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Abstract: Activated carbon/titanium dioxide (AC/TiO2) nanohybrids were synthesized by a hy-
drothermal technique using various weight percent of commercial AC and were characterized by
X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), Fourier transform
infrared (FTIR) and thermogravimetric analysis (TGA). The synthesized nanohybrids were applied
to photodegradation of Reactive Red-35 (RR-35) dye in aqueous solution using sunlight. Due to the
synergistic effect of adsorption and photodegradation activity, AC/TiO2 nanohybrids were more
efficient in treating the aqueous dye solution than that of AC and TiO2 The maximum (95%) RR-35
dye removal from the water was obtained with 20 wt% AC/TiO2 within 30 min at natural pH of
5.6. The possible photodegradation mechanism of RR-35 dye with AC/TiO2 was discussed from the
scavenger test. Moreover, AC/TiO2 was found to be suitable for long-term repeated applications
through recyclability experiments. Therefore, AC/TiO2 nanohybrid is a promising photocatalyst for
treating azo dyes especially RR-35 from water.
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1. Introduction

Adverse effects are being observed in the environment, especially, in water quality
due to the rapid urbanization and industrialization in the world. Hazardous wastes along
with untreated toxic chemicals are usually flushed into rivers and ponds or nearby water
reservoirs [1]. The dyes are considered hazardous water pollutants due to their toxic effects
on the environment and complexity in removal [2]. Textile dyes, especially azo dyes not
only affect the aesthetic merit of surface water but also reduces light penetration that
hampers aquatic lives [2]. Moreover, azo dyes are usually mutagenic and carcinogenic [2,3].
Reactive Red-35 (RR-35) is a typical toxic azo dye and has widely been used in textile
industries because of its vibrant colors, water-fastness and energy-efficient application
techniques [4].

Several techniques have been applied for wastewater treatment, especially in azo
dye removal from water [2,5]. However, the traditional physical and biological water
treatment processes have some drawbacks such as prolonged tendency, high cost and
lower efficiency [2]. Moreover, some non-traditional processes such as ozonation, radiation
and membrane processes have some drawbacks; for example, ozonation and radiation
processes generate toxic byproducts, which could be difficult to remove [6,7]. Therefore,
cost-effective and environment-friendly methods are desired for the removal of toxic dyes
from the effluent streams.
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Photocatalytic degradation, an advanced oxidation water purification method, has
attracted much interest to researchers since it can cost-effectively degrade the dyes without
causing any further harm to nature [8]. To date, several metal oxides [9,10] including
titanium dioxide (TiO2) [11] have been selected as photocatalysts due to their less toxic-
ity, chemical stability and distinct electronic structure (unoccupied conduction band and
occupied valence band) [12]. Among them, TiO2 is extensively used for a wide range
of applications compared to other photocatalysts, due to its low cost, excellent aquatic
stability and high redox potential [13,14]. However, some drawbacks such as easy ag-
glomeration, lower adsorption capacity, rapid phase transformation (from highly active
anatase to less active rutile phase) and separation of nano-sized TiO2 from water limit the
industrial applications of TiO2 in wastewater treatment [15,16]. Therefore, the introduction
of support material is needed to overcome these problems and to increase the efficiency of
TiO2 [16]. Several materials including activated carbon (AC) [17], clay [18], metal-organic
frameworks [19], silica [20], etc., were very commonly used as a support for TiO2. Among
them, AC is a very effective support material especially in water remediation due to its
excellent hydrophobicity and high surface area with different functionalities [18]. Thus,
AC would not only work as effective support material but also continuously adsorb water
pollutants such as dye molecules around the surface of TiO2 to halt recombination and
smooth degradation. Moreover, AC/TiO2 nanocomposites are extensively used in several
purposes such as the antimicrobial agent [21], photocatalytic degradation of pharmaceuti-
cal products [22] and dye removal [17]. Therefore, the possible applications of AC/TiO2 in
photocatalytic degradation of dye in water are very interesting considering the synergistic
effect of the adsorption process mediated by AC and the photocatalytic activity of TiO2.

Herein, AC/TiO2 nanohybrids were synthesized via hydrothermal technique followed
by calcination. The fabricated nanohybrids were thoroughly characterized and applied as
a photocatalyst for the degradation of RR-35 in aqueous solution. Moreover, the plausible
mechanisms for photodegradation of RR-35 were recommended based on the radical
scavenger experiments.

2. Materials and Methods
2.1. Materials

Activated carbon (AC, Darco, 100 mesh, surface area 600 m2/g) was purchased from
Merck, Mumbai, India. Acetone (99%), TiCl3 (15%) and NaOH flakes (97%) were purchased
from Loba Chemie Pvt. Ltd, Mumbai, India. NH4OH and HCl (37%) were purchased from
Merck KGaA (64271 Darmstadt, Germany). H2O2 (35%) was collected from TCI, Tamil
Nadu, India. Reactive Red-35 (RR-35) was purchased from Sisco Research Laboratories
Pvt. Ltd. (SRL), Mumbai, India. All the chemicals are reagent grade and utilized without
further purification.

2.2. Preparation of AC/TiO2 Nanohybrids

In this study, the various proportions of AC/TiO2 nanohybrids were successfully
synthesized, according to the previous report with slight modification [23,24]. A 10 mL
solution of TiCl3 in 15% HCl was hydrolyzed using 20 mL deionized water and then a
dropwise addition of aqueous NH4OH (20 mL) produced dark blue precipitate, which
turned yellowish due to the addition of H2O2 through constant stirring. After 30 min of
vigorous stirring, the calculated amount of AC was added to the mixture. The obtained
suspensions were left for 4 days for aging and then the precipitates were filtered, washed
with distilled water followed by acetone and dried at 60 ◦C. Finally, calcination was done
at 400 ◦C under air for 6 h to obtain desired AC/TiO2 nanohybrids. For comparison, bare
TiO2 was also synthesized by a similar procedure without using AC.

2.3. Characterization of Studied Nanohybrids

An X-ray diffractometer (Ultima IV, Rigaku Corporation, Akishima, Japan) fitted with
Cu Kα radiation (λ = 0.154 nm) was used to analyze the XRD patterns of the studied samples
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at room temperature (25 ◦C). The morphological features of the samples were examined
by an analytical field emission scanning electron microscope (FESEM) (JEOL JSM-6490LA,
Tokyo, Japan) operating at an accelerating voltage of 20 kV. The interaction between
TiO2 and AC was observed by recording transmission spectra on a Fourier transform
infrared spectrometer (FTIR, Shimadzu IR Prestidge-21, Japan) in the wavenumber range
of 4000–400 cm−1 with resolution 4 cm−1 and S/N ratio of over 40,000:1. The thermal
stability of the samples was inspected by recording thermograms on a thermogravimetric
analyzer (TG-00260, SHIMADZU Corp, Japan), which operated within 25–800 ◦C with
10 ◦C min−1 heating rate and 5 min hold time.

2.4. RR-35 Dye Removal Experiments

The dye removal performance of commercial AC, bare TiO2 and AC/TiO2 nanohybrids
were carried out at various operating conditions such as pH, time and dye concentration
using a standard solution of RR-35 (at 536 λmax nm [25]) under solar irradiation in open-
air. The remaining concentration of RR-35 after degradation at various conditions was
measured by recording absorbance on a UV-1700 Spectrophotometer (Shimadzu, Japan).
Batch experiments were performed under similar conditions on sunny days between 11:00
and 14:00 BST (Bangladesh standard time) for the investigation of the % removal of RR-35
using the studied photocatalysts (location coordinate: 23.7275 ◦N, 90.4019 ◦E; intensity of
sunlight: 3.0 mW/cm2; time of year: June to August). The intensity of light was measured
by a UV radiometer with a sensor of 320–420 nm wavelength (UVR-400, Iuchi Co., Osaka,
Japan). For adjusting the pH of the solutions before degradation experiments, dilute HCl
(0.1 M) and NaOH (0.1 M) aqueous solutions were used. It should be noted that the natural
solution pH of RR-35 was 5.6. Moreover, a reusability experiment was carried out to
evaluate the potential of AC/TiO2 for industrial application.

3. Results and Discussion
3.1. XRD Analysis

The XRD patterns of AC, TiO2 and AC/TiO2 nanohybrids are shown in Figure 1.
As can be seen in Figure 1a, the XRD of AC shows two weak broad peaks at 25◦ and
44◦ corresponding to reflection in the (002) plane and the (100) plane, which indicates
the existence of quartz phase at low concentration and two-dimensional reflections of
disordered stacking of micrographites, respectively [26,27]. On the other hand, the XRD
pattern of TiO2 and AC/TiO2 nanohybrids shows diffraction peaks at about 25.34◦, 37.76◦,
48.00◦, 53.81◦ and 55.11◦ (2θ values), which could be indexed as (101), (004), (200), (105)
and (211) planes, respectively, of an anatase TiO2 [28,29]. It suggests that the anatase TiO2
is predominantly formed in the nanohybrids when calcined at 400 ◦C [24]. The sharp peaks
of the XRD pattern of synthesized nanohybrids acknowledge that there were no impurities
present in the nanohybrids. Therefore, the XRD analysis strongly supports the successful
fabrication of the nanohybrids. Interestingly, it was observed that the diffraction peak
intensity was decreased and slight peak broadening was occurred in nanohybrids with
increasing AC content (Figure 1b), similar to the previous report [22,23]. Therefore, the
crystallite size of nanohybrids was decreased with increasing AC content. Based on the
XRD results, the crystal size of the nanohybrids is determined using the Scherrer formula
for the peak at 2θ = 25.15◦. The crystal size of bare TiO2, 10 wt% AC/TiO2, 20 wt% AC/TiO2
and 30 wt% AC/TiO2 could be estimated as 26, 20, 16 and 15 nm, respectively. Notably,
there was no characteristic peak that is observed in nanohybrids due to AC. The reason
could be attributed to the fact that the main peak of AC might be shielded by the peak of
anatase TiO2 [30].
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The morphologies of the AC, TiO2 and AC/TiO2 nanohybrids are investigated by 

FESEM micrographs and shown in Figure 2. The external surface of the AC clusters is 
flat, rough and porous whereas the aggregation of TiO2 crystallites is significant in TiO2, 
with a size of 26 nm (based on the Scherrer equation). From FESEM images of AC/TiO2 
nanohybrids, it is observed that the TiO2 particle with the nanosized dimension is uni-
formly deposited on the AC surface and in the bulk of the AC and the aggregate size of 
TiO2 particles strongly depended on the AC content. The FESEM images, shown in Fig-
ure 2, reveal that particle size of nanohybrids decreased with increasing AC content, 
which is also agreeable with the XRD results. Therefore, it is easily assumed that the 
nanohybrid had a relatively higher percentage of smaller particles than TiO2, which 
might be beneficial for photocatalytic activity [31]. 
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Figure 1. XRD pattern for (a) AC, TiO2 and AC/TiO2 nanohybrids and (b) elongated peak of TiO2

and AC/TiO2 nanohybrids.

3.2. FESEM Analysis

The morphologies of the AC, TiO2 and AC/TiO2 nanohybrids are investigated by
FESEM micrographs and shown in Figure 2. The external surface of the AC clusters is
flat, rough and porous whereas the aggregation of TiO2 crystallites is significant in TiO2,
with a size of 26 nm (based on the Scherrer equation). From FESEM images of AC/TiO2
nanohybrids, it is observed that the TiO2 particle with the nanosized dimension is uniformly
deposited on the AC surface and in the bulk of the AC and the aggregate size of TiO2
particles strongly depended on the AC content. The FESEM images, shown in Figure 2,
reveal that particle size of nanohybrids decreased with increasing AC content, which is
also agreeable with the XRD results. Therefore, it is easily assumed that the nanohybrid
had a relatively higher percentage of smaller particles than TiO2, which might be beneficial
for photocatalytic activity [31].
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Figure 2. FESEM images of (a) AC, (b) TiO2, (c) 10 wt% AC/TiO2, (d) 20 wt% AC/TiO2 and (e) 30 wt%
AC/TiO2.

3.3. FTIR Analysis

FTIR spectra of TiO2 and AC/TiO2 nanohybrids are shown together with AC in
Figure 3. The main absorption peaks were located at 3430, 1058, 710 and 530 cm−1. The
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bands observed in AC and synthesized nanohybrids, located at 3430 cm−1 were due to
–OH stretching. Bare TiO2 and nanohybrids revealed an intense peak contributing to the
stretching vibrations of Ti–O bonds at 710 and 530 cm−1, which is the characteristic peak of
TiO2 [28]. Interestingly, with the addition of AC, a new peak located at 1058 cm−1 appeared
and the peak at 530 cm−1 shifted to lower wavenumbers, similar to the previous report [23].
Besides, with increasing AC content, the width and intensity of the peak at 1058 cm−1 was
increased. Thus, it can be concluded that the appearance of this peak is related to AC in
the AC/TiO2 composites [23].
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Figure 3. FTIR spectra of (a) TiO2, (b) 10% AC/TiO2, (c) 20% AC/TiO2, (d) 30% AC/TiO2 and (e) AC.

3.4. TG Analysis

To investigate the amount of TiO2 in the AC/TiO2 composites synthesized at different
ratios, thermogravimetric (TG) tests were carried out in a range of 25–800 ◦C under N2
flow. As shown in the TG curves (Figure 4), the gentle weight loss of commercial AC, TiO2
and AC/TiO2 nanohybrids at temperatures ranging from 20 to 200 ◦C is observed due to
the desorption of physisorbed water. According to the TG curves, the weight loss of the
nanohybrids increased with increasing AC content. The final weight loss was 15.6% for
pure AC, which is agreeable with earlier reported results [32] and 6.6%, 4.3%, 2.4% and
0.60% for 30 wt% AC/TiO2, 20 wt% AC/TiO2, 10 wt% AC/TiO2 and TiO2.

3.5. Effect of AC Content

The effect of AC content in nanohybrids for the removal of RR-35 from water under
dark and sunlight irradiation is depicted in Figure 5. To quantify the relative contributions
of both adsorption and photodegradation towards the overall removal of RR-35, control
experiments in dark were carried out for 30 min. As shown in Figure 5, the adsorption of
RR-35 by AC, TiO2 and 20% AC/TiO2 under dark were calculated to be 42%, 9% and 34%
respectively. The respective values for commercial AC and bare TiO2 were 47% and 26%
under sunlight irradiation within 30 min. The removal efficiency of AC in dark and under
sunlight is nearly similar which indicates that the removal of RR-35 using AC was due
to adsorption rather than photocatalysis. Additionally, the TiO2 was not much effective
for the degradation of RR-35 due to a large band gap, similar to the earlier report for the
degradation of methyl orange dye [33]. Commercial AC showed better performance than
TiO2, which might be due to the adsorption of RR-35 on AC. Additionally, it was noticed
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that the photocatalytic efficiency of nanohybrids was increased compared with commercial
AC and TiO2 because of the synergistic effect of both adsorption and photocatalysis due to
a combination of AC and TiO2 [34]. Among studied nanohybrids, 20 wt% AC/TiO2 showed
the best performance in RR-35 removal (95%) due to the formation of nanoparticles with
good crystallinity [33]. Probably, all of the TiO2 nanoparticles might take part in interaction
with AC in the case of 20wt% AC/TiO2, which was important for maximum removal of
RR-35 [33,35]. Therefore, further investigation was carried out using 20 wt% AC/TiO2 as a
photocatalyst for degradation of RR-35.
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3.6. Effect of pH

Solution pH strongly controls the surface charge of a nanohybrid and thus the pho-
todegradation of dye is also greatly affected. The degradation of RR-35 by 20 wt% AC/TiO2
was recorded within a pH range of 2–10 and the results are displayed in Figure 6. The
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results revealed that the degradation of dye increased with solution pH up to a certain level
(at pH 6.0) and then decreased with solution pH. The maximum removal of RR-35 at pH
6.0 was 99%, after 30 min of the sunlight irradiation. At natural pH 5.6, the RR-35 removal
was observed 95%, which was almost similar to the percent of removal obtained at pH 6.0.
Therefore, further investigation such as the effect of time, dye concentration, scavenger test
and reusability experiment was carried at natural solution pH (5.6) of RR-35. The point of
zero charge value (pzc) of TiO2 and AC/TiO2 is reported as 6.8 and 7.6 respectively [25,36],
which means that the surface of AC/TiO2 becomes positive below this pH value (pH < 7.6)
and negative above this pH value (pH > 7.6). RR-35 is an anionic dye in aqueous solution;
therefore, at pH 5.6–7.0, the positively charged 20 wt% AC/TiO2 surface could adsorb
more dye molecules through electrostatic interaction. Due to the enhanced adsorption,
more dye molecules are exposed to the active sites of the photocatalyst. The lower rate
of photodegradation of RR-35 at alkaline media was found probably due to the presence
of superfluous negative charge on the catalyst surface, which could repel the anionic dye
molecules. Moreover, at a very low pH (from 2.0 to 4.0) the photodegradation of RR-35
decreased probably due to the protonation of dye molecules, which consequently reduced
the adsorption of dye molecules on the AC/TiO2 surface [36].
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3.7. Effect of Time

The effect of irradiation time on photodegradation of RR-35 using 20 wt% AC/TiO2
was investigated by evaluating the percentage removal of RR-35 at different periods as
shown in Figure 7. The result from Figure 7 revealed that 95% dye was removed by 5 mg
of 20 wt% AC/TiO2 in 30 min at pH 5.6 under sunlight irradiation. It was evident that
the rate of degradation was higher during the initial stage (up to 10 min). Afterward,
the degradation rate started decreasing gradually and the degradation finally reached
equilibrium after 30 min. It might be due to the gradual decline in the concentration of RR-
35 and simultaneous formation of degradation products with irradiation time. As a result,
maximum degradation (95%) of RR-35 was found after 30 min of sunlight irradiation.
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3.8. Effect of Initial Concentration of RR-35

It is necessary to study the dependence of the dye removal efficiency on the initial
dye concentration given its practical application. The dye removal rate of different initial
RR-35 concentrations with 20 wt% AC/TiO2 is presented in Figure 8. From Figure 8 it was
observed that the dye removal rate rises with the increase in initial dye concentration from
10 to 20 mg L−1 and a further increase in dye concentration leads to the decrease in removal
rate [37]. Additionally, with increasing the initial dye concentration up to 40 mg L−1, the
degradation amounts of RR-35 increased gradually, and exceeding 40 mg L−1, the degrada-
tion amounts of RR-35 were almost the same. The high concentration gradient provides
an increase of driving force to move RR-35 from the bulk to the nanohybrid surface. This
mass transfer process continued until the nanohybrid surface was saturated with RR-35
molecules [38]. It could be stated that saturation probably occurred at 40 mg L−1 RR-35
concentration. Besides, at a concentration above 40 mg L−1, a significant amount of sunlight
may be absorbed by the dye molecules itself, which could reduce the photodegradation
efficiency of AC/TiO2 [39]. In this study, 20 mg L−1 of RR-35 solution was selected to eval-
uate the photodegradation of dye for the following experiment owing to the concentration
of real wastewater.

3.9. Role of Radical Scavenger

Radical scavenger experiments were carried out to determine the reactive species
responsible for the photodegradation of RR-35 dye. In this study, iso-propanol (IP), ascorbic
acid (AA) and oxalic acid (OA) were introduced to be the scavengers of hydroxyl radi-
cals (•OH), superoxide radical (•O2

−) and holes (h+), respectively [18,40–42]. The three
scavenging experiments were similar to the RR-35 dye removal process. The effect of the
radical scavengers on the RR-35 photodegradation over 20 wt% AC/TiO2 using sunlight is
displayed in Figure 9. From the figure, 95% removal of RR-35 was found with no scavenger
(NS), while 56% removal was found with IP, 78% with AA and 85% with OA, respectively.
The results strongly indicated that both •OH and •O2

− radicals played a significant role
in the photodegradation of RR-35, whereas, h+ showed a minor effect in the degradation
process under sunlight.
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3.10. Photodegradation Mechanism

The fundamental mechanism of the AC/TiO2 nanohybrids exhibit dual functions
such as absorption and photodegradation to remove the RR-35 dye from an aqueous
solution [34]. The proposed schematic illustration of the photodegradation mechanism of
RR-35 dye by 20 wt% AC/TiO2 using sunlight is presented in Figure 10. Under sunlight
irradiation, the RR-35 removal process requires the dye to be adsorbed on the AC/TiO2
surface before immediate photodegradation [43]. The efficiency of photodegradation can
be affected by the adsorption performance of substrate AC and the photocatalytic activity
of TiO2 nanoparticles [34]. Moreover, the AC introduced to the composite structure acts as
an electron sink, thereby decreasing the recombination of photogenerated charge carriers
and finally enhancing the photocatalytic activity of the AC/TiO2 [44]. During the sunlight
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irradiation, the AC/TiO2 (considering the semiconductor of TiO2, 3.2 eV) can absorb the
UV light energy to create the conduction band electrons (e−CB) and valence band holes
(h+

VB) [30,45]. Then, the photogenerated holes (h+
VB) are responsible for the oxidation of

RR-35 dyes and water (H2O) molecules adsorbed on the surface of the AC/TiO2 and
the formation of hydroxyl radicals (•OH) [44]. The photoexcited e−CB attack the dissolved
oxygen (O2) to generate superoxide radicals (•O2

−), which can act as a precursor of
many reactive species in photochemical reactions [46]. Moreover, •O2

− is an important
source of •OH radical and avoids the recombination of the electron/hole pair in the
photocatalyst, thus improving the photodegradation process [47]. The photogenerated
holes (h+

VB), photoexcited electrons (e−CB), hydroxyl radicals (•OH) and superoxide radical
ions (•O2

−) take part in heterogeneous-photocatalytic reactions. These species can lead to
the photodegradation of RR-35 molecules to intermediates, and then go further degradation
to CO2 and H2O. Thus, the photodegradation of dye pollutants is one of the suitable
processes because of its abundance advantages, such as breaking down pollutants and
achieving complete mineralization to convert into non-toxic products [44]. Therefore, we
expect the following photodegradation reactions of RR-35 dye by AC/TiO2 under sunlight
irradiation [45,47,48]:

AC/TiO2 + Sunlight (hv) → e−CB +h+
VB (1)

h+
VB + OH− → •OH (2)

O2 + e−CB →
•O2

− (3)
•O2

− + e−CB + 2H+ → H2O2 (4)

RR-35 dye + •OH/•O2
− → Intermediates→ CO2 + H2O (5)
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3.11. Reusability of AC/TiO2

Reusability is one of the most important characteristics of a material for removing
pollutants from industrial effluents since it is related to the cost-effectiveness of the photocat-
alyst. The reusability of 20 wt% AC/TiO2 was evaluated up to four cycles by simple alkali
(0.01 M NaOH) washing [34]. The alkali-treated nanohybrid was washed with distilled
water and dried for the next cycle. The result of the reusability experiment is illustrated
in Figure 11. The graph clearly illustrated that the performance of the recycled 20 wt%
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AC/TiO2 for RR-35 removal remained almost consistent. The removal activity of the
nanohybrid gradually decreased up to four cycles due to the poisoning effect of degraded
products and the blocking of sunlight irradiation [49]. Therefore, it can be concluded that
the AC/TiO2 is suitable for long-term repeated use for the removal of RR-35 dye from the
aqueous environment.
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4. Conclusions

In this study, a cost-effective method has been reported for the preparation of AC/TiO2
nanohybrids. The best removal efficiency for RR-35 dye was obtained by 20 wt% AC/TiO2.
The remarkable removal of RR-35 with AC/TiO2 can be explained by both the adsorption
and photodegradation activity of nanohybrids. RR-35 dye photodegradation with AC/TiO2
using sunlight was mainly controlled by the •OH and •O2

− radicals whereas, the h+ played
a minor effect in the process. Moreover, AC/TiO2 nanohybrids can be regenerated by simple
alkali washing. Therefore, AC/TiO2 can be suggested as an efficient photocatalyst for RR-
35 dye removal from water based on the facile synthesis, very fast with nearly complete
removal, and excellent reusability.
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