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ABSTRACT

The growing concern over plastic pollution and the environmental risks associated with microplastics (MPs) has
garnered significant attention. Since conventional water treatment plants are not designed to effectively capture
MPs, their effluents have become a major source of aquatic contamination. This study presents an eco-friendly
approach utilizing iron nanoparticles (Fe-PP NPs), synthesized through green chemistry from pomegranate peel
extract, as photocatalysts for the degradation of micro-polyvinyl chloride (Micro-PVC) in aqueous solutions. The
synthesized Fe-PP NPs and micro-PVC surfaces were thoroughly characterized using scanning electron micros-
copy (SEM) and Fourier transform infrared spectroscopy (FTIR) to examine their morphology and composition
before and after photodegradation. The photocatalytic process was optimized using response surface methodology
(RSM) with a central composite design (CCD) to assess key operational parameters influencing degradation ef-
ficiency. The Fe-PP NPs exhibited high photocatalytic activity, achieving 95% micro-PVC removal under optimal
conditions: 50 mg/L catalyst concentration, 5 mg micro-PVC weight, pH 3, and a reaction time of 30 days. The
CCD model predictions closely matched the experimental data, confirming the reliability and effectiveness of this
approach. This study highlights the potential of green-synthesized Fe-PP NPs as a sustainable solution for micro-
plastic pollution in water treatment.

Keywords: microplastics, micro-PVC removal, photodegradation, green synthesis, iron nanoparticles, response

surface methodology.

INTRODUCTION

Over the past few decades, the plastic indus-
try has grown significantly. Between 1950 and
2021, world plastic production increased from 1.5
to 390.7 million tons. Plastics are appealing for
extensive commercial, industrial, medicinal, and
municipal applications due to their low density,
durability, outstanding chemical and biological
resistance, flexibility, and low cost (Al-Hussay-
ni et al., 2023). Today’s industries and societies
can’t live without plastic (Chattopadhyay et al.,
2023; Ortiz et al., 2022a). There is a high de-
mand for plastic products, so plastic is produced
in large quantities (Ariza-Tarazona et al., 2023).
The fragmentation and aging of these products
can result in microplastics (MPs) with sizes be-
tween 1 um and 5 mm, which are dangerous to
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aquatic ecosystems (Altaece et al., 2024; Jie-
hong He, 2023). Due to the small particle size of
MPs, the following features make them a cause
for concern: (1) they can transfer rapidly in the
environment; (2) they have a large surface area
for contaminants to adhere to; (3) they are eas-
ily transported and transferred in the food web;
and (4) they may be transmitted to animals. Based
on their sources, MPs can be divided into pri-
mary and secondary plastics. Among the forms
in which primary MPs are discharged are beads,
pellets, fibers, and other materials (Chattopad-
hyay et al., 2023). Conversely, secondary MPs
are created by biological, physical, and chemical
processes on bigger plastics (Nabi et al., 2021).
Moreover, the presence of MPs has also been de-
tected in almost all ecosystems, including oceans
and continents, sediments, soils, and even bottled
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water. Many organisms, especially aquatic ones,
ingest this plastic debris once they reach the en-
vironment, resulting in their introduction into the
food chain and human consumption of MPs later
on (Ortiz et al., 2022b). Gomiero et al. (2021)
mentioned that humans are exposed to microplas-
tics by inhaling them in the air and drinking water
that contains them. Previous study has found mi-
cro-polymers in large amounts in drinking water
treatment plants (DWTP) (Mrowiec, 2018). One
of these polymers is micro-PVC, which is highly
resistant to conventional treatment processes.
DWTPs detected higher quantities of MPs cor-
responding to polymers with relatively high den-
sity, like PVC. Moreover, wastewater treatment
plants (WWTPs) and DWTPs face challenges
in effectively removing MPs with sizes between
10 and 50 pm and nanoparticle formation during
some processes (Kim et al., 2022). Piazza et al.
(2022) note that PVC microplastics (PVC-MPs)
negatively impact marine ecosystems and hu-
man health. methods to mitigate PVC-MPs pollu-
tion has become an urgent priority (Sultan et al.,
2023). Advanced oxidation procedures (AOPs)
are superior to previous artificial aging methods
because they are stable and effective under a va-
riety of conditions, and they also have fewer op-
erating costs and complications (Su et al., 2024).
Hence, this research attempts to degrade this pol-
lutant through a photodegradation method, which
is a one of advanced oxidation processes (AOPs)
and analyzes the efficacy of the process through
various characterization techniques. The Fenton
reaction, ozonation, and electrochemical treat-
ments are examples of AOPs that are frequently
employed to break down organic pollutants in
water. These procedures have recently been used
for the cleanup of microplastics. Theoretically,
combining photocatalysis with the Fenton reac-
tion can increase the generation of photogen-
erated electrons, which swiftly move to iron and
change its composition from Fe*' to Fe?". This
reduction leads to charge separation and acti-
vates the Fenton process. The breakdown of or-
ganic molecules is accelerated by the regenerated
Fe?, which encourages the quick production of
hydroxyl radicals (*OH). For these applications,
the photo-Fenton technique is therefore thought
to be very effective, controlled, and economical.
The classical homogeneous Fenton reaction has
a number of drawbacks, including a low pH, the
generation of large amounts of iron sludge, and
the need for significant amounts of F*', resulting

in the proposal of heterogeneous processes to
overcome these limitations (Piazza et al., 2022).
The chemical and physical processes used in the
manufacture of catalysts cause toxic solvents,
hazardous waste, and excessive energy consump-
tion (Maurya et al., 2019). To produce environ-
mentally friendly and sustainable nanoparticle
catalysts, research and development are required.
In the biosynthetic process (also called green syn-
thesis), nanoparticles are synthesized using plants
and microbes as reducing agent. Among the ben-
efits of this technology are its non-toxicity, eco-
nomic efficiency, biocompatibility, sustainability,
reduced environmental impact, and ability to act
as an efficient photocatalyst for pollutant degra-
dation without producing toxic byproducts (Nabi
et al., 2021).Therefore, in this work, the degrada-
tion of microplastics was performed using hetero-
geneous photo-Fenton reaction utilizing solid cat-
alyst consisting Fe, O, nanoparticles as a source
of iron ions (Fe?"), which it is extraction greenly
from pomegranate peels. As far as we know, the
published literature has mainly presented data on
microplastic photocatalytic degradation technolo-
gies. A limited number of studies have assessed
the degradation of MPs using green nanocatalysts.

The main goals of this study are as follows:
(1) green synthesis fabrication of low-cost and
eco-friendly iron nanoparticles using the extract
of pomegranate peels; (2) investigation of the
photo-degradation of MPs-PVC under solar ir-
radiation in a batch system; (3) study the effects
of various experimental parameters affecting the
photocatalytic degradation, such as pH, time,
catalyst loading, and catalyst type, on the micro-
PVC removal in the batch system; and (4) find
the optimization of process parameters using re-
sponse surface methodology (RSM), where RSM
is a set of mathematical and statistical techniques
for analyzing data.

EXPERIMENTAL PROCEDURE

Materials and chemicals

PVC plastic was purchased from the Al-Azhar
factory in Iraq. C,H,Cl is the chemical formula. It
has a density of 1.38 grams per cubic centimeter
and a molecular weight of 62.5 grams per mole.
A 30% weight-based hydrogen peroxide solu-
tion and a 0.45 m cellulose nitrate filter paper
were provided by the College of Environmental
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Sciences Laboratory at the University of Mosul.
NaOH, 95%, hydrochloric acid, 37%, and ferrous
chloride, 99.5% purity, 126.751 g/mol, were used
to adjust the pH of the solutions.

Micro-scale PVC plastic preparation

A polyvinyl chloride (PVC) plastic sample
was used in this study. The PVC samples were
grated into different sizes using scissors and a
bastard-cut hand file to produce PVC particles. To
eliminate larger debris and obtain particles within
the micro-plastic scale (Alhajar et al., 2024), the
plastic particles were passed through sieves mea-
suring between (0.3 and 1) mm (Auta, 2017). A
particle size range was selected based on studies
examining the presence of microplastics in aquat-
ic environments (Warrier et al., 2022; Fardami et
al., 2023). The PVC particles were also sterilized
by soaking them in 70% ethanol for 30 minutes,
followed by rinsing them with sterile water for 20
minutes (Das and Kumar, 2015).

Catalyst synthesis and characterization

Preparation of pomegranate peel (PP) extract

In Figure 1, freshly picked pomegranate peels
were collected, thoroughly clean with tap water,
and rinsed with distilled water. After sun drying
for three to four days, they were heated in an oven
at 60 °C for 1.5 to 2.5 hours in order to complete-
ly remove all moisture. To achieve the desired
consistency, the dried peels were ground using an
electric grinder. 20 g of dried peel powder were
heated with 300 mL of distilled water at 60 °C for
30 minutes to prepare the extract until the aque-
ous extract solution color started to be close to
light yellow (Jain et al., 2021). Afterwards, the re-
sulting solution was cooled to room temperature
and discarded.

Green synthesis of Fe nanopatrticles (Fe NPs) using
waste pomegranate peel extract

A mixture of yellow-colored pomegranate
peel extract (in a 2:3 ratio) and 0.5 g of freshly
prepared FeCl. was combined in equal propor-
tions at room temperature. NaOH was gradually
added drop by drop to adjust the pH to 6.0. As
the solution was mixed, its color rapidly changed
from yellow to vivid black, indicating the forma-
tion of iron nanoparticles (Fe NPs-PP). The solu-
tion was then heated on a hot plate, leading to the
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formation of a black solid precipitate. This pre-
cipitate was finely ground, washed with ethanol,
and dried in an oven. The resulting material was
subsequently used as a catalyst (Jain et al., 2021).
As indicated in Figure 2.

Analytical methods

Characterization methods

A series of characterization techniques were
conducted to analyze the synthesized catalyst (Fe
NPs-PP) and micro-PVC before and after degra-
dation.: A scanning electron microscope (SEM)-
EDS device (ZEISS EVO-10, Germany) was
used to study the morphology and particle size at
Nineveh University; At Mosul University, Fouri-
er transform infrared spectroscopy (FTIR, IRAf-
finity-1S, SHIMADU, Japan) was used to iden-
tify functional groups and analyze covalent bonds
in the materials; The point of zero charge (PZC)
of the catalyst was determined using the salt ad-
dition method (Subramanian et al., 1988) at the
Environmental Technologies Laboratory, Mosul

Fresh peels are gathered for
processing

Peels are washed with tap cl Peel QO
and distilled water L HES

f;@; Sun Drying

Peels are dried in an oven at
60°C

{{2} Grind Dried Peels

Powder is heated with
water at 60°C

@ Prepare Extract

Solution is cooled to room
temperature

C(,?) Discard Solution

Peels are dried under the
sun for several days

Oven Drying 4,(?4,

Dried peels are ground into
a powder

Heat Peel Powder a

Extract is prepared until it
turns light yellow

Cool Solution _[1

The cooled solution is
discarded

Figure 1. Pomegranate peel extract
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Figure 2. Preparation process of Fe NPS

University. This measurement was conducted to
evaluate the surface charge of Fe NPs-PP during
photodegradation, following the methodology de-
scribed by (Subramanian et al., 1988).

Carbonyl index

FTIR spectra were examined to estimate the
Carbonyl Index (CI), a critical indicator of the oxi-
dation level in PVC microplastics (Du et al., 2021).
FTIR analyzes the oxidation by-products that con-
tain carbonyl groups; In this case, the CI was cal-
culated by taking the ratio of the carbonyl peak in-
tensity to the reference peak intensity (AlHamedi
et al., 2009). In this work, CI was used to measure
the oxidation and its chemical effects on PVC.

The PVC microplastics showed the presence
of the characteristic absorption peak (17101730
cm™') due to carbonyl stretching, which under-
went oxidation and thus changed in intensity. The
peak at 1715 cm™ produced a remarkably strong
infrared absorption signal which is indicative of
oxidation (Natarajan et al., 2011). Unfortunately,
CI computation has no universally acceptable
method; Some choose to compare areas of absorp-
tion to each other while others use peak height
(Du et al., 2021). Reference peaks in FTIR spectra
are selected based on the transmission or absorp-
tion patterns, which differ from one study to the
other. In this study, the absorbance was determined
from transmittance using Equation 1 to write out
the peak height. The reference peak was selected
based on methylene (-CH»-) symmetric stretch-
ing vibration as it is more consistent and therefore
more reliable for measuring CI on PVC microplas-
tics. The CI was calculated as shown in Equation 2,

(1)

A=lo !
= 0910 T(maximum heigt)

_ Acarbonyl group(1710—1730)
Amethylene group (2910for pvc)

2)

Experimental process

On clear-sky days between August and No-
vember 2024, all solar light photocatalytic degra-
dation experiments were conducted outdoors in
an open environment from mid-morning (around
10:30 am) to late afternoon (3:30 pm). Under so-
lar radiation, the experiments were conducted in
a 1000 mL batch glass reactor with a magnetic
stirrer as shown in Figure 3.To minimize scat-
tering, a mirror was located at the bottom of the
reactor, and aluminum foil was applied to the
outer perimeter of the reactor to act as a reflec-
tor. In order to prevent solution evaporation, the
reactor was covered with a Petri dish made of

Figure 3. Batch system
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glass. The photocatalytic degradation of micro-
PVC using Fe nanoparticles (NPs) in an aque-
ous solution containing de-ionized water was
performed at three pH levels (acidic, basic, and
neutral). The initial reaction mixture in the reac-
tor was stirred at 350 rpm for two hours in the
dark to stabilize the electrostatic interactions be-
tween the microplastics and the catalyst (Dong
et al., 2022). Afterward, the photoreaction was
initiated under sunlight. Using Whatman 42 pa-
per filters, microplastics were isolated from the
aqueous suspension every six days following
each irradiation period. According to the above
procedures, microplastics were processed con-
tinuously at different times (6, 12, 18, 24 and 30
days). The reaction period was determined based
on a previous study by Dos Santos et al. (2023),
which reported that no toxic byproducts were
detected at and beyond 30 days of treatment.
After collecting the microplastics, they were
thoroughly washed with deionized water to re-
move any residual Fe nanocatalyst. Afterwards,
the microplastics were dried at room tempera-
ture for 12 hours, then at 50 °C in an oven for 2
hours. Drying the microplastics was followed by
reintroducing them into fresh nanocatalyst solu-
tions. Each experiment was duplicated to mini-
mize errors.

The effects of different parameters were as-
sessed by varying one variable at a time while
keeping others constant, like pH, catalyst con-
centration, pollutant weight, and reaction time, to
obtain ideal conditions. Two control experiments
were conducted to evaluate the degradation pro-
cess. The first control involved a blank aqueous
solution maintained in the dark under identi-
cal experimental conditions. The second control
was a photolysis experiment performed under
the same conditions but without the addition of
a catalyst to assess degradation in the absence of
photocatalysis. Following the equation below (3),
degradation efficiency was determined by calcu-
lating the percentage of weight loss of PVC mi-
croplastics (Chattopadhyay et al., 2023).

Table 1. Independent factors and their intervals

Micro — PVCdegradation ef ficiency % =
Initial weight — Degraded weight
J g 92 %1009 )

Initial weight

Statistical analysis based on the response surface
methodology (RSM)

Statistical tools such as RSM are useful for
predicting and modelling interactions between in-
dependent Table 1 and dependent variables. Box-
Behnken, face-centered, and central composite
designs (CCD) are used to improve experimental
designs. Considering its simplicity and efficien-
cy, the CCD method was used in this study. By
expanding the first-order axial and radial points,
we can calculate the second-order parameters
(2N) (Khoshnamvand et al., 2018). In present
study, the CCD was employed to determine the
optimal conditions and determine how indepen-
dent factors influenced the response (micro-PVC
photodegradation). According to Equation 4, the
dependent and independent variables are relat-
ed through a second-order polynomial analysis
(Aslani et al., 2016)

k k
y = bo+ZbiXi+ZbiiXi2 +
i=1

i=1

-1 k
z bijXiXj + ¢
<=2

where: Y is the estimated response, bo is a fixed
value, bi, bii, and bij are regression coef-
ficients for linear, second-order, and re-
acted effects; Xi and Xj are independent
elements; k is the number of independent
variables (k = 4 in this study), and c is the
forecast error.

k 4)
+

=

i

The model’s reliability and validity were as-
sessed using an Analysis of Variance (ANOVA).
The number of fits, the P-value, the F-value, and
the R? value were examined in order to determine
lack of fit. It was considered statistically signif-
icant if the P-value was less than 0.05. Models

Independent variables Symbol Units Le\/jl and range (coded)
Catalyst Fe-PP nanocomposites conc. A mg/L 25 100
Micro-PVC conc. B mg 5 20
pH C 1
Time D day 6 30
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with an R? value close to 1 are considered highly
accurate, whereas models with a lower R? value
are considered less reliable (Sulaiman and Al-
wared, 2022).

RESULTS AND DISCUSSIONS

Scanning electron microscopy

SEM analysis of Micro-PVC

Surface morphology changes in PVC micro-
particles were assessed using scanning electron
microscopy (SEM). Initially, the pristine micro-
PVC surface, shown in Figure 4a, was smooth
and flat. However, after 30 days of photodegra-
dation treatment with 5 mg and 50 mg of NPS
at pH 3 under solar radiation Figure 4b, various
holes and cracks emerged. Additionally, surface
fragments appeared ready to peel off due to on-
going free radical attack. It can be assumed that
the peeling of these fragments contributes to the
formation and expansion of holes and cracks on
the surface (Ariza-Tarazona et al., 2023; Horne,

EMT = 10.37kV
WD = 13.10mm

Signal A= SE1
Photo No. = 36

Dete: 7 Jan 2025 —
Time: 123102

2020). In the control groups, no change was ob-
served when they were kept in the dark. Generally,
MPs exhibited greater surface changes in the pres-
ence of NPS, suggesting that NPS promoted the
photodegradation of MPs. The chromophores of
PVC microplastics react with UV, resulting in the
ageing of their surfaces (Lin, 2020). Dong et al.,
(2022) found that direct photolysis prevails at low
oxidant levels or early stages, while higher oxi-
dant concentrations shift the process toward indi-
rect photolysis, such as the photocatalysis process.

SEM of NPs Fe-PP

The SEM analysis of Fe NPs-PP in Figure Sa.
reveals that the nanoparticles aggregate, resulting
in unevenly shaped surface particles with rough
textures. This aggregation occurs due to the mag-
netic properties of iron nanoparticles (Feng and
Lim, 2007). The aggregates also contribute to in-
creased porosity of the NPs Fe-PP photocatalyst.
There is a possibility that this shape is caused by
polyphenols in the fruit extract, which are known
to affect iron nanoparticles’ final morphology and
size (Wu et al., 2015). After processing, the SEM

EHT=1037kV
WD = 1394 mm

Signal A= SET
PhotoNo.= 44

%
Date: 7 Jan 2025 ZE1SS|
Time: 12:49.07

Figure 4. SEM images showing the photodegradation process of micro-pve: (a) before treatment,
(b) after treatment
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Figure 5. SEM images of Fe NPs-PP: (a) before treatment, (b) after treatment
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Figure 6. FTIR of Micro-PVC: (a) before, (b) after photodegradation

images in Figure 5b. depicted that the synthesized
Fe NPs-PP are porous and spherical, with varying
diameters. This nanoparticle structure enhances
micro-PVC removal due to improved catalytic
activity. The size variation of the nanoparticles is
attributed to differences in the local concentration
of pomegranate peel extract involved in metal ion
reduction (Luaibi, 2022)

FTIR analysis
FTIR analysis of Micro-PVC

Figure 6 illustrates the changes in the surface
functional groups of micro-PVC after being ex-
posed to sunlight under specific conditions: an ini-
tial nanoparticle (NPs) Fe-pp dosage of 50 mM,
5 mg of micro-PVC, a pH of 3, and an irradia-
tion period of 30 days. The infrared spectrum of
micro-PVC, as shown in Figure 6a., displays two
distinct peaks related to chlorine. These peaks,
located at 650 cm™, 1244.09 cm™, and 1180.44
cm™!, are attributed to C-H bending vibrations
from the C-Cl and CH-Cl groups in micro-
PVC (Jiang et al., 2022). Additionally, a peak at
2910 em™ corresponds to the stretching vibration
of the -CH: group. It can be clearly observed that
the signal intensity 1716 cm” belonging to the
C=0 group is the strongest (Park et al., 2018). The
functional groups of micro-PVC after irradiation
were very noticeable compared to those obtained
before irradiation. Figure 6b, for micro-PVC af-
ter irradiation the intensity change in functional
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groups at 1705.07, 1701.22, 1653, 1683.86 cm’!
of (C=0) and 1558.48 cm™! (C=C) were checked,
which increased remarkably after exposure to sun
irradiation (Miao et al., 2020). The intensity of
signal at 2910 cm™! decreased. However, the char-
acteristic peak signals of CH-Cl and C-Cl groups
related to chlorine both showed different degrees
of enhancement after treatment, which may be
related to the inability of oxidizing radicals to
attack the C-CI bond directly. In conclusion, the
enhancement of the signals at 669.3, 740.67 and
1072.42 cm™ illustrates the inability of oxidiz-
ing radicals to release CI by selectively breaking
the C-Cl bond. A new characteristic peak at 1150
cm' emerged the spectrum of micro-PVC treated
with in polymer backbone, attributable to the C-O
group. This may be because in the early stage
of ageing, the plasticizer is released from MPs,
and in the later stage, oxygen-related functional
groups are formed on the surface of the plastic
(Shietal., 2021). Furthermore, the peak in tensity
at 3100 cm™ decreased after solar exposure that
is an indicative of the loss of alkene, suggesting
the scission of polymeric chains of micro-PVC.
In deed the disappear in ketone (1772.58 cm™),
C=0 (1705.07 cm™), Alkylketone (1244.09 cm™)
and 1180.44 cm! carbonyl compound.

FTIR of NPs Fe-PP

FTIR analysis for Fe NPs-PP was performed.
Numerous peaks were found in the (1000-4000
cm™') range. As shown in Figure 7a., A large
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Figure 7. FTIR of NPs Fe-PP: (a) before, (b) after photodegradation

absorption band between (3850 and 3000 cm™)
in the FTIR before and after spectrum was found,
and it is known to be caused by the O-H stretch-
ing vibrations of H-bonded polyphenols(Wang
et al., 2015). These polyphenols decrease Fe(II)
ions due to their potent antioxidant properties,
which causes them to adsorb on the surface of
iron nanoparticles subsequently (Eslami et al.,
2018). This will increase the layer life of the
iron NPs by providing a layer cover to shield
them from ambient oxygen. Moreover, the vi-
brations of the CH,, C-O, alkenyl C=C, and
C-0O-C stretching bands at 1558.48, 1180.44,
1653.00, and 1282.02 c¢cm' are all indicative of
water-soluble  phytochemicals(Farahmandjou
and Soflaee, 2015).Hence, the spectral analysis
revealed that the polyphenols are attached to the
surface of these particles and make up a crucial
part of iron nanoparticles. Also, the creation of
Fe,O, at the surface of NPs Fe -PP is confirmed
by a strong bonding between 600 and 700 cm!
caused by Fe-O stretching vibrations, which is
consistent with the finding (Chakraborty et al.,
2024; Mohammed et al., 2023). On the other
hand, in Figure 7b. the bands at 2926.01 cm!
and 2852.72 cm! which correspond to C-H
bonds are completely inhibited compared to
the raw nanoparticles. Peak changing in inten-
sities could possibly be due to the presence of
active adsorptive sites(Mohammed et al., 2023).
CI (carbonyl index) measures the ageing of mi-
croplastics (MPs) during oxidation, reflecting

changes in their properties during oxidation
(Dominguez-Jaimes et al., 2021).According to
Table 2, there was an increase in CI values af-
ter photodegradation, suggesting the formation
of oxygen-containing functional groups during
photodegradation. Notably, CI values were high-
est at pH 3 (4.06) compared to pH 11 (3.958),
pH 7 (2.279), and the original micro-PVC
(2.49). Photo-oxidation of hydrocarbons gener-
ates carbonyl groups as the degradation process
progresses, increasing the CI values after deg-
radation. Therefore, higher CI values should be
expected after a photodegradation process (Ari-
za-Tarazona et al., 2023; Su et al., 2024).

Zero potential charge of Fe,0_-PP

To determine the charge on the Fe NPs-PP
surface during photodegradation, the point of
zero charge (pH,,.) must be identified. As shown
in Figure 8, the pH,,. at the point of intersection
for Fe NPs-PP is 7.5. Increasing solution pH leads
to a decrease in positive charges on the catalyst
surface. Thus, when the pH is below the pHpzc,
the surface charge is positive and negative when

Table 2. CI values of origin and treated PVC

Sample Cl (A1716/A2910)
PVC -original 2.49
PVC-PH3 4.06
PVC-PH11 3.958
PVC-PH7 2.279
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Figure 8. The zero-potential charge of FeNPS -PP
at different PHs values

the pH is above this point (Sun et al., 2012). This
suggests that the adsorption-desorption character-
istics of the chemicals are highly sensitive to pH
changes (Azeez et al., 2018).

Photocatalytic activity of batch experimental
results

RSM analysis of micro-PVC photodegradation

In this study, 35 tests were conducted using
Design-Expert software (version 13) to evalu-
ate NPS-Fe-PP’s effectiveness at removing PVC
microplastics (MPs). The objective of this study
was to determine the most efficient removal rate.
Micro-PVC removal efficiency was correlated
with pH, catalyst dosage, reaction time, and ini-
tial microplastic weights. In Table 3, the results
show that NPS-Fe-PP showed a wide range of ef-
fectiveness, ranging from 1.42% to 95.48 %.

Analysis of variance (ANOVA) as detailed in
next section was used to examine the quadratic
model in Equation (5), which includes input vari-
ables (A, B, C, D) and their quadratic terms (A2,
C?, D?) affecting the response variable (Y). Posi-
tive coefficients indicate direct correlations, while
negative ones indicate inverse relationships. An
ANOVA analysis reveals the model’s significance
and the contributions of individual terms.

The impact coefficients for micro-PVC deg-
radation using Fe NPs-PP under solar light are
ranked as follows: D > C?>*>A>A2>D?>>CD >
B > C. The photocatalytic removal efficiency can
be predicted using Equation (1) within the speci-
fied experimental ranges.

Micro-PVC removal (Y) = 43.13104 +
+(1.07812 x A) + (—1.278 x B) +
+ (—25.7033 x C) + (3.81857 x D) + (5)
+ (—0.098178 x C x D) + (—0.007455 x A2) +
+ (1.86575 x C?) + (—0.024371 x D?)
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ANOVA and regression analyses for micro-PVC
removal

Table 4 results show a satisfactory fit, with
an R? difference of < 0.2 (expected R?*: 0.9644,
adjusted R% 0.9803). ANOVA confirms the sig-
nificance of the quadratic response surface model
(Azzaz et al., 2021). ANOVA Analysis (Table 5)
shows that four single-effect terms (A, B, C, D),
the interaction term (CD), and three quadratic
terms (A2, C?, D?) are statistically significant (P
< 0.05). The Model F-value of 213.01 and cor-
responding p-value < 0.05 confirm model signifi-
cance, with only a 0.01% chance of this F-value
arising from noise. Terms with p-values > 0.05
were excluded to refine the microplastic removal
model (Manjunath et al., 2017).

Evaluation of effective parameter interactions
and determination of optimal conditions

In these experiments, a single process vari-
able (pH, MP weight, catalyst concentration, or
reaction time) was varied at a time while keeping
the others constant to evaluate their interactions.
The objective was to gain a deeper understand-
ing of their impact on removal efficiency. Figure
9 (a—c) present three-dimensional surface plots
illustrating MP removal using nanoparticles. Af-
ter 2 hours of mixing in the dark, the reactants
were exposed to sunlight to achieve adsorption/
desorption equilibrium. Afterwards, the solar
photocatalytic degradation process of PVC-MPs
was initiated.

In this study, initial pH levels of 3, 7, and 11
were evaluated under fixed conditions (Fe pho-
tocatalyst at 50 mg/L, MP mass at 5 mg, and re-
action times of 630 days (Table 3). Maximum
micro-PVC removal occurs at pH 3, as the nega-
tively charged PVC surface (Cai et al., 2020) is
strongly attracted to the positively charged of cat-
alyst surface below the point of zero charge (pH,,_
»c)» €nhancing oxidation efficiency. At this pH,
the photocatalytic activity of Fe.Os nanoparticles
reached 95.48% Figure 9a. These findings suggest
that pollutant charge neutralization is significantly
influenced by pH, with acidic conditions (pH 3)
exhibiting higher efficiency than alkaline (pH > 7)
or neutral (pH 7) (Dos Santos et al., 2023). Shi et
al. (2021) reported that the photodegradation ef-
ficiency of MPs was optimal at pH 3 compared
to pH 7 and pH 11. Higher pH values assisted
the formation of hydroperoxide radicals, further
boosting MP degradation.
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Table 3. The results and variables of the experiments related to the removal of micro-PVC using NPS-Fe-PP under
sunlight

. I.:actor1: FaTctorZ: Factor3: Factor4: Y= mResp_;g(l/sCekE(y
Experiments | A: catalyst B: MPs C: pH D: Time Icro .°
Dose. (mg/L) | weight (mg) Actual value Predicted value

1 3 25 5 6 18.98 17.45
2 3 25 5 12 37.50 37.6
3 3 25 5 18 54.25 55.13
4 3 25 5 24 69.26 70.02
5 3 25 5 30 82.50 82.29
6 3 50 5 6 31.96 30.42
7 3 50 5 12 50.47 50.58
8 3 50 5 18 67.23 68.1
9 3 50 5 24 82.23 83
10 3 50 5 30 95.48 95.26
1 3 100 5 6 29.95 28.41
12 3 100 5 12 48.46 48.57
13 3 100 5 18 65.22 66.09
14 3 100 5 24 80.22 80.99
15 3 100 5 30 93.47 93.25
16 11 50 5 6 30.58 26.41
17 1 50 5 12 44.38 43.17
18 11 50 5 18 56.43 57.3
19 1 50 5 24 66.72 68.8
20 11 50 5 30 75.25 77.68
21 7 50 5 6 1.42 15.72
22 7 50 5 12 17.57 12.73
23 7 50 5 18 31.97 28.56
24 7 50 5 24 44.62 41.76
25 7 50 5 30 55.51 52.33
26 3 50 10 6 25.57 24.03
27 3 50 10 12 44.08 4419
28 3 50 10 18 60.84 61.71
29 3 50 10 24 75.84 76.61
30 3 50 10 30 89.09 88.87
31 3 50 20 6 12.79 11.25
32 3 50 20 12 31.30 31.41
33 3 50 20 18 48.06 48.93
34 3 50 20 24 63.06 63.83
35 3 50 20 30 76.31 76.09

A Fe NPS catalyst concentration of 50 mg/L, Table 4. Fit statistics results for the response quadratic
a micro-PVC mass of 5 mg, a pH value of 3,  models

and a reaction period of 30 days were ideal for Factors Fit statistics results
achieving a maximum 95.48% removal efficiency Standard deviation 3.43
(Figure 9b, Table 3). The results and variables of Mean 53.10

the experiments related to the removal of micro- Coefficient of variance (CV, %) 6.47

PVC using NPS-Fe-PP under sunlight:, E (1-15). Coefficient of determination (R?) 0.9850
When the catalyst concentration exceeded 50 Adjusted R? 0.9803
rpg/L, partic}e 'agglomeration occuHeq, reducing Predicted R2 0.9644
light transmission and thereby decreasing remov- Adequate procision 54.0030

al efficiency (Shihab et al., 2024). Several studies
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Table 5. ANOVA for micro-PVC by Fe NPs- pp reduced quadratic model

Source Sum of squares df Mean square F-value p-value
Model 20104.24 8 2513.03 213.01 < 0.0001 significant
A-Fe,O, dose 300.52 1 300.52 25.47 < 0.0001 significant
B - PVC-MPs. conc. 952.75 1 952.75 80.76 < 0.0001 significant
C-pH 340.20 1 340.20 28.84 < 0.0001 significant
D - time 7925.42 1 7925.42 671.77 < 0.0001 significant
CD 206.22 1 206.22 17.48 0.0003 significant
A2 341.97 1 341.97 28.99 < 0.0001 significant
Cc? 3119.00 1 3119.00 264.37 < 0.0001 significant
D? 75.43 1 75.43 6.39 0.0179
Residual 306.74 26 11.80
Cor total 20410.98 34
a % Mps. Removal (%)

Mps. Removal (%)

Mps. Removal (%)

Mps. Removal (%)

D: Time (day)

D Time (day)

D:Time (day)

A: Fe203 Dose (mg/L)

B:Mps. Conc. (mgn)

Mps. Removal (%)

Figure 9. Illustrates the effects of key parameter interactions on micro-PVC removal using FeNPS-PP
under solar irradiation: a) Ph versus reaction time, b) catalyst concentration versus reaction time,
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¢) PVCMPs weight versus reaction time
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have demonstrated that the semiconductors in
the nanoscale enhance the interaction between
the catalyst and MPs under irradiation exposure,
improving the degradation process (Nabi et al.,
2021; Tofa et al., 2019b).

Figure 9c illustrates the impact of micro-PVC
mass and reaction time on MPs degradation using
Fe-PP nanoparticles at pH 3 and 50 mg/L catalyst.
Higher initial PVC-MPs weights reduced degra-
dation rates, while longer reaction times improved
removal efficiency, likely due to increased free
radical formation (Mhemid et al., 2024). Thus,
the highest removal efficiency was achieved at 5
mg micro-PVC and 30 days, aligning with previ-
ous studies showing a direct correlation between
photocatalysis duration and microplastic weight
(Jeyavani et al., 2024).

The dark control groups showed no weight
loss, regardless of Fe NP addition. Similarly, in
the photolysis control test without a catalyst, less
than 2% of the original weight was lost, confirm-
ing negligible MP degradation.

CONCLUSIONS

In conclusion, this study demonstrates the
potential of green-synthesized iron nanoparticles
(Fe-PP NPs) as an effective and eco-friendly so-
lution for the degradation of microplastic pol-
lution, particularly micro-polyvinyl chloride
(Micro-PVC) in aquatic environments. The high
photocatalytic activity of Fe-PP NPs, coupled
with the optimization of key operational param-
eters through RSM, achieved a significant 95%
removal of Micro-PVC under optimal conditions,
which included a PVC weight of 5 mg, catalyst
concentration of 50 mg/L, pH 3, and a reaction
time of 30 days. The predicted values from the
Central Composite Design (CCD) model showed
reasonable agreement with the experimental data.
The results of ANOVA indicated that the second-
order regression model successfully fitted the
experimental data (R? = 98.5%, R?adj = 98.03%,
R?pred = 96.4%). Based on the results, it is rec-
ommended to integrate photodegradation treat-
ment with existing DWTPS and WWTPS facili-
ties to enhance microplastic removal efficiency in
real-world applications. This approach addresses
the limitations of conventional treatment plants in
capturing microplastics and offers a sustainable,
green chemistry-based alternative for mitigating
microplastic contamination.
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