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Abstract: In pursuit of overcoming Fenton’s oxidation limitations in wastewater treatment, an
introduction of heterogeneous photocatalyst is developed. In this regard, the current work is
introducing ZnO nanocrystals that were successfully prepared by thermal decomposition technique
and then capped with oleic acid (OA). The synthesized ZnO-OA and the pristine ZnO were
characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and field
emission scanning electron microscopy (FE-SEM). Then, the study introduces the application of
such materials in advanced oxidation processes, i.e. Fenton's reaction to treat dye-containing
wastewater. Synthetic wastewater that prepared using Reactive Blue 4 (RB4) is used as a simulated
textile wastewater effluent. Fenton’s oxidation is applied, and the system parameters were assessed
using the modified Fenton’s system. The synthesized samples of ZnO are characterized by a
recognized wurtzite hexagonal structure. Modifying the surface of ZnO with oleic acid (OA) led to
an increase in crystallite size, lattice parameters, and cell volume. These modifications are linked to
the efficient capping of ZnO nanoparticles by OA, which further improved the dispersion of the
nanoparticles, as demonstrated by SEM imaging. The optimum conditions of ZnO and ZnO-OA
synthesized modified Fenton composites showed 400, 40 mg/L for H20: and catalyst respectively,
at pH 3.0 within 90 min under UV irradiation for maximal dye oxidation reached 93%. The catalytic
performance at its optimal circumstances was in accordance with a pseudo-second-order kinetics
model for both ZnO-OA and the pristine ZnO based Fenton’s systems. Also, the thermodynamic
parameters were also checked and the values settled that both Fenton systems are spontaneous in
nature, proceeds at a low energy barrier condition (10.38 and 31.38 kJ/mol for ZnO-OA and the
pristine ZnO based Fenton reaction, respectively).

Keywords: Advanced catalysis; Fenton; Hybrid; oxidation; ZnO-Oleic acid; thermodynamics

1. Introduction

No doubt the production of textiles and textile industries are playing a significant role in the
economics of countries all around the world [1]. Countries that signified as the leading exporters in
this field are China, the European Union, India, USA, Korea, Turkey and Pakistan [2]. The textile
industry could be such dry or wet manufacturing processes. The dry process involves separation of
fibers from the sources, spinning and weaving into clothes [3,4]. However, through the wet operating
system, textiles are reacted step-wise with chemicals and rinsed using water. Thus, wet processing
consumes massive amounts of fresh water that could be 200 L/kg of textile as well as a high load of

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202410.1039.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2024 d0i:10.20944/preprints202410.1039.v1

organic and inorganic substances [5-7]. Synthetic dyes are extensively used in this industry to attain
a bright and firm color for textiles [2,3]. Such material is categorized as organic compounds that
possess a complex aromatic molecular structure [8]. On the other hand, the presence of such complex
aromatic molecular structures in those dyes makes them very stable, have a high toxic impact, color
and challenges them to be biodegradable [9-11]. Thus, despite the importance of such textile
industrial activity, the release of such dyes in the discharge of the textile effluent is considered a
critical environmental issue [8,12,13]. Accordingly, massive environmental deterioration and toxic
upsets to humans have arisen [14].

Numerous types of commercial textile dyes are produced and applied in the textile industry all
over the globe [15-17]. However, reactive dyes represent nearly 12% of worldwide manufacturing
[18]. Extensive application of such reactive dyes is detected in the textile industry because of the
tendency of their reactive groups to produce covalent bonds that support fixing such substance color
into the fabrics [19,20]. Consequently, the interaction between the fabrics and the dye substance is
enhanced and, thereby, overall energy consumption in the technique is less [2,21-23]. However, their
utilization in practical application is still a concern since their toxic discharge into the industry [6,24].
In this regard, treating the textile discharge effluents is a must for both ecosystem conservation and
human and aquatic creatures’ protection [25-27].

Currently, great efforts have been applied to dealing with and treating such discharge to
substitute the conventional methodologies [28]. Commonly for long decades, adsorption [29],
flocculation [30], and filtration [31] were applied to treat such discharges. But such systems are
unfavorable since they are non-destructive by transporting the contaminant from phase to another
without destroying one [32]. Consequently, the result is a secondary pollutant that needs further
treatment [33]. In this regard, scientists’ interest is searching for advanced systems for so-called
advanced oxidation processes (AOPs). AOPs are gaining great significance since they are eco-friendly
techniques, since their end products are CO:2 and H20 [17,34]. Such systems are based on the
generation of in situ hydroxyl (*OH) radicals attacking the pollutant molecules and destroying them.
Fenton’s reagent among such AOP techniques is signified as an efficient method since its *OH
radicals’ yield is high [35,36]. In such a reaction, H20: is induced Fe?* in an acidic medium to produce
the radicals, and the oxidation is undertaken through a successive reaction. However, the traditional
homogeneous Fenton reaction is unfavorable since the iron catalyst is easily deactivated due to iron-
based systems, weak Fenton activity in the ultraviolet range from iron leaching, and the final iron
sludge presence after treatment. Thus, to overcome such inherent shortcomings, a solid
heterogeneous Fenton-based catalyst is essential to upgrading the Fenton system. Transition metal
oxide semiconductors are seen as viable possibilities. Among these, ZnO's unique qualities, such as
its wide band gap, high chemical stability, non-toxicity, and ease of synthesis, have led to a surge in
its use as an environmental photocatalyst in the photodegradation of contaminants [31]. Despite this,
there are several drawbacks to using ZnO as a photocatalyst, such as the high possibility of
photoinduced electron-hole recombination. In this regard, numerous studies have been conducted to
enhance the separation rate of photoinduced charge carriers by altering the electronic energy band
structure of photocatalysts through doping with metallic ions [37]. Our prior investigation on ZnO
surface modification with oleic acid (OA) resulted in a blue shift in the optical band gap and increased
Urbach tails at the margins of the valence and conduction bands by 64.3 and 80.4 meV, respectively
[38]. These variations in the energy band layout with increasing trap site density may improve the
photocatalysis efficiency of ZnO by reducing the recombination process between photoinduced
electrons and holes.

The current work investigates the effect of capping ZnO nanocrystals with OA on the UV
degradation of Reactive Blue 4 (RB4) organic dye. The pure ZnO nanocrystals were manufactured
using the thermal decomposition approach, which is an excellent low-cost and high-yield method
after calcinations of zinc acetate salt, given its low decomposition temperature [39]. Afterwards, the
prepared materials are applied to oxidize the RB4 dye. The reaction operational parameters including
initial dye load, hydrogen peroxide and catalyst concentrations as well as the operating pH are
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studied. Also, the thermodynamic parameters are assessed and the reaction kinetic model is
investigated.

2. Materials and Methods:

2.1. Synthesis of ZnO Nanocrystals

ZnO nanocrystals have been synthesized by utilizing a simple thermal decomposition method.
This standard preparation approach has been documented elsewhere [39]. Zinc acetate dihydrate
(Zn(CHsCOO)22H20; Winlab, purity: 99.999%) has been utilized as the precursor in the synthesis of
ZnO nanocrystals. Approximately 15 g of Zn(CH3COO)22H20 was placed in a covered 50 mL
alumina crucible and subjected to a decomposition procedure in an oven at 350 °C for 3.5 hours. The
chosen heating settings were employed to guarantee the complete thermal decomposition of the
precursors [38,40].

2.2. Capping ZnO Nanocrystals with Oleic Acid (OA)

Oleic acid [CisH3O2, OA, Alfa Aesar] was utilized to cap and modify the surface of the ZnO
nanocrystals as they were manufactured. The approach to surface modification was described
elsewhere [41,42]. In the conventional technique, 1 g of ZnO nanocrystals, 60 mL of water, and 3 mL
of OA are added to a beaker, and the mixture is ultrasonicated for 30 minutes. After that, the mixture
was agitated for 8 hours using a magnetic stirrer. Following the reaction, the liquid was centrifuged
for one hour. To wash, add 60 mL of ethanol to the precipitate and expose to ultrasonic for 30 minutes.
The resulting solution will be centrifuged for one hour. The final two steps were repeated three times.
The resulting precipitate is dried under vacuum at room temperature to provide the final product,
ZnO-OA. Figure 1 depicts the schematic design for the capping of as-synthesized ZnO nanocrystals
with oleic acid.

Preparation of oleic acid capped ZnO nanocrystals

Dissolving 1 g of as-synthesized ZnO nanocrystals in 60 ml of aqueous
solution of oleic acid under ultrasonic vibration

Stirring
for8 h

OA-treated ZnO polyacrylates precipitate

Repeated
three times

‘Washing using 60 ml ethanol in
ultrasonic vibration for 30 min

3

| Centrifuged for 1 h ‘

Under
Vacuum

‘ Dried ZnO-OA nanocrystals ‘

Figure 1. Schematic diagram for the capping of as-synthesized ZnO nanocrystals with oleic acid.

2.3. Bench Scale Set-Up

1-Amino-4-[3-(4,6-dichlorotriazin-2-ylamino)-4-sulfophenylamino]  anthraquinone-2-sulfonic
acid, which is so-called Reactive Blue 4 (RB4) dye was used as a model pollutant. An accurately
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weighed quantity of such powder was dissolved in distilled water to prepare 1000-ppm of stock dye
solution that was further diluted to the required value. Diluted H250s and NaOH are used to adjust
the pH, when desired, to the required values. All chemicals are used as received with no further
purification.

Experiments of chemical oxidation reaction were carried out in a lab-scale batch mode as shown
in the graphical representation of the treatment steps (Figure 2). Initially, the pH of the wastewater
was adjusted to the required values if needed. 100 mL of aliquot Reactive Blue 4 (RB4) dye as the
contaminating wastewater with the desired concentration were subjected to a catalytic oxidation
reaction through a magnetic stirring and the reaction was initiated by the hydrogen peroxide
addition. Then, an artificial UV light source provided by a high intensity 254 nm (UV-A, 70W/m?
lamp) was applied to the wastewater sample. Afterwards, samples were checked periodically for
spectrophotometric analysis.

Textile Industry

_—~

8

.,

Fresh water

Reactive Blue 4
Polluted wastewater

uv
h

‘OH

' Modified
Fenton

ZnO-catalyst

Reclaimed
water

Fenton’s Oxidation

Figure 2. Graphical representation of the treatment steps and experimental set-up.

2.4. Analytical Determination

The wastewater concentration before and after treatment technique was evaluated by its
spectrophotometric analysis using spectrophotometer (UV-visible spectrophotometer, model Unico
UV-2100 spectrophotometer, USA). The pH of the wastewater samples it was monitored using a
digital pH-meter model AD1030, Adwa instrument (Hungary).

2.5. Characterization Techniques for as-Synthesized ZnO and ZnO-OA Nanocrystals

The phase structure of ZnO and ZnO-OA was investigated using an X-ray diffractometer
(XRPhillips X'pert, MPD 3040) equipped with a monochromatic CuKa source (A = 0.15406 nm). To
analyze X-ray diffraction (XRD), diffracted intensities were collected from 10 to 80° using a step-scan
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mode with 0.02¢ steps. The FTIR transmittance spectra of the materials were obtained using a JASCO
(FT/IR-4100) spectrometer over the wave number 400 to 4000 cm'. The morphology of ZnO and ZnO-
OA nanocrystals was studied with a Quanta FEJ20 field-emission scanning electron microscope (FE-
SEM).

3. Results and Discussions

3.1. Structural and Morphological Characterization of as-Synthesized ZnO and OA-ZnO

XRD results for both ZnO and ZnO-OA samples are illustrated in Figure 3. The phase
identification and XRD data refinement were performed using the Rietveld analysis through
theFullProf software (FullProf Suite 5.10), amid the resulting parameters illustrated in Figure 3. The
XRD peaks of the ZnO sample are accurately aligned with the ZnO wurtzite hexagonal structure
standard data (space group: P 63 m c). The absence of additional peaks in ZnO sample confirms
nonexistence of any other phase. It is important to highlight that, the lattice parameters a and ¢
according to the identified phase are showing increasing from 3.2513 and 5.2085 A to 3.2524 and
5.2112 A, for ZnO and ZnO-OA samples, respectively. These are resulting in an increase in the unit
cell volume of from 47.681A3 to 47.741 ZnO and ZnO-OA samples, respectively as shown in Table 1.
Both samples exhibit a strong texture in [101] direction, as shown in Figure 3. The XRD peaks are
significantly lowered in ZnO-OA sample compared to as-synthesized ZnO sample. This drop in peak
intensity imitate a decrease in crystallinity of ZnO-OA sample comparative to as-synthesized one.
There are some strong XRD peaks in lower 20 (10-30°) as well as an amorphous hump that appeared
only in the ZnO-OA pattern, which are attributed to modification of the surface of ZnO by oleic acid.

(a) ZQO O Yops.

YCaIc.

d
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0 (102)
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Figure 3. XRD patterns with Rietveld analysis according to ZnO standard data for (a) ZnO and (b) ZnO-
OA samples.

The average crystallite size and induced microstrain of both samples were determined from the
Williamson—-Hall plot [43]. The Williamson-Hall plot is shown in Figure 4 (4sin@vs. [3cos8 ) of ZnO
and ZnO-OA, where (3 is FWHM of XRD peaks and &@is the Bragg's diffraction angle. The average
crystallite size value increses from 43.3 nm to 46.2 nm for ZnO and ZnO-OA, respectively. The
Williamson-Hall analysis also yielded an increase in the induced microstrain from 0.0008 to 0.0012
for ZnO and ZnO-OA samples. It demonstrates that ZnO-OA has broader peaks than ZnO sample,
which has sharper and more peaks. As a result, surface modification by OA leads to such change

[38,42].

Table 1. The average crystallites size, microstrain (), the lattice constants (a & c) and the cell volume

ZnO and ZnO-OA samples.

o o

Crystallite Size, nm Microstrain (&) a A ¢ A Cell Volume, (A)3
ZnO 43.3 0.0008 3.2513 5.2085 47.681
Zn0O-0OA 46.2 0.0012 3.2524 52112 47.741
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Figure 4. The Williamson-Hall plot (4sin@vs. B cos8 ) of ZnO and ZnO-OA samples.

Fourier Transform Infrared (FTIR) spectroscopy was used to thoroughly evaluate the impact of
oleic acid (OA) surface treatment on ZnO. The FTIR transmittance bands for both ZnO and ZnO-OA
samples are listed in Table 2. The FTIR results show a wide band in low wave number range due to
Zn and O stretch within ZnO. The produced ZnO and ZnO-OA exhibit absorption bands around 407
and 406 cm™. The vibration modes at 1536 cm™ and 1654 cm™ in ZnO and 1543 cm™ and 1700 cm™
indicate asymmetric and symmetric stretching of C=O, respectively. While the absorption band at
3417 cm™ and 3417 cm™ are corresponding to O-H stretching vibration from zinc acetate in ZnO and
ZnO-OA, respectively.

one noting that the oleic acid molecules surrounding the ZnO nanoparticles causes an
enhancement in the absorption bands of ZnO-OA sample in contrast to ZnO sample. This suggests
that the treatment with oleic acid aids in achieving a well-dispersed configuration of ZnO
nanoparticles. The FTIR of ZnO-OA show a variety of notable absorption bands that are characteristic
of free oleic acid. Significant features include the asymmetric and symmetric stretching modes of
—-CH:2 groups of the oleic acid hydrocarbon chain, which are appearing at 2851 and 2920 cm,
respectively. Additionally, the C=O stretch vibration at 1396-1456 cm and 1526 cm™, due to
symmetric and asymmetric carboxylate stretch of oleate. Which are important highlights to the
presence of the carboxylic acid functional group within the oleic acid molecule. of course The
emergence of all these OA-related peaks clearly confirms that the surface fictionalization of ZnO
nanoparticles has been successfully accomplished [38,42,44].
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Table 2. The FTIR transmittance bands for both ZnO and ZnO-OA samples.

Functional Group Wave number (cm'l)

Zn0O Zn0O-0OA
Zn-O0 stretch 407 406
663 683
C=0 stretch 1536 1543
1654 1700
—CH,; stretch - 2851
— 2920

carboxylate stretch (oleate) - 1396-1456
— 1526
O-H stretch (acetate) 3407 3417

To analyze the microstructure and morphology of ZnO and ZnO-OA nanocrystals, FE-SEM
equipment was utilized. It is for this reason that the micrographs of these modified nanocrystals are
displayed in Figure 5. The shape of the synthesized zinc oxide that was achieved is a nanorod shape
with aggregation zones appearing in a flower-like pattern, as shown in Figure 5a,b. For the thermal
decomposition process of ZnOQ, it is frequently reported that the synthesized ZnO forms nanorods,
which are a one-dimensional (1D) nanostructure shape [39]. In fact, the avoidance of the addition of
chemical ligands is responsible for the production of 1D-ZnO that is anticipated to occur in this
method of synthesis. In most cases, the utilization of chemical ligands results in the regulation of
crystal formation in a specific crystallographic direction [40]. On the other hand Figure 5c,d, serve
illustrations of the creation of capped ZnO nanorods using OA.
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Figure 5. FE-SEM micrographs of the synthesized ZnO nanocrystals: (a) 7,000x magnification and 10
pum scale; (b) 10,000x magnification and 4 pm scale and ZnO-OA nanocrystals: (c) 6,000x
magnification and 20 um scale; (d) 12,000x magnification and 10 um scale.

3.2. Studies on RB4 Dye Oxidation

3.2.1. RB4 Dye Oxidation Related to Contact Time between Different Oxidation Systems

Initially, in order to design the oxidation matrix, it is essential to monitor the illumination time.
The time-profile of RB4 dye oxidation using pristine ZnO and capped ZnO with OA in dark and UV
illumination as well as their Fenton system were studied at room temperature and displayed in
Figure 6. The data presented in Figure 6 shows a comparison of the RB4 dye removal effectiveness as
a function of reaction time with the various systems at room temperature and pH 3.0. It is clear that
both ZnO and ZnO-OA systems under the UV illumination based modified Fenton systems were
effective on dye removal. Overall, the highest removal rate is achieved when ZnO-OA /H:0:/UV is
applied after 90 minutes of illumination time.

14
] —#¥—Zn0/Dark Zn0/H202/Dark
12 1 ——Zn0-0A/Dark ~»—Zn0-0A/H202/Dark
=O=Zn0/H202/UV =O=Zn0-0A/H202/UV

=
PRI e T T R B |

0.8

C/Co

0.6

04

0.2

o
N
o
NN
=]
=1
=]
[*]
=]

100
Time, min

Figure 6. Effect of reaction time on different oxidation systems.

Interestingly, no recognized dye oxidation is achieved for the solo ZnO system or ZnO-OA.
Furthermore, the Fenton-based systems in the dark also results in no dye oxidation compared to a
high removal compared to the other UV-illumination systems. This confirms the role of the ZnO and
ZnO-OA as a Fenton system. This oxidation rate for the modified Fenton oxidation systems is
associated to the *OH radicals generated. However, such radicals gradually declined with exceeding
of time, corresponding to the reduction in the H202 concentration with the formation of other radicals,
which inhibit the reaction rate rather than increasing the RB4 dye oxidation [45-47].
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Also, in the Fenton system, the oxidation system arises by exploiting the activation of H2O2 with
semiconductor salt for highly reactive hydroxyl radical (*OH) generation. However, such hydrogen
peroxide is consumed after the initial reaction period. Subsequently, a complex reaction happens and
such reaction generates extra radicals that is named hydroperoxyl radicals (HOz). The oxidation
reaction is influenced by both hydroxyl and hydroperoxyl radicals. Nevertheless, HO: radicals
possess a lower oxidation capability in comparison to the *OH radicals. Accordingly, the RB4 dye
oxidation rate is deduced with time proceeding. Numerous studies [48-51]. have shown the oxidation
rate is quicker in the initial reaction time since the immediate creation of the *OH radicals.

3.2.2. Effect of Initial RB4 Loading on Oxidation System

On the textile indusial wastewater discharge basis, the pollutant loading in aqueous streams is
discharged on a varied daily basis. Hence, in this regard, it is urgent to assess Fenton’s oxidation
dependence on the RB4 dye loading. Consequently, RB4 dye loading is varied from 5 to 40 ppm to
evaluate the modified Fenton’s oxidation efficiency by increasing the RB4 dye concentration, whereas
all other experimental parameters that influence the Fenton’s reaction are kept at its optimum values
(pH 3.0; hydrogen peroxide 400 and catalyst 40 mg/L, respectively).

The data exhibited in Figure 7a,b are the average of three replicates designating that load of the
RB4 dye concentration, resulting in a reduction in its oxidation efficacy reaching 55 and 57% when
the RB4 dye concentration was 40 ppm for ZnO and ZnO-OA based Fenton’s systems, respectively.
But the removal increased to 94% and complete removal (100%) when the RB4 dye loading is low at
5 ppm for ZnO and ZnO-OA based on Fenton’s systems, respectively. This might be associated with
the short lifetime of *OH radicals’ species, which is signified as the controller of the Fenton’s oxidation
system. Oxidation is improved through improving the tendency of collision between the radical
species and RB4 dye molecules in the wastewater system. Hence, the result is enhancing the rate of
RB4 dye oxidation. However, the increase in the RB4 dye load is leading to a reduction in Fenton's
oxidation efficacy. This is due to the number of active sites of the ZnO supporting Fenton’s system
reaction is inadequate for the too high RB4 dye concentration. Furthermore, the high concentration
of RB4 dye in the aqueous stream results in a reduction in the light absorption through the hydrogen
peroxide that is required for the Fenton system under UV-illumination, so reduced the hydroxyl
radical species.

It is noteworthy to mention that extra time is essential to reach the required treatment efficiency.
Further, treating higher RB4 dye loading at the same catalysts and reagent concentrations, it could
not reach a higher removal rate. This trend of reducing the oxidation rate by increasing the initial
pollutant concentration in the aqueous stream was previously recorded by several researchers
[38,52,53] in treating different types of wastewaters with Fenton’s system.
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Figure 7. The Effect of RB4 dye loading on the oxidation rate (operating conditions at pH 3.0; H202
400 mg/L and catalyst 40 mg/L) for (a) ZnO and (b) ZnO-OA based Fenton's systems.

3.2.3. The Effect of Different Fenton Parameters on Oxidation Behavior

3.2.3.1. Effect of ZnO and ZnO-OA Dosing

In order to evaluate the effect of ZnO and ZnO-OA doses on the RB4 dye removal rate, the
catalyst concentration was added in the reaction medium from 20 to 80 mg/ L, whereas the other
parameters were kept constant (hydrogen peroxide dose was kept constant at 400 mg/L and the initial
pH at 3.0). It is displayed in Figure 8a,b using ZnO and ZnO-OA, respectively. The results displayed
in Figure 8 revealed that for both systems ZnO and ZnO-OA, increasing the catalyst dose results in
an elevation in the rate of RB4 dye oxidation and the maximal rate reached, 88 and 93% when 40
mg/L is added for ZnO and ZnO-OA based Fenton's systems, respectively. But, further catalyst dose
addition of extra than 40 mg/L exposed a reduction in the removal of RB4 dye to 67 and 73% with the
catalyst addition of 80 mg/L, for ZnO and ZnO-OA based Fenton’'s systems, respectively.

Interestingly, adverse effects of extra catalyst concentration on the solution were attained since
the excess addition of the catalyst speciation in the aqueous medium hinders the *OH radicals’
performance. This could be illustrated by the *OH radicals being trapped by excess catalyst ions.
Hence, 40 mg/L is signified as the optimum concentration needed for RB4 ye oxidation in both the
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modified ZnO and ZnO-OA based Fenton’s systems. Similar results were revealed in treating dye
contaminated effluent by modified Fenton system that highlighted the extra excess catalyst dose that
hinders the Fenton’s system [52]. Also, the ZnO-OA based Fenton’s system showed a higher
oxidation rate reaching 93%, which confirms the modified ZnO catalyst is superior to the ZnO
without capping with oleic acid. Such results verify the well capping interface of OA on ZnO
nanoparticles [45].
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Figure 8. The effect of catalyst concentration on RB4 oxidation at pH 3.0 and H20: 400 mg/L for (a)
ZnO and (b) ZnO-OA based Fenton’s systems.

3.2.3.2. Effect of Hydrogen Peroxide

Hydrogen peroxide is categorized as a significant factor to improve and induce the hydroxyl
radical’s generation in the Fenton media. For producing hydroxyl radicals in the Fenton’s reaction, it
is essential to decompose H20:in the presence of the catalyst, i.e. ZnO. Furthermore, it is crucial to
maintain both H2O:z or catalyst concentrations minimum whereas their excess concentrations deduce
the reaction proficiency. Hence, to test the effect of H2O2 on the Fenton’s oxidation of RB4 dye,
experiments were carried out to assess the effect of hydrogen peroxide concentration on the reaction
rate.
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Figure 9a,b exhibited the effective RB4 dye oxidation by varying H202 concentrations within the
range of 100 to 800 mg/L. The oxidation efficacy improved from 45% to 88% when the hydrogen
peroxide concentration increases from 100 to 400 mg/L, respectively for the ZnO based Fenton system
(Figure 9a). While the corresponding dye removals reached to 46 and 93%, respectively for the ZnO-
OA based Fenton system (Figure 9b). Furthermore, for both systems further H>O: increase more than
extra than 400 mg/L, results in a diminution in RB4 dye removal efficacy that decreases to 73% when
800 mg/L is applied for H2O2reagent. Nevertheless, a further reduction in the oxidation efficiency
with the upsurge in hydrogen peroxide dose was achieved. This might be attributed by the excess
H20zin the reaction medium, more than the optimal dose; H20z itself would performances as "OH
scavenger rather than a producer and result is creating HOzradicals. Such HO:zradicals” species are
minimal reactive when comparable with "OH radicals and thereby a negligible contribution is
attained. Additionally, the produced HO: radicals in the system medium react with the remaining
"OH radicals. This examination was previously reported by the different researcher [35]. Thus, the
result is a terminal effect in the RB4 dye oxidation efficiency.
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Figure 9. The effect of H2O2 concentration on RB4 oxidation at pH 3.0 and catalyst 40 mg/L for (a) ZnO
and (b) ZnO-OA based Fenton’s systems.
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3.2.3.3. Effect of pH

In Fenton’s based oxidation system, the aqueous stream pH is signified as a valuable controlled
parameter. The influence of initial aqueous solution pH on the oxidation affinity of RB4 dye using
silica supported iron Fenton was assessed within the pH range 3.0 to 8.0. The average of the
duplicated experimental results of RB4 dye removals are plotted in Figure 10a,b for ZnO and ZnO-
OA based Fenton’s systems, respectively.

(3, .

——pH 3.0

Time, min

(b)

1.2

==pH 3.0

0.8

0.6

c/Co

0.4

0.2

o
S
=
3
8

100
Time, min

Figure 10. The effect of pH on RB4 oxidation at hydrogen peroxide 400 mg/L and catalyst 40 mg/L for
(a) ZnO and (b) ZnO-OA based Fenton’s systems.

The data displayed in Figure 10a,b show that pH considerably affected RB4 dye oxidation
system, specifically under the acidic pH range (pH 3.0). According to the results exhibited in the
curves in Figure 10a, the RB4 dye concentration removal is increased from 66 to 88% as the pH altered
from the original pH (6.4) of the solution to the acidic pH (3.0). A similar trend with a higher oxidation
efficiency increased from 67 to 93% when the pH is changed to the acidic range for the ZnO-OA based
Fenton’s systems as seen in Figure 10b. Furthermore, the alkaline pH (8.0) for both systems also
reduces oxidation efficiency.

The reason that ZnO based Fenton system behaved differently at different solution pHs could
be associated with the production of the *OH radicals. This verifies that both the ZnO speciation and
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hydrogen peroxide decomposition are influenced by the pH value. Additionally, the rate of hydroxyl
radicals’ generation is intensely enhanced at the acidic pH medium. Optimal pH plays an important
role in the *OH production. Meanwhile, above or below this limit, reduces the reactive radical’s
formation. ZnO ions might be generated at high pH values as well as other complexes that might
possess low catalytic activity that could also be produced. Additionally, below the optimal pH, more
H* is generated in the reaction medium, which is further scavenging the *OH radicals’ activity.
Thereby, it is important to control the pH of the aqueous RB4 dye solution in this narrow acidic range.
Previous authors confirmed this phenomenon as the terminal effect of the Fenton’s system at pH 3.0
[33-36,51].

3.2.4. Temperature Effects on Kinetics and Thermodynamic Variables

In the photocatalytic oxidation systems, temperature influence is signified as an important
parameter that influences the oxidation reaction rates. To assess the effect of temperature on reaction
kinetics, RB4 dye oxidation experiments at a temperature ranging from 28 °C to 60 °C were carried
out. The results exhibited in Figure 11 illustrate the reduction in RB4 dye oxidation efficiency from
88% to only 74% over the temperature range investigated for the ZnO based system and from 93 to
64% for the ZnO-OA based system. Such a trend might be associated with the hydrogen peroxide
reagent that might be thermally decomposed into oxygen and water rather than producing ¢OH
radicals. Additionally, the too high temperature elevation accelerates the presence of ZnO leachate
in the medium and the catalyst might be lost. Furthermore, the high temperature could deteriorate
the heterogeneous catalyst capped material i.e. OA and thus losing its efficiency. Thus, the rate of
deterioration in the dye removal is higher in the ZnO-OA system.

Hence, the overall RB4 dye oxidation rate is a temperature-dependent system. Numerous
investigators [29-33] have designated beforehand the experimental evidence for the dependency of
catalytic oxidation on temperature. Additionally, previous investigators [38,54] reported that the
catalytic oxidation of the Fenton reaction has an optimal temperature, which is a controlling step for
such a reaction.

Commonly, Fenton oxidation system is signified as a complex reaction in nature because it
involves simultaneous oxidation and adsorption processes. Furthermore, the reaction comprises
numerous oxidation species. Thus, the result is a complex reaction and examining its kinetics is also
not simple. The models of the zero-, first- and second-order reaction kinetics are applied to assess the
reaction kinetics at various temperatures over the studied range.

The corresponding kinetic constants for the zero-, first- and second-order reaction kinetic
models, i.e. k,, k; and k», respectively, are explored, and the results are tabulated in Table 3. The
regression coefficients (R?) values are exposed to evaluate such models. Consequently, the results
from this study listed in Table 3 signify that the system follows second-order kinetics. Additionally,
for both systems, the minimal value of half-life time (;2) corresponds to the 28 °C reaction
temperature. Such examination has been previously stated in similar studies using homogeneous
Fenton systems [25,38].

Table 3. Zero-, first- and second-reaction kinetic models rate constants and t12 of modifies Fenton’s

system.
T oC Zero-order reaction First-order reaction Second-order reaction
’ kinetics kinetics kinetics
ko, ) ki, ) ks, )
- R? ti2, min ——— R? tiz, min . R? ti2, min
min! min! L/mg.min
ZnO based Fenton system
28°C 0.0036 0.69  45.13 0.0251 0.9 33.804 0.218 097 1411
40°C 0.0037  0.83 43.91 0.24 0.97 2.783 0.187 0.98 16.45
50°C 0.0039 0.84  41.66 0.249  0.96 2.88 0.185 0.99  16.63
60°C 0.0034 0.78 47.79 0.0205 0.92 27.61 0.14 0.99 21.97

Zn0-OA based Fenton system



https://doi.org/10.20944/preprints202410.1039.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2024 d0i:10.20944/preprints202410.1039.v1

16
28°C 0.0039 0.77 41.66 0.0304 0.95 38.5 0.3005 098 10.23
40°C 0.0035 0.89 46.42 0.0289 098 31.78 0.289 097  10.64
50°C 0.0038 0.9 42.76 0.0218  0.98 23.9 0.1409 099  21.83
60°C 0.0035 0.88 46.42 0.018 094 22.79 0.0988 097 3114
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Figure 11. The effect of temperature on RB4 oxidation at pH 3.0, hydrogen peroxide 400 mg/L and
catalyst 40 mg/L for (a) ZnO and (b) ZnO-OA based Fenton’s systems.

For the object of in-depth understanding the RB4 oxidation system-based Fenton's reaction, the
thermodynamic variables are projected. Thermodynamic parameters including the enthalpy of
activation (AH?®), the entropy of activation (AS®) and Gibbs free energy of activation (AG®) are assessed
via using equations (1-4). Moreover, the energy of activation is estimated from the slope of (-E«/R) of
the plot in Figure 12.

k, = AcRT ()
where k2 is the second order reaction kinetic rate constant (L/mg. min); Ea is the activation energy
(kJ/mol); R is the universal gas constant (8.314 J/molK); T is the temperature (K) and A is the
Arrhenius factor [52]. Moreover, Gibbs free energy of activation (AG®) was calculated using Eyring’s
equation [45] according to the following equation:
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A
PLILINE @)
h
where kB is the Boltzmann constant (1.3805 X102 J/K), and h is Planck’s constant (6.6256 X 10™ ] s).

Furthermore, the enthalpy of activation (AH®) and the entropy of activation (AS°) were evaluated by
applying the equations (3) and (4), respectively [45,55].

AH® = E, —RT 3)
AS" = (AH® — AG")/T (4)
@,
2 |
o L5
o ]
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Figure 12. The Arrhenius plot of the second-order kinetic constants for (a) ZnO and (b) ZnO-OA based
Fenton’s systems.

Subsequently, the thermodynamic variables are assessed according to the above-mentioned
equations and the values are tabulated in Table 4. The values of AS™ for both the ZnO and ZnO-OA
based Fenton oxidation are negative but support the reduction of entropy (randomness). Negative
AS° values suggest the reaction is exothermic in nature. Also, a positive Gibbs free energy value
indicates the modified Fenton reaction oxidation process works in a spontaneous nature. Such results
have previously concluded in treating wastewater through Fenton's system [38]. Also, the reaction is
conducted at a low energy barrier of 10.38 and 31.38 kJ/mol for ZnO-OA and the pristine ZnO based
Fenton reaction, respectively.
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Table 4. Thermodynamic parameters of ZnO and ZnO-OA based Fenton reaction system.
o Ea, A G, AH?, AS®,
T.*c Ln ki KJ/mol kJ/mol kJ/mol J/mol
ZnO based Fenton system
28 °C -1.52 10.38 77.55 7.88 -231.46
40 °C -1.67 81.15 7.78 -234.38
50 °C -1.68 83.85 7.70 -235.76
60 °C -1.96 87.30 7.61 -239.29
Zn0-OA based Fenton system
28 °C -1.20 31.38 76.75 28.88 -159.03
40 °C -1.24 80.01 28.78 -163.68
50 °C -1.95 84.58 28.69 -173.02
60 °C -2.31 88.26 28.61 -179.15

4. Conclusion

The synthesis of ZnO nanoparticles was achieved through a thermal decomposition approach.
A surface-treated ZnO sample was prepared via an equal proportion of ZnO powder and oleic acid
(OA). X-ray diffraction (XRD) results validated the wurtzite structure of the ZnO. The application of
OA for surface modification led to a significant enhancement in both the average crystallite sizes and
cell volume, An efficient capping of ZnO nanoparticles by OA is obtained leads to improving in the
dispersion of the nanoparticle. The modified ZnO and capped ZnO-OA Fenton system displayed an
efficient treatment technology for RB4 dye contaminated wastewater using a lab-scale UV
illumination photo system. RB4 dye was oxidized with the synthesized ZnO and capped ZnO-OA
nanoparticles as a key source of modified Fenton reagent. The maximum oxidation rate, which
reached complete removal, is recorded at low dye concentration using 40 and 400 mg/L of ZnO-OA
and H2O, respectively, and pH 3.0. Also, capped ZnO-OA showed a pronounced effect comparable
to the ZnO-based catalyst. Increasing the temperature from ambient temperature reduces the dye
removal rate, which indicates the reaction is exothermic in nature. The kinetic data showed the
reaction following the second-order kinetics with minimal global activation energy. Thus, it could be
concluded that the process is a promising methodology that could treat RB4 aqueous effluent in a
cost-efficient, sustainable approach.
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