which was less than that
reported for the bulk [35]. When TiO, was considered as a direct semiconductor, a sensibly higher Eg
was obtained (Eg = 3.43 eV). This value seemed to be more realistic, as already reported in the literature
for anatase nanoparticles [30,36]. The observed discrepancy could be explained by considering that
the band gap of semiconductors was found to be grain size-dependent [37]: it is well accepted that
Eg generally increases as the grain sizes decrease and the absorption edge was shifted to a higher
energy (blue shift). This consideration together with our experimental results suggests that in the
case of synthesized TiO, nanoparticles, direct transition is more favorable compare to indirect one.
The occurrence of direct bandgap transitions is generally considered positive because they imply very
strong electronic absorption as well as emission, and therefore better photocatalytic performances can
be reasonably expected [22,30].
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Figure 4. (a) UV—-Vis diffuse reflectance spectrum of TiO, nanoparticles; (b) (F(R)hv)? vs. energy of the

adsorbed light plot considering TiO, as a direct semiconductor; and (c) (F(R)hv)!/? vs. energy of the

adsorbed light plot considering TiO, as an indirect semiconductor.
3.2. Photocatalytic Activity of TiO, Nanoparticles

We tested the activity of synthesized TiO;, hydrosol for methylene blue (MB) dye, because,
generally, colored dyes are very common pollutants in industrial wastewater and they are difficult to
remove by biological treatment methods [38]. In this study, the photocatalytic activity of synthesized
TiO, nanoparticles was obtained from the % of degradation rate versus time, as well as the kinetic
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data using MB as representative pollutant model. For the photocatalysis experiments, 50 mg of TiO,
NPs was suspended in a proper volume of MB solution 10~> M, and the progress of the photocatalytic
reaction was monitored by the gradual decrease of MB absorbance at 665 nm with time. All the
photocatalytic experiments were carried out using an UV lamp having two emission wavelengths (254
and 365 nm), as the optical characterization did not revealed any significant absorption in the visible
range (Figure 5a). The corresponding plot of absorbance variation versus time (Figure 5b) showed
a profile of exponential nature, thus indicating that the photocatalytic reaction of MB obeyed to the
pseudo-first-order kinetic: the apparent pseudo-first-order rate constant, k, was calculated from the
slope of the straight line plot In(A/At) vs time.
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Figure 5. (a) Time evolution of photocatalytic decomposition efficiency of methylene blue under different
UV wavelength irradiation; (b) kinetics of photocatalytic decomposition efficiency of methylene blue
under different UV wavelength irradiation.

In terms of photocatalytic efficiency, degradation under 365 nm UV light showed the highest activity,
being almost complete after 240 min of irradiation, whereas under 254 nm UV light, the degradation
efficiency reached the 81% after 240 min. A similar trend was confirmed for the pseudo-first-order
rate constants, k: under 365 nm UV light irradiation, the rate constant k is approximately one order
of magnitude greater than the value found under 254 nm UV irradiation. Nevertheless, under dark
a slight decrease in the absorbance of MB was observed, meaning the absorption of the dye on the
surface of the TiO; nanoparticles dispersed in solution. However, the absorption reached a constant
value after about 120 min with a degradation efficiency significantly lower than those obtained under
UV light, thus confirming that light is an essential requirement for the photodegradation of MB.
Moreover, photodecomposition of MB under the irradiation of two different UV wavelengths in the
absence of catalyst was negligible.

3.3. Structural and Morphological Characterization of TiO,—Modified Paper

Four kinds of hybrid paper having different content of TiO, hydrosol (1.0, 0.5, 0.25, and 0.125%)
were prepared. All the prepared TiO, modified paper sheets were white and bright.

The influence of surface modification on the topography and roughness of the paper sheets was
investigated by AFM microscopy (Figure 6). AFM analysis was first performed on blank paper and then
compared to the modified samples with different amounts of TiO, loadings (0.125-1.0%). As shown in
Figure 6, the AFM investigation pointed to a very similar microstructure between the different papers
with the cellulose fiber being interconnected and forming a porous structure. However, AFM analysis
revealed that the morphology of the cellulose fibers was changing depending on the percentage of TiO,
loading. Indeed, the morphological features of blank paper (Figure 6a) showed that it was characterized
by smooth and regularly ordered fibers with diameter in the range of 10 to 20 nm and a surface root
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mean square (RMS) of ~5.49 nm. After modification with TiO, hydrosol, spherical particles with size of
~20-35 nm appeared on the surface of cellulose fibers. The density of the spherical particles increased
with the increase in TiO; loading, resulting also in the increment of the surface roughness of modified
paper sheets. In particular, the surface RMS values were approximately 5.27, 5.73, 7.30, and 13.00 nm for
0.125, 0.25, 0.5, and 1.0% TiO,-modified papers, respectively. In the case of 0.5 and 1.0% TiO,-modified
paper sheets, the AFM analysis revealed that TiO, coating was uniformly deposited on the surface of
the paper, with some areas showing TiO, aggregation (Figure 6d,e). As suggested by Jaksik et al. [39],
however, these clusters of TiO, could be effective in increasing the available surface area on the surface
of the fiber, thus contributing to increase the final photocatalytic activity.

Figure 6. Atomic force microscopy (AFM) topography images of (a) blank paper sheet and (b-e) paper
sheets modified with 0.125, 0.250, 0.500, and 1.0 % of TiO,, respectively.

The morphological properties of the paper coated by TiO, hydrosol were further examined by SEM
(Figure 7). In case of blank paper, the cellulosic matrix appeared open, porous, and randomly dispersed
(Figure 7a), whereas in the 1.0% TiO;-modified paper sheet, the porous structure was lost and the
cellulosic fibers were uniformly coated and cross-linked to each other (Figure 7b). SEM investigation
confirmed the AFM results: TiO, nanoparticles are dispersed on the surface of cellulosic matrix,
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although some aggregates occurred (evidenced by red arrows in Figure 7c), probably due to some
retention effects of sodium-alginate on TiO, nanoparticles [40]. As expected, the EDAX analysis
revealed that in the case of blank paper the most intense signals are due to C and O: the main
constituents of the paper sheets (Figure 7d). In the 1.0% TiO,-modified paper sheet, the presence of
Na peak is due to sodium alginate, whereas the existence of TiO, nanoparticles is confirmed by the

appearance of Ti peaks (Figure 7e).
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Figure 7. SEM images of (a) blank paper sheet, and (b,c) 1.0% TiO,-modified paper sheet,
Energy-dispersive X-ray spectroscopy (EDAX) analysis of (d) blank paper sheet, and (e) 1.0%

TiO,-modified paper sheet
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The absorption spectra of blank and modified paper with different amount of TiO, are shown in
Figure 8. As expected, all the TiO,-modified paper sheets showed higher absorption ability in the UV
range respect to unmodified paper, and the absorbance in the UV region increased upon increasing the
amount of TiO; loading in the paper sheets. Consequently, the incorporation of relative higher TiO,
loading (0.5% and 1%) had the effect to absorb higher fraction of photons in the UV region, and the
resulting modified paper sheets were supposed to show good UV blocking property [41].

Paper
Paper-0.125TiO,

Paper-0.25TiO,
Paper-0.5TiO,
Paper-1.0TiO,

Absorbance

700 800

500 600
Wavelength (nm)

400

300

Figure 8. UV-Vis diffuse reflectance spectra of TiO,-modified paper sheets with different loading of
TiO; hydrosol.

The FTIR spectra of paper and TiO, modified paper are reported in Figure 9a. The FTIR spectrum
of the unmodified paper showed the characteristic absorption peaks of cellulose. In particular, it was
characterized by an intense absorption band in the 3600 to 3100 cm™! range, associated with the
stretching of O—H bond of the hydroxyl groups of cellulose. A peak at 1645 cm™! was also indicative
of the presence of interstitial or adsorbed water in the cellulose structure. The absorption in the 3000 to
2800 cm ™! range was due to the C—H stretching vibration, whereas that in the 1450 to 1350 cm™! range
was due the asymmetric and symmetrical deformation of CH; and C—H groups. Finally, the complex
and intense absorption in 1300900 cm™! range represented the fingerprint of cellulose and it was
mainly associated with stretching mode of C-O-C (1060 cm™!) and C-O (1028 cm ™) bonds in the
cellulose framework. The position of these bands was affected by inter- and intramolecular hydrogen
bonds, and therefore it was strictly related with changes in the chemical surface groups [42]. When TiO,
was introduced into the paper sheet a general change of O—H absorption peaks in the corresponding
FTIR was observed. In particular, as compared to the unmodified paper sheet, both the O—H stretching
and O-H bending absorption peaks shifted towards lower wavelengths and increased significantly
their intensity. This result could be indicative of a strong interaction occurred at the interface between
the -OH groups of cellulose and Ti-O bonds in TiO, [43]. Upon increasing the TiO, loading, the
intensity of the peaks at approximately 1300-900 cm~! for TiO,-modified paper sheets, due to C~-OH
stretching (1060 cm~!) and C-O-C bending vibrations (1163 cm™!), gradually decreased in comparison
to the peaks in unmodified paper sheet because of the presence of TiO, nanoparticles on the surface
of the cellulose fibers [28,44]. A similar phenomenon was observed for the C-H stretching vibration
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(2910 cm ™). Due to presence of TiO, nanoparticles, the C-H in-plane stretching was blocked as result
of steric hindrance. As reported by Mohamed et al. [45], the strong interaction between the cellulose
and TiO, nanoparticles can be indicative of a better durability of nanoparticles within the paper sheets
and hence it is expected a low detachment tendency of nanoparticles within the cellulosic matrix.

paper b
100—(?‘) ) —paper-0.125TiO, ®)
90 paper-0.25TiO,

—_ paper-0.5TiO, TiOZ
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Figure 9. (a) FTIR spectra and (b) Raman spectra of TiO,-modified paper sheets with different loading
of TiO, hydrosol.

In Figure 9b, the Raman spectra of the blank paper and TiO,-modified paper sheets are reported:
in all the spectra, the characteristic fingerprint region of cellulose (250-1500 cm~!) was clearly observed.
This region was characterized by the contributions of CH and CHj, bending, CH wagging, OH rocking
and bending, and CO and COC stretching [46]. The spectra of TiO,-modified paper furthermore
confirmed the incorporation of the TiO, nanoparticles on the paper sheets: in particular, the Eg peak at
157 cm! was particularly evident, and its intensity increased as the loading of TiO, nanoparticles in
the paper increased. Furthermore, in analogy to what was observed for TiO; hydrosol (Figure 3b),
the Eg Raman peak shifted towards higher values.

3.4. Strength and Barrier Properties of Modified Paper Sheets

Paper bulk density elucidates the relation between the thickness of paper and its grammage.
Paper sheets with high bulk densities are in general thick, airy, light, and opaque. As expected, the bulk
density of the modified paper sheets increased linearly upon increasing the amount of TiO, loading
(Figure 10a).

Our investigation indicated that in general TiO,-modified paper sheets showed better mechanical
performance respect to unmodified paper. In the case of the tensile index, which is a measure of
inherent strength of paper, it was found that the addition of TiO, nanoparticles led to an increase in the
measured tensile index, which reached its maximum (971.37 N m/g) for the 0.25%TiO,-modified paper
sheet (Figure 10b). In analogy, the presence of TiO, nanoparticles was responsible for the observed
increment in the measured breaking length. Also, modification of paper fibers with TiO; increased
the burst index of modified paper considerably (Figure 10c). The reason for the favorable mechanical
performance of the TiO,-modified paper sheets is probably due to the abundant hydroxyl groups on
the surface of TiO, that can form hydrogen bonds with the hydroxyl groups in both sodium alginate
and cellulose, thus improving the adhesion between cellulosic fibers and therefore the fiber—fiber
bonding. However, the effect of fiber bonding strength on the tear index is complicated (Figure 10c).
In the case of a network with strong fiber bonding, the tear index was decreased by increasing the
fiber bonding, whereas in the case of a network with weak fiber bonding, the tear index was in direct
relationship with the fiber bonding. This behavior may be related to the particle number and particle
size of nanocomposite [47].

Air and water vapor permeability of the modified paper sheets were measured as well and
compared with those of unmodified paper. Figure 10d indicates that the air permeability decreased
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drastically when the TiO; hydrosol was added onto paper sheet. The observed decrease could be
explained by the fact that TiO, nanoparticles caused the fiber matrix to become less porous to some
extent: as observed from SEM characterization, the blending of TiO, nanoparticles with sodium
alginate is responsible for the formation of an homogeneous network on the paper sheet that strongly
reduces the voids in the paper matrix, producing a strong and smoother surface, and improving the air
resistance. The water vapor permeability (WVP) of modified paper sheets, which is the volume of water
vapor passing through a paper matrix per unit area and time under definite conditions, was measured.
From Figure 10d, the treatment of paper sheets with TiO, hydrosol caused a decrease in the water
vapor permeability compared with the control sample. This may be attributed to a less hydrophilic
character of the modified paper sheets that caused less water penetration through the paper network.
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Figure 10. (a) Bulk density, (b) tensile and breaking length, (c) tear and burst index, and (d) air and
water vapor permeability for paper sheets modified by TiO, nanoparticles.

TiO, nanoparticles can be considered effective in enhancing the mechanical properties of the
modified paper sheets, as the resistance and permeability of the modified paper are strongly dependent
on the amount of TiO, loading.

3.5. Photocatalityc Properties of TiO,-Modified Paper

Based on the experimental results reported in the previous section, the photocatalytic activity
of TiO,-modified paper sheets was evaluated by monitoring the degradation oxidation of MB under
365 nm UV light irradiation. The photocatalytic activity of an unmodified paper sheet was also
evaluated as reference. As depicted in Figure 11a, the unmodified paper sheet showed negligible
photocatalytic activity, confirming that the photocatalytic degradation of MB dye did not occur
without the incorporation of the photocatalyst in the paper sheet. Therefore, the direct photolysis
of MB was negligible in this study. Moreover, the degradation efficiency was increased by adding
a greater percentage of photocatalyst to the paper sheets: the best results were therefore obtained
in the case of the higher TiO, loadings (1.0 and 0.5%) with a degradation efficiency of 32.3% and
31.6% respectively, after 8 hours of UV light irradiation. The lower efficiency on the opposite was
observed for the paper loaded with only 0.125% of TiO,. In analogy, Rehim et al. [18] reported that
the rate of the photocatalytic reaction increased upon increasing the concentration of TiO,/sodium
alginate nanocomposite to the paper pulp, reaching the better performance (42% of COD removal)
for the sample loaded with 20 wt.% nanocomposite. When the commercial TiO, particles loaded on



Materials 2020, 13, 1326 15 of 19

carbon fibers were used in the preparation of photocatalytic paper, a methyl orange photodegradation
efficiency of ~80% was obtained after 7h of UV irradiation, which is higher than the photocatalytic
activity showed by TiO, particles directly loaded on cellulose fibers [48]. The better performances in
this case were attributed to carbon fibers whose presence enhanced charge separation hindering the
electron-hole pair’s recombination. However, note that the efficiency of the photocatalytic process
is sensibly reduced when TiO; is immobilized on paper sheets compared with the results obtained
for TiO, suspended in aqueous solution (Table 2). It was largely accepted that the immobilization
of a photocatalyst on solid support often implies a decrease in the efficiency of the photocatalytic
process because of a loss of the available catalytically active surface, a more difficult exchange with
solution, and/or introduction of ionic species [49,50]. Rachel et al. [51], for example, compared the
photocatalytic efficiency of TiO, immobilized on various supports with the photocatalytic efficiency of
TiO, Degussa P25 in suspension, for the degradation of 3-nitrobenzenesulfonic acid (3-NBSA) and
4-nitrotoluenesulfonic acid (4-NTSA). They found that in all cases the photocatalytic activity of the
immobilized TiO, was significantly reduced. In their study, they concluded that the loss of efficiency
of the immobilized TiO, could not be attributed solely to the reduction of the active surface, but also
to the presence of ionic species that favored the charge recombination processes. Despite the loss of
efficiency, however, the immobilization of TiO, on solid support such as paper sheets is still attractive
because it offers a lot of advantages in terms of long-term and environmental safe stability (avoiding
leaching of TiO, nanoparticles in solution, for example) [52]. From an economically point of view, it is
also attractive because it allows the simple recovery and reuse, eliminating the need of a postprocess
filtration step to remove the photocatalyst nanoparticles from the treated water [53].
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Figure 11. (a) Time evolution of modified paper with different loading of TiO, hydrosol on photocatalytic
decomposition efficiency of methylene blue under 365 nm UV light irradiation. (b) Time evolution of
a 1.0% TiO,-modified paper sheet on the photocatalytic decomposition efficiency of methylene blue
under 365 nm UV light irradiation after three consecutive cycles.

Table 2. Rate constant K for the degradation of methylene blue in water with different TiO,-modified
paper sheets and TiO, nanoparticles at 365 nm UV light irradiation.

K(min—1) x 103

Catalyst + Error Limit x 10-4 Coefficient of Determination, R?
TiO,@365nm 21.7+6.0 0.996
Paper-1.0TiO, 0.82+0.2 0.996
Paper-0.5TiO, 077 £04 0.982

Paper-0.250 TiO, 0.41+03 0.971
Paper-0.125TiO, 0.34+04 0.931
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The stability of the modified paper sheets have been evaluated by carrying out three consecutive
runs of photocatalytic degradation of MB for the sample loaded with the 1.0% of TiO, hydrosol.
After each cycle, the modified paper was washed very quickly with distilled water, blow dried,
and re-immersed in a fresh dye solution. The experimental results are reported in Figure 11b.
The 1.0% TiO,-modified paper showed moderately stable photocatalytic activity after three consecutive
photocatalytic experiments. Moreover, the results revealed that the modified paper still possessed
significant photocatalytic activity after three consecutive cycles of UV illumination, as the degradation
efficiency of the modified paper decreased slightly from 32 to 27%. One possible reason for the observed
decrement is found in the negative effects of dye accumulation on the pores of paper, which could be
responsible for the coverage of catalyst surface: the intensity of light reaching the surface of catalyst
nanoparticles was reduced, thus lowering the number of the photogenerated hole—electron pairs [54].
On the other hand, the degradation of paper after its continuous immersion in water could not be
ruled out, which could cause the loss of some TiO, nanoparticles, and therefore a slight decrease in the
photocatalytic efficiency [40,48].

4. Conclusions

Photocatalytic paper sheets with improved photocatalytic activity were fabricated by adding
different amounts of crystalline anatase TiO, hydrosol obtained by an aging process at room temperature.
The experimental results highlighted that the use of sodium alginate as a binding agent is effective
in favoring the distribution of TiO, nanoparticles on paper surface, although some aggregations
occurred, especially in paper sheets, with higher TiO; loadings. Furthermore, the adhesion of the TiO,
nanoparticles to the cellulosic fibers was enhanced, as confirmed by the fact that photocatalytic papers
can be used repeatedly while retaining their photocatalytic activity. Finally, the positive interactions
between the abundant hydroxyl groups on the surface of TiO; with the hydroxyl groups in both sodium
alginate and cellulose allow to enhance the mechanical properties of the synthesized photocatalytic
paper in terms of better tensile index, breaking length, tear and burst index, and air permittivity.

Author Contributions: Conceptualization, R.G.T., D.C., and A.A.; methodology, R.G.T., M.A.-S.,and M.D., T.d.C.;
validation, R.G.T., M.A.-S., and M.D.; investigation, R.G.T., T.d.C., M.A.-S., and M.D.; resources, D.C., A A.;
data curation R.G.T.; writing—original draft preparation, R.G.T.; writing—review and editing, R.G.T., D.C.,
and A.M.A,; visualization, R.G.T,; supervision, R.G.T., D.C., and A.A; project administration, D.C. and A.A.;
funding acquisition, D.C and A.A. All authors have read and agreed to the published version of the manuscript.

Funding: The activities have been performed in the framework of the Joint Bilateral Agreement CNR/NRC
(Italy/Egypt), Biennial Programme 2018-2019, for the project “Improvement of mechanical and harrier properties
of biopolymer nano-composites for packaging applications.”

Acknowledgments: The authors are grateful to Luciana Cerri for AFM measurements, Claudio Veroli for XRD
measurements, and Fulvio Federici for technical support.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Muralikrishna, I1.V,; Manickam, V. Chapter One—Introduction. In Environmental Management; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 1-4.

2. Baloyi, J.; Seadira, T.; Raphulu, M.; Ochieng, A. Preparation, characterization and growth mechanism of
dandelion-like TiO; nanostructures and their application in photocatalysis towards reduction of Cr (VI).
Mater. Today Proc. 2015, 2, 3973-3987. [CrossRef]

3. Wu, D; Long, M.; Zhou, J.; Cai, W.; Zhu, X.; Chen, C.; Wu, Y. Synthesis and characterization of self-cleaning
cotton fabrics modified by TiO, through a facile approach. Surf. Coat. Technol. 2009, 203, 3728-3733.
[CrossRef]


http://dx.doi.org/10.1016/j.matpr.2015.08.027
http://dx.doi.org/10.1016/j.surfcoat.2009.06.008

Materials 2020, 13, 1326 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lo Nigro, R.; Toro, R.G.; Malandrino, G.; Fragala, I.L.; Fiorenza, P; Raineri, V. Chemical stability of
CaCusTigOq; thin films grown by MOCVD on different substrates. Thin Solid Films 2007, 515, 6470-6473.
[CrossRef]

Veronovski, N.; Hribernik, S. SEM and TEM Characterization of Cellulose Fibers Functionalized with
Inorganic Oxide Nanoparticles. J. Adv. Microsc. Res. 2010, 5, 56-62. [CrossRef]

Jiang, L.; Wang, Y.; Feng, C. Application of photocatalytic technology in environmental safety. Procedia Eng.
2012, 45,993-997. [CrossRef]

Daoud, W.A; Xin, ].H.; Zhang, Y.-H. Surface functionalization of cellulose fibers with titanium dioxide
nanoparticles and their combined bactericidal activities. Surface Sci. 2005, 599, 69-75. [CrossRef]

Tung, W.S.; Daoud, W.A. Self-Cleaning Fibers and Fabrics. In Self—Cleaning Materials and Surfaces:
A Nanotechnology Approach, 2nd ed.; Daoud, W.A., Ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA,
2013; pp. 129-152.

Parham, S.; Chandren, S.; Wicaksono, D.H.B.; Bagherbaigi, S.; Lee, S.L.; Yuan, L.S.; Nur, H. Textile/Al,O3-TiO;
nanocomposite as an antimicrobial and radical scavenger wound dressing. RSC Adv. 2016, 6, 8188-8197.
[CrossRef]

Zhang, L.; Wang, X.; Liu, P; Su, Z. Photocatalytic activity of anatase thin films coated cotton fibers prepared
via a microwave assisted liquid phase deposition process. Surf. Coat. Technol. 2007, 201, 7607-7614.

Lo Nigro, R.; Toro, R.G.; Malandrino, G.; Fiorenza, P; Raineri, V.; Fragala, I.L. Effects of deposition temperature
on the microstructural and electrical properties of praseodymium oxide-based films. Mater. Sci. Eng. B 2005,
118, 117-121. [CrossRef]

Pelton, R.; Geng, X.; Brook, M. Photocatalytic paper from colloidal TiO;-fact or fantasy. Adv. Colloid Interface
Sci. 2006, 127, 43-53. [CrossRef]

Adjimi, S.; Sergent, N.; Roux, J.-C.; Delpech, F; Pera-Titus, M.; Chhor, K.; Kanaev, A.; Thivel, P-X.
Photocatalytic paper based on sol—gel titania nanoparticles immobilized on porous silica for VOC abatement.
Appl. Catal. B 2014, 154-155, 123-133. [CrossRef]

Barati, N.; FaghihiSani, M. A.; Ghasemi, H.; Sadeghian, Z.; Mirhoseini, S.M.M. Preparation of uniform TiO,
nanostructure film on 316L stainless steel by sol-gel dip coating. Appl. Sci. 2009, 255, 8328-8333. [CrossRef]
Yu, J.-G.; Yu, H.-G.; Cheng, B.; Zhao, X.-].; Yu, ].C.; Ho, W.-K. The Effect of Calcination Temperature on the
Surface Microstructure and Photocatalytic Activity of TiO, Thin Films Prepared by Liquid Phase Deposition.
J. Phys. Chem. B 2003, 107, 13871-13879. [CrossRef]

Lo Nigro, R; Toro, R.G.; Malandrino, G.; Fragala, L.L.; Fiorenza, P.; Raineri, V. Effects of high temperature
annealing on MOCVD grown CaCu3TisOq; films on LaAlOj substrates. Surf. Coat. Technol. 2007, 201,
9243-9247. [CrossRef]

Ko, S.; Fleming, P.D.; Joyce, M.; Ari-Gur, P. High performance nano-titania photocatalytic paper composite.
Part II: Preparation and characterization of natural zeolite-based nano-titania composite sheets and study of
their photocatalytic activity. Mater. Sci. Eng. B 2009, 164, 135-139. [CrossRef]

Rehim, M.H.A ; El-Samahy, M.A.; Badawy, A.A.; Mohram, M.E. Photocatalytic activity and antimicrobial
properties of paper sheets modified with TiO,/Sodium alginate nanocomposites. Carbohydr. Polym. 2016,
148, 194-199. [CrossRef]

Wilson, J.L.; McDevitt, T.C. Stem cell microencapsulation for phenotypic control, bioprocessing, and
transplantation. Biotechnol. Bioeng. 2013, 110, 667-682. [CrossRef]

Adel, A M.; Ahmedb, E.O.; Ibrahim, M.M.; El-Zawawy, W.K.; Dufresne, A. Microfibrillated cellulose from
agricultural residues. Part II: Strategic evaluation and market analysis for MFCE30. Ind. Crops Prod. 2016, 93,
175-185. [CrossRef]

Adel, A M,; El-Gendy, A.A.; Diab, M.A.; Abou-Zeida, R.E.; El-Zawawy, WK_; Dufresne, A. Microfibrillated
cellulose from agricultural residues. Part I: Papermaking application. Ind. Crops Prod. 2016, 93, 161-174.
[CrossRef]

Caschera, D.; Federici, F.; de Caro, T.; Cortese, B.; Calandra, P.; Mezzi, A.; Lo Nigro, R.; Toro, R.G. Fabrication
of Eu-TiO, NCs functionalized cotton textile as a multifunctional photocatalyst for dye pollutants degradation.
Appl. Surf. Sci. 2018, 427, 81-91. [CrossRef]

Vinogradov, A.V.; Vinogradov, V.V. Effect of Acidic Peptization on Formation of Highly Photoactive TiO;
Films Prepared without Heat Treatment. J. Am. Ceram. Soc. 2014, 97, 290-294. [CrossRef]


http://dx.doi.org/10.1016/j.tsf.2006.11.050
http://dx.doi.org/10.1166/jamr.2010.1023
http://dx.doi.org/10.1016/j.proeng.2012.08.271
http://dx.doi.org/10.1016/j.susc.2005.09.038
http://dx.doi.org/10.1039/C5RA20361A
http://dx.doi.org/10.1016/j.mseb.2004.12.022
http://dx.doi.org/10.1016/j.cis.2006.08.002
http://dx.doi.org/10.1016/j.apcatb.2014.02.011
http://dx.doi.org/10.1016/j.apsusc.2009.05.048
http://dx.doi.org/10.1021/jp036158y
http://dx.doi.org/10.1016/j.surfcoat.2007.05.019
http://dx.doi.org/10.1016/j.mseb.2009.08.010
http://dx.doi.org/10.1016/j.carbpol.2016.04.061
http://dx.doi.org/10.1002/bit.24802
http://dx.doi.org/10.1016/j.indcrop.2016.04.042
http://dx.doi.org/10.1016/j.indcrop.2016.04.043
http://dx.doi.org/10.1016/j.apsusc.2017.08.015
http://dx.doi.org/10.1111/jace.12560

Materials 2020, 13, 1326 18 of 19

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Mahy, J.G.; Deschamps, F.; Collard, V.; Jérome, C.; Bartlett, J.; Lambert, S.D.; Heinrichs, B. Acid acting as
redispersing agent to form stable colloids from photoactive crystalline aqueous sol-gel TiO, powder. J.
Sol-Gel Sci. Technol. 2018, 87, 568-583. [CrossRef]

Choudhury, B.; Choudhury, A. Luminescence characteristics of cobalt doped TiO; nanoparticles. J. Lumin.
2012, 132, 178-184. [CrossRef]

Nyquist, R.A.; Kagel, R.O. Infrared Spectra of Inorganic Compounds; Academic Press Inc.: New York, NY, USA,
1971; p. 214.

Xu, J.; Li, L,; Yan, Y.; Wang, H.; Wang, X.; Fu, X; Li, G. Synthesis and photoluminescence of well-dispersible
anatase TiO, nanoparticles. J. Colloid Interface Sci. 2008, 318, 29-34. [CrossRef]

Ohsaka, T. Temperature Dependence of the Raman Spectrum in Anatase TiO;. J. Phys. Soc. Jpn. 1980, 48,
1661-1668. [CrossRef]

ChuChoi, H.; Jung, YM.; Kim, S.B. Size effects in the Raman spectra of TiO, nanoparticles. Vibrational
Spectroscopy 2005, 37, 33-38. [CrossRef]

Reddy, K.M.; Sunkara, M.; Reddy, A.R. Bandgap Studies on Anatase Titanium Dioxide Nanoparticles. Mater.
Chem. Phys. 2002, 78, 239-245. [CrossRef]

Pankove, J.I. Optical Processes in Semiconductors; Courier Corporation: Chelmsford, MA, USA, 1971.

Lopez, R.; Gomez, R. Band-gap Energy Estimation From Diffuse Reflectance Measurements on Sol-Gel and
Commercial TiO;: A Comparative Study. J. Sol-Gel Sci. Technol. 2012, 61, 1-7. [CrossRef]

Losurdo, M.; Giangregorio, M.M.; Luchena, M.; Capezzuto, P.; Bruno, G.; Toro, R.G.; Malandrino, G.;
Fragala, I.L.; Lo Nigro, R. Structural-optical study of high-dielectric-constant oxide films. Appl. Surf. Sci.
2006, 253, 322-327. [CrossRef]

Makula, P; Pacia, M.; Macyk, W. How to correctly determine the band gap Energy of modified semiconductor
photocatalysts based on UV-Vis Spectra. J. Phys Chem. Lett. 2018, 9, 6814-6817. [CrossRef]

Dette, C.; Pérez-Osorio, M.A; Kley, C.S.; Punke, P.; Patrick, C.E.; Jacobson, P,; Giustino, F; Jung, S.J.; Kern, K.
TiO, Anatase with a Bandgap in the Visible Region. Nano Lett. 2014, 14, 6533-6538. [CrossRef] [PubMed]
Reyes-Coronado, D.; Rodriguez-Gattorno, G.; Espinosa-Pesqueira, M.E.; Cab, C.; de Coss, R.; Oskam, G.
Phase-pure TiO, nanoparticles: Anatase, brookite and rutile. Nanotechnology 2008, 19, 145605-145615.
[CrossRef] [PubMed]

Wang, X.; He, H.; Chen, Y.; Zhao, ].; Zhang, X. Anatase TiO; hollow microspheres with exposed {0 0 1} facets:
Facile synthesis and enhanced photocatalysis. Appl. Surf. Sci. 2012, 258, 5863-5868. [CrossRef]

Sarmabh, K.; Pratihar, S. Synthesis, Characterization, and Photocatalytic Application of Iron Oxalate Capped
Fe, Fe-Cu, Fe-Co, and Fe-Mn Oxide Nanomaterial. ACS Sustainable Chem. Eng. 2017, 5, 310-324. [CrossRef]
Jaksika, J.; Trana, P; Galveza, V.; Martineza, I.; Ortiza, D.; Lya, A.; McEnteeb, M.; Durkeb, E.M.; Aisheea, S.T.].;
Cuaa, M,; et al. Advanced cotton fibers exhibit efficient photocatalytic self-cleaning andantimicrobial activity.
J. Photochem. Photobiol. A 2018, 365, 77-85. [CrossRef]

Qin, Z.; Liu, W.; Chen, H.; Wang, H.; Song, Z. Preparing photocatalytic paper with improved catalytic activity
by in situ loading poly-dopamine on cellulose fibre. Bull. Mater. Sci. 2019, 42, 54. [CrossRef]

Wang, J.; Huang, J.; Xie, H.; Qu, A. Synthesis of g-C3N4/TiO, with enhanced photocatalytic activity for H2
evolution by a simple method. Int. ]. Hydrogen Energy 2014, 39, 6354—-6363. [CrossRef]

Hamad, H.; Bailon-Garcia, E.; Morales-Torres, S.; Carrasco-Marin, F.; Pérez-Cadenas, A.F;
Maldonado-Hédar, EJ. Physicochemical properties of new cellulose-TiO, composites for the removal
of water pollutants: Developing specific interactions and performances by cellulose functionalization. J.
Environ. Chem. Eng. 2018, 6, 5032-5041. [CrossRef]

Shu, S.H.; Li, C.R. Fabrication and characterization of regenerated cellulose/TiO, nanocomposite hybrid
fibers. Adv. Mater. Res. 2011, 418420, 237-241. [CrossRef]

Wang, C.; Yan, E.Y;; Huang, Z.H.; Zhao, Q.; Xin, Y. Fabrication of Highly Photoluminescent TiO,/PPV Hybrid
Nanoparticle-Polymer Fibers by Electrospinning. Macromol. Rapid Commun. 2007, 28, 205. [CrossRef]
Mohamed, M.A ; Salleh, WIN.W.; Jaafar, J.; Ismail, A.F.; Mutali, M.A.; Jamil, S.M. Incorporation of N-doped
TiO, nanorods in regenerated cellulose thin films fabricated from recycled newspaper as a green portable
photocatalyst. Carboh. Polym. 2015, 133, 429-437. [CrossRef] [PubMed]

Wiley, ].H.; Atalla, R.H. Band assignments in the Raman spectra of celluloses. Carbohyd. Res. 1987, 160,
113-129. [CrossRef]


http://dx.doi.org/10.1007/s10971-018-4751-6
http://dx.doi.org/10.1016/j.jlumin.2011.08.020
http://dx.doi.org/10.1016/j.jcis.2007.10.004
http://dx.doi.org/10.1143/JPSJ.48.1661
http://dx.doi.org/10.1016/j.vibspec.2004.05.006
http://dx.doi.org/10.1016/S0254-0584(02)00343-7
http://dx.doi.org/10.1007/s10971-011-2582-9
http://dx.doi.org/10.1016/j.apsusc.2006.06.004
http://dx.doi.org/10.1021/acs.jpclett.8b02892
http://dx.doi.org/10.1021/nl503131s
http://www.ncbi.nlm.nih.gov/pubmed/25252265
http://dx.doi.org/10.1088/0957-4484/19/14/145605
http://www.ncbi.nlm.nih.gov/pubmed/21817764
http://dx.doi.org/10.1016/j.apsusc.2012.02.117
http://dx.doi.org/10.1021/acssuschemeng.6b01673
http://dx.doi.org/10.1016/j.jphotochem.2018.07.037
http://dx.doi.org/10.1007/s12034-019-1736-1
http://dx.doi.org/10.1016/j.ijhydene.2014.02.020
http://dx.doi.org/10.1016/j.jece.2018.07.043
http://dx.doi.org/10.4028/www.scientific.net/AMR.418-420.237
http://dx.doi.org/10.1002/marc.200600626
http://dx.doi.org/10.1016/j.carbpol.2015.07.057
http://www.ncbi.nlm.nih.gov/pubmed/26344299
http://dx.doi.org/10.1016/0008-6215(87)80306-3

Materials 2020, 13, 1326 19 of 19

47.

48.

49.

50.

51.

52.

53.

54.

Adel, AM.; Ahmed, N.M.; Diab, M. A_; Selim, M.M. The influence of TiO,/CC core/shell pigments on the
properties of paper sheets. Powder Technol. 2016, 291, 437-447. [CrossRef]

Zhang, J.; Liu, W.; Wang, P.; Qian, K. Photocatalytic behavior of cellulose-based paper with TiO, loaded on
carbon fibers. J. Environ. Chem. Eng. 2013, 1, 175-182. [CrossRef]

Fernandez, A.; Lassaletta, G.; Jiménez, V.M.; Justo, A.; Gonzalez-Elipe, A.R.; Herrmann, J.-M.; Tahiri, H.;
Ait-Ichou, Y. Preparation and characterization of TiO, photocatalysts supported on various rigid supports
(glass, quartz and stainless steel). Comparative studies of photocatalytic activity in water purification. Appl.
Catal. B Environ. 1995, 7, 49-63. [CrossRef]

Toro, R.G.; Calandra, P; Federici, F; de Caro, T.; Mezzi, A.; Cortese, B.; Pellegrino, A.L.; Malandrino, G.;
Caschera, D. Development of superhydrophobic, self-cleaning, and flame-resistant DLC/TiO, melamine
sponge for application in oil-water separation. J. Mater. Sci. 2020, 55, 2846-2859. [CrossRef]

Rachel, A.; Subrahmanyam, M.; Boule, P. Comparison of photocatalytic efficiencies of TiO, in suspended and
immobilised form for the photocatalytic degradation of nitrobenzenesulfonic acids. Appl. Catal. B Environ.
2002, 37, 301-308. [CrossRef]

Sadjadi, S. Catalysis With Polymer-Incarcerated Metal(0) Clusters. In Encapsulated Catalysts; Elsevier Science:
San Diego, CA, USA, 2017; Chapter 5; pp. 153-204.

Albarelli, ].Q.; Santos, D.T.; Murphy, S.; Oelgemoller, M. Use of Ca-alginate as novel support for TiO,
immobilization in methylene blue decolorisation. Water Sci. Technol. 2009, 60, 1081-1087. [CrossRef]
Thomas, M.; Naikoo, G.A; Sheikh, M.; Ud, D.; Bano, M.; Khan, F. Effective photocatalytic degradation of
Congo red dye using alginate/carboxymethyl cellulose/TiO, nanocomposite hydrogel under direct sunlight
irradiation. J. Photochem. Photobiol. A 2016, 327, 33—43. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.powtec.2016.01.007
http://dx.doi.org/10.1016/j.jece.2013.04.022
http://dx.doi.org/10.1016/0926-3373(95)00026-7
http://dx.doi.org/10.1007/s10853-019-04211-2
http://dx.doi.org/10.1016/S0926-3373(02)00007-3
http://dx.doi.org/10.2166/wst.2009.459
http://dx.doi.org/10.1016/j.jphotochem.2016.05.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Nanocrystalline TiO2 Hydrosol by Aging at Room Temperature 
	Preparation of Photocatalytic Paper Sheets 
	Paper Sheet Preparation 
	Fabrication of TiO2 Hydrosol/Sodium Alginate Hybrid Nanocomposite on Paper Sheets 

	Characterization of TiO2 Hydrosol and TiO2-Modified Paper Sheets 
	Evaluation of Photocatalytic Activity of TiO2 Hydrosol and TiO2-Modified Paper Sheets 
	Mechanical and Barrier Properties for Photocatalytic Paper Sheets 

	Results and Discussion 
	Characterization of TiO2 Nanoparticles 
	Photocatalytic Activity of TiO2 Nanoparticles 
	Structural and Morphological Characterization of TiO2-Modified Paper 
	Strength and Barrier Properties of Modified Paper Sheets 
	Photocatalityc Properties of TiO2-Modified Paper 

	Conclusions 
	References

