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Abstract

The rapidly growing textile industry produces various textiles, which has led to significant water pollution due to the
discharge of dyes and chemicals. In this study, TiO, doped ZnO photocatalyst was synthesized and characterized to deter-
mine the morphology and composition (scanning electron microscopy, SEM&EDX), optical properties (ultraviolet-visible
diffuse reflectance spectroscopy, UV DRS), functional groups (Fourier Transform Infrared spectroscopy), and crystal struc-
ture (X-ray diffraction). The photocatalysts were used to photodegrade reactive blue dye in aqueous solution (1-3 mg/L)
under natural sunlight. The SEM showed agglomerated granular particles, with increased agglomeration and smaller
particle size for lab-synthesized TiO, (TZT) compared to commercial TiO, (TZC). The EDX results confirmed the presence
of only Ti, Zn, and O in both photocatalysts, signifying the presence of ZnO and TiO, and the absence of contamination.
The UV DRS revealed a reduction in band gap from 3.6eV (ultraviolet light region) to 3.02eV (visible light region). At a
dye concentration of 1 mg/L, 0.03 mg of photocatalyst, and a pH of 5, under sunlight, the degradation efficiencies were
86.9% for ZnO, 91% for TZC, and 100% for TZT. The rate constants (k) were 0.01203,0.01511, and 0.08261 min-1 for bare
TiO,, TZC, and TZT, respectively. The photocatalysts were recovered and reused over five consecutive cycles without sig-
nificant reduction in performance, thus confirming the stability and durability of the TiO,-ZnO photocatalysts (TZT and
TZC). The lab-synthesized photocatalysts demonstrated superior performance (100% degradation) and the utilization
of natural sunlight which is green energy contributes to a clean and sustainable environment.
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1 Introduction

Nanoscience is a rapidly evolving field with widespread appeal across scientific disciplines. It studies three-dimensional
materials at the nanometer scale (dimensions ranging from 1 to 100 nm) or possessing at least one dimension within this
range [1, 2]. The diverse behaviors of nanoparticles and nano photocatalysts, influenced by factors such as size, shape,
charge, and surface area, make them versatile tools with significant potential in various applications [3]. One notable
application is their ability to effectively degrade organic pollutants found in wastewater arising from textiles, paper,
and plastics industries which pose considerable threats to human health and the environment [4]. When harnessed
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appropriately, nanoparticles offer promising solutions for the removal of pollutants such as pharmaceuticals [5], pesti-
cides [6], phenols and acid [7], and dyes [8-10] from industrial wastewater effluents [11].

TheTiO, photocatalyst is widely used for degrading organic and inorganic pollutants from water [12]. The photocata-
lyst performance is attributed to its high stability, low cost, low toxicity, and superior photocatalytic activity compared
to other semiconductor materials [13]. Despite these benefits, TiO, primarily exhibits photocatalytic activity in the ultra-
violet (UV) region, constituting only about 5% of the Earth’s solar spectrum. Consequently, its effectiveness in the visible
range is limited [11], TiO, exists in three phases, anatase, rutile and brookite; of these, anatase is considered the most
photoactive form. Anatase has strong adsorption of organic compounds and high hole trapping rate; however, rutile and
brookite phases also exhibit considerable photoactivity. Incorporating multiple phases of TiO, enhances photocatalytic
performance and diminishes charge carrier recombination. Anatase is the most thermally stable crystal phase of TiO,;
annealing it at temperatures exceeding 400°C can transform it to rutile [14, 15]. Similarly, zinc oxide (ZnO) serves as a
photocatalyst due to its potent oxidizing capabilities, non-toxic nature, and cost-effectiveness [16]. ZnO exhibits diverse
nanostructures, such as nanoneedles and nanocombs [17].The photocatalytic properties of ZnO can be enhanced by
doping [18] since ZnO has a wide band-gap [19, 20].

The modification of photocatalysts such as TiO, or ZnO often employs doping techniques [21], such as metal oxide
doping. A study by [22] aimed at enhancing photocatalytic properties by reducing the recombination rate of photo-
induced electrons and holes, thereby improving the overall efficiency of the photocatalyst. By integrating both TiO, and
ZnO and employing this dual doping strategy, it is possible to leverage the advantages of each while mitigating their
respective drawbacks [23].

The photocatalytic process employed in water treatment effectively breaks down various organic substances, encom-
passing alkanes, lipids, organic acids, aromatics, dyes, and other compounds. These pollutants undergo systematic oxi-
dation, resulting in the formation of low molecular weight intermediates which can be further oxidized, ultimately
transforming into environmentally benign byproducts such as carbon dioxide (CO,), water (H,0), and other anions [24],
Photodegradation contributes to the effective removal and transformation of organic contaminants, promoting the
purification of water resources. Studies on photocatalytic degradation of dyes has been reported, such as reactive blue
dye [25], different reactive dyes [26], Orange Il dye [27], using pure TiO, under UV light, and methylene blue under visible
light by dye sensitized titania [28], also reactive blue 203 dye using ZnO nanoparticles [29]. However, all these studies
evaluated the performance of TiO, and ZnO separately. There is a need to assess the performance of co-doped TiO, and
ZnO to elucidate synergistic effects.

The novelty of this study is that it performed a comparative analysis of lab synthesized co-doped TiO,-ZnO photo-
catalysts and ZnO co-doped with commercial TiO,. The co-doping was done to shift the light absorption to the visible
light region and enable the utilization of natural sunlight. The lab synthesized photocatalyst demonstrated superior
performance that illustrated effective visible light absorption. The study also evaluated the recovery and reuse of the
photocatalyst at least five times without significant reduction in performance, showing their stability and durability.
Solar photocatalysis offers a cost-effective, eco-friendly water treatment technology; it eliminates the use of electricity
(UV lamps and pumps).

2 Materials and methods

2.1 Materials

Zinc acetate dehydrate (Zn(CH;C00),.2H,0, 98.0%), sodium hydroxide (NaOH), acetone, titanium dioxide (TiO,) powder,
and absolute ethanol (C,H;OH, 99.0%), were obtained from DLA Chemical Reagent Company, Titanium(IV) tetraisopro-
poxide 97% (TTIP, Aldrich), Reactive navy blue HER dyes from Rivatex Ltd. The reagents were of analytical grade and were

used without further purification. Deionized water, sourced from Eldo Chemical Reagent Company, was employed for
all synthesis and treatment procedures.
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2.2 Preparation of the samples
2.2.1 Synthesis of TiO,

TheTiO, powder was prepared through sol-gel method as reported by [30]. Initially, 55 ml of ethanol, 135 ml of deionized
(DI) water, and 0.2 ml of acetic acid were combined. Then, 18.5 ml of tetraisopropoxide was gradually added to the solu-
tion, which was stirred with a magnetic stirrer for 48 h. The resulting precipitate was filtered, washed with DI water, and
dried at 80 °C for 24 h. After drying, the material was calcined at 500 °C for 2 h, and the agglomerate was finely ground
using a mortar and pestle to produce TiO, powder.

2.2.1.1 Doping of synthesized and commercial TiO, by ZnO The ZnO doping of both commercial TiO, and lab-synthesized
TiO, was carried out using the sol-gel method, as described by [18]. In this process, 25 ml of 0.01 mol TiO, nanopowder
was combined with 25 ml of zinc-acetate dehydrate, with the mixture stirred magnetically at 80 °C for 6 h. Once cooled
to room temperature, the pH was adjusted to 11.5 by gradually adding 10 ml of 1 M sodium hydroxide dropwise. The
mixture was further stirred at 60 °C for 60 min. The resulting gel was washed with deionized water, dehydrated at 105
°C, and calcined at 550 °C for 3 h. The final TiO,/ZnO photocatalyst (referred to as TZT for synthesized TiO, and TZC for
commercial TiO,) was obtained by grinding the agglomerate with a mortar and pestle.

2.3 Photocatalyst characterization

The photocatalysts were characterized to determine the functional groups using Fourier transform-infrared Spectroscopy
(FTIR) using a Perkinelmer Frontier instrument in ATR mode, covering the spectral range from 4000 to 650 cm™! to eluci-
date the chemical compositions of their surfaces. The surface morphologies of the photocatalysts were examined using
Scanning Electron Microscopy (SEM) on a Zeiss Ultra55, with Energy-dispersive X-ray analysis (EDX) providing additional
insights into the chemical makeup of the photocatalyst nano powder. The structural characteristics of the photocatalyst
TiO, and ZnO nano powder were determined through X-ray Diffraction using a Smartlab X-Ray Diffractometer, with PXRD,
HRXRD, XRR capability. Furthermore, the optical properties of the photocatalyst were assessed via UV Diffuse Reflectance
Spectroscopy (UV DRS) to determine light absorption in the visible region.

2.4 Photocatalytic degradation of reactive blue dye

Six reaction tubes for each type of ZnO/TiO, photocatalyst, containing reactive blue dye at concentrations of 1,2, and 3
mg/L were used. These solutions were mixed with 0.02 gm ZnO-TiO, photocatalyst nano powder and exposed to sunlight
for 2 h with periodic stirring every 15 min to investigate the impact of the light irradiation on dye removal. Samples were
drawn and analyzed using UV-Vis spectrophotometry at A,,,, =600 nm to assess the degradation of the blue dye and
the degradation efficiency (DE) % determined using equation

Co B Ct
DE (%) = ——— x 100% )
Go
where: C, and C, represent the initial and final concentrations of Reactive blue dye by (mg/I) respectively.

From the plot of In(C/CO0) verses sunlight irradiation time, the rate constant, k, is calculated using Eq. (2) [31]:

C
Ln— = —k.t
G, ()
where t is the time of sunlight irradiation.

The impact of TZT and TZC photocatalyst concentrations on blue dye removal was investigated using a concentration
range of 0.01-0.03 mg/L. A 1 mg/L blue dye solution at a pH of 6.5 was irradiated for 2 h. Afterward, the samples were
analyzed with UV-Vis spectrophotometry to determine the dye degradation efficiency based on Eq. 1.

Since pH is a critical factor in dye removal, the pH of the 1 mg/L dye solution was adjusted within the range of 5 to 9
by carefully adding 0.1 M HCl and NaOH solutions. Following the pH adjustment, 0.02 mg/L of each photocatalyst was
added to 20 mL of the dye solution at each pH level. The mixtures were then subjected to sunlight irradiation for 2 h,
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and the degradation efficiency was assessed using UV-Vis spectrophotometry. The specific experimental parameters,
pH range, photocatalyst dosage, dye concentration and reaction time, were selected based on prior studies [26, 29] and
practice to get optimum value.

2.5 Photocatalyst stability

Evaluating the performance of nanophotocatalysts in various applications and ensuring the economic feasibility of the
photodegradation process require key considerations such as durability and ease of recovery. This study investigates the
TiO,-ZnO nanophotocatalyst over five cycles, highlighting its distinctive pollutant removal method that avoids chemical
treatments. The recovery process involves allowing the solution to settle for several hours, followed by water separation
and drying the material at 60 °C, as described in [32].

3 Results and discussion
3.1 Characterization of the photocatalysts
3.1.1 FTIR analysis

Figure 1 shows the FTIR spectrum revealing minor peaks at 3438 cm™' and 1460 cm™' for Zn0O, and 3390 cm™' and 1626
cm™! for TiO,. This indicates the presence of —~OH group stretching vibrations and H-O-H bond deformation attributed
to trace amounts of adsorbed water on their surfaces, in agreement with the literature [33]. For TiO,, the FTIR spectrum
displays a wide band from 472 to 880 cm™, resulting from the overlap of Ti-O-Ti and Ti-O vibration modes. The promi-
nent peak at 672 cm ™' is attributed to Ti-O stretching. The H-O-H and O-H stretching and bending vibrations produce
signals in the ranges of 2852-3800 cm™' and 1600-1682 cm™', respectively, indicating negligible moisture content in
all photocatalysts [10]. No additional peaks are detected in the FTIR spectra, confirming the absence of contamination
in each photocatalyst.

3.1.2 SEM analysis

The SEM images shown in Fig. 2 reveal that both the undoped TiO, (Fig. 2 a) and TiO,-ZnO nanoparticles (Fig. 2b, ) display
irregular shapes and sizes. It appears that small, spherical particles have combined to form larger, irregular agglomer-
ates. This behavior is commonly observed in TiO, nanoparticles and has been documented by other researchers [34,
35]. The agglomeration occurs as a result of the tiny particle size, leading to the fusion of particles into clusters [36]. In
Fig. 2b, c in addition of TiO, the ZnO was clearly appear in the images. The observed distribution of elements such as
Zn, Ti, and O across the sample confirmed their uniform presence, providing validation for the successful synthesis of
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Fig.2 SEMimages of aTiO,, b TZT, and ¢ TZC photocatalysts

ZnO-TiO, nanocomposites. Notably, particles of ZnO-TiO, produced from synthesized TiO, (Fig. 2b) exhibited a tendency
to agglomerate more than particles of ZnO-TiO, (Fig. 2c) produced from commercial TiO,, as evident in the SEM images.

3.1.3 EDX analysis

EDX analysis results for TZT and TZC are shown in Fig. 3a, b and Fig. 3¢, d, respectively. The EDX spectra depicted specific
peaks indicating the presence of Ti, O, and Zn atoms in the mixed oxide nanocomposite samples. The elemental com-
position portrayed in the spectrum corresponds with the various stages of Zn-TiO, photocatalyst preparation, illustrat-
ing the successful integration of zinc into the titanium dioxide structure. No other components were observed thereby
confirming the absence of impurities.

3.1.4 XRD analysis

XRD analysis results are depicted in Fig. 4a, b; Fig. 4a shows the XRD patterns of synthesis TiO,, the XRD pattern of
ZnO displays well-defined diffraction peaks at 26 values of 25.28, 37.8, 48.05, 53.89, 55.06, 62.69, 68.67, 70.31, and
75.03 These characteristic peaks are attributed to the (101), (004), (200), (105), (211), (204), (116), (220), and (215)
crystallographic planes, respectively, aligning with the wurtzite hexagonal phase of Reference: TiO, antase Natl.
Bur. Stand. (U.S.) Monogr. 25 7(1969)82. Figure 4b a TiO,-ZnO photocatalysis shows the XRD pattern of ZnO displays
well-defined diffraction peaks at 26 values of 31.65, 34.18, 36.05, 47.12, 56.34, 62.74, 66.35, 67.84, 69.04, 72.58,
and 76.95. These characteristic peaks are attributed to the (100), (002), (101), (102), (110), (103), (200), (112), (201),
(004), and (202) crystallographic planes, respectively, aligning with the wurtzite hexagonal phase of ZnO (JCPDS
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Fig.3 EDXimages of TZC and TZT photocatalysts

No. 36-1451). The identified diffraction peaks are in accordance with existing literature [37]. The presence of nar-
row and intense diffraction peaks in the XRD pattern indicates the high crystallinity of the nanophotocatalysts [38].
Moreover, the existence of supplementary peaks at 25.3 and 48.05, °, 55.28°, and 62.7° degrees, corresponding to
the diffraction planes (101) and (200), (2011) and (204) respectively, signifies the presence of the anatase phase of
TiO, within the analyzed sample [39-41]. Nevertheless, the identification of three minor crystal peaks at 26 values
of 37.7, corresponding to the crystalline planes of (011), respectively, suggests the presence of a limited amount
of rutile phase (JCPDS No. 80514) in the samples. It is noteworthy that these peaks align with the characteristic
peaks of the anatase phase. Intriguingly, the same anatase peaks were also evident in the XRD pattern of pure TiO,
with JCPDS No. 21.1272 in agreement with the literature [42]. There are two additional peaks in TZC patterns at 2
theta 27.45 (110) and 44.5 (210) indicating rutile phase.The appearance of rutile peaks at 20 values of 37.7° (011)
in the TZT pattern is likely due to calcination during the doping process, as the synthesized TiO, initially exhibited
a pure anatase phase.

Table 1 summarizes the average crystallite sizes of TiO,, TZT, and TZC photocatalysts, which were determined
using the Debye-Scherrer Eq. (3).

_ KA
pcosé

(3)
In Eq. 2, d represents the crystallite size, A denotes the wavelength of the incident X-ray, § is the full width at half

maximum (FWHM) of the diffraction peak, K is the Scherrer constant (commonly 0.94), and 6 refers to the scatter-
ing angle.
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Fig.4 XRD patterns of aTiO, and b TZT, TZC photocatalysts
Table 1 Crystal’s size of the Photocatalyst type Tio, TZC TZT
photocatalysts
Crystal size 14.83 21.4 21.3
Fig.5 UV—[?RS curves of TZT, i TiO2
TZC, and TiO, photocatalysts TZC

absorbance %

1
800

T
600
Weavelength (nm)

3.1.4.1 UVDRSanalysis InFig. 5, the diffuse reflectance spectra (DRS) obtained from 200 to 800 nm for DRS TiO,, TZC,
and TZT photocatalysis reveal optical absorption peaks at wavelengths of 369.34 nm, 385.24 nm, and 409.93 nm,
respectively. The bandgap energy (Eg) for each sample was determined using Eq. (4):
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Here, h represents the Planck constant (h=4.14x 107'° eV. s), cis the speed of light (c=2.99x 108 m/s), and A is the wave-
length of light.

The calculated energy bandgap values were 3.36eV, 3.22eV, and 3.02eV for TiO,, TZC, and TZT photocatalysis, respectively.
The outcomes indicate an increase in wavelength attributed to the incorporation of TiO, into ZnO. This change in band gap
is indicative of the impact of the doping process on the optical properties of the synthesized nanoparticles. Notably, the
reduction in band gap is anticipated to enhance catalytic activity. The results agree with the literature [5].

3.1.4.2 The porous structure analysis The surface area of TiO,-ZnO photocatalyst materials is influenced by the thermal treat-
ment process. For samples calcined at temperatures between 500 and 600 °C, the surface area ranges from 6.7 to 9.4 m?/g
[43, 44].

3.2 Degradation reaction of reactive blue dye under visible light irradiation
3.2.1 Degradation mechanism

The study targeted the photodegradation of reactive blue dye which is typically challenging to treat with traditional wastewa-
ter treatment methods [5, 7]. The mechanism of photocatalytic degradation involves the absorption of light by a semiconduc-
tor which excites electrons to move from the valence band to the conduction band. Dissolved oxygen serves as an electron
acceptor leading to the formation of superoxide (O,°") and hydroperoxide ions (HO,") and eventually hydroxyl (-OH) radicals.
The holes in the valence band may also react with water molecules or hydroxide ions to produce the -OH radicals [36] (Fig. 6).
The photodegradation of the reactive blue dye using TiO,-ZnO photocatalysts involves the generation of reactive oxygen
species (ROS) through a sequence of photophysical and chemical reactions. These reactions occur as follows in Egs. (5-11).

When TiO,-ZnO is exposed to light with energy equal to or greater than its bandgap, electrons in the valence band (VB)
are excited to the conduction band (CB), leaving behind positively charged holes in the VB

TiOy +ZnO + hv — h* + e~ (5)

The photogenerated electrons (e7) and holes (h*) interact with water and dissolved oxygen to produce reactive species:

3.2.1.1 Reduction of oxygen Electrons reduce oxygen molecules (O,) into superoxide radicals (O, ):

0,+e = 0 (6)

3.2.1.2 Formation of hydroperoxyl radicals The superoxide radicals react with protons (H*) to form hydroperoxyl radicals
(OOH.)

Fig. 6 Degradation mecha-
nism of the reactive blue dye
under sunlight irradiation

CO; + H,0 +Simple degradation products

F o\
Ti0y-Zn0
hv l .
e COH
H,0

CO; +H,0 +Simple degradation products

@ Discover



Discover Chemistry (2025) 2:32 | https://doi.org/10.1007/544371-025-00104-3
Research

0 +H* — OOH" 7)

3.2.1.3 Hydrogen peroxide and hydroxyl radicals Hydroperoxyl radicals and superoxide radicals combine or undergo fur-
ther reactions to generate hydrogen peroxide (H,0,) and hydroxyl radicals (-OH)

200H" — 0O, + H,0, (8)

e~ + H,0, — «OH + OH™ (9)

3.2.1.4 Oxidation of water by holes The photogenerated holes oxidize water molecules or hydroxide ions directly to form
hydroxyl radicals:

h* + H,0 — «OH + H* (10)
The reactive blue dye is oxidized and mineralized by the ROS and photogenerated holes

Reactive Blue + (e~, H*, OOH*, OH", or 0;-)) — CO, + H,0 + simple degradation product (11)

3.2.1.5 Effect of initial dye concentration In Fig. 7, the effect of initial dye concentration on photodegradation is illus-
trated. The final concentrations of the dye were 84%, 81.5%, and 81.3% for TiO, and 87%, 84%, and 82% for TZC for 1,
2, and 3 mg/l concentration of blue dye, respectively; and 100% removal efficiency for the three concentrations of dye
using TZT. As the blue dye concentration increases, the degradation efficiency decreases due to the reduction in catalyst
activity caused by the heightened presence of adsorbed compounds on the catalyst’s surface [5]. The removal efficiency
of TZT was higher than TZC and reached 100%. This was attributed to the lower band gap (shift towards visible light
region) of TZT (3.02eV) compared to that of TZC (3.22eV) and TiO, (3.36eV). This shift resulted in absorption of visible
light as confirmed by UV DRS results. The high performance of TZT can also be attributed to its unique characteristics
such as smaller crystallite size compared with TZC (Table 1) and surface properties (Fig. 3). Additionally, the k-values
of TZT powders were significantly higher than those of TZC and bare TiO, (Sect. (3.2.6)). All these attributes resulted in
superior performance due to photo-induced electron trapping effect of TZT, enhanced OH radicals on its surface, and
smaller crystallite size [45, 46].

Fig.7 Reactive blue dye deg-
radation efficiency % using
TiO,, TZC, and TZT photo-
catalysts at (Tmg/l, 2mg/l, and
3mg/l) concentrations of the
blue dye after 2 h irradiation
time

Degradation Efficiency %

1 2 3

blue dye concentration (mg/l)
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3.2.1.6 Effect of reaction contact time Figure 8 shows the effect of reaction contact time on the degradation efficiency.
There was a direct correlation between degradation and irradiation time. Increasing sunlight radiation time enhances
the sensitivity of photocatalyst nanoparticles. This is because longer exposure to sunlight leads to a greater number of
electrons moving from the valence band to the conduction band, thereby increasing the generation of electron-hole
pairs [29, 47]. The utilization of a solar concentrator further contributes to the degradation process. The degradation
efficiency for TiO, (Fig. 8a) enhanced from (68, 69, 65) % to (84, 81.5, 81.3) % and for TZC (Fig. 8b) improved from (68,
67.7, and 65.2) % to (87, 84, and 82) % for 1, 2, and 3mg/l blue dye, respectively as irradiation time was increased from
1 to 2 h. Whereas using TZT (Fig. 8c), the performance improved from (95, 93, 48, and 91) % to 100% after 2 h for all the
concentrations of reactive blue dye. This demonstrated the efficacy of the synthesized TiO, doped ZnO nanocatalyst
(TZT) in the degradation process.

3.2.1.7 Effect of photocatalysis dose TiO, nanoparticles (NPs) showed excellent photocatalytic activity (Fig. 9a), with dye
removal efficiency increasing as the concentration of TiO,-ZnO increased. This improvement is attributed to greater
electron-hole pair formation, where the resulting holes interact with water and hydroxyl anions to generate hydroxyl
radicals [29, 48].

In the case of TiO,-ZnO photocatalysts (Fig. 9b, c), the results revealed even higher photocatalytic performance.
Doping TiO, with ZnO shifts the bandgap energy toward the visible light spectrum, allowing better sunlight

I 1mg/! I 'mg/!
100 I 2mg/! Ly I 2mg/!
a (Tio,) I 3mg/! b (TZC) I 3mg/ |
2

80

60 —

40

Degradation Efficiency %
Degradation efficiency %

20

1 2
Time (hr) Time (hr)
B g/
B 2mg/!
100 ¢ (TZT) B 3mg/!

80

60 +

40 4

Degradation efficiency %

20

Time (hr)

Fig.8 Degradation efficiency % of blue dye by a TiO,, b TZC, and ¢ TZT photocatalyst using 1mg/l, 2mg/Il, and 3mg/I photocatalysis concen-
tration for 2 h irradiation time
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Fig.9 Reactive blue dye (1mg/l) degradation efficiency using (0.01-0.03mg) of aTiO,, b TZC and ¢ TZT photocatalysts

absorption and enhancing the production of hydroxyl radicals [49]. Under optimal conditions, with a concentration
of 3 mg/L for each photocatalyst, ZnO alone achieved 87% dye degradation after 1 h, improving to 90% after 2 h.
For the codoped photocatalysts, TZC reached 75% degradation after 1 h and 92% after 2 h, while TZT achieved 99%
after 1 h and complete 100% removal after 2 h of irradiation.

3.2.1.8 Effect of solution pH This study explores the impact of pH on the photocatalytic degradation of Reactive Blue
dye using bare TiO, and co-doped photocatalysis TZC and TZT. The pH range of 5 to 9 was tested (Fig. 10), showing
that acidic and neutral pH levels were more effective for dye degradation than basic conditions. At lower pH (below
6.8), the photocatalysis are positively charged, favoring the adsorption of negatively charged dye molecules due to
electrostatic attraction, which enhances degradation efficiency [25]. At pH 7, full degradation was still achieved for
TZT, primarily driven by hydroxyl radicals in the bulk solution. However, at higher pH levels (above 7), photocatalysis
becomes negatively charged, leading to electrostatic repulsion between TiO, and the dye molecules. This repulsion
reduces adsorption, slowing down degradation. Additionally, hydroxyl radicals are scavenged by superoxide ions
and other species, further decreasing the efficiency [50].
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Fig. 10 Reactive blue dye
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3.2.1.9 Kinetic analysis of photocatalytic degradation The plots of In(C/C,, versus reaction time for bare TiO, and the
doped photocatalysts (TZC and TZT) are shown in Figs. 11a-c, respectively. These plots were obtained under the optimal
reaction conditions: a blue dye concentration of 1 mg/L, a photocatalyst dose of 0.03 g/L, and a pH of 5. The rate con-
stants (k) were calculated from the slopes of these plots.

Figure 11 clearly illustrates that doping significantly enhances the reaction rate. Furthermore, the use of synthetic
TiO, in the doped photocatalysts outperformed the commercial TiO, counterpart in terms of photocatalytic activity. The
calculated k values for bare TiO,, TZC, and TZT photocatalysts were 0.01203, 0.01511, and 0.08261 min~!, respectively.
These results confirm that doping and the synthesis method play crucial roles in improving the photocatalytic efficiency.

3.2.1.10 Photocatalyst stability The stability of a photocatalyst is a critical factor for its practical application. The findings
from the stability study, illustrated in Fig. 12, highlight the activity and durability of the TiO,-ZnO photocatalysts (TZT
and TZC) over five consecutive cycles of reactive blue dye degradation. The results revealed minimal decreases in deg-
radation efficiency after five successive runs, underscoring the significant stability and activity of both photocatalysts.
Notably, the degradation percentages remained consistent, with no substantial changes observed for either TZT or TZC
photocatalysis. However, a slight reduction in efficiency was attributed to the potential loss of catalyst material during
the filtration process [51]. A comparative analysis demonstrated that TZT exhibited superior stability compared to TZC.
The degradation efficiency of TZT decreased by only 6%, whereas TZC showed a 9% reduction, as depicted in Fig. 12.
This enhanced stability of TZT can be attributed to the high purity of the synthesized TiO,. Despite the minor decrease in
efficiency, both photocatalysts confirmed their significant activity and robustness, making them promising candidates
for the degradation of reactive blue dye.

The study demonstrated the high efficiency of TiO,-doped ZnO photocatalysts, which significantly enhanced the
bandgap energy. This improvement allowed the doped photocatalysts to effectively absorb sunlight, activate the pho-
tocatalytic process, and degrade the blue dye. The results, as presented in Table 2, highlight the superior performance
of this photocatalyst compared to those reported in other studies.

4 Conclusions

In this study, successful degradation of blue dye in water solutions was accomplished. The ZnO-TiO, photocatalysts were
synthesized using both commercial and synthesized TiO, from TTIP precursor. Comparative analysis revealed that ZnO-
TiO, photocatalysts from synthetic TiO, exhibited superior properties when contrasted with ZnO-TiO, photocatalysts
from commercial TiO, and bare TiO,. This enhancement was primarily attributed to shifts in absorbance from the UV to
the visible region, as verified by UV DRS analysis. Photocatalysis experiments involving TiO,, TZC, and TZT demonstrated
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Table 2 Reported studies on photo-degradation of organic dye

Photocatalyst type Photocatalyst-  Time/min Type of dye Source of light Removal effi-  Ref
Dosage (g/1) ciency (%)
TiO,—Fe, 04 0.04 120 Navy blue 171 sunlight 100 [32]
graphitic carbon nitride 3 320 Rhodamine B sunlight 95 [52]
Cu-complex 0.4 40 Methylene blue UV light 70.71 [53]
Zn0O 0.01-0.06 20 Reactive blue 203 8W UV lamp 99.1 [29]
TiO, 1 120 Procion Navy H-EXL (PN) UV-LED 100 [54]
TiO,-ZnO 0.03 120 Navy blue 171 sunlight 100 Present work

optical absorption peaks at wavelengths of 369.34 nm, 385.24 nm, and 409.93 nm, respectively, demonstrating a pro-
gressive shift in light absorption to the visible region for TZT more than TZC. The dye removal efficiency increased with
increasing contact time and the photocatalysis dosage. While it decreased with higher initial dye concentrations. In
this study the optimum condition was achieved using 1 mg/I dye concentration with 0.03 mg photocatalysis and 5 pH
solution for 2 h sunlight irradiation time. However, the ZnO-TiO, photocatalyst synthesized from titanium precursor,
achieved 100% removal efficiency for all dye concentrations investigated. The rate constants (k) were 0.01203, 0.01511,
and 0.08261 min~" for bare TiO,, TZC, and TZT photocatalysts, respectively. The TiO,-ZnO photocatalysts (TZT and TZC)
were recovered and reused over five consecutive cycles of reactive blue dye degradation, thus demonstrating the stability
and durability. The study demonstrated the effectiveness of TiO,-ZnO photocatalysts under solar radiation to effectively
degrade reactive blue dye. Following the promising results obtained. This study utilized a single concentration of TiO,
and zinc acetate in synthesizing the doped TiO,-ZnO (50:50). Further research is recommended to explore the effects of
varying co-doping ratios of TiO, and zinc acetate, as well as to assess the efficiency of the photocatalysts in degrading
different dyes and other organic contaminants.
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