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Distinct pathway of multiferroic
silver-decorated zinc ferrite
nanocatalyst performance for
Acinate insecticide oxidation

Hossam A. Nabwey%2** & Maha A. Tony?3

The current study investigating the preparation and application of a Multiferroic nano-scale silver
zinc ferrite substance (Ag, sZn, ;Fe,O, nanocatalyst) has been established. Multiferroic silver zinc
ferrite substance is prepared by co-precipitation technique as hybridized composite. This synethsized
nanoparticles was characterized via X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM) as well as Scanning Electron Miscospopy (SEM). Such nanoparticles are used

as a sustainable recyclable photo-Fenton’s reagent precursor for treating insecticide in wastewater.
The results revealed a high Acinate oxidation rate reached to 97% removal within 40 min of irradiance
time. To increase the performance, the operating variables are optimized. pH 3.0 and 40 and 400 mg/L
forAg, ;Zn, ;Fe,0, and hydrogen peroxide, respectively are identified as the optimum values. Also,
kinetics and thermodynamic are evaluated and the reaction is subsequent the first-order kinetics
model and exothermic and non-spontaneous in nature with a low energy barrier of 35.02 kJ/mol. The
advantage of Ag,, .Zn, .Fe,O, catalyst is its sustainability since it recovered for multiple reuse with a
high activity reached to 80% removal rate after six cyclic use compared to 97% of fresh catalyst use.
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Although, water is a vital resource, the progressive in modernization and various human activities are causing
its insufficiencies!2. By the year 2050, estimation projected the water utilization and consumption is in increase
to about 20-30% compared to the present era. Such estimate is associated to the populous, economic and
technological development of the modern societies that means water pattern is in decline®=>. Industry is signified
as the big water consumption sector worldwide, which expends massive amounts of water while the whole
water consumed in such sector represents nearly 20% of the entire consumed amount®. Vast amounts of water
is consumed though agriculture activities. The result is watercourses pollution through the overuse of chemical
fertilizers and insecticides. Moreover, such chemicals discharge causes a deterioration into the aquatic system”.
Safeguarding the aquatic ecosystem is critical in order to assure a sustainable existence. Thereby, the remediation
of such effluents prior to its ultimate discharge is essential and attaining a dispute for environmental sector
as well as the academic researchers to meet the environmental protocols. But, the chemicals used including
pesticides are difficult to degrade®®.

Up to now, numerous methods of treatment are suggested for such pollutants’ elimination scheme. Such
technologies are including biological®, chemical'*!!, and physical'? techniques. Nevertheless, chemical treatment
is signified as most appropriate scheme. Adsorption!*-1%, catalytic oxidation!®-!8 and ultraviolet/solar catalysis'’
revealed reasonable treatments. Remarkably, advanced oxidation processes (AOPs) that are indicated as an
emerging chemical oxidation field is achieving a noteworthy scientists attention as a green choice®. In such
treatments either heterogeneous or homogeneous mixture are used as an oxidizing agent and transition metal.
It is noteworthy to mention that, Fenton, Fenton-like and photo-Fenton method that combines iron with H,O,
is gaining a special attention. However, the presence of the used catalyst in the final discharge is a challenge for
real application due to the existence of the secondary pollutant?!~2%. However, the techniques generally applied
to separate such nanoparticles, i.e. filtration and centrifugation may be signified as an issue due to their time-
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consuming nature and potential to interrupt the system. in this regard, it is noteworthy to mention that magnetic
nanocatalysts can be used to address these issues. Magnetic nanocatalysts posses some merits including simplicity
in preparation, low toxicity, good chemical stability, straightforward separation via magnetic field application in
the absence of chemicals, cost-efficient materials, and ultimate recovery in a simple manner?>-?’. Thereby, the
selection of a sustainable catalyst is a must. In respect to the green chemistry principle, developing non-toxic,
cost-efficient, and recyclable and easily handling catalyst from reaction is a suitable candidate to overcome such
drawback.

Several attempts have been published to develop nanoparticles that could be participating in green chemistry
since it could be recycled from the reaction media?®=30, In this context, ferrite nanoparticles is a suitable
candidate and their magnetic activity makes them applied in vast industrial applications. Ferrites material are
technically valued since they posses high magnetic permeability*!~33 with minimal losses after use!*3%3. Also,At
low substrate pH, the such materials are thermally and chemically stable in aqueous media®®?”. Additionally, the
low band gap of ferrites when compared with some semiconductors is achieving the merit of being proficient
in absorbing a part of the so-called visible light*®-*0. Accordingly, research studies by academia are focused on
exploring appropriate ferrite nanoparticles with their merits for saving the aquatic pollution. Consequently,
searching for innovative multifunctional materials as a photocatalyst is attaining the researchers’ attention.
Multiferroic substances are defined as materials that exhibit more than one of the primary ferroic properties in
the same phase signified as a multifunctional substances posses simultaneous effects of ferroic properties such
as ferroelectricity, ferromagnetism, ferroelasticity, etc*!*2. Also, the Multiferroic composite gains its importance
due to it could exhibits spontaneous polarization upon illumination by light irradiation, causing an imbalance
of charges, thereby inducing a strong internal electric field leading to separation of charges**. Such charges
are responsible of redox reactions that are essential for catalytic oxidation. The photocatalytic properties of the
multiferroics substances have been a motivation for researchers to apply such materials in potential candidate
for environmental applications*~*. However, limited research is applied using such materials as a photocatalyst
especially for agriculture waste effluent*®->°. Hence, further studies are essential to validate their real use as an
eco-friendly oxidative scheme. Nevertheless, conferring to the background of the authors’ knowledge that is
achieved according to the literature published, there is a deficiency in research articles cited from published
articles for applying Ag@Zn-ferrites as a precursor of super paramagnetic Fenton’s photocatalyst for eliminating
Acinate insecticide.

In line of sustainable environment introducing Ag@Zn-ferrites as a source of Fenton’s catalyst is assessed.
Consequently, the prepared substance are characterized using X-ray diffraction (XRD), scanning electron
microscope (SEM) and the transmission electron microscopy (TEM) images, which verified the presence of
composite nanoparticles. The scheme is applied for oxidizing Acinate insecticide through the use of ultraviolet
Muliferroic-Fenton reaction. The reaction operational parameters are explored and the optimized conditions
are supported.

Experimental investigation

Synthesis of multiferroic nanocatalyst

Iron nitrates (purity of > 99.94%), silver nitrate and zinc nitrate hexahydrate (>99.8%) are used as the precursors
for ferrites nanoparticles preparation and all purchased from Sigma Aldrich. Also, sodium hydroxide (99.0%) is
used for the Ag@Zn-ferrites composite precipitation. Particularly, the chemicals used are of analytical grade and
tested and applied as attained with no extra treatment or further purification.

Multiferroic Ag, .Zn  .Fe,O, nanocatalyst was synthesized by using co-precipitation routine. Aqueous media
matrix of starting precursors Fe(NO,),-9H,0, Ag(NO,), and Zn(NO,),-6H,0 in their stoichiometric ratio and
all of them are used as received. Thus, following the molar contents of ferrite the stoichiometric compositions of
percoursers are calculated and the essential fractions were added then the solution was magnetically stirred to
achieve homogeneity. Afterwards, at the mean time, droplets of ammonia solution was supplemented to increase
the pH value to about 12 while the solution is exposed for heating at about 80 °C to initiate the nanoparticles
formation.

The attained precipitate is collected, which is successively washed to lessen the pH to neutral (~7.0) and
thereby the powder is dried in an electrical oven drying through heating under 80 °C overnight (about 12 h).
Afterwards the attained particles are dried out prior to ground retaining agate mortar and pestle to achieve
fine powder of Multiferroic nanocatalyst. Then, the resulting powder is integrated as a Fenton-Multiferroic
nanocatalyst.

Acinate photocatalytic oxidation test

Commercial grade Acinate (C;H,,N,0,S) insecticide, (90% concentration) is purchased from central agricultural
pesticide and Chemicals Company in Egypt. Acinate insecticide is applied as the source of simulated agriculture
waste effluent. Primarily, 1000-ppm Acinate aqueous solution is prepared as a stock aqueous solution while
a successive dilution is done, when required. Furthermore, the pH of the Acinate insecticide wastewater was
regulated, if needed, to certain values by adding sulphuric or sodium hydroxide (supplied by Sigma-Aldrich)
using a digital type pH meter (model, AD1030, supplied by Adwa instrument, Hungary). Hydrogen peroxide,
H,0,, with a concentration of 30% w/v reagent was used to introduce the catalyst Ag@ZnFerrite catalyst. Both
reagents are the precursor of Fenton’s oxidation reaction system test.

To conduct the photocatalytic oxidation test, a jar test is prepared by pouring 100-mL of Acinate solution at a
certain dosing into a glass vessel for the object of investigating the effect of Acinate dose on the Fenton’s oxidation.
Also, pH is adjusted, if required, to the desired values using digital pH-meter (AD1030, Adwa instrument,
Hungary). Subsequent, Multiferroic silver decorated zinc ferrite nanocatalyst composite (Ag,.Zn, .Fe,O,) is
added into the Acinate wastewater at a certain required concentration. Then, to well disperse the Ag, .Zn, .Fe,O,

Scientific Reports |

(2024) 14:27078 | https://doi.org/10.1038/s41598-024-78678-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

catalyst, the mixture is exposed to ultrasonic dispersion through five minutes with no heat exposed. Following,
the H,O, at its required dose is added into the Acinate wastewater mixture.

Afterwards, to assure good dispersion for the mixture, all the heterogeneous solution is exposed to stirring
during the ultraviolet irradiance. The ultraviolet emitted though a UV lamp with 253.7 nm wavelength (15 W,
230 V/50 Hz). Furthermore, the solution temperature effect is assessed nd the Fenton’s reagent is initially added
and thereafter the temperature is elevated. Subsequently, after treatments, the treated water is exposed for
spectrophotometric analytical methodology at a certain time intervals. A UV-vis spectrophotometer (Unico,
Model UV-2100, USA), was used to asses the residual Acinate in the solution at the absorbance of 231 nm.
Finally, Chemical oxygen demand (COD) of the remediated wastewater effluent was analysed using Lovibond
Checkit direct COD Photometer, supplied from Germany. All the runs are done in triplicate technique. Prior
to the wastewater treated effluent subjected for analysis, the Multiferroic Ag,.Zn, Fe,O, nanocatalyst were
removed using a micro-filter. The design of the experimental steps is shown in Fig. 1.

Characterization techniques

The phase structure of the organized Ag,.Zn, ,Fe,0, substance is verified via diffracted XRD, X-rays pattern
model X-lab Shimadzu X-6000 X-ray diffractometer that is conducted under a scan step of 0.02° mode.
Additionally, Ag, .Zn, ;Fe,O, substance morphology was investigated via scanning electron microscope (SEM)
model Quanta FEJ20 and hlgh resolution transmission electron microscopy (HRTEM) model Tecnai G20, FEI).

Results and discussions

Characterization of the composite material

XRD analysis

The powder X-ray diffraction (XRD) pattern of the produced Ag, .Zn .Fe,O, substance is exhibited in Fig. 2. As
displayed in the figure, XRD graph exposes the presence of sharp peaks 1nd1cate the occurrence of the crystalline
structure of ferrites. JCPDS reported that 591-0028 and 153-9598 are the diffraction peaks equivalent to the
cubic spinel structure The substance allocated as displayed in Fig. 2 that appointed with the lattice planes [220],
[311], [222], [400] and [511] that corresponding to the diffraction peaks (26) of 30.69, 34.06, 37.16, 43.57 and
57.20, respectively that reflects the presence of zinc ferrites. The spinel phase’s elaboration is displayed as the
uppermost strong peak of 20 34.6, which is visible at the plane of [311]. Other prominent peaks of zinc ferrite
and their signified planes are well recognized. Also, the sample showed high crystalline in nature according to
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Fig. 1. Graphical design of the treatment steps.
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Fig. 2. XRD pattern of Ag,.Zn  .Fe,O, nanoparticles.

the XDR pattern. The presence of two low intensive peaks at 38.4 and 44.6 signifies the planes of [111] and [200]
of silver®. This, in turn, confirms the presence of the Multiferrioc material, silver-zinc ferities.

The crystallite size (d) of Ag,.Zn . Fe,O, nanoparticles was determined using the Scherrer equation
(d = =22 at the angle of diffraction (0) of the high-intensity peak [311], where (k) is the Scherrer constant

/3 cost)

and (A) is the X-ray wavelength.

SEM micrographs

Ag, .Zn, Fe,O, material is characterized though investigating its morphology. The surface morphology is
evaluated through scanning electron microscope (SEM) investigation and the micrographs are given in Fig. 3.
As exhibited in the micrographs, agglomerated nanoparticles is displayed at the surface of ferrites with mixed
shapes including spherical morphology and mixed sheets of such nanoparticles. Ag, .Zn, .Fe,O, nanoparticles
are indicated as spherical, sheets and mixed shapes particles with a narrow grain size distribution.

TEM images

For the object of well examines the morphology of the substance, high resolution transmission electron
microscopy (HRTEM) analysis is carried out. The micrographs in Fig. 4a and b in different magnification
exhibited a semi-spherical nanoparticles of Ag,.Zn  .Fe,O, substance as decorated ferrites. According to image
of Fig. 4b displayed as a specific nanoparticle displayed as semi-spheres. It is noteworthy to mention that, TEM
micrograph illustrates the accumulation of polygonal silver ferrite layer supported a tetragonal zinc oxide
nanocrystals.

Effectiveness of Acinate oxidation

Effect of oxidation time and comparative different systems

The effectiveness of reaction time the catalytic oxidation of Acinate insecticide from wastewater effluent has been
explored. In this regard, the outcomes of oxidation time using Multiferroic Ag, .Zn, .Fe,0, /H,O,; Multiferroic/
H,0,/UV and H,0,/UV oxidation schemes were assessed to investigate the experimental parameters for the
further experimental study. The effectiveness of such oxidation methodologies was evaluated in the terms of
Acinate concentration and Chemical Oxygen Demand (COD) elimination and reduction.

Initially, the as-prepared Multiferroic substance was injected into the aqueous mixture at either its natural
pH (6.2) and pH (3.0). Then, the reaction was initiated by adding 400 mg/L of hydrogen peroxide for the Dark
Fenton reaction oxidation system. The data exhibited in Fig. 5a and b validate that both Acinate concentration
and Chemical Oxygen Demand (COD) removals are higher when the pH of effluent is monitored at acidic pH
3.0 value.

The Acinate insecticide removal efficacy extended to only 96% and 87% for Acinate removal and COD
reduction, respectively. Thus, it is obvious from the data comparison that explored in Fig. 5a and b that the
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Fig. 4. TEM images at different magnification of the Ag, .Zn, .Fe,O, composite substance.
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Fig. 5. Effect of reaction time on multiferroic-Fenton system and comapred with other oxidation systems.

ultraviolet irradiance illumination is an efficient tool for pristine hydrogen peroxide oxidation reaction system
or photo-Fenton system as the reduction is more advanced when compared to the dark reaction test. However,
this is reduced to only 44% and 26% for Acinate and COD{’ removals, respectively in a dark reaction system of
oxidation. It is significant to remark that for the object of comparison, when pH is not in acidic medium specially
pH 3.0, the removal are declined. A quick oxidation reaction tendency in the preliminary stage of reaction is
signified for all the Fenton reaction and H,0, oxidation. Fenton reaction oxidation system is occurred using
the activation of hydrogen peroxide with iron salt for hydroxyl radical ("OH) generation. However, such test
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is incremented under the ultraviolet irradiance since extra OH radicals are generated. It is noticeable, with
prolonging of time, the removal rate is slowed down and the efficiency became stabilized. This rapid oxidation
rate in the initial stage for the oxidation is also linked to the ‘OH radicals generated. Those radicals are radicals
are the main reliable of the Acinate oxidation. However, with the time exceeds, the overall hydroxyl ("OH)
radicals generated is deduced. Such radicals are gradually declined with the exceeding of time, corresponding to
the reduction in the hydrogen peroxide concentration after the preliminary oxidation time with the formation
of other radicals that hinders the reaction rate rather than increasing the pollutant oxidation?**3. Furthermore,
extra radicals are generated in the reaction media and the oxidation develops more complex. Such radicals
produced in that case are namely hydroperoxyl radicals (HO,) that reduce the oxidation reaction system with
the time proceeding. Hence, those radicals reduce the oxidation of Acinate rather than eliminating them through
oxidation’.

In the pristine hydrogen peroxide oxidation scheme, with the time prolonging, the reagent is spent and
thereby, the Acinate reduction tendency is declined. As previously stated in the aforementioned studies in
literate®!°1-55, various work demonstrated such trend on the oxidation reaction tendency, which is greater at
the preliminary oxidation time and deduced whereas the reaction progresses. This could be attributed by the
"OH radicals’ generation, which is in excess elevated at the initial period. While the same rapid preliminary
oxidation of Acinate affinity happens in the preliminary stage of all the Fenton’s oxidation, the removal is limited
to only 13% for Acinate elimination using Dark Fenton system. This is associated with the occurrence of the UV
radiation that admitting extra ‘OH generation and therefore the oxidation tendency is pronounced¢~%.

Effect of Acinate loading on multiferroic-Fenton oxidation system

For the object of reaching to a real scale application, it is essential to investigate various Acinate loading where
initial insecticide concentration is varied. pH and concentrations of Ag, .Zn.Fe,0, and hydrogen peroxide
are kept constant while the Acinate loading is varied a function to attain its effect under the UV illumination.
The efficacy of such performances was estimated in terms of diverse Acinate concentrations varied from 20 to
100 mg/L at pH value of acidic pH (3.0).

The data showed in Fig. 6 exposed that while all Acinate loading could be oxidized by the Multiferroic-Fenton
oxidation system based on oxidation protocols, removal efficiency is varies according to the Acinate loads and
the higher loading reduces the efficiency to reach to only 55% in comparison to a higher removal rate (97%) at
low Acinate concentration (20 mg/L). This might be attributed to the hydroxyl (OH) radicals’ generation. OH
radicals outlined throughout the catalytic decay of H,O, reagent by the catalyst nanocomposite substance™.
Such trend might be linked to the H,0, and Multiferroic Ag,.Zn .Fe,O, catalyst are the same although the
Acinate loading is elevated that means the produced hydroxyl radicals are not sufficient for oxidizing pollutant
molecules. Correspondingly, it is notable to declare that increment removal efficacy is achieved through the
preliminary reaction time for all the Acinate dose systems. Furthermore, while Ag.Zn, Fe,O, is beforehand
suggested just an adsorbent material. Scattered researchers in the previous published articles®>* proposed it as
a photocatalyst since its photocatalytic pursuit. Furthermore, the accessible active vacant sorbent spots on the
Ag, .Zn, ;Fe,O, nanocomposite is not adequate to adsorb Acinate molecules®. Similar trend is achieved for the
COD removal efficiency. It is also may be concluded that the higher concentrations of Acinate substance in the
reaction medium results in further frequent production of by-products and intermediates that in turn leading to
a deduction in Acinate oxidation rate?’. Formerly reported literature confirmed such trend effect on rendering
the catalytic activity since the pollutant is elevated in concentration and thereby the removal effectiveness
falls*8-50,

Effect of hydrogen peroxide on multiferroic-Fenton oxidation

In the light of gaining the supreme Multiferroic-Fenton pursuit, it is important to attain the optimum H,0,
coexistence in the aqueous media. This concept is leading to the initiate the Ag,.Zn .Fe,O, catalyst of the
Multiferroic-Fenton system with the complemented optimum concentration of hydrogen peroxide. Hence, the
hydroxyl radicals (OH) are produced in its maximum efficiency. In this concept, primarily the combined reagent
of H,0, with Ag .Zn  Fe,O, catalyst are altered in the range of 50 to 600 mg/L (at a constant acidic conditions
pH (3.0) and Ag, .Zn .Fe,0, concentration of 40 mg/L), and the Acinate as well as the COD removal efficacy
is assessed.

The data revealed in Fig. 7 exhibited that the hydrogen peroxide concentration elevation from 50 to 400 mg/L
might improve the oxidation efficacy. Nevertheless, an opposed tendency is investigated with extra reagent
increase reached to 600 mg/L. This phenomenon is linked to the key active catalytic specie in the photocatalytic
reaction that is signified as OH radicals is associated with the optimal presence of hydrogen peroxide and catalyst
occurrence®>!, This is leading to an enhancement and elevation in the photocatalytic Acinate elimination and
reduction ability. Additionally, the superior photocatalytic opportunity with an increase in the oxidation yield
is recorded its highest efficiency when the hydrogen peroxide is at the optimal concentration of 400 mg/L>*->%,

Effect of multiferroic nanocomposite loading
For economic and more efficient feasibility, it is essential to locate the optimal catalyst dose. In an effort to reach
to the adjusted reagent dosing for the concept of fitting the application, the catalyst (Ag, ,Zn  .Fe,O,) loading is
examined on the implementation of the photocatalytic oxidation system. In this concept, the concentration of
Ag, Zn .Fe,0, nanocomposite is assessed to explore Multiferroic-Fenton oxidation tendency (Fig. 8). The data
exposed in Fig. 8 exhibits the effect of the Fenton oxidation on varies Ag, .Zn .Fe,O, from 10 to 80 in the units
of mg per litre, whereas, all other operational variables are kept constant (400 mg/L for H,0, and pH of 3.0).
The maximal Acinate removal efficacy is recorded to its almost complete (97%) removals as well as highest
COD removal of 92% when 40 mg/L of catalyst is applied as a precursor of Multiferroic-Fenton system. While
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Fig. 6. The effect of Acinate loading on the multiferroic-Fenton oxidation (Ag, .Zn, ;Fe,O, 40 mg/L, H,0,
400 mg/L, pH 3.0).

it reached to 62, 79 and 90% removals within the reaction time of 40 min, respectively for the corresponding
doses of 10, 20 and 80 mg/L of Ag,.Zn,Fe,O, respectively. This might be validated through the amount of
H,0, of 400 mg/L, which is constant in all cases. Consequently, the achieved yield of ‘OH radicals produced is
not adequate reaching to a complete Acinate oxidation. Such investigation-attained means the H,O, should be
in balance to expand the (OH) radicals’ generation and could not be lessen the effective ‘'OH radicals’ quantity.
A comparable investigation is previously stated and reported in varied study***>. This could be attributed by
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Fig. 7. Effect of hydrogen peroxide loading on multiferroic-Fenton oxidation based oxidative system
(Ag,sZn, ;Fe,0, 40 mg/L, pH 3.0).

increasing the Ag, .Zn, .Fe,O, catalyst concentration to more than the optimum value might leading to the
affinity of the catalyst particles to agglomerate, therbey, part of the Ag, .Zn  .Fe,O, catalyst surface is not available
for photon absorption®. Also, it noteworthy to mention that extra Ag, ,Zn, .;Fe,0, catalyst concentration more
than 40 mg/L, results in a shadowing effect and hinders the UV illumination to penetrate the aqueous mixture
and thus reduces the oxidation rate®*.
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Effect of multiferroic nanocomposite loading

For economic and more efficient feasibility, it is essential to locate the optimal catalyst dose. In an effort to reach
to the adjusted reagent dosing for the concept of fitting the application, the catalyst (Ag, .Zn  .Fe,O,) loading is
examined on the implementation of the photocatalytic oxidation system. In this concept, the concentration of
Ag, .Zn  Fe,0, nanocomposite is assessed to explore Multiferroic-Fenton oxidation tendency (Fig. 8). The data
exposed in Fig. 8 exhibits the effect of the Fenton oxidation on varies Ag, .Zn .Fe,O, from 10 to 80 in the units
of mg per litre, whereas, all other operational variables are kept constant (400 mg/L for H,0, and pH of 3.0).
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The maximal Acinate removal efficacy is recorded to its almost complete (97%) removals as well as highest
COD removal of 92% when 40 mg/L of catalyst is applied as a precursor of Multiferroic-Fenton system. While
it reached to 62, 79 and 90% removals within the reaction time of 40 min, respectively for the corresponding
doses of 10, 20 and 80 mg/L of Ag.Zn, Fe,O, respectively. This might be validated through the amount of
H,0, of 400 mg/L, which is constant in all cases. Consequently, the achieved yield of ‘OH radicals produced is
not adequate reaching to a complete Acinate oxidation. Such investigation-attained means the H,O, should be
in balance to expand the (OH) radicals’ generation and could not be lessen the effective ‘'OH radicals’ quantity.
A comparable investigation is previously stated and reported in varied study®**>. This could be attributed by
increasing the Ag,.Zn, Fe,O, catalyst concentration to more than the optimum value might leading to the
affinity of the catalyst particles to agglomerate, therbey, part of the Ag; .Zn  .Fe,O, catalyst surface is not available
for photon absorption®. Also, it noteworthy to mention that extra Ag, ;Zn, .Fe,0, catalyst concentration more
than 40 mg/L, results in a shadowing effect and hinders the UV illumination to penetrate the aqueous mixture
and thus reduces the oxidation rate®*.

PH effectiveness on the multiferroic-Fenton system
Effectiveness of initial pH of the Acinate aqueous media is essential to investigate since the pH is valuable
parameter in the Fenton reaction. Thus, pH is ranged from 3.0 to 8.0 whereas the 400 mg/L of hydrogen peroxide
and 40 mg/L of Ag,.Zn, Fe,O, catalyst at the ultraviolet (UV) irradiance illumination. The results displayed
in Fig. 9 exposed that the Acinate insecticide oxidation rate is enhanced by a decline in pH value to the acidic
conditions. The optimal operational pH value recorded at 3.0. Nonetheless, rising the pH value results in a
deterioration in the Acinate insecticide oxidation efficiency. Clearly, the alkaline pH value is critical since it
regressions the OH radicals’ generation and thereby declines the Acinate oxidation tendency and efficiency.
The pH effect on the Acinate oxidation system might be illustrated by the surface charge of Ag .Zn, Fe,O,
photocatalyst substance’®. Thereby, changing in the medium pH reproduces a surface of the catalyst charge
and thereby assumes the photo-catalytic affinity due to the electrostatic interactions'>>. At low substrate pH,
the rate of generating -OH radicals is high since the hydrogen peroxide decomposition rate is high whereas the
-OH radicals recombination reaction is minimal. Also, at acidic pHs, extra radicals are present in the reaction
medium and on the catalyst surface compared to the basic medium, in this regard the pollutant are drawn
closer to it by electrostatic gravitational forces, boosting their oxidation efficiency®. Moreover, the alkaline pH
range might supports in the deprotonation of hydroxyl groups that declines the oxidation rate’**%, A similar
investigation on oxidation of pharmaceutical discharge is reported using such reagent®.

Temperature effect on kinetics and thermodynamics

It is important to validate the temperature consequence since it is an energetic influencing factor especially
for the real practical application sector. Temperature affects the oxidation reaction efficiencies. Additionally, in
real life, the disposed aqueous media of the solution mixture may be at various temperatures. From this regard,
Acinate solution temperature is assorted from 28 to 60°C to evaluate the temperature outcome on the oxidation
reaction.

The results of the experiments’ data exhibited in Fig. 10 revealed a assumption in the Acinate oxidation
reaction with the promotion in the solution temperature in the investigated range of the study. Approximately
a complete (97%) Acinate insecticide removal is realized in about 60 min of reaction time at room temperature.
Nonetheless, at higher temperature increase more than the room temperature (28°C), the proficiency is
deteriorated. Notable, the optimum temperature is signified as 28 °C that accomplishing the best oxidation
when compared with elevated temperature that is in accordance with the previous study reported in literature.
But, the overall yield of OH radicals is declined at high temperature that further reduces the Acinate oxidation.
This might be elucidated by the high temperature delays the H,0, decomposition for the generation of highly
reactive species (-OH) radicals Additionally, extreme temperature of the aqueous solution decomposes hydrogen
peroxide reagent into O, and H, O, thereby, the outcome is a deduction in the overall attained oxidation®~%.

The kinetics of oxidation is valuable estimation for the reactor design and the reaction control to reach
to the real scale application that both affecting the processes efficiency and economic cost. Kinetic findings
of this oxidation system are necessary to assess the complexity of intermediates generated in the reaction
medium through the Multiferroic- Fenton based system. For further observing the oxidation test through the
Multiferroic-Fenton Fenton system, the kinetics of the reaction is investigated. The kinetic study is investigated
and the Acinate insecticide oxidation is inspected as a function of time and the data is fitted in the linearized
integrated form of equations for both first and second order kinetic models according to the data tabulated in
Table 1.

Based on the linearized form of kinetic rate equations, the kinetic rate constants of each model are then
calculated and the results are tabulated in Table 1. Comparing the correlation coefficient values, R? projected
from the plot of the linearized form equations estimating the best model fitted. Hence, the oxidation is following
the first order reaction kinetics subsequently the correlation coefficient values are the uppermost (0.94-0.99)
when it is compared to its corresponding values of the second order model. Also, the half reaction time life (t, )
is estimated and the data for the both models is displayed in Table 1. It is determined that the calculated ¢, , value
through first order kinetic equation was closely to experimental results. Previous work reported is in agreement
with the current work3044-46

In order to full understanding the Multiferroic-Fenton (Ag, .Zn, .Fe,O,) system, it is important to full study
the temperature outcome on the system thermodgnamics. The thermodynamic activation values of parameters
are judged via the Arrhenius fit (In k; = In A — &%) that is based on the first order kinetic model due to its well
fitted the data (A is pre-exponential factor, R is gas constants and Ea is the activation energy). First, the plot of
plotting Ink versus 1/T offering a linear relation its slope estimates the activation energy (Ea). Subsequently,
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Fig. 9. Effect of solution pH on Multiferroic-Fenotn based oxidative system (Ag, .Zn, .Fe,0, 40 mg/L and
H,0, 400 mg/L).
Eyring equation (ky = k?—]Te(*%*(T;/)) (kg is Boltzmann and h is Planck’s constants) is applied to investigate the

other thermodynamic variables. Also, Enthalpy of activation (AH') (AH' = E, — RT) and the entropy of
activation (AS') (AS’ = (AH' — AG')/T) is also estimated?’.

Additionally, Table 2 displayed the thermodynamic parameters data. The data recorded from such reaction
tabulated in the Table reveals that the oxidation Multiferroic-Fenton (Ag, ,Zn .Fe,O,) system reacted in non-
spontaneous manner since the Gibbs free energy of activation is positive, thereby this should mean the oxidation
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Fig. 10. Effect of temperature on multiferroic-Fenton based oxidative system (Ag, .Zn .Fe,O, 40 mg/L and
H,0, 400 mg/L and pH 3.0).

is endergonic. This non-spontaneity is confirmed AS' that posses a negative values and AH' that verified by
their positive across all the studied temperatures. Negative gained values of entropy is due to the increase
in randomness at the Acinate molecules as well as the produced hydroxyl radicals species®. The reaction is
signified as an endothermic manner since AH’ is greater than zero values and the AS’ shows a decline across
the temperature elevation. This work is in agreement with the pervious recorded results cited in previously
published articles**-%*.
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Temperature, °C
Linearized kinetic model Kinetic variables | 28 °C | 40°C | 50 °C | 60 °C
k1 (min!) 0.30 |0.17 0.11 0.08
Pseudo-first-orde: X
t 9.3 7.7 5.4 32
Cf/:C _(Jl) 12 (min)
R? 094 098 |0.99 |0.98
secon 0 der k,(Lmg'min) | 021 |0.04 [0.02 |[0.01
<u (,3 G) — ks zf t,,, (min) 031 |151 [532 |751
R? 0.80 |0.72 0.91 0.92

Table 1. Parameters of first- and second-kinetic models for Acinate removals through multiferroic-Fenton
(Ag, Zn, Fe,0,) system.

T/°C
Thermodynamic parameters | 26°C | 40°C | 50°C | 60°C
AH’ (kJ/mol) 77.03  |80.22 | 86.41 90.03
AH’ (kJ/mol) 31.61 3223 | 33.05 |33.97
AS' (J/mol K) -147.72 | -156.51 | -176.05 | -188.12
Ea (kJ/mol) 35.02

Table 2. Thermodynamic parameters for Acinate insecticide oxidation by multiferroic-Fenton
(Ag,Zn, Fe,0,) system.

Fenton type Pollutant/concentration Operating conditions Oxidation (%) | Ref.
UV/Multiferroic Ag, .Zn, Fe,0, Actinate insecticide (20 mg/L) Ag, sZn, ;Fe,0, 40 mg/L; pH 3.0 97% Current work
UV/Chitosan/Fe,0, Methomyl insecticide (50 mg/L) Chitosan/Fe,0, 3.0 g/L; pH 3.0 100%
UV/Chitosan/ Fe,0, Basic blue dye (10 mg/L) Chitosan/Fe,0 ; 2.4 mg/L; pH 7.0 100% 8
UV/LaFeO,/BiOBr Rhodamine B dye (5 mg/L) LaFeO,/BiOBr 0.1 gm 98.2% 1
UV/Titanium/iron oxides Methyl Orange (80 mg/L) Titanium/iron oxides 200 mg/L; pH 4.5 97% »
Solar/Quartz/Hematite Acinate insecticide (100 mg/L) Quartz/Hematite 103 mg/L; pH 2.8 98% 4
Solar/Silver/Bismuth/iron oxides Methyl Orange (40 mg/L) Silver/Bismuth/iron oxides 0.6 g/L 97% u
- UV/Fenton/Alumnium/Fe,O, Methomyl pesticide (50 mg/L) Aluminum/ Fe,O, 50 mg/L; pH 6.0 100% »
Solar/Fenton-TiO,@NH,-MIL-88B(Fe) | Basic Blue 19 Dye (100 mg/L) TiO,@NH,-MIL-88B(Fe) 200 mg/L; pH 7.0 | 100% 3
UV/sawdust-Fe,0, Synozol Red dye (50 mg/L) Sawdust -Fe;0, 1.0 g/ L; pH 3.0 99% *
microwave Cu/C(II)/Cu(III) Lannet insecticide (50 mg/L) Cu/C(II)/Cu(III) 3.0 g/L; pH 6.5 91% 43
Solar/Magnetite-CeO, _g-C,N, tetracycline hydrochloride (50 mg/L) | Magnetite-CeO, g-C,N, 50 mg/L; pH2.7 | 96.63% 6
IFJe‘S’(/)F;““’“' alumnium/ Levafix Blue Dye (50 mg/L) Aluminum/ Fe,0, 2.0 g/L; pH 2.0 100% u
Table 3. Fenton based system as comparative study of the work from the current investigation with
corresponding in literature.
Comparative investigation
Table 3 displayed various Fenton system oxidation based systems from previous studies and compared them
with the current examination. The study is based on modified Fenton system oxidation reaction and their effect
on various pollutants to overcome the Fenton’s limitations. The data in the pervious cited articles in literature
are evaluated and compared with the current research. The comparative data reviewed in Table 3 showed the
mixed cupper oxides are important to overcome the acidic pH conditions. Furthermore, other scattered authors
used magnetite as a source of Fenton catalyst as a recyclable sustainable material. In comparison, the current
work is based on using a superparamagnetic material to offers the reusable opportunity with minimal losses to
highlight its environmentally benignity. Notable, minimum quaintly of catalyst in the present study is applied
in comparison to the other work is signifying the consequence of the current investigated work as an economic
material.
Recyclability of the multiferroic nanocatalyst
The recover and recycle ability of the Multiferroic nanocatalyst was evaluated by centrifuging the catalyst from
the reaction heterogeneous mixture. The recovered catalyst was collected from the reaction medium and then
reactive through successive washing with distilled water for introducing them for reuses facility. The reused
Multiferroic nanocatalyst shoed a six times to oxidize Acinate solution. Figure 11 revealed that Ag@ZnFe,O,
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Fig. 11. Reusability of Multiferroic nanocatalyst for successive cycles.

nanocatalyst preserves its catalytic competence as a Fenton catalyst after six consecutive runs reached to 80%
compared to 97% of the fresh use of experiments under UV irradiance for the purpose of Acinate oxidation.
But, it is noteworthy to mention that the catalytic activity is a quite rendered than the fresh catalyst use due to
the occupied Acinate molecules in the Multiferroic nanocatalyst. Overall, this study confirmed the Multiferroic
material as a promising sustainable catalyst.

Conclusion

Multiferroic nanocatalyst tailored from multi nanoparticles, Ag, .Zn.Fe,O, is prepared by a simple co-
precipitation route and used as a Fenton oxidation precursor. The morphological and structural analysis
confirmed the Multiferroic nanocatalyst existence. The results showed 97% of Acinate insecticide removals
within 40 min of irradiance time. The operating parameters are optimized and the optimal values are pH 3.0,
hydrogen peroxide 400 mg/L and 40 mg/L of Ag,.Zn, Fe,O, nanocatalyst. The kinetic data confirmed the
reaction is following e first order kinetic model reaction with minimal activation energy of 35.02 kJ/mol. Also,
the sustainability of the catalyst is verified since its it showed a high oxidation efficiency even in the successive
six cyclic use. Furthermore, such results will be leading for the application of such system in a pilot scale sunlight
driven catalytic oxidation system treating a real wastewater sample.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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