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ABSTRACT: This study explores phenol removal from industrial wastewater using a UV slurry bubble column
reactor with pre-synthesized ZnO nanoparticles. ZnO was prepared via the sol-gel method using three solvents
deionized water (CAT-1), ethanol (CAT-2), and glycerol (CAT-3). Zinc oxide nanoparticles were synthesized
through the sol-gel method prior to their use in the photocatalytic process. Glycerol led to smaller particles with
higher surface area due to its high viscosity and ability to control nucleation. These ZnO panrticles were then used
in a UV slurry bubble column reactor, where UV light excited the ZnO, producing electron-hole pairs. These
pairs interacted with water and oxygen to create hydroxyl and superoxide radicals. These radicals attacked phenol
molecules, breaking them down into intermediates and finally into CO2 and H-O. This degradation followed
pseudo-first-order kinetics, and the best performance was recorded with the glycerol-derived ZnO (CAT-3),
confirming its suitability for wastewater treatment. CAT-3 calcined at 400°C showed the best surface area and
crystallinity. The photocatalytic process achieved over 90% phenol degradation under optimal conditions. ZnO
acts as a semiconductor, where UV light excites electrons, generating reactive species that oxidize phenol into
harmless by-products. This method provides an efficient, eco-friendly approach to treating industrial wastewater.

Keywords: ZnO nanoparticles; Sol-gel method; Polar solvents; Photocatalytic degradation; Phenol removal;
Wastewater treatment.

1 INTRODUCTION

Phenol is regarded as a major environmental contaminant and may lead to water pollution. Its
existence in water comes from two sources, either as a natural occurrence or through anthropogenic
activities and it was classified as an organic compound and can be determined by a hydroxyl (OH)
group(s) attached to one or more of its aromatic rings [1]. There are different techniques have been
utilized to reduce and remove the phenol from the aqueous solution physical treatment (distillation,
adsorption, and extraction), and chemical treatment (chemical oxidation, biodegradation,
electrochemical oxidation). Advanced oxidation processes (AOPs) have shown promise in the
destruction or mineralization of many organic pollutants in water and wastewater treatment. These
processes generate highly reactive hydroxyl radicals (HO-) [2]. Photocatalytic processes have been
often used and studied in recent years and they are described as an effective type of AOP to treat and
degrade organic pollutants. The generation of radicals takes place on the surface of the catalyst. The
photocatalytic process enables the activation of a semiconductor particle (SMP) material via radiation
at a specific wavelength (A), heat, or external oxidants [3].

Recently, the synthesis of nanoscale materials has garnered attention due to their distinctive
mechanical, physical, optical, and magnetic properties. The characteristics of nanoparticles encourage
a wide range of applications in diverse technological domains, including ceramics, structural
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components, magnetic data storage, energy storage, electronics, and catalysis[4]. Nanoparticle
applications in the size range of 1 to 100 nm have garnered significant attention in recent years due
to their novel characteristics and have been the topic of much study [5].

Zinc oxide (ZnO) has been intensively studied because of its high photosensitivity, nontoxic
nature, large bandgap (3.3 eV), and low cost [6]. Thereby,ZnO is widely used as an efficient and
inexpensive semiconductor photocatalyst for the decomposition of most organic chemicals and
energy applications [7][6], in the field of materials science is categorized as a semiconductor in group
II-VL. Its covalence is at the interface between ionic and covalent semiconductors [8][7] and can be
obtained in the form of a hexagonal wurtzite crystalline structure and are intriguing to investigate
due to their distinctive physical properties, as well as their wide range of morphologies and their
enticing electrical and optical properties [9][10][11]

The particle size of ZnO in these powders is a crucial determinant for the specific application
[12]. ZnO is a promising option due to its unique chemical, surface, and nanostructured
characteristics, particularly for gas sensing and catalysis applications where the particles' surface area
must be exposed to the target gas [13]. In various literature, it is evident that nano ZnO exhibits
superior performance in comparison to bulk ZnO [14].

In recent years researchers have focused more on the synthesis and properties of ZnO
nanoparticles due to their application in advanced technologies [12]. Nowadays, several techniques
are employed to synthesize ZnO nanoparticles, including sol-gel synthesis, hydrothermal/solvo
thermal methods, microemulsion methods, precipitation, and physical vapor deposition. Chemical
synthesis is a crucial method that involves the use of several precursors and certain variables such as
temperature, time, and reactant concentration [15]. The main advantage of chemical methods is their
ability to produce particles with specific dimensions, composition, and structure. These particles can
find application in a variety of fields, including sensing, catalysis, and electrical devices. Furthermore,
the synthesis carried out by some chemical processes, specifically the sol-gel approach, requires lower
processing temperatures and less energy, making it more cost-effective than physical procedures [16].
The synthesis of solid catalysts using the sol-gel method has been reported by several research teams
since the 1980s[17]. The sol-gel process involves the transition of a system from a liquid "sol" into a
solid "gel" phase, enabling precise control over the chemical composition and uniformity of the
resulting nanoparticles. This method also allows for low-temperature processing and scalability,
making it an efficient approach for synthesizing ZnO nanoparticles.

However, the nanoparticle structures have been controlled via different parameters, for instance,
pH, solvent, raw material, precursors, and method of synthesis[18]. Therefore, numerous
investigations have been conducted to address the effect of these parameters. Among these
parameters, the solvent type where significantly affects the structure of the nanoparticle[19], [20].ZnO
nanoparticles are specified by high surface energy and large specific surface area. Thereby,
nanoparticles try to agglomerate easily during the preparation. Therefore, most methods need a low
concentration of precursors and utilize a large amount of stabilizers (i.e., water or organic solvent)(8],
(21], [22]. Additionally, using water in synthesis processes frequently results in hard agglomerates,
which hinders the utilization of ZnO nanoparticles(23]. The polyol method was demonstrated to be
effective for synthesizing metal oxide nanoparticles[24]. ZnO nanoparticles have been effectively
produced in diverse polyol media, including 1,4-butanediol, ethylene glycol, diethylene glycol,
tetraethylene glycol, and 1,3-propanediol[20], [25]-[27].

[28] suggested three different solvents distilled water, absolute ethanol, and isopropanol to
synthesis the ZnO from the zinc acetate. There results exhibit that using distilled water, absolute
ethanol, and isopropanol created nanoparticles with ellipse, rod, and spherical shapes,
respectively.Meanwhile, solvent of isopropanol creates more homogenous size and shape of ZnO.
[29]used NaOH and KOH in aqueous solution with Zinc Nitrate as precursor to create ZnO
nanoparticles via sol-gel process. The data obtained illustrated that the aqueous solution significantly
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affected the surface morphology, optical properties, and structural integrity of ZnO. Practically, the
particle size decreased due to using the KOH. [30] investigated the effects of precursors and solutions
on the nanoparticle’s properties of the ZnO, where utilized (oxalic acid, zinc oxalate, and zinc acetate)
as precursors, and three different solvents (water, ethanol, propanol). This investigation reported that
the average diameter of the nanoparticles measured was 79.55 nm, 83.86 nm, and 85.59 nm using
ethanol, propanol, and water, respectively. When compared to other solvents under research, ZnO
particles displayed a higher degree of crystallization in water. [19]prepared ZnO nanoparticles from
aqueous solutions of zinc chloride (ZnCl;) and hydroxide at room temperature using a glycerol
stabilizer. Concentrated zinc was obtained from ZnCl, aqueous solutions that were as high as 65-80
wt%. The molar ratio of glycerol to Zn*" and the concentration of ZnCl, solutions clearly affected the
sizes and forms of the ZnO nanoparticles. With increasing ZnCl; solution content and glycerol to
Zn** mole ratio, the shape of ZnO nanoparticles changed from rods about 50-120 nm long and 30-
70 nm in diameter to globular with diameters of about 20 nm.

Based on mentioned, we explore the synthesis of ZnO nanoparticles using the sol-gel method,
focusing on the optimization of parameters to achieve desired structural and functional properties,
this technique is an economical and efficient method for producing uniform, highly pure, and high-
quality nano powders. It is well recognized as a traditional and industrial approach for synthesizing
nanoparticles with varying chemical compositions [31][32]. The main objective of this study is the
synthesis of ZnO nanoparticles by the sol-gel method and to studytheir characterization. The sol-gel
method was employed to synthesize ZnO nanoparticles, with zinc acetate as the initial substance. The
resulting nanoparticles exhibited a high-quality crystalline structure and a tightly controlled size
distribution [9].

2. EXPERIMENTAL METHODS
2.1.ChemicalMaterials

Phenol (CsHsOH, molecular weight: 94.11 g/mol) was purchased from Sigma-Aldrich and used
as the model pollutant in wastewater. Stock solutions of phenol were prepared by dissolving phenol
in deionized water to achieve the desired concentrations. The oxidant used in the oxidation process
was hydrogen peroxide (H;O;) manufactured by Scharlau (Spain, 35%). ZnO was used as a
photocatalyst and was synthesized using the sol-gel method. Three different solvents were employed
during the synthesis process to prepare ZnO nanoparticles, Zinc acetate dehydrate (Zn
(CH;COO0),2H;0) as a precursor; meanwhile, Glycerol (CsHsOs), ethanol (CH,COOH), and
deionized water were used assolvents.
2.2 Preparation methodof photocatalytic ZnO

ZnO nanoparticles were synthesized using the sol-gel method in this study.Zinc acetate dihydrate
(Zn (CH3COOQO)2:2H:0) was dissolved separately in three solvents: deionized water, ethanol, and
glycerol, so-called CAT-1, CAT-2, and CAT-3, respectively. For each solution, a fixed amount of zinc
acetate was added to ensure consistency in molar concentration across the solvents. The typical
experiment procedure was as follows; 25 grams of zinc acetate dihydrate (Zn (CHsCOO).-2H20) was
dissolved in three different solventsdeionized water, ethanol, and glycerolusing a weight ratio of 1:3
zinc acetate/solvent (wt/wt), resulting in 75 grams of solvent per 25 grams of zinc acetate. This ratio
was chosen to standardize the solvent quantity relative to the amount of zinc acetate and to ensure
consistent dissolution conditions across all three solvents.
2.2.1 CAT-1Zinc acetate dehydrate (Zn (CH3COO)2.2H20) + Deionized water
75 g of deionized water added to 25 g of zinc acetate dehydrate at 80°C with continuous stirring for
90 minutes. then the solution was dried at 80°C for 24 hours.Preparation stages of CAT-1 are
described in Figure 1
2.2.2 CAT-2Zinc acetate dehydrate (Zn (CH;COO),.2H,0) + Ethanol absolute (CH,COOH)
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75 g of ethanol was added to 25 g of zinc acetate dehydrate and stirred for 2 hoursat 65°C The
resultant whitish solution was allowed to gel by aging it for 2 hours and subsequently dried at 65°C
in an oven for 24 hours.Figure 2described Preparation stages of CAT-2 .
2.2.3 CAT-3Zinc acetate dehydrate (Zn (CH3COQ)2.2H20) + Glycerol (C3sHsOs)
75 g of glycerol added to 25 g of zinc acetate under vigorous stirring for 48 hours at 150 °C. After
the gel formed, it was dissolved by adding ethanol and stirred continuously for another 24 hours.
This step helped break down the gel and facilitate the extraction of zinc oxide precursors in a
homogeneous solution, and to be ready for subsequent filtration and drying. The mixture was then
filtered to eliminate any undissolved particles and impurities. Finally, the filtrate was dried in an oven
at 120°C for 24 hours to remove residual ethanol and obtain the zinc oxide precursor.The steps of
the method were illustrated in Figure 3.

However,each sample was subjected to calcination at four different temperatures,300°C, 400°C,
500°C, and 600°C,in a tubular furnace. The samples were heated gradually to the target temperature
and held for 4 hours to ensure complete transformation of the precursor gel to zinc oxide

dried at 80°C for 24 hour

calcinated at different temperature 300,400,500 and 600°C for four hour
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Figure 1. ZnO with Water
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Figure 2. ZnO with ethanol

327



International Journal of Environmental Sciences
ISSN:: 2229-7359

Vol. 11 No. 1s, 2025
https://www.theaspd.com/ijes.php

dissolved by adding ethanol for 24 hr

25 g of Zn (CH3COO)2 2H20 Ethanol

e
N /
stiering for 43 hours 3t 150 °C
<J p—
the gel formed \ \
759 of CiH:O: ‘ ’

finally, caloned at four dfferent temperatures—400°C, 500°C, and 500°C for 4 hours dried at 80°CInanoven for 24 howr

_—

Zn0O after filtration
e Q e Q
S—

Figure 3. ZnO with Glycerol

2.3 Experimental setup

A series of batch experiments were conducted to study the phenol removal kinetics using a home-
made photocatalytic reactor with a length of 60 cm, a depth of 42 cm, and a height of 37 cm. The
reactor was equipped with eight UV lamps of 6W Philips, a cooler fan of 10 cm diameter, and a
vacuum fan of 10 cm diameter, as illustrated in its schematic diagram in Figure 4. Stock solutions of
phenol were prepared by dissolving pure phenol (CsHsOH) in deionized water to achieve the desired
initial concentrations of 50 ppm, 100 ppm, 150 ppm, and 200 ppm. Four different doses of
photocatalyst were tested to evaluate their effect on the degradation rate: 0.05, 0.1, 0.15, and 0.2
g/100 mL. The mixture was stirred and irradiated with UV light for 180 minutes. At regular intervals,
50 mL of the solution was taken, and the reactor was filled with the prepared phenol solution and
slurry. The UV lamp was turned on, and the system was allowed to operate for 3 hours under constant
air flow (2 L/min). During this period, samples of the solution were taken at regular time intervals
(5, 10, 20, 30, 60, 90,120,180 minutes) to measure the residual phenol concentration. After each
sampling period, the phenol concentration was determined by High-Performance Liquid
Chromatography (HPLC). The effectsof contact time, photocatalyst dosage, and the initial
concentration of phenol on photo catalytic degradation of phenol were investigated. The phenol
removal efficiency was calculated at different time intervals using eq (1):

Co—Ct

100 (1)

Removal efficiency (a)=
0

Where:
e Cy is the initial phenol concentration (ppm).
e C.is the phenol concentration at time t (ppm)
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Figure 4. Reactor setup

2.4 Characterization of ZnO nanoparticles

The characterization of synthesized nanoparticles was conducted using several analytical
techniques including X-ray diffraction (XRD) that was performed to analyze the crystal structure and
phase purity of the ZnO nanoparticle and this characterization of ZnO using X-ray diffraction was
conducted with filtered Cu Ko radiation at 40 kV and 20 mA, SEM (A scanning electron
microscope) was utilized to analyze the surface morphology, particle size, and dispersion of the
produced ZnO nanoparticles. This approach yields high-resolution images that facilitate the analysis
of particle morphology and structural consistency. Fourier Transform Infrared Spectroscopy (FTIR)
is a method that uses absorption to analyze a sample's infrared spectrum. FTIR characterization was
conducted to confirm the presence of zinc and oxygen atoms in the synthesized zinc oxide
nanoparticles. Furthermore, identify any other functional groups that might be present.
Comprehending the decomposition characteristics of ZnO precursors facilitates the enhancement of
the calcination procedure to get stable, high-purity ZnO nanoparticles

2.5Kinetic of photocatalytic degradation phenol

The photocatalytic degradation of phenol was analyzed to determine the reaction kinetics and
to investigate the rate at which phenol was removed under UV irradiation using ZnO as a
photocatalyst. Initially, a portion of phenol undergoes oxidation through a direct interaction with
the active holes on the catalyst (ZnO) surface, resulting in the formation of intermediates that can
further react to produce the final products. The reaction mechanism for this process is effectively
explained by the Langmuir-Hinshelwood kinetics, where phenol molecules are first adsorbed onto
the catalyst surface and then proceed to react according to a first-order reaction[33].so, The
degradation data were found to follow pseudo-first-order kinetics, which is commonly observed in
photocatalytic processes.
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dCpn (2)

—Tph = — dt kappcphenol

It has been assumed that the order is first-order rate equation (n=1)

ac €))
= = k1% C = KappCon

By separation of variables and integration of equation , we obtain

G 4
In <Cphenol ) _ _kapp .t ( )
phenl ,0

Where:
e K app represents the apparent pseudo first order reaction rate constant

®  Cphenot is the phenol concentration (mg/L) at any time

®  Cphent 0 is the initial concentration of phenol

t is the time (min).

The calculated result indicated that phenol photocatalytic degradation at the reaction
conditions follows a pseudo-first-order kinetics

3. RESULTS AND DISCUSSION
3.1 Xeray diffraction analysis

The samples were scanned over 20 angles (20° to 80°). CuK radiation was used for the
measurements, which were carried out at 40 kV and 40 mA. displays the X-ray diffraction pattern of
the ZnO nanoparticles synthesized in this study [34]. X-ray diffraction (XRD) analysis was performed
on ZnO samples calcined at various temperatures (400°C, 500°C, and 600°C) to examine the impact
of temperature on crystallinity and phase purity.Figure 5showsthe XRD characteristic peaks of CAT
1_ 400that align with the known diffraction pattern of zinc oxide (ZnO), specifically with the wurtzite
hexagonal structure. Figure 6depicts amplification of the peak at roughly 36° of the (101) ZnO crystal
plane, accompanied by a slight shift to a lower angle. This result indicates a change in the lattice
properties and cell volumes of the hexagonal structure of ZnO [35]. The (101) plane had the highest
relative intensity in all XRD patterns, signifying anisotropic growth and a preferred orientation of
the crystallites [36].
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Figure 5. XRD pattern of CAT_1 at 400°C

This XRD pattern likely indicates a well-crystallized ZnO phase devoid of notable secondary phases.
The sample exhibits pronounced peaks at ZnO's characteristic 20 values, signifying a wurtzite crystal
structure and high crystallinity, especially at the 400°C synthesis temperature. To calculate the
crystallite size for this sample from X-ray diffraction (XRD), we can use the Scherrer Equation eq (2)

D = (kA)/(B cos ) (2)
Where:

D = Crystallite size (in nanometers, nm)
A = Xeray wavelength (1.5406 A for Cu Ka alpha « radiation)
k = the Scherer constant = (0.89)

B = Full Width at Half Maximum (FWHM) of the peak in radians (corrected for instrumental
broadening)

0 = Bragg angle of the peak (half of the 20 value in degrees, converted to radians).

The peak near 20 = 36° might be a good choice, and FWHM in degrees = 0.2°, after applying the
Scherrer Equation. For this peak crystallite size of the sample is D=40.3 nm. Figure 6shows the XRD
pattern of ZnO nanoparticles.All samples of zinc oxide showed broad peaks in the 26 range around
31° 34°, 36°, 47° and 56° are typical for the hexagonal wurtzite structure of ZnO. These peaks
correspond to specific crystal planes, like (100), (002), (101), (102), and (110), respectively, which are
commonly observed in ZnO. No additional peaks associated with impurities were observed,
indicating the acquisition of high-purity ZnO nanoparticles and The optimal calcination temperature
are 400 degrees Celsius because the major peak at these temperatures is sharper and their full- width
at half maximum (FWHM) is smaller, which corresponds to 500 and 600 degrees Celsius [37]. The
similarity in peak positions across all samples suggests that all of these materials have a similar ZnO
crystalline phase, likely wurtzite. As the calcination temperature increases (from 400°C to 600°C),
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the peaks generally become sharper and more intense. This trend suggests improved crystallinity at
higher calcination temperatures, as higher temperatures typically promote crystal growth and reduce
defects.We also notice there is a noticeable decrease in peak width with increased calcination
temperature. Narrower peaks at higher temperatures (such as 600°C) indicate larger crystallite sizes
due to grain growth during the calcination process.
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Figure 6. XRD pattern of ZnO nanoparticles

3.2 Fourier transform infra-red (FTIR) spectra

The FTIR spectra of ZnO nanoparticles calcined at various temperatures (400 °C, 500 °C, and 600
°C) are presented inFigure 7.The fingerprint bands detected at 641 cm™ and 831 cm™! correspond
to the interatomic vibrations of the Zn-O link. These bands are indicative of zinc metal, as metallic
bands are often detected below 1000 cm™!. The peak at 1428 cm™ is attributed to the stretching
vibration of the C-N bond in primary amines or the C-O bond in primary alcohols. The peak at 1562
cm! is linked to the in-plane bending or vibration of primary alcohol. The peaks at 3321.42 cm™!
and 3533.59 cmare attributable to O-H (hydroxyl group) bond stretching and deformation
resulting from water molecules adsorbed on the surface of zinc [38] Bands stretching at ~ 1650 cm™,
This corresponds to O-H bending vibrations from adsorbed water molecules . The O = C = O
vibration of the CO2 molecule present in the air is represented by a band around 2153.75 cm™[39].
The bands observed between ~1400-1450 cm™ this peak may be attributed to C-O stretching
vibrations or carbonate species (CO3?"). These can form due to atmospheric CO: reacting with the
surface of ZnO or residual precursors during synthesis

332



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 1s, 2025
https://www.theaspd.com/ijes.php

MWW cat3 _ 600
AWM% cats_ 500
%MW Cats_ 400

Transmittance(%)

Cat2 _ 400

N“\\\A/\J Cat1_ 400

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 7. FTIR spectra of ZnO nanoparticles

3.3 Scanning electron microscopy (SEM)

This method uses a concentrated electron beam to scan the surface of the sample, and
interactions between the sample and the beam provide high-resolution pictures that show nanoscale
surface details. The SEM investigation was performed at an accelerating voltage of 15 kV, with
pictures obtained at magnifications ranging from 10,000 to 50,000%. Figure 8 illustrates the SEM
images of ZnO synthesized through the sol-gel method at 400°C by three different solvents. As shown
inFigure 8, ZnO is seen to have pseudo-spherical forms, with some distinctly rod-like. Additionally,
it was noted that the particle formation occurs structurally disorganized. Some of the particles
resemble lengthy rods, while others like large, short rods. ZnO particles range in size from 20 to 140
nm. The development of crystallites may be the cause of the large variety of particle sizes. The size of
the particles will be influenced by the crystallite development on the ZnO surface. Therefore, the size
of the resulting ZnO was significantly influenced by the chemical composition used for its
manufacture. [40]

Figure 8. SEM image of ZnO nanoparticles calcined at 400 °C: a) zinc oxide synthesized by
deionized water as a solvent, b) zinc oxide synthesized by ethanol as a solvent, ¢) zinc oxide
synthesized by glycerol as a solvent
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At 400°C, the ZnO nanoparticles have undergone enough crystallization to form stable, uniform
particles without excessive growth or sintering, resulting in good crystallinity and surface stability.
This temperature promotes a balance between surface area and particle stability, making it ideal for
maintaining nanoscale particles without significant fusion. Figure 8-ashows ZnO nanoparticles
prepared using water, with a distinct rod-like or needle-shaped form. This elongated form indicates
anisotropic growth, perhaps affected by synthesis conditions and the moderate calcination
temperature, which aids in stabilizing the rod shape. The rods seem slender, exhibiting a significant
aspect ratio. Although precise dimensions are not provided, they are likely between 10 and 30 nm in
width and may stretch to several hundred nanometers in length, as inferred from the scale bar,
Furthermore, because of their one-dimensional nanostructures (such as nanorods and nanotubes),
which can enable more effective carrier transport due to a reduction in grain borders, surface flaws,
disorders, and discontinuous interfaces, rod-like structures are the best nanostructures when
compared to others [41]. Figure 8bdisplays the SEM micrograph ofZnO nanoparticles prepared
using ethanol, characterized by an average particle size of 17.5 + 5 nm, exhibiting homogenous and
hexagonal forms with significant agglomeration [42].And shows granular or nearly spherical ZnO
nanoparticles that are densely packed. The particles appear to be small and somewhat uniform, with
some degree of aggregation. The image above displays densely packed ZnO nanoparticles that are
granular or almost spherical. The particles measure between 20 and 50 nm in diameter, typical of
ZnO calcined at 400°C, a temperature sufficient to commence crystallization without promoting
significant particle development.Figure 8cshows ZnO nanoparticles prepared using glycerol, densely
packed, spherical ZnO nanoparticles with a more uniform size distribution than in the second image.
The particles are small and closely aggregated, which can be typical for ZnO calcined at a controlled
temperature like 400°C and particles appear to be within the 20 to 40 nm range, and their uniformity
suggests controlled nucleation and growth during synthesis and calcination.

3.4 Brunauer-Emmet-Teller (BET) specific area analysis

BET analysis was used to investigate the surface structure of synthesized ZnO NPs, Table 1
Summarizes the characteristics of the Zinc oxide nanoparticles synthesized using different solvents
(water, ethanol, and glycerol) at a temperature of 400°C for 4 hours are shown in Table 1.

Table 1. BET analysis data

Temperature Surface Pore PO}.e
No. Solution Time (h) area volume radius
(©) (mz/ g) (Cma/ g) (nm)
1. Water 400 4 14.6064 0.070844 1.74595
2. Ethanol 400 4 11914 0.0695245 1.61556
3. Glycerol 400 4 36.357 0.183393 8.47117

The ZnO particles produced with glycerol demonstrated a significantly larger surface area of 36.357
m2/g, with a pore volume of 0.183393 cm?/g and a larger pore radius of 8.47117 nm, The results
suggested that glycerol is the most effective solvent in terms of enhancing the surface area, pore
volume, and pore radius of the ZnO nanoparticles.These properties are important for the
photocatalytic process, as larger surface areas and larger pores provide more active sites and better
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access to the reactants, improving the catalyst’s performance Water and ethanol, while still effective,
yield ZnO with smaller surface areas and pore volumes, which might limit their efficiency in certain
catalytic processes. Thus, ZnO synthesized with glycerol would likely perform better in photocatalytic
applications (such as phenol degradation from wastewater) due to its higher surface area and larger
pores, which are essential for effective photocatalysis.

3.5 Effect of Catalyst Type

In this study, ZnO nanoparticles were synthesized using the sol-gel method using three different
solvents: water, ethanol, and glycerol. Their photocatalytic activity was tested in the degradation of
phenol in aqueous solutions under UV light. The results showed that the solvent used during
synthesis had a significant impact on the particle size, crystallinity, and photocatalytic efficiency of
ZnQO, as shown in Figure 9 ZnO synthesized in glycerol exhibited the highest phenol removal
efficiency (100%) after 60 minutes of UV irradiation, followed by ethanol (93.50 %) and deionized
water (85%). Based on the experimental results, glycerol proved to be the best solvent for synthesizing
ZnO nanoparticles for photocatalytic phenol removal. The uniform morphology, high crystallinity,
and small particle size of the ZnO synthesized in glycerol contributed to its superior photocatalytic
performance, with a 100% phenol removal efficiency after only 60 minutes of UV irradiation.
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Figure 9. Effect of the typeof catalyst

The unique properties of glycerol, such as its high viscosity and ability to stabilize ZnO nanoparticles,
were key factors that made it a better choice than water or ethanol. Additionally, glycerol has hydroxyl
groups that may interact with the Zn precursor during sol-gel synthesis, promoting the formation of
wellstructured ZnO nanoparticles. Because glycerol has three hydroxyl groups, using it as a solvent
can shorten the time it takes for the atoms to react to produce nanoparticles. Additionally, it can
accelerate the production of gels, and the heat produced by the chemical reaction can speed up the
rate of reaction[43]. The interaction between glycerol and the zinc precursor could also play a role in
stabilizing smaller ZnO particles, which would not be as easily achieved with water or ethanol. While
water is a commonly used solvent due to its availability and low cost, ZnO synthesized in water
showed lower photocatalytic efficiency compared to glycerol. This is likely due to larger particle size
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and less uniform dispersion, which limited the surface area available for phenol adsorption and
degradation. Similarly, although ethanol typically produces ZnO with smaller particles than water, it
did not exhibit the same level of crystallinity or uniformity as glycerol. This suggests that glycerol’s
unique properties allow for better control over the synthesis of ZnO with high crystallinity and small
particle size, which translates to better photocatalytic efficiency. This study suggests that glycerol-
based ZnO could be an efficient and stable photocatalyst for environmental applications, particularly
for the degradation of phenolic compounds in wastewater. These findings highlight the importance
of solvent selection in optimizing the photocatalytic performance of ZnO for environmental
applications."

3.6 Effect of calcination temperature

The photocatalytic efficacy of ZnO catalysts synthesized via the sol-gel technique at varying
calcination temperatures was evaluated for the photodegradation of phenol under UV light. Various
parameters, such as crystal composition and crystal phase, influence the photocatalytic efficacy of
ZnQO. The photocatalytic activity of ZnO nanoparticles was significantly affected by the calcination
temperature. ZnO calcined at 400°C showed the highest phenol removal efficiency (100%) after 60
minutes only of UV exposure. At lower calcination temperatures (300°C), the efficiency was 100%
after 90 minutes, while ZnO calcined at 500°C and at 600°C reached 100% removal efficiency after
2 hr., as shown in Figure 10. From Figure 10,CAT 3_400°C shows the fastest phenol removal rate,
indicating that ZnO synthesized at this temperature has the best combination of properties for
photocatalysis.
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Figure 10. Effect of calcination temperature
3.7 Effect of time calcination

Figure 11observes that 4 hours of calcination yielded the highest phenol removal efficiency. This
is because at this point, the material has achieved the optimal surface area and porosity for
adsorption. Shorter calcination times did not allow enough time for the material to fully activate,
while longer calcination times caused sintering and reduced the number of available active sites.
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Therefore, 4 hours provided the best balance between activation and material stability, resulting in
the most effective phenol removal."
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Figure 11. Effect of time calcination

3.8 The Effect of Time on PhotocatalyticDegradation of Phenol

The effect of contact time on phenol removal by oxidation is a critical factor in determining the
efficiency of the removal process. Figure 12 shows the effect of contact time on the phenol
photodegradation from the aqueous solutions in the concentration range 50, 100, 150, and 200
ppm, and the catalyst weightsare 0.05, 0.1,0.15, and 0.2 g.As the duration of time increased, the

phenol oxidation process was gradually enhanced[44].
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In Figure 12, it was inferred that phenol removal increases with an increase in contact time. The
graph shows that as the contact time increases, the percentage of phenol removal increases for all
concentrations (50 ppm, 100 ppm, 150 ppm, and 200 ppm). This suggests that longer contact time
enhances the phenol removal process, likely due to more time for the removal mechanism to take
effect, whether through adsorption, chemical reactions, or other processes. However, the rate of
increase in phenol removal tends to slow down as the contact time continues, indicating that the
system might approach a saturation point after a certain period.

Additionally, higher concentrations of phenol (such as 100 ppm, 150 ppm, and 200 ppm)
generally show slower removal rates compared to lower concentrations (50 ppm), implying that the
phenol removal process becomes less efficient as the phenol concentration increases. Longer contact
times allow for more complete reactions, leading to higher phenol removal efficiencies and Sufficient
contact time ensures complete reactions, minimizing residual phenol concentrations

3.9 The effect of initial concentrations

The effect of initial concentrations of phenol on the phenol removal was also shown in figure 13
, the removal rate of phenol decreases, with an increase in initial concentration of phenol,
Specifically, for all the different adsorbent doses (0.05 g/100 mL, 0.1 g/100 mL, 0.15 g/100 mL, and
0.2 ¢/100 mL), phenol removal efficiency declines as the initial concentration rises from 50 ppm to
200 ppm. This trend suggests that a higher initial phenol concentration may overwhelm the available
active sites on the adsorbent, leading to reduced efficiency in phenol removal. At higher
concentrations, the adsorbent becomes less efficient in phenol removal, likely due to saturation or a
shortage of available binding sites. As the concentration of the pollutant rises, a greater number of
pollutant molecules are adsorbed onto the surface of the semiconductor, reducing the overall
efficiency of the process[45], An increase in the initial concentration of the organic compound lowers
the efficiency of photocatalyst degradation. This can be attributed to the fact that higher
concentrations lead to more molecules adsorbing onto the surface of the photocatalyst. As a result,
there is less available surface area for the formation of hydroxyl radicals, which in turn diminishes
the photocatalytic activity of the catalyst [46].
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3.10 The effect of the catalyst’s dose

The amount of catalyst influences the reaction rate, providing a surface for adsorption and
generating oxidative holes in the valence band and electrons [33]. Various experiments were
performed to evaluate the impact of catalyst loading on the reaction rate, with catalyst loadings
ranging from 0.05 to 0.2 g/L. Figure 14shows that increasing the catalyst dose leads to higher phenol
removal efficiency. As the weight of the catalyst increases, the percentage of phenol removal improves
for all concentrations (50 ppm, 100 ppm, 150 ppm, and 200 ppm). The increase in ZnO nanoparticle
dosage from 0.05 to 0.2 g/L increases the removal of phenol. This suggests that a higher catalyst dose
provides more active sites for adsorption and photocatalytic reactions, thus enhancing the removal
of phenol from the solution. However, this effect seems to plateau at higher catalyst doses, as the
phenol removal rate increases more slowly after a certain point, indicating that further increases in
catalyst weight may not significantly enhance the removal efficiency.at At 200 ppm, the graph shows
that increasing the catalyst dose leads to a noticeable improvement in phenol removal.
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Figure 14. Dose effect on phenol removal

As the weight of the catalyst increases from 0.05 g/100 mL to 0.2 g/100 mL, the phenol removal
efficiency increases from approximately 65% to around 85%. This indicates that a higher catalyst
dose enhances the removal of phenol from the solution at 200 ppm. However, the increase in phenol
removal becomes less pronounced at higher catalyst doses, suggesting there is a limit to the benefit
of increasing the catalyst weight at this high concentration.

3.11 The effect of initial concentration on kinetic

The plot of In (Cphenol/Cphenol,0) versus time for all the experiments with different initial
concentrations of phenol is shown in Figure 15. The values of Kapp were obtained directly from the
regression analysis of the linear curve in the plot, further validating the first-order. Results showed
that K,,, decreased when the phenol initial concentration increased, as shown in Table 2. The rate
of a unimolecular surface reaction is directlyproportional to the surface coverage, assuming that the
reactant is more strongly adsorbed on the catalyst surface than the products[47].
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Table 2. Regression coefficients (R2) and Kapp for the effect of initial concentrations on kinetics
for phenol photo degradation

Dose of

catalyst

Kaii 0.0058 0.01 0.0149 0.0158
200 ppm R’ 0.944 0.969 0.971 0.952
Kooy 0.0037 0.0037 0.0038 0.0039
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3.12 The effect of the dose of the catalyst on kinetics
The Dose effect on kinetics in photocatalytic degradation using ZnO shows that the reaction rate
increases with catalyst dose up to an optimal point. After this optimal dose, increasing the catalyst
concentration leads to diminishing returns due to saturation, light scattering, and surface
aggregation. Therefore, there is a balance between the amount of catalyst used and the efficiency of
the degradation process, where too much catalyst beyond a certain level doesn't improve performance
and may even hinder it. Figure 16 andTable 3showthe effectof the dose of the catalyst on kinetics.
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g/L, c) weight of Catalyst 0.15 g/L, d) weight of Catalyst 0.2 g/L
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Table 3. Regression coefficients (R2) and Kapp for Dose effect on kinetics for phenol photo

degradation
Co
50 ppm 100 ppm 150 ppm 200 ppm

Dose of cat.
0.05 g/L R’ 0.965 0.912 0.93 0.944

Kapp 0.0124 0.0058 0.0048 0.0037
0.1 ¢g/L R’ 0.977 0.982 0.92 0.969

Kipp 0.0143 0.01 0.006 0.0037
0.15 g/L R? 0.984 0.985 0.983 0.971

Kapp 0.0199 0.0149 0.009 0.0038
0.2 g/L R? 0.971 0.965 0.974 0.952

Kipp 0.02 0.0158 0.0123 0.0039

CONCLUSIONS

ZnO nanoparticles were successfully synthesized and used in this study to photocatalytically degrade
phenol from industrial effluent. ZnO was created using a sol-gel method and three distinct solvents:
glycerol (CAT-3), ethanol (CAT-2), and deionized water (CAT-1). Superior photocatalytic activity was
a result of the largest surface area and crystallinity of CAT-3 (glycerol-based ZnO) calcined at 400°C.
In a UV-assisted slurry bubble column reactor, the ZnO catalysts were used to break down phenol
mostly by producing reactive radicals (* OH, ®O2") through UV-induced electron-hole separation.
Over 90% phenol removal efficiency was attained with CAT-3 under ideal conditions (0.15 g/L
catalyst dosage, 100 ppm phenol concentration, and 180 minutes of irradiation).

The results highlight the importance of solvent selection in ZnO synthesis and validate the potential
of UV/ZnO systems for sustainable and efficient water treatment applications. Future work may
focus on reactor scale-up, catalyst stability, and degradation pathways of by-products.
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