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Featured Application: Novel SA/PVP/TiO; nanocomposite beads can be used as an effective, eco-
friendly adsorbent-photocatalyst for treating cationic dye-contaminated wastewaters.

Abstract: The combination of adsorption and photodegradation processes is an effective technique
for the removal of dye contaminants from water, which is motivating the development of novel
adsorbent-photocatalyst materials for wastewater treatment. Herein, novel nanocomposite porous
beads were developed using titanium dioxide (TiO,) nanotubes embedded in a sodium alginate
(SA)/polyvinylpyrrolidone (PVP) matrix using calcium chloride solution as a crosslinker. The
prepared nanocomposite beads’ performance was examined as an adsorbent-photocatalyst for the
breakdown of methylene blue in aqueous solutions. Several operation factors influencing the
dye decomposition process, including photocatalyst dosage, illumination time, light intensity, and
stability were investigated. The findings demonstrated that the removal activity of the beads changed
with the TiO, weight ratio in the composite. It was found that SA /PVP/TiO,-3 nanocomposite beads
presented the greatest deterioration efficiency for methylene blue dye (98.9%). The cycling ability and
reusability of the prepared SA /PVP/TiO, nanocomposite beads recommend their use as efficient,
eco-friendly materials for the treatment of wastewaters contaminated with cationic dyes.

Keywords: hydrogel nanocomposite beads; sodium alginate; polyvinylpyrrolidone; cationic dye;
photodegradation

1. Introduction

The release of dye-contaminated wastewaters from different industries [1] into the
environment leads to dramatic effects on the living life of our planet, as dyes and their
sub-products are often toxic or mutagenic agents [2]. Different techniques are used to
treat waters polluted with dyes, such as adsorption [3,4], photocatalysis [5], biological
methods [6,7], coagulation, and flocculation [8].

Recently, photocatalysis degradation has been used widely to remove several or-
ganic [9] and inorganic [10] wastewater contaminants by transforming them into non-
hazardous materials. One of the semiconductor materials most commonly utilized as a
photocatalyst to remove various contaminants from wastewaters is titanium dioxide (TiO5),
which was studied as a photocatalyst for the first time in 1972 by Fujishima and Honda [11].
TiO, is a non-toxic and bio-friendly material, chemically stable, photostable, commercially
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available with a low cost price, has high transparency to visible light, and can be activated
with sunlight or UV radiation [12,13]. The problem regarding the application on an in-
dustrial scale of TiO, nanostructures is the low adsorption of organic pollutants, uniform
distribution of nanoparticles, and the sluggish separation and recovery of nanosized par-
ticles during the process of wastewater treatment. Supporting TiO, nanostructures on a
polymeric matrix can overcome this difficulty.

TiO; incorporated into a calcium (Ca)-alginate film matrix was used as a photocatalyst
to remove methyl orange with 82.2% effectiveness after 120 min of UV irradiation [14]. ZnO
and TiO, nanoparticles embedded into Ca-alginate beads were also used as a photocatalyst
to remove copper ions [10]. By using cross-linked sodium alginate (SA) with TiO,, forming
a SA-TiO, hydrogel, an adsorption efficiency for methyl violet dye of 99.6% was reported,
whereas SA-based film only achieved 85%. This effect was attributed to the electrostatic
attraction between the methyl violet dye and TiO,, which behaves as an anionic center in
the hybrid hydrogel [15]. On the other hand, after two cycles of reuse, the SA-TiO; hybrid
film was still effective in degrading Congo red under UV light, with no appreciable loss of
catalytic activity [16]. Generally, adsorption-photocatalytic degradation of dyes is favored
using TiO;; however, a high concentration of dye solution can hinder the photocatalytic
activity of TiO, due to its surface saturation. Besides, the dye molecules are prone to absorb
light energy. As a result, the production of reactive oxygen species and hydroxyl radicals
is reduced.

SA is a brown seaweed-derived natural polysaccharide polymer. It is a non-toxic,
biocompatible, and biodegradable polymer composed of two acids, namely o-L-guluronic
and p-D-mannuronic acid. SA is suitable for chemical modification and can be shaped
as hydrogel beads by cross-linking the x-L-guluronic acid units with poly- or divalent
cations [17,18]. It is frequently employed as a polymeric matrix that can support cata-
lysts [10]. To overcome the natural polymer’s drawbacks, such as microbial breakdown
and low mechanical strength, SA was blended with synthetic polymers, including polyvinyl
alcohol (PVA) [19], polyethylene glycol (PEG), and polyethylene oxide (PEO) [20]. The
inclusion of active functional groups on natural and synthetic polymers in the polymeric
network allows the hydrogel beads to be used efficiently as adsorbents as a result of the
blending [21].

In this study, to improve the porosity of the produced beads, polyvinylpyrrolidone
(PVP) was combined with SA as a natural pore-forming polymer [22]. In addition, TiO,
nanotubes were incorporated into SA/PVP polymer matrix to yield novel SA/PVP/TiO,
nanocomposite beads using calcium chloride (CaCl,) as the cross-linker. The main objective
was to obtain a novel hybrid nanocomposite material having adsorption-photocatalyst ac-
tivity by a simple, cheap, and efficient method. Its photocatalytic activity was investigated
for the removal of cationic dyes, namely methylene blue (MB), from aqueous solutions.
This nanocomposite overcomes the drawbacks of typical suspended solutions containing
TiO, nanoparticles, which cause secondary pollution in the water treatment process.

2. Materials and Methods
2.1. Materials

Sodium alginate (SA), polyvinylpyrrolidone (PVP), and titanium (IV) dioxide rutile
powder (TiO;, <5 mm) were all acquired from Sigma Aldrich. All compounds were used
without further purification, and the solutions were made with deionized water.

2.2. Preparation of Polymeric Beads

Each polymer was individually dissolved at 25 °C in deionized water and mixed for
2 h in a mixture comprising 90 wt.% SA, 9-7 wt.% PVP, and 1-3 wt.% TiO, nanotubes,
prepared from previous work [23], to form homogenous solutions. Using a syringe, the
polymer mixture was then added dropwise into a 2% (w/v) CaCl, solution. After shaping
the beads, they were rinsed three times with distilled water.
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Figure 1 shows the possible structure of SA/PVP/TiO, nanocomposite beads, where
the two polymers are crosslinked through acid-base interaction between carboxylic groups
of SA and amine groups of PVDP, in addition to the hydrogen bonds formed between the
oxygenated groups of the polymers’ molecules and the TiO, doping agent.
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Figure 1. Possible structure of the SA/PVP/TiO, nanocomposite.

2.3. Characterization

The crystallographic phases of the produced samples were determined by X-ray pow-
der diffraction (XRD, Shimadzu-7000, Kyoto, Japan). The elements were identified using
transmission electron microscopy (TEM, JEM-2100 plus) and scanning electron microscopy
(SU-70, Hitachi, Japan) in combination with energy-dispersive X-ray spectroscopy (EDS).
A Bruker ALPHA spectrometer (Bruker Corporation, Rheinstetten, Germany) was used to
perform the Fourier transform infrared (FTIR) study.

2.4. Photocatalytic Decay of Methylene Blue

Under illumination of an unfiltered commercial LED visible light, specifically two
12 W lamps with 1200 Im (Bareeq, Egypt), the photocatalytic degradation of MB dye was
assessed using two loading ratios of doping agent in the SA /PVP polymer matrix. Typically,
1 g L~! of the SA/PVP/TiO, nanocomposite beads was suspended in MB dye solution
model wastewater. The suspension was agitated at 25 °C using magnetic stirring under
visible light, and samples were taken at regular intervals. A UV-vis spectrophotometer
(Shimadzu UV-2600, Kyoto, Japan) was used to evaluate the residual MB concentration
after irradiation by sampling 3 mL of the reaction mixture at the wavelength of 665 nm.
The photocatalytic decay of MB was calculated by means of Equation (1),

photodegradation (%) = [(Cy — C) / Cp] x 100 1

where Cy and C stand for the initial and final MB dye concentration, respectively.

The photocatalytic efficiency of the produced nanocomposite beads on MB dye degra-
dation was investigated at a pH of 7. This pH value is the most suited for photocatalytic
degradation [24] and was set by adding either 0.1 M NaOH or 0.1 M HCI solution.
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2.5. Kinetic Models

The most widely used kinetic models are the pseudo-first order and pseudo-second
order models [1]. The pseudo-first order model is given by Equation (2),

log(qe — qt) = logqe — Kyt 2)

where g, and g; represent the MB adsorption capacity (mg g !) (i.e., the quantity of MB
dye adsorbed or degraded) at equilibrium and at time t (s), respectively, and K; represents
the rate constant (s~!). The plots of log (7. — g:) vs. t enable determining the K; values.
Equation (3) describes the pseudo-second order model,

t 1 1

— = +( =)t 3
Ge K»q 2 ( de > ®
where K, (g mg~! s!) represents the rate constant of the pseudo-second order model.

When pseudo-second order kinetics is adopted, the plot of ¢/g; vs. t should show a linear
relation. The slope and intercept of the plot can be used to obtain g, and Kj, respectively.

3. Results and Discussion
3.1. Characterization of SA/PVP/TiO, Nanocomposite

The TEM image of TiO, shown in Figure 2a proves the formation of the tubular shape
with nanoscale size. After the TiO, nanotubes were embedded in the blended SA /PVP
polymers, SA/PVP/TiO; nanocomposite beads were obtained, as confirmed from EDS
data (Figure 2b). As shown in the SEM micrograph of Figure 2c, the beads presented a
rough and wrinkled morphology. By taking a higher magnification SEM image, a good
dispersion of the TiO, nanotubes was observed with visible pores in the polymer matrix
(Figure 2d).

Figure 2. (a) TEM image of the TiO, nanotube and (b) EDS data of SA/PVP/TiO, nanocomposite.
SEM micrographs of the (c) spherical-shaped bead and (d) higher magnification of bead’s surface.
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The FTIR spectra of TiO; nanotubes and SA/PVP/TiO; nanocomposite are shown
in Figure 3. The band at about 500 cm~! for the TiO, nanotube seen in Figure 3a is
characteristic of Ti-O stretching vibration modes. The FTIR spectra of SA/PVP/TiO,
nanocomposite samples exhibit bands around 1600 cm ! assigned to O-H stretching mode,
as well as absorption bands at 1419 cm~! ascribed to COO symmetric stretching vibration
in SA. The band at 1030 cm ! corresponds to C-O stretching [25], the band at 2178 cm s
related to PVP’s C-N bond stretching vibration, and the band located at 2170-2300 cm !
represents the polymers’ C-H bonds’ bending vibration [22].
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Figure 3. (a) FTIR spectra and (b) XRD spectra of the TiO, nanotubes and SA /PVP/TiO; nanocomposite beads.

The XRD patterns in Figure 3b show the crystalline features of TiO, nanotubes, with
characteristic peaks at 20 values of 28, 36, 41, and 54, whereas characteristic spectra of an
amorphous structure are obtained for the prepared beads. The amorphous nature of the
nanocomposites is related to the low Ti content (e.g., 2.7 wt.% Ti in SA/PVP/TiO,-3), as
determined by EDS analysis.

3.2. Adsorption and Photocatalytic Removal of MB
3.2.1. Effect of TiO, Amount in the SA /PVP Matrix

As the catalyst loading in the SA/PVP/TiO, nanocomposite has a key role in dye
decay efficiency, the effect of the photocatalyst concentration on MB degradation was
investigated by increasing the TiO, amount in the SA/PVP matrix from 1 to 5 wt.%. As
seen in Figure 4, the decay efficiency rose when the TiO, concentration increased from 1 to
3 wt.%, which can be justified by the fact that at low concentrations, more porous empty
sites and polymer functional groups, such as COO, are accessible on the beads” external
surface to absorb cationic dye molecules via electrostatic attraction. However, the active
sites available for the photocatalytic reaction are limited. Thus, by increasing the catalyst
loading to 3 wt.%, additional active sites become available for the photocatalytic reaction.
This leads to an increase in the hydroxyl ions” adsorption onto the surface of the beads
to produce OH® radicals. On the other hand, the photocatalytic activity decreased at a
high concentration of the catalyst, as it hampers the dye decay rate as a result of light
penetration shortage inside the beads. A second possibility is the agglomeration of the
catalyst nanoparticles, resulting in a decrease in the operative surface area of the catalyst,
and consequently, a decrease in the decolorization efficiency.

3.2.2. Effect of lllumination Time on the Decay of MB

The activity of the prepared SA/PVP/TiO; nanocomposites was investigated in a dark
environment to assess the level of MB dye adsorption in the beads. These data were used
to evaluate the photocatalytic activity of SA/PVP/TiO, nanocomposites for eliminating
MB dye in the presence of visible light. The experiments were carried out using 1 g L~! of
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one of the two studied concentrations of doping agent (1 and 3 wt.% of TiO,, respectively
for SA/PVP/TiO,-1 and SA/PVP/TiO;-3 nanocomposite beads) in a 500 mL solution
containing 50 mg L~ of MB dye at pH 7. The analysis was done at different time intervals
in the dark and under visible light. As illustrated in Table 1, the dark adsorption increased
with time and stabilized after 40 min, indicating that the active site and porosity of the
SA/PVP blended polymer were saturated with MB molecules. Furthermore, carboxylic
groups are the prevalent functional groups in the SA polymer, aiding in the adsorption of
the cationic dye molecules.
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Figure 4. The influence of catalyst loading on dye degradation (pH 7; illumination time: 120 min;
initial MB concentration: 50 mg L~ and light intensity: 1200 Im).

Table 1. Experimental data * on the effect of illumination time on MB dye degradation (%) using
SA /PVP/TiO, nanocomposite beads.

Dye Removal % Dye Removal % Dye Removal % Dye Removal %

Time with with with with
(min) SA/PVP/TiO,-1in  SA/PVP/TiO,-3in  SA/PVP/TiO-1in  SA/PVP/TiO,-3 in
Dark Dark Light Light
10 21.0+0.1 20.0 £0.1 239 +0.1 264 +0.1
20 39.0+0.1 38.0+0.1 41.0+0.1 48.7 £ 0.1
30 48.0 £ 0.1 493 +£0.1 58.6 + 0.1 63.5+ 0.1
40 58.0 £ 0.1 58.1 £0.1 67.0 £ 0.1 72.0 £ 0.1
50 58.6 £ 0.1 58.8 + 0.1 70.3 + 0.1 79.1 £ 0.1
60 58.9 £ 0.1 59.0 £ 0.1 789 + 0.1 85.2 +0.1
70 59.3 £ 0.1 59.0 £0.1 84.4 +£0.1 90.7 £ 0.1
80 59.5 +0.1 59.6 £ 0.1 88.0 + 0.1 94.3 £+ 0.1
90 59.8 £ 0.1 59.9 + 0.1 91.3+0.1 98.2 £ 0.1
100 59.9 £ 0.1 60.0 £ 0.1 91.6 £0.1 984 +0.1
110 60.0 + 0.1 60.3 + 0.1 91.8 £ 0.1 98.8 £ 0.1
120 60.2 + 0.1 60.1 £ 0.1 92.1+0.1 98.9 £ 0.1

* average values according to 3 replicates.

However, under visible light, as can be seen in Figure 5, the results reveal that the
photocatalytic activity increased with the duration of the illumination period, with the
SA/PVP/TiO,-1 and SA/PVP/TiO;-3 nanocomposite beads reaching 92% and 98.9% of
MB dye decay, respectively, after 120 min of illumination.
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Figure 5. Effect of the illumination time in the degradation of methylene blue (%) in light using the
SA /PVP/TiO, nanocomposites beads.

3.2.3. Effect of Light Intensity on MB Photocatalytic Degradation

The influence of light intensity on the efficiency of photocatalytic MB dye decay was
evaluated using two concentrations of TiO,. The intensity of the light over the system was
varied by holding either one or two lamps on the reactor cover. As shown in Figure 6, the
efficiency of the system after 120 min was enhanced by increasing the light intensity. This
suggests that for higher intensity, the amount of light reaching the photocatalyst particles
increases, thus increasing electron stimulation and the efficiency of the system [26].

227 SA/PVPITIO -3
100 K52 SA/PVP/TIO -1

<
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dye decay / %

20
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light intensity

Figure 6. Effect of the light intensity on MB photocatalytic degradation using SA/PVP/TiO,
nanocomposite (pH 7; 120 min of illumination time; and 50 mg L~! initial MB concentration).

3.2.4. Effect of the MB Dye Initial Concentration on its Photocatalytic Decay

The effect of the initial dye concentration on the photocatalytic decay of MB is shown
in Figure 7 for both SA/PVP/TiO,-1 and SA /PVP/TiO;-3 nanocomposite beads. In each
experiment, the same quantity of nanocomposite beads (1 g L~!) was added to solutions
containing different dye concentrations (10, 25, 50, and 100 mg Lfl). The pH of the
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dye solution was kept at 7 and the contact time and light intensity were 120 min and
1200 Im, respectively. Figure 7 shows that dye decay tends to increase for higher initial MB
concentration, the higher decay being attained at 50 mg L~!. Further increasing the MB
dye concentration negatively affected its decay. This can be justified by the dependence
of the photodegradation rate of the dyes on the formation of OH® radicals on the catalyst
surface, followed by the reaction of such radicals with the MB dye molecules. The higher
dye decay rate observed at lower initial dye concentrations can be related to a higher
chance of the dye molecules to react with OH® [27,28]. The following steps describe the
mechanism proposed for MB degradation via the nanocomposite beads. First, irradiation
with visible light enables electrons in the valence band to move to the conduction band.
The surface of the TiO, photocatalyst then forms holes and electrons. Electrons react with
dissolved O, to produce O,°*~, while holes react with OH™ ions to produce OH®. The
latter reacts with MB dye to degrade it into non-toxic products, such as CO,, and water.
Additional OH?* is produced in the reaction between H,O, and e, further enhancing MB
dye degradation [29-31].

100 - E22 SA/PVP/TIO,-3
ke % SA/PVP/TIO -1
80 - Z o
S
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§ 60
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20+
0
10 25 50 75 100
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Figure 7. Effect of the initial concentration of MB dye on its photocatalytic decay using the nanocom-
posite beads (pH: 7; contact time: 120 min; light intensity: 1200 Im).

For higher values of initial MB dye concentration, the photocatalyst activity is dimin-
ished. This effect is likely related to a hampering of the reaction between OH® radicals and
the dye molecules. As the initial dye concentration increases, the amount of MB molecules
adsorbed onto the catalyst surface also increases, consequently hindering OH® forma-
tion [32]. Additionally, with the increase of color intensity, the gaps related to the photons
entry are inhibited in reaching the photocatalyst surface, restraining the photodegrada-
tion of the dye by OH® radicals [31]. Herein, the optimum initial MB dye concentration
was found to be 50 mg L~!, with the SA/PVP/TiO,-3 nanocomposite beads revealing a
photodegradation efficiency of 98.9 %.

3.3. Reaction Kinetics Mechanism
3.3.1. Kinetic Models

The reaction mechanism between the SA /PVP/TiO, nanocomposite beads and MB is
examined by making use of pseudo-first order and pseudo-second order kinetic models.
The reaction rate is usually described by the kinetic model, whereas the dependence of
the former on the reacting species concentration defines the reaction order [33,34]. The
study involved carrying out experiments both in the dark and under light irradiation.
Table 2 shows that there are clear differences between the two models in the dark and
under irradiation of visible light. In the pseudo-second order model, the rate constant K,
for SA/PVP/TiO,-3 in dark mode is the highest, indicating the chemisorption nature of
the MB adsorption process [35].
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Table 2. Kinetic parameters determined for the pseudo-first order and pseudo-second order models.

Pseudo-First Order Pseudo-Second Order
Nanocomposite Material
P qe 4 Ifll R2 1521 4 RZ
mgg s gmgls

SA/PVP/TiO;-1 in dark 714 £0.2 0.051 £ 0.001 0.96 0.0004 + 1075 091
SA/PVP/TiO;-3 in dark 73.6 £0.1 0.059 £ 0.001 0.93 0.0005 & 1075 0.98
SA/PVP/TiO;-1 in light 919 £0.3 0.036 £ 0.001 0.96 0.0003 & 10~ 0.99
SA/PVP/TiO;-3 in light 983 £0.1 0.038 £ 0.001 0.98 0.0004 + 1075 0.97

3.3.2. Proposed MB Decay Reaction Mechanism onto SA/PVP/TiO,

The MB degradation mechanism begins with the adsorption of the dye on the surface
of the nanocomposite by electrostatic interactions [36], followed by its photodegradation.
At pH values of 3-7, the beads have a negative surface charge. In addition, TiO, contains
terminal oxygen atoms that consequently increase the interaction between the beads’
surface and nitrogen atoms in the MB molecules [1]. Under the irradiation of light, electron-
hole pairs are formed in TiO, and the generated OH® and O,°~ radicals are concentrated
on the surface [34]. The MB dye is then degraded into smaller molecular fragments, such
as CO,, H,O, and H*, by these hydroxyl radicals or superoxide ion radicals.

Table 3 compares the produced nanocomposite beads to other TiO,-based nanocom-
posites that have previously been investigated for the elimination of various organic dyes in
the water. When compared to previously reported nanocomposite beads, the removal effec-
tiveness of the herein prepared SA/PVP/TiO,-3 nanocomposite beads was almost higher
than that of the other TiO,-based composites, with the latter also presenting unfavorable
synthesis methods and cost.

3.4. Reusability of SA/PVP/TiO, Nanocomposite

Five consecutive experimental runs were performed under optimal conditions using
the same set of beads to evaluate the reusability of SA/PVP/TiO, nanocomposites as indi-
cated in Figure 8, which permits the process to be considered a cost-effective degradation
process for MB. The SA /PVP/TiO, nanocomposite beads were recovered and used five
times by washing with 0.1 M HCI solution. The obtained data reveal that the MB decay
efficiency remained practically unchanged as the cycle number increased. This result may
be due to the stability of TiO, nanotubes in the SA/PVP polymer matrix.

100

7} SA/PVPITIO,-3
B SA/PVPITIO -1

7
09 M

951
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Removal Efficiency (%)

85
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Figure 8. Reusability of SA/PVP/TiO, nanocomposites for the removal of MB during 5 consecutive
cycles (at 120 min; pH 7; 50 mg L~ ! initial MB concentration).
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Table 3. Photodegradation behavior towards organic dyes of different TiO,-based composites.

Materials TiO; Morphology Dye Efficiency Source

TiO, embedded in SA /PVP nanocomposite beads nanotube methylene blue  up to98.9%  this work
SA-TiO,-bentonite nanoparticles methylene blue 90% [37]
TiO, immobilized in a Ca-alginate nanoparticles methylene blue 95% [38]
TiO, /Ca-alginate composite films nanoparticles methyl orange 82.2% [14]
Acrylic acid-grafted SA-based TiO; hydrogel nanocomposite nanoparticles methyl violet 99.6% [15]
SA-TiO; thin film nanoparticles Congo red ~59% [16]
SA-TiO, hybrid aerosol nanoparticles methyl orange <85% [39]

SA /carboxymethyl cellulose with nano-TiO, and graphene

1 0,
oxide composite nanoparticles Congo red 98% [40]

4. Conclusions

TiO, nanotubes were incorporated into a SA/PVP blend as a doping agent. The
synthesized SA/PVP/TiO, nanocomposite beads were used to degrade MB dye in aque-
ous solutions when exposed to visible light irradiation using the concept of “absorb and
degrade”. The process starts with the adsorption of the MB dye molecules on the surface
of the SA/PVP/TiO; nanocomposite beads. Consequently, the adsorbed dye molecules
undergo photocatalytic destruction by the TiO, nanotubes. The adsorption mechanism
mainly depends on the porosity of the beads and the active sites on their surface, while the
photocatalytic activity depends on the TiO,. The determined MB removal profiles demon-
strated that SA/PVP /TiO,-3 nanocomposite beads perform better than SA/PVP/TiO,-1
beads. Additionally, it was found that these nanocomposite beads may be easily recovered
by simple washing and reused as effective tools for treating wastewaters contaminated
with cationic dyes.
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