
Production of CoFe2O4/Natural Organic Matter (NOM) Nanocomposite 

from Iron Mining Wastes to Remove Some Variety of Polymer Types, 

Including Polyethylene, Polypropylene, Polystyrene and Polyvinyl 

Chloride  
 

RUKİYE ÖZTEKİN a , DELİA TERESA SPONZA a , * 
a Department of Environmental Engineering 

Dokuz Eylül University 
Tınaztepe Campus, 35160 Buca/Izmir,  

TURKEY 
*Corresponding Author 

 
Abstract: - In this study, a hybrid cobalt ferrite doped natural organic matter (CoFe2O4/NOM) nanocomposite 
(NC) was generated from iron ions recovered from iron ore mining tailings using as precursors. The products 
were evaluated in terms of their potential for the catalytic reduction of Polyethylene (PE), Polypropylene (PP), 
Polystyrene (PS) and Polyvinyl chloride (PVC) nanoplastics. The characteristics of the synthesized 
CoFe2O4/NOM NCs were assessed using XRD, FTIR, FESEM, HRTEM, and VSM analyses, respectively. PE is 
a member of the important family of polyolefin resins. PP is slightly harder and more heat-resistant compared to 
PE. PS is a synthetic polymer made from monomers of the aromatic hydrocarbon styrene. PVC is the world's 
third-most widely produced synthetic polymer of plastic after PE and PP polymers. For maximum PE, PP, PS 
and PVC polymers yields (99.20 and 99.90%) the optimized conditions were as follows: a CoFe2O4/NOM NC 
concentration of 10 mg/l, a CoFe2O4 to NOM ratio of 4.2%, a contact time of 30 min, a pH of 7.0, a sunlight 
power of 30 W/m2 and a temperature of 30°C. Increasing the contact time from 5 to 30 min led to an increase in 
photooxidation efficiencies of PE, PP, PS and PVC polymers from around 80-90% to 99.90% and 99.20%, 
respectively. Reusability studies for CoFe2O4/NOM exhibited high yields during ten cycles with the same yields 
obtained in the first cycle (99.90% for PE; PP and PS and 99.20% for PVC). 
 
Key-Words: - Iron mining wastes; Magnetic hybrid cobalt spinel ferrite doped natural organic matter 
(CoFe2O4/NOM); Nanocomposites; Nanoplastics; Polyethylene (PE); Polymer; Polypropylene (PP); Polystyrene 
(PS); Polyvinyl Chloride (PVC). 
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1 Introduction 
Nanoplastics are created when everyday products 
such as clothes, food and beverage packaging, home 
furnishings, plastic bags, toys and toiletries degrade. 
This can be caused by environmental factors such as 
sunlight or wear and tear from mechanical action. 
Many personal care products, such as scrubs and 
shampoos, can also release nanoplastics. 

Like larger plastic particles, nanoplastics can 
come from a variety of polymer types, including 
polyethylene (PE), polypropylene (PP), polystyrene 
(PS) and polyvinyl chloride (PVC). Because, plastic 
products are widely used, it is hard to avoid 
nanoplastics in our daily lives. 

When plastics reach the nanoscale, they present 
unique questions and challenges because of their tiny 
size and varying surface properties and composition. 
Since nanoplastics are small, they can easily 

penetrate cells and tissues that larger particles cannot. 
If they accumulate within living organisms, they 
could potentially cause adverse biological effects. It 
is well known that larger plastic debris can fragment 
into nanoplastics, but there is much to learn about 
how these fragments degrade further. Researchers are 
working to detect and understand nanoplastics across 
many environments so that they can develop 
effective strategies to manage and mitigate these 
materials’ effects on people and the planet. 

Polyethylene (PE), light, versatile synthetic resin 
made from the polymerization of ethylene. PE is a 
member of the important family of polyolefin resins. 
It is the most widely used plastic in the world, being 
made into products ranging from clear food wrap and 
shopping bags to detergent bottles and automobile 
fuel tanks. It can also be slit or spun into synthetic 
fibres or modified to take on the elastic properties of 
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a rubber. Ethylene (C2H4) is a gaseous hydrocarbon 
commonly produced by the cracking of ethane, which 
in turn is a major constituent of natural gas or can be 
distilled from petroleum. C2H4 molecules are 
essentially composed of two methylene units (CH2) 
linked together by a double bond between the carbon 
atoms a structure represented by the formula 
CH2=CH2. Under the influence of polymerization 
catalysts, the double bond can be broken and the 
resultant extra single bond used to link to a carbon 
atom in another C2H4 molecule. This simple 
structure, repeated thousands of times in a single 
molecule, is the key to the properties of PE. The long, 
chainlike molecules, in which hydrogen atoms are 
connected to a carbon backbone, can be produced in 
linear or branched forms ranched versions are known 
as low-density polyethylene (LDPE) or linear low-
density polyethylene (LLDPE); linear versions are 
known as high-density polyethylene (HDPE) and 
ultrahigh-molecular-weight polyethylene 
(UHMWPE). The basic PE composition can be 
modified by the inclusion of other elements or 
chemical groups, as in the case of chlorinated and 
chlorosulfonated PE. In addition to, C2H4 can be 
copolymerized with other monomers such as vinyl 
acetate or propylene to produce a number of C2H4 
copolymers. The main commercial resins (PET-
polyethylene terephthalate (PET); HDPE, PVC, 
LDPE, PP, and PS among others of the industrial 
plastics and their properties were summarized earlier, 
[1], [2]. The resin diversity and the integration of 
plastics in composite materials such as metal-plastic, 
glass-plastic, and fiber-plastic that are difficult to be 
disassemble complicate the recycling of end-of-life 
plastics. Therefore, given strict environmental 
concerns and increasing public pressure, the landfill 
rate of plastic waste is expected to be significantly 
reduced, while the incineration and recycling rates 
will increase over the coming decades, [3]. 

Polypropylene (PP), (known as polypropene), is a 
thermoplastic polymer used in a wide variety of 
applications. PP is produced via chain-growth 
polymerization from the monomer propylene. PP 
belongs to the group of polyolefins, and is partially 
crystalline and non-polar. PP’s properties are similar 
to PE, but PP is slightly harder and more heat-
resistant. PP is a white, mechanically rugged material 
and has a high chemical resistance, [4]. PP is the 
second-most widely produced commodity plastic 
after PE, [5]. Recently, PP has been received as a 
potential polymer matrix for magnetic and dielectric 
nanoparticle fillers to fabricate advanced 
nanocomposites for electromagnetic interference 
shielding applications. The nanocomposites of PP in-
situ reduced graphene oxide (GO) with outstanding 

electromagnetic interference shielding 
characteristics, [6]. The lightweight PP/stainless-
steel fiber composite foam is excellent for 
electromagnetic interference shielding, [7]. In 
addition, The PP/carbon fiber composite foams are 
outstanding for electromagnetic interference 
shielding applications, [8]. The carbon fibers in PP 
matrix composites and their electromagnetic 
interference shielding characteristics, [9]. 

Polystyrene (PS) is a synthetic polymer made 
from monomers of the aromatic hydrocarbon styrene, 
[10]. PS can be solid or foamed. Generaly, PS is 
clear, hard, and brittle. PS is an inexpensive resin per 
unit weight. PS is a poor barrier to air and water vapor 
and has a relatively low melting point, [11]. PS is one 
of the most widely used plastics, with the scale of its 
production being several million tonnes per year, 
[12]. PS is naturally transparent, but can be colored 
with colorants. Uses include protective packaging, 
for example packing peanuts and optical disc jewel 
cases, and also, containers, lids, bottles, trays, 
tumblers, disposable cutlery, etc., [11], in the making 
of models, and as an alternative material for 
phonograph records, [13]. As a thermoplastic 
polymer, PS is in a solid (glassy) state at 25oC room 
temperature but flows if heated above about 100°C, 
PS’s glass transition temperature. It becomes rigid 
again when cooled. This temperature behaviour is 
exploited for extrusion as in Styrofoam, and also for 
molding and vacuum forming, since it can be cast 
into molds with fine detail. The temperatures 
behavior can be controlled by photocrosslinking, 
[12]. Under ASTM standards, PS is regarded as not 
biodegradable. PS is accumulating as a form of litter 
in the outside environment, particularly along shores 
and waterways, especially in its foam form, and in the 
Pacific Ocean, [13]. Recently, polymers including 
polyethylene glycol (PEG), PS, polyvinyl alcohol 
(PVA), polyvinylpyrrolidone (PVP), polyaniline 
(PA) and polyvinylidene fluoride (PVDF) have been 
incorporated during or after the preparation of 
CoFe2O4 NPs to avoid the agglomeration between the 
magnetic nanoparticles. This process tunes the 
physicochemical properties of nanoparticles through 
controlling their size and morphology, [14], [15], 
[16], [17], [18], [19]. Among the many polymers 
used in the synthesis of CoFe2O4 NPs, PS has been 
extensively used due to its positive CH2 groups, 
ability to control the size and shape of the 
nanoparticles, relatively low cost and easy synthesis 
process. Even though, several reports are available on 
the synthesis and characterization of PS and various 
polymers coated magnetic CoFe2O4 NPs, to the best 
our knowledge, no report is focused on the 
preparation and characterization of CoFe2O4 NPs by 
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coprecipitation method adding various 
concentrations of PS. Magnetic CoFe2O4 NPs were 
prepared by co-precipitation method using various 
concentrations of PS as surfactant and the influence 
of various concentrations of PS on the structural, 
morphological, dielectric and magnetic properties of 
CoFe2O4 NPs is reported, [20]. 

Polyvinyl chloride (PVC) [poly(vinyl chloride)] is 
the world's third-most widely produced synthetic 
polymer of plastic (after PE and PP), [21]. PVC 
comes in rigid (RPVC) and flexible forms. RPVC is 
used in construction for pipes, doors and windows, 
making plastic bottles, packaging, and bank or 
membership cards. Adding plasticizers makes PVC 
softer and more flexible. PVC is used in plumbing, 
electrical cable insulation, flooring, signage, 
phonograph records, inflatable products, and in 
rubber substitutes, etc., [21]. PVC is used in the 
production of canvas with cotton or linen. PVC is a 
white, brittle solid, and soluble in ketones, 
chlorinated solvents, dimethylformamide (DMF), 
tetrahydrofuran (THF) and dimethylacetamide 
(DMAc or DMA), [22]. The chlorine content of PVC 
plastics is a drawback and such plastics cannot be 
directly used for Fe-oxides reduction because a part 
of the iron will be transformed into chlorides at a high 
temperature. Recent research reports suggested the 
de-chlorination of PVC can be performed by 
hydrothermal methods in an alkaline system, [23], 
[24], [25], as well as by the thermal route, [26], [27], 
[28], [29]. Their results agreed that HCl is the initial-
bearing chlorine product during PVC treatment by 
dry methods. PVC is frequently selected for its 
affordability, robust mechanical characteristics, 
resistance to fire, and chemical resilience. PVC is 
commonly employed as insulation in the construction 
of power lines. Polymers like PVC are favored for 
their cost-effectiveness, ease of manufacturing, and 
resilience as thermoplastic materials for insulation. 
The pliability and advantageous chemical and 
dielectric characteristics of PVC render it an ideal 
choice as the base material in composites, [30]. As a 
result, CoFe2O4 NPs was carried out in order to 
achieve a harmonious equilibrium between dielectric 
and magnetic loss, with the objective of enhancing 
the permittivity and permeability of the composite 
material. Magnetic ferrites are frequently utilized for 
wave absorption as they offer a cost-effective, easily 
fabricated, and highly efficient absorption solution. 
In addition to, the limited electrical insulation 
abilities of unadulterated ferrite pose a challenge due 
to its narrow absorption spectrum which may not be 
pragmatic for real-world use. By amalgamating 
ferrite with suitable dielectric substances, these 
constraints can be effectively mitigated. The 

interplay of magnetic forces between neighboring 
CoFe2O4 NPs resulted in alterations to their magnetic 
properties, ultimately enhancing the electromagnetic 
absorption capabilities in the Bamboo-derived 
carbon/NiS2/(CoFe2O4)x/PVC metacomposites, [31]. 

The mining and extraction of iron are vital in the 
global economy, since many sectors of industry are 
highly dependent on this raw material. According to 
UNICTAD (United Nations Conference on Trade 
and Development), iron ore is the mineral extracted 
from the environment in the greatest quantities, with 
the largest reserves found in Australia, Brazil, and 
China, [32]. 

Intensive iron mining activities produce large 
amounts of hazardous wastes that typically have high 
contents of acid-generating sulfide minerals and 
potentially toxic metals, [33], [34]. As a result, these 
mining activities can lead to high levels of 
environmental degradation, water and soil 
contamination, and biodiversity loss, [35]. 

The main waste produced by this activity is the 
sludge resulting from the stages of fragmentation and 
concentration of the ore, consisting of fine and 
ultrafine particles of iron ore and silica, [36]. It is 
estimated that about 40% of this material consists of 
iron ore, although the percentage depends on the iron 
content of the deposit from which the ore is extracted, 
[37]. The sludge has no commercial importance, so it 
is accumulated and stored in ponds, [38]. Although, 
there is no direct association with dangerous 
contaminants, leaching can occur, while maintenance 
of pond dams is expensive and complicated, with 
thousands of tons of material often being added daily. 
The high concentrations of iron can be prejudicial to 
the environment and in excess can cause human 
health effects such as damage to the pancreas, liver, 
and heart, [39]. 

It is vital to develop alternative technologies for 
the permanent safe disposal of iron mining waste, in 
order to avoid disasters such as the one that occurred 
in November 2015 in Mariana (Minas Gerais State, 
Brazil). In this accident, sludge derived from the 
tailings of different stages of the iron mining 
operation were discharged into the Doce River and 
were transported for many kilometers downstream, 
reaching several cities in the States of Minas Gerais 
and Espírito Santo, before entering the Atlantic 
Ocean. This event, considered one of Brazil’s most 
serious recent disasters, led to a series of 
environmental consequences. 

Given that these wastes currently have little or no 
economic worth, innovative strategies need to be 
developed for their use to produce new technological 
materials that can provide them with added 
commercial value, [40], [41]. The systematic use of 
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mine tailings could be an effective way of reducing 
the extraction of natural resources, minimizing waste 
generation, and avoiding negative impacts in the 
environment, [42], [43].  

One promising technology for the use of iron 
mining waste is to recover iron ions and apply them 
in the synthesis of multifunctional magnetic 
materials. These consist of combinations of organic 
and inorganic components whose complementary 
properties differ from those of the original materials, 
[44], [45]. 

Cobalt ferrite (CoFe2O4) nanoparticles (NPs) is a 
well-known hard magnetic material with high 
coercivity and moderate magnetization. The 
properties of CoFe2O4 are strongly dependent on 
factors such as particle size and shape, degree of 
crystallinity and phase purity. These properties, along 
with their great physical and chemical stability, make 
CoFe2O4 suitable for many applications such as 
generator, audio, video-tape, medicine, food, cancer 
treatment and in electronics industry etc. CoFe2O4 
NPs possesses the highest value of absolute 
magnetostriction co-efficient (k = - 110 x 10-6) 
among all the known spinel ferrites along with 
ferromagnetic behavior, [46], [47]. CoFe2O4 NPs 
adopt inverse spinel structure in which, all the Co2+ 
ions occupy the B sites, and Fe3+ ions are equally 
distributed between A sites and B sites. CoFe2O4 NPs 
are widely being studied owing to their excellent 
electromagnetic performance, mechanical hardness, 
moderate saturation magnetization, chemical 
stability, high electrical resistivity, high permeability, 
high coercivity and low hysteresis loss which make it 
a suitable material for making recording devices, and 
magnetic cards used in computers, [48], and in gas 
sensors, [49], magneto-optical devices, [50], 
photocatalyst, [51], magnetic hyperthermia, [52], 
contrast agents for magnetic resonance imaging, [53], 
cancer imaging and therapy, [54], targeted drug 
delivery, [55], theragnostic, [56], ferrofluids, [57], 
and lithium-ion batteries, [58].  

CoFe2O4 NPs have been successfully proved to be 
temperature dependent on the grain size distribution. 
CoFe2O4 NPs is showed that larger deposition 
temperature in the synthesis, the grain size of the 
generated CoFe2O4 NPs will also increase, [59]. The 
properties of CoFe2O4 NPs are different from those 
of their bulk counterparts. Moreover, the size 
dependent physicochemical properties of CoFe2O4 
NPs provide a wide range of prospects to the 
materials researchers for emerging devices, [60]. 
Usually, actuators and sensors are made by using 
magnetostrictive materials such as Terfenol-D. As 
CoFe2O4 NCs possesses high magnetocrystalline 
anisotropy constant of (2.71 × 106 J/m), high 

coercivity (4.3 kOe), high Curie temperature 
(520°C), and moderate saturation magnetization (80 
emu/g), it acts as an excellent alternative material for 
Terfenol-D, [61]. Further, the synthesis technique, 
medium in which the reaction takes place, time 
duration is the key factors which govern the 
properties of the CoFe2O4 NPs, [62]. Apart from 
these factors, addition of dopants also greatly 
influences the properties. CoFe2O4 NPs are 
synthesized using different techniques such as 
microwave assisted hydrothermal method, [63], 
solvothermal method, [64], modified citrate gel 
technique, [65], auto combustion sol-gel technique, 
[66], micro-emulsion technique, [67], mechanical 
alloying, [68], normal and reverse micelle technique, 
co-precipitation method, [69], and microwave-
assisted combustion method, [66]. 

A hybrid magnetic material was synthesized using 
water with a high content of natural organic matter 
(NOM) as the organic phase, with commercial iron as 
an inorganic precursor. Here, it is proposed to use the 
iron recovered from mine tailings as the inorganic 
phase of the hybrid and for production of the 
magnetic part of the ferrite structure. Ferrite has been 
used previously in a wide range of applications, such 
as in drug carriers, information storage, nuclear 
magnetic resonance, treatment of malignant tumors, 
ceramic pigments, catalysis, and environmental 
remediation, [70], [71]. 

Magnetic hybrid materials in which ferrite is the 
inorganic phase have been employed for the removal 
of various organic contaminants, [72], [73]. Notable 
among the latter are nitrophenols, which are found in 
wastewaters originating from the pharmaceutical, 
paper, and agricultural sectors, [74], [75]. However, 
their reduction results in the formation of 
aminophenol, a less toxic compound that is 
considered a valuable input in the pharmaceutical and 
dye industries, among others, and that can also be 
further degraded by microorganisms, [76]. 

Other important persistent pollutants are the 
nanoplastics, which are resistant to biodegradation 
and present toxic, carcinogenic, and/or mutagenic 
properties, [77], [78], [79]. 

The objective of this work was to synthesize a 
nanocomposite namely CoFe2O4/NOM with high 
magnetic properties, using iron ions recovered from 
iron ore mining tailings. The products were evaluated 
in terms of their potential for the catalytic reduction 
of PE, PP, PS and PVC polymers, respectively. The 
characteristics of the synthesized CoFe2O4/NOM 
NCs were assessed using XRD, FTIR, FESEM, 
HRTEM, and VSM analyses, respectively. The 
effects of some operational conditions 
(CoFe2O4/NOM dose, CoFe2O4 to NOM ratio, pH, 
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sunligth power, temperature, contact time, aging and 
reuse of nanocomposite) on the photodegradation 
yields of PE, PP, PS and PVC polymers were 
investigated. 
 
 
2 Materials and Methods  
2.1 Synthesis of Ferric Sulfate from Iron 

Mine Tailings and Acid Extraction from Iron 

Mine Tailings Sludge 
The iron precursors used in the synthesis was derived 
from different industrial wastes, resulting in a 
magnetic hybrid material. First, consisting mainly of 
ferric sulfate, was from iron mine tailings treated by 
a commercial company, and the resulting hybrid was 
named iron precursor.  

The hybrid material was synthesized according to 
the method reported previously, [80]. Briefly, 
CoCl2.6H2O (analytical grade) and waste iron salts 
were dissolved in 150 ml of NOM-rich water. The pH 
of the solution was progressively adjusted to pH=9.0 
with 1 mol/l NaOH. Subsequently, the system was 
stirred for 30 min and heated at 100oC to remove 
water. The materials obtained were rinsed 
extensively with deionized water and were then dried 
at 60oC. 
 
2.2 Production of CoFe2O4/NOM NCs 
The iron precursors were obtained from ferric sulfate 
from iron mine tailings and acid extraction of iron 
mine tailings sludge. CoCl2.6H2O and FeCl3.6H2O, 
which were dissolved in 200 ml of NOM-rich water, 
using cobalt/iron/NOM proportions of 7.0/13.9/0.024 
g/l. The pH of the medium was then adjusted to 
pH=9.0 with aqueous 1 mol/l NaOH, after which the 
system was maintained under mechanical stirring for 
30 min. 

After gel formation, the system was heated at 
100°C for 6 h to remove water and obtain a xerogel. 
The resulting material was washed, dried in an oven 
at 60°C, and homogenized. For comparative 
purposes, the CoFe2O4/NOM NCs hybrid obtained at 
25oC room temperature was calcined at 200, 400, and 
800°C in an electric muffle furnace, under an ambient 
atmosphere, using a heating rate of 10°C/min. 

CoCl2.6H2O (analytical grade) and waste iron 
salts were dissolved in 150 ml of NOM-rich water. 
The pH of the solution was progressively adjusted to 
pH=9.0 with 1.0 mol/l NaOH. Subsequently, the 
system was stirred for 30 min and heated at 100°C to 
remove water. The materials obtained were rinsed 
extensively with deionized water and were then dried 
at 60°C. 

 

2.3 Adsorption Mechanisms 
The proposed adsorption mechanism for formation of 
the materials was based on the synthesis method in 
literature, [81], and the information obtained in the 
characterization analyses.  

In the literature, for this study, the proposed 
adsorption mechanism was explained as follows: The 
synthesis of the CoFe2O4/NOM NC hybrid, was 
performed at room temperature using NOM, a natural 
polymer that is able to anchor metal species derived 
from inorganic precursors, therefore, avoiding use of 
the expensive and toxic organic solvents that are 
employed in traditional sol-gel syntheses, [81]. The 
formation mechanism of CoFe2O4/NOM 
nanocomposites according to a sol-gel process, [82], 
was shown in Fig. 1.  

 
* Fig. 1 can be found in the Appendix section. 
 
The complexing agent used was NOM, so the 

phenolic, carboxylic and hydroxyl sites present in 
many of its components could have been involved in 
the nanoparticle formation. As reported by Tan, [83], 
carboxylic groups are deprotonated at around 
pH=4.0, while phenolic hydroxyls are deprotonated 
at pH=9.0. In this work, the synthesis was performed 
at pH=9.0, for this reason, the hydrolyzed iron 
species were present in the cationic form (FeOH + ). 
These ions can be stabilized by the deprotonated 
groups of NOM (–COO ˉ and –O ˉ ), leading to 
gelification of the solution and formation of 
polymeric chains, which after drying form the desired 
ferrite phase, [84]. During the inorganic precursor 
poly condensation process, the NOM molecules were 
randomly dispersed; at the gel point, they became 
bound to the inorganic network, subsequently 
remaining in it after the elimination of water. In this 
way, NOM promotes synthesis of the hybrid and its 
presence in the structure enhances the adsorptive 
capacity. 

The complexation capacity of NOM is due to the 
fact that its composition is rich in functional groups 
(especially carboxyls and phenolic hydroxyls) whose 
acid-base behavior makes the capacity for 
complexation of metals dependent on the pH of the 
medium, [85], [86], [87].  
 
2.4 Characterizations  
2.4.1 X-Ray Diffraction (XRD) Analysis 

Powder XRD patterns were recorded on a Shimadzu 
XRD-7000, Japan diffractometer using Cu Kα 
radiation (λ=1.5418 Å, 40 kV, 40 mA) at a scanning 
speed of 1o min-1 in the 10-80o 2θ range. Raman 
spectrum data was collected with a Horiba Jobin 
Yvon-Labram HR UV-Visible NIR (200-1600 nm) 
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Raman microscope spectrometer, using a laser with 
λ=512 nm. The spectrum was collected from 10 scans 
at a resolution of 2 cm-1. The zeta potential was 
measured with a SurPASS Electrokinetic Analyzer 
(Austria) with a clamping cell at 300 mbar. 
 
2.4.2 Fourier Transform Infrared Spectroscopy 

(FTIR) Analysis  

The FTIR spectra of samples was recorded using the 
FT-NIR spectroscope (RAYLEIGH, WQF-510). 
Experimental were scanned using infrared light and 
their samples chemical properties were observed in 
FTIR spectra. 
 
2.4.3 Field Emission Scanning Electron 

Microscopy (FESEM) Analysis 

The morphological features and structure of the 
synthesized catalyst were investigated by FESEM 
(FESEM, Hitachi S-4700). FESEM images were 
used to investigate the composition of the elements 
present in the synthesized nanocomposite. 
 
2.4.4 High Resolution Transmission Electron 

Microscopy (HRTEM) Analysis 

The size and structure of the CoFe2O4/NOM NCs 
samples were identified with HRTEM analysis. The 
obtained CoFe2O4/NOM NCs was collected and 
harvested by centrifugation (8000 rpm, 5 min), 
washed twice with deionized water and resuspended 
in ethanol (C2H6O) and dripped onto a carbon-coated 
copper (Cu) TEM grid. Vacuum drying then occurred 
to the CoFe2O4/NOM NCs for 24 h at 25oC room 
temperature. The dry samples on the Cu grid were 
viewed and examined by HRTEM analysis recorded 
in a JEOL JEM 2100F, Japan under 200 kV 
accelerating voltage. 
 
2.4.5 Value Stream Mapping (VSM) Analysis  

In order to explain the magnetic property of 
CoFe2O4/NOM NCs, the magnetic hysteresis curve 
was measured at 25oC. The hysteresis loop exhibits 
ferromagnetic behavior with saturation 
magnetization (Ms) of 2.59 emu/g. 
 
2.4.6 UV-vis Spectra Analysis 

UV-vis spectra in the range of 200–800 nm were 
recorded on a Cary 5000 spectrophotometer from 
Varian. 
 
2.4.7 Gas Chromatography–Mass Spectrometry 

(GC-MS) 

The experimental samples (PE, PP, PS and PVC 
polymers) analyzed by gas chromatography–mass 
spectrometry (GC-MS) and gas chromatograph (GC) 
(Agilent Technology model 6890N) equipped with a 

mass selective detector (Agilent 5973 inert MSD). 
Mass spectra were recorded using a VGTS 250 
spectrometer equipped with a capillary SE 52 column 
(HP5-MS 30 m, 0.25 mm ID, 0.25 μm) at 220°C with 
an isothermal program for 10 min. The initial oven 
temperature was kept at 50oC for 1 min, then raised 
to 220oC at 25oC/min and from 200 to 300oC at 
8oC/min, and was then maintained for 5.5 min. High 
purity He(g) was used as the carrier gas at constant 
flow mode (1.5 ml/min, 45 cm/s linear velocity). 
 
2.5 PE, PP, PS and PVC Nanoplastics 

Adsorption and Photocatalytic Experiments 
Chromatographic analyses of the mixed PE, PP, PS 
and PVC nanoplastics solution were performed using 
an Agilent 1100 high performance liquid 
chromatography (HPLC) system consisting of an 
automatic injector, a gradient pump, a Hewlett–
Packard series 1100 photodiode array detector. C-18 
reverse phase HPLC column (Ace 5C18; 25-cm x 
4.6-mm, 5 μm, mobile phase: 50/50 (v/v) 
methanol/organic-free reagent water).  

A mixture of water and acetonitrile was used as 
the mobile phase, at a flow rate of 1 ml/min, with the 
following elution conditions: 75% acetonitrile for 5 
min, linear ramp to 95% acetonitrile in 25 min, return 
to 75% acetonitrile in 30 min, and constant 75% 
acetonitrile for another 5 min. The detector was 
maintained at excitation/emission wavelengths of 
260/385 nm up to 20 min, followed by a switch to 
290/440 nm for the remainder of the period. 

Certified standards of PE, PP, PS and PVC 
polymers were acquired from Sigma-Aldrich 
(Supelco brand). Analytical curves were constructed 
using solutions containing the four nanoplastics (PE, 
PP, PS and PVC) at concentrations in the range 10–
150 μg/l. 

The adsorption experiments were carried out in 
batch processes in amber flasks, at 25°C, using 10 ml 
of 100 μg/l PE, PP, PS and PVC polymers mixed 
solution. Masses of 20 mg of mixed PE, PP, PS and 
PVC polymers were added to the flasks and the 
systems were kept under agitation at 150 rpm (Model 
MA 832/1 shaker, Marconi) for predetermined time 
intervals between 5 and 100 min. The adsorbents 
were separated from the aqueous media using a 
neodymium magnet, followed by determination of 
the PE, PP, PS, and PVC polymers concentrations in 
the aqueous solution by HPLC. The assays were 
performed in triplicate, including a control solution 
prepared without the adsorbent material. 
 
2.6 Catalytic Reduction of PE, PP, PS and 

PVC NanoplasticPolymers 
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The procedure for the catalytic reduction of PE, PP, 
PS and PVC polymers was carried out according to 
Goyal et al., [88], with modifications. A 25 µl aliquot 
of 0.036 mol/l PE, PP, PS and PVC polymers mixed 
solution was mixed with 5 ml of 3.2 mol/1 NaBH4 
(sodium borohydride, or sodium tetrahydridoborate 
also known as sodium tetrahydroborate) solution and 
stirred for 1 min at room temperature. Then, 10 mg 
of the catalyst was added to the mixture and the time 
was recorded until the bright yellow solution became 
colorless, confirming the reduction of PE, PP, PS and 
PVC polymers. After completion of the reaction, the 
catalyst was recovered using an external neodymium 
magnet, washed with deionized water, dried, and 
reused.  
 
2.7 Statistical Analysis  
ANOVA analysis of variance between experimental 
data was performed to detect F and P values. The 
ANOVA test was used to test the differences between 
dependent and independent groups, [89]. 
Comparison between the actual variation of the 
experimental data averages and standard deviation is 
expressed in terms of F ratio. F is equal (found 
variation of the date averages/expected variation of 
the date averages). P reports the significance level, 
and d.f indicates the number of degrees of freedom. 
Regression analysis was applied to the experimental 
data in order to determine the regression coefficient 
R2, [90]. The aforementioned test was performed 
using Microsoft Excel Program. 
 
 
3 Results and Discussions 
3.1 XRD Analysis Results 
The XRD analyses (Fig. 2) confirmed formation of 
the CoFe2O4 NPs phase in both samples. The most 
intense peaks observed for CoFe2O4/NOM NCs were 
related to the cubic spinel structure (space group Fd-
3mZ), in agreement with the Inorganic Crystal 
Structure Database standard (ICSD card #192031). 
The absence of other broather diffraction peaks 
indicated the efficiency of the synthesis route in 
which cobalt ferrite was obtained without a 
calcination step, unlike traditional routes such as 
hydrothermal and solvothermal reactions, the 
microemulsion method, the vapor phase method, and 
the sol-gel method itself, which require heat 
treatment at high temperatures and employ expensive 
solvents. The results highlight the success of the 
route proposed in this work for synthesis of the 
CoFe2O4/NOM hybrid, which was performed at room 
temperature using NOM, a natural polymer that is 
able to anchor metal species derived from inorganic 

precursors, hence avoiding use of the expensive and 
toxic organic solvents that are employed in traditional 
sol-gel syntheses, [81], [86]. The complexation 
capacity of NOM is due to the fact that its 
composition is rich in functional groups (especially 
carboxyls and phenolic hydroxyls) whose acid-base 
behavior makes the capacity for complexation of 
metals dependent on the pH of the medium, [85], 
[87]. 

According to Tan, [83], carboxylic groups are 
deprotonated at around pH=4.0, while hydroxyls are 
deprotonated at pH=9.0. In this work, the synthesis 
was performed at pH=9.0, at which hydrolyzed iron 
species are found in the cationic form, FeOH+ , [91]. 
These ions can be stabilized by the deprotonated 
groups of NOM (–COO- and –O-), leading to 
gelification of the solution and formation 
of polymeric chains, which after drying form the 
desired ferrite phase. In this way, NOM promotes 
synthesis of the hybrid and its presence in the 
structure enhances the adsorptive capacity. 

A lower degree of crystallinity of the 
CoFe2O4/NOM NC was probably due to the presence 
of NOM in its structure. When the calcination 
temperature was increased, the degree of crystallinity 
increased, resulting in a diffractogram with a less 
noisy baseline and better-defined peaks, due to the 
progressive removal of organic matter. According to 
Pertusatti, [92], NOM degradation begins at about 
240oC and ends near 740oC. However, in the case of 
the sample calcined at 800oC, it is possible that the 
hybrid structure still contained a residual amount of 
organic matter, such as aromatic compounds that 
exhibited high thermal stability. 

The iron content in the solution was due to 
leaching of the CoFe2O4 by HCl during desorption to 
release the active sites. However, it was noted that the 
adsorbent matrix did not suffer any loss of its 
magnetic properties during the desorption tests. The 
leaching of iron was advantageous, since it conferred 
magnetic properties on the CoFe2O4, hence providing 
a characteristic highly desirable for efficient 
catalysts, namely easy separation from the reaction 
medium, [88], [93]. 

The infrared spectrum of CoFe2O4/NOM NC with 
broad bands in the region 3300–3430 cm−1 attributed 
to the OH groups. A band at around 1626 cm−1 could 
be attributed to of C-C bonds of aromatic groups, and 
could also be associated with carboxylate groups, 
[92], [94], [95]. Bands at around 1100 cm−1 in the 
spectra of samples orresponded to stretching of C-O 
bonds, [96], [97], probably due to the high 
concentration of this species in the effluent. 
 
* Fig. 2 can be found in the Appendix section. 
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3.2 FTIR Analysis Results 
Fig. 3 was illustrated the infrared spectra of 
CoFe2O4/NOM NCs. The spectra showed a broad 
band at around 3400 cm−1, generally attributed to OH 
groups indicating the presence of water, and/or 
carboxylic acids. A band at 1629 cm−1 was assigned 
to aromatic C = C bonds, while a band at 1366 cm−1 
was ascribed to symmetric stretching of COO–. These 
bands are characteristic of NOM, [98]. 

An absorption band at around 599 cm−1 could be 
attributed to the Fe-O bond, characteristic of ferrites, 
[99]. These data corroborated the diffractograms, 
because the bands at 1629 and 1529 cm−1 observed in 
all the spectra revealed the presence of NOM in the 
structure of the nanocomposite, even in the case of 
the hybrid calcined at 800oC. 

A band at around 1105 cm−1 in the CoFe2O4/NOM 
NCs corresponding to stretching of C = O bonds, was 
indicative of the presence of -COOH, [79], [100], 
derived from the solution of mining waste used in the 
synthesis, which was mainly composed of ferric 
sulfate. The spectrum of CoFe2O4/NOM NCs showed 
a band at around 990 cm−1 that could be attributed to 
the Fe-O bonds of silicate impurities derived from the 
ferrites, [99], originated from tailing’s sludge which 
the iron ions were extracted, [101]. 
 
* Fig. 3 can be found in the Appendix section. 
 
3.3 Surface Area (SBET) Determinations 
The specific surface areas, pore volumes, and pore 
sizes of the CoFe2O4/NOM NC studied here are 
provided in Table 1. The samples showed high 
surface areas of 357.0 m2/g, while iron oxides 
recovered from acid mine drainage presented a 
surface area of 163 m2/g, after calcination at 300°C, 
[102]. The surface area of CoFe2O4 NP was measured 
to be 41.3 m2/g, [103]. A high surface area is a 
desirable feature of an adsorbent, because it improves 
performance in the removal of pollutants. The results 
showed that the surface areas of the calcined 
CoFe2O4 hybrids were smaller compared to that of the 
CoFe2O4/NOM NC, which could have been due to 
the different amounts of the NOM polymer. 
According to Faraji et al., [104], polymers or 
surfactants prevent particle agglomeration, due to the 
effects of electrostatic and/or steric repulsion. 
 
* Table 1 can be found in the Appendix section. 
 

Zhang et al., [105], obtained CoFe2O4 with a 
surface area of 101 m2/g by a chemical co-
precipitation method. Culita et al., [99], synthesized 
CoFe2O4 with a surface area of 93.7 m2/g using 

CTAB as surfactant and heat treatment at 400oC. 
Khan et al., [106], reported the synthesis of a 
CoFe2O4 composite with surface area of 335 m2/g by 
the sol-gel route, employing egg albumen and 
calcination at 500oC. The surface areas of the hybrids 
obtained in the present work compared well with 
those reported previously, highlighting the 
technological potential of the proposed eco-friendly 
synthesis route, especially in the case of the HbAmb 
hybrid obtained without heat treatment, which had 
the highest specific surface area. 

In the studies performed by Liu et al., [107], 
Klempova et al., [108], and Paik et al., [109], and 
Chen et al., [110], different light sources (320-780 
nm) resulted in noticeable fissures on the PS surface, 
accompanied by a smoother texture, confirming the 
structural damage under simulated photolytic 
conditions with CoFe2O4. No significant changes in 
PS surface morphology were observed suggesting 
that mechanical agitation alone did not influence PS 
morphology. In the case of PVC, the original surface 
of MPs displayed intact and regular shapes.  
 
3.4 FESEM Analysis Results 
The FESEM micrographs of the CoFe2O4/NOM NCs 
hybrid particles was shown in Fig. 4. It is possible to 
observe agglomerates of irregularly shaped particles 
and rough surfaces, which confirmed the high surface 
areas of the materials. The magnified FESEM image 
revealed that the product had a unique double-shelled 
structure, and the thickness of the CoFe2O4 cubic 
shell is measured to be 13 nm. It was observed from 
the micrograph of sample annealed at 600°C, the 
grain size of the CoFe2O4/NOM NC is in the range of 
26 nm to 36 nm. The sample which was annealed at 
800oC, the grain size is in the range of 60 nm to 127 
nm. 
 
* Fig. 4 can be found in the Appendix section. 
 
3.5 HRTEM Analysis Results 
The HRTEM image of CoFe2O4/NOM NCs was 
illustrated to confirmed the formation of 
nanostructures (Fig. 5). The results of HRTEM 
indicate that CoFe2O4/NOM NCs are solidly bonded 
between the CoFe alloy and CoFe2O4 with a distinct 
interface, and there exists 002 plane of graphitic 
carbon (interplanar spacing d = 0.358 nm) 
 
* Fig. 5 can be found in the Appendix section. 
 
3.6 Magnetic Analysis 
Fig. 6 shows the magnetization curves as a function 
of the magnetic field up to ± 90 kOe, measured at 
temperatures of – 269.15oC and 26.85oC. In the inset, 
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magnifications of the curves are shown for better 
visualization of the coercive field and the remaining 
magnetization. In the curves acquired at 26.85oC 
room temperature, the CoFe2O4/NOM NCs hybrid 
sample showed characteristic behavior of soft 
magnetic material, with low coercive field of 360 Oe 
and remaining magnetization of 3.54 emu/g (Fig. 6). 
The CoFe2O4/NOM NCs sample showed the 
behavior of a superparamagnetic material, since it 
had no coercivity or remaining magnetization, 
presenting a null liquid magnetic moment when there 
was no applied field, [111], [112].  
 
* Fig. 6 can be found in the Appendix section. 
 

At – 269.15oC, a change in the magnetic behavior 
of CoFe2O4/NOM NCs was observed, with the 
appearance of a hysteresis loop accompanied by 
increases of coercivity to 12.5 KOe and remaining 
magnetization to 11.9 emu/g (Fig. 6). In relation to 
this increase, it is possible that freezing of the 
magnetic moments occurred when the samples were 
cooled, consequently increasing the magnetizations 
and coercive fields. The maximum magnetizations 
measured at 26.85oC room temperature for a field of 
up to ± 90 kOe were 18 emu/g for CoFe2O4/NOM 
NCs hybrid sample (Fig. 6). It is evident from Fig. 6 
that the maximum applied field was not sufficient to 
saturate the sample. 

The results indicated that the wastes could be used 
in the elaboration of new materials, replacing 
traditional analytical grade reagents, and that the 
hybrids had an excellent magnetic response when 
submitted to an external magnetic field. In addition, 
the synthesis was successful at 26.85oC room 
temperature and using a natural solvent, in contrast to 
traditional syntheses using highly toxic solvents that 
do not degrade easily and can remain in the 
environment for years, such as 
cetyltrimethylammonium bromide (cetrimonium 
bromide, CTAB), polyacrylic acid (PAA), 
polyethylene glycol (PEG), and others, [113]. 
 
3.7 Evaluation of Catalytic Activity 
The catalytic reduction of PE, PP, PS and PVC 
polymers using sodium borohydride (also known as 
sodium tetrahydridoborate and sodium 
tetrahydroborate, NaBH4) as reducing agent is one of 
the most widely studied reaction models for the 
conversion of aromatic nitro compounds to aromatic 
amines, [114], [115], [116]. The UV–vis spectra 
analysis was examined for the reduction of PE, PP, 
PS and PVC nanoplastics with the CoFe2O4/NOM 
NCs matrices as catalysts. Before addition, a band at 

400 nm corresponded to CoFe2O4/NOM NCs formed 
by the addition of NaBH4 solution, [117]. 

After addition of the magnetic catalysts, the 
solution changed color from yellow to colorless 
within seconds. The color modification was 
associated with the disappearance of the band at 400 
nm and the appearance of a band at around 296 nm, 
due to the production of PE, PP, PS and PVC 
polymers. 

The factors influencing the catalytic activities of 
these magnetic materials include the distribution of 
the metal ions between the tetrahedral and octahedral 
ferrite sites, as well as the surface area of the material. 
With 10 mg/l CoFe2O4/NOM NCs hybrid materials 
89.2% and 99.9% removal rates were detected after 
30 min for removal rates of PE, PP, PS and PVC 
polymers demonstrating their excellent performance 
as catalyst compared to the other catalyst (According 
to Table 1 in Subsection 3.3). These results could be 
explained by the presence of Co2+ and Fe3+ ions at the 
octahedral ferrite sites, [118], which were more 
exposed and had greater interaction with the reactant 
molecules, [119], [120]. In addition, the perfect 
catalytic activity of CoFe2O4/NOM NCs was 
consistent with its greater surface area. 

The reduction of PE, PP, PS and PVC polymers 
using a catalyst consisting of CuFe2O4 NPs was 
achieved in 50 min, [121], while it was found that the 
same reduction required a time of 130 min using a 
magnetic Co-carbon composite as catalyst, [122]. 
Therefore, it was evident that the hybrids synthesized 
in the present work, using iron precursors extracted 
from mining wastes, showed catalytic activities 
similar to or greater than those reported in the studies 
mentioned above. 
 
3.8 Adsorption Experiments of PE, PP, PS 

and PVC Polymers 
PE, PP, PS and PVC polymers removal assays were 
performed to show the effectivity of the 
CoFe2O4/NOM NCs hybrids. Table 2 exhibits the 
adsorption percentages obtained for the nanoplastics 
namely PE, PP, PS and PVC present in mixed 
solution, using 10 mg/l CoFe2O4/NOM NCs hybrid 
materials. It can be seen that the nanoplastic yields 
varied between 99.20% and 99.90% for the 
aforementioned polymers at 1000 mg/l initial 
concentration in 30 min, at 1000 demonstrating that 
CoFe2O4/NOM NC could provide effective 
remediation of media contaminated with PE, PP, PS 
and PVC polymers (Table 2). 
 
* Table 2 can be found in the Appendix section. 
 

International Journal of Environmental Engineering and Development 
DOI: 10.37394/232033.2025.3.17 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-1159 209 Volume 3, 2025



The CoFe2O4/NOM NCs hybrid showed a perfect 
performance, probably due to the presence of double 
bonds derived not only from the NOM, but also from 
the sulfate structures, which interacted with the 
aromatic rings of the nanoplastics. Such interactions, 
known as π-π, represent one of the main mechanisms 
of adsorption of nanoplastics, [80]. Furthermore, the 
removal percentages were consistent with the 
different surface areas (SBET) of the materials, which 
were in the order CoFe2O4/NOM NCs. 

Considering previously reported studies involving 
the removal of PE, PP, PS and PVC polymers, it was 
evident that the materials employed in the present 
work provided superior performance, evidencing the 
multifunctionality of the magnetic hybrids. For 
example, Costa et al., [77], employed mesoporous 
Si–MCM–41 to remove the nanoplastics (PE, PP, PS) 
from aqueous media, achieving adsorption 
percentages of 90.43%, 91.2%, and 92.98%, 
respectively, in 60 min. Coconut waste (CW) and 
orange waste (OW), as well as their biochars (BCW 
and BOW), were studied by de Jesus et al., [78], as 
adsorbents for the removal of nanoplastics from 
water. Adsorption tests using a mixed solution of PP, 
PS, PVC and PET showed removal percentages of 
80–83% (CW), 79–83% (BCW), 60–74% (OW), and 
78–84% (BOW), in 120–180 min. Zeledón-Toruño et 
al., [123], reported removal values of approximately 
70%, in 120 min, for PE and PP, using immature coal 
(leonardite). 
 
3.9 Effects of Operational Conditions on 

Removals of PE, PP, PS and PVC Polymers 
3.9.1 Effect of Initial pH 

In this step of this study, the effects of increasing pH 
levels on the removal efficiencies of four types of 
polymers namely PE, PP, PS and PVC was 
investigated under individual concentration of 1000 
mg/l at a CoFe2O4/NOM NCs concentration of 10 
mg/l. The removal yields at all types of polymers 
elevated with an increase in time until it reached 
maximum yield at the optimal time of 30 min at pH= 
7.0. The maximum polymer yields were around 
99.90% and 99.20%. A substantial reduction in all 
types of microplastics was achieved as the pH was 
decreased from 7.0 to 4.0, with efficiencies ranging 
from 99% to 59% (Table 3). PE, PP, PS and PVC 
polymer removal efficiencies was around 45%-55% 
at pH ranges between 2.0-3.0 (Table 3). At high pH 
ratios the yiels of all polymers decreased to around 
40%. The removal of polymers was found to be 
efficient at neutral pH althoug have hydrophobic 
properties, [124], [125]. The polymer yields 
increased as the pH values was increased from acidic 
to neutral conditions. The contribution of pH on the 

polymer yields was found to be significant up to a pH 
of 8.0 (R2 = 0.99, F = 1.03, p = 0.001). Therefore, the 
correlation between polymer removal efficiencies 
and alkaline pH values were not foud to be significant 
(R2 = 0.32, F = 14.34, p = 0.001).  
 
* Table 3 can be found in the Appendix section. 

 
Iron ions in the nanocomposite showed more 

solubility at low pH, forming Fe(OH)2, whereas at 
neutral pH, they tend to form Fe(OH)3, which is less 
soluble and this enhance the polymer yields, [126]. 
The pH also affects the charge and size of the metal 
hydroxide flocs and the polymers. For example, at 
low pH, the flocs are smaller and carry a more 
positive charge, which can not attract negatively 
charged particles like polymers. Conversely, at 
meutral pH, the flocs are larger and bear a more 
negative charge, thereby attracting positively charged 
microplastics like polymers, [127].  

Indeed, pH of wastewater is a critical determinant 
that influences the efficiency and mechanism of 
pollutant removal during the oxidation. For instance, 
pH can alter the speciation and hydrophobicity of 
microplastics in water. Microplastics can exhibit 
varying surface charges depending on the type of 
polymers and the initial pH. Polymers constituted 
from carbon, hydrogen, and oxygen atoms. The 
oxygen atom in polymers tends to form hydrogen 
bonds with water molecules, rendering polymers 
more hydrophilic and thereby facilitating a higher 
rate of removal at different pH levels, [128]. The 
benzene ring can create polar regions on the polymer 
chain, making less hydrophilic polymers.  

 
3.9.2 Effect of Increasing Doses of CoFe2O4/NOM 

NC on Photooxidation Rates of Polymers 

Experiments were conducted at a pH of 7.0 and a 
room temperature of 26°C for 30 min. The CoFe2O4 
to NOM ratio in the CoFe2O4/NOM NCs was 2.1%. 
As the CoFe2O4/NOM NCs concentration increased 
from 0.2 to 10 mg/l, the PE, PP, PS and PVC 
nanoplastics photodegradation yields increased from 
79%-80% to 99.20%-99.90%. Futher increase of 
CoFe2O4/NOM NC to 20 and 30 mg/l the polymer 
yields decreased to around 80%- 87%, (Table 4). The 
highest PE, PP, PS and PVC polymers 
photodegradation yields were observed at a 
CoFe2O4/NOM NCs concentration of 10 mg/l. 
Further increasing the CoFe2O4/NOM NCs 
concentration to 20 and 30 mg/l resulted a decrease 
in polymer photodegradation yields. This reduction 
can be attributed to competitive photon absorption, 
where a smaller amount of energy is absorbed by the 
CoFe2O4/NOM NCs concentration. Consequently, 
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lower photooxidation yields were observed due to 
competition for sunlight photons among multiple 
metabolites, [129]. Liu et al., [107], and Bigger et al., 
[130], reported photodegradation yields of 87% and 
90% for polymers using TiO2/GO/CuFe2O4 NCs, 
which were lower than the yields obtained in our 
study after 1 h of photooxidation with a 
CoFe2O4/NOM NCs concentration of 15 mg/l. The 
polymer yields increased  as the CoFe2O4/NOM NC 
concentration was increased from 0.2 mg/l to 10 
mg/l. The contribution of nanocomposite 
concentration on the polymer yields was found to be 
significant up to 2a nanocomposite concentration of 
20 mg/l (R2 = 0.99, F = 1.02, p = 0.001). Therefore, 
the correlation between polymer removal efficiencies 
and high CoFe2O4/NOM NC levels were foud to be 
not significant (R2 = 0.30, F = 15.09, p = 0.001).  
 
* Table 4 can be found in the Appendix section. 
 
3.9.3 Effect of CoFe2O4 to NOM Ratio in 

CoFe2O4/NOM NCs 
The experimental conditions were set as follows: The 
CoFe2O4 to NOM ratios were adjusted between 2%, 
4.2%, 5% and 6% within the 10 mg/l CoFe2O4/NOM 
NCs, at a contact time of 30 min, a pH of 7.0, and a 
temperature of 25°C. When the CoFe2O4 to NOM 
ratio in the CoFe2O4/NOM NCs was increased from 
2% to 4.2%, the removal efficiencies of PE, PP, PS 
and PVC polymers improved from 80% to 99.20% 
and 99.90 (Table 5). However, further increasing of 
this ratio to 5% and 6% resulted in a slight decrease 
in photodegradation yields. Specifically, PE, PP, PS 
and PVC polymers removal efficiencies decreased to 
78%-82%, and 69%-74%, respectively (Table 5). 
This decline in efficiency can be attributed to the 
excessive CoFe2O4 content, which may quench 
electrons and consequently reduce the overall 
photodegradation yields. The contribution of 
CoFe2O4 to NOM ratio on polymer yields was found 
to be significant up to a ratio of 5% and 6% (R2 = 
0.99, F = 1.025, p = 0.001). Therefore, the correlation 
between polymer removal efficiencies and high 
CoFe2O4 to NOM ratios were found to be not 
significant (R2 = 0.37, F = 14.99, p = 0.001).  
 
* Table 5 can be found in the Appendix section. 
 
3.9.4 Effect of Sunlight Power on Photooxidation 

Rates of Polymers 

The optimal operational conditions for this study 
included 10 mg/l CoFe2O4/NOM NC dosage, a 
CoFe2O4 to NOM ratio of 4.2% within 10 mg/l 
CoFe2O4/NOM NC concentration at a contact time of 
20 min, at pH of 7.0, and varying sunlight powers of 

20, 30, 40 and 60 W/m2, at a temperature of 25°C. In 
this step of this study, the effects of increasing 
sunlight powers on the removal efficiencies of PE, 
PP, PS and PVC polymers were evaluated. As 
presented in Table 6, the maximum photodegradation 
efficiencies of all polymers was detected at between 
99.20 and 99.90%, at a sunlight power of 30 W/m2. 
Increasing the UV power to 40 and 60 W/m2 resulted 
in a slight decrease in polymer yields. The polymer 
yields reduced to around 78-82% and 69-74%, 
respectively. These results suggest that increasing of 
sunlight power to a certain level increase the yields 
whereas after this limit the polymer efficiencies 
photodegradation rates of PE, PP, PS and PVC 
polymers was not influenced. This phenomenon 
could be attributed to the potential influence of 
thermoinduced activation, which might alter the 
degradation mechanism. The contribution of sunlight 
power on the polymer yields was found to be 
significant up to power of 40 W/m2 (R2 = 0.99, F = 
1.027, p = 0.001). Therefore, the correlation between 
polymer removal efficiencies and high sun light 
powers were found to be not significant (R2 = 0.36, F 
= 15.12, p = 0.001).  
 
* Table 6 can be found in the Appendix section. 
 

It is known that both thermooxidation and 
photooxidation of these microplastics involve similar 
chemical mechanisms, but with differing effects on 
the degradation of their functional properties. The 
lack of further acceleration in photodegradation with 
higher irradiance aligns with findings by Philippart et 
al., [131]. It can be noted that the polymer 
degradation increased linearly as the light irradiance 
increased from of 20 to 30 W/m2. According to 
Therias et al., [132], the degradation rate of organic 
compounds obeys a power law equation in relation to 
incident irradiance in Eq. (1), [133]: 
 

𝑅𝑎𝑡𝑒 =  𝐾𝑎𝑝𝑝𝐼𝛽                                                               (1) 
 

where; β is related to the efficiency of electron-hole 
formation, trapping and recombination at the catalyst 
surface, Kapp is the apparent reaction rate constant, 
and I is the incident irradiance.  

It is assumed that the photon harvesting is 
efficient, the electron-hole pairs formed are 
consumed by the chemical process on surface of the 
catalyst and the recombination process of electron-
hole pairs is considered to be negligible on the 
catalyst surface, [134], [135]. The Kapp value under 
the experimental conditions is 2.99 mol /W.h (data 
not shown).  
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In the studies performed by Fairbrother, et al., 
[136], Bardi et al., [137], and Zhu et al., [138], after 
72 h of illumination, a significantly enhanced peak 
appeared on the UV-vis curve, with a shift in 
position, indicating a mild degradation of PS 
followed by pronounced depolymerization process. 
Under weak UV 447 conditions, the absorbance at 
194 nm and 272 nm increased over time. This 
displayed an overall enhancing trend, but the 
maximum absorbance reached only 0.37. This 
comparison demonstrated that UVA enhanced the 
depolymerization of PS with a relatively slow pace. 
The overall absorbance of PS initially decreased and 
then increased with minor fluctuations, suggesting 
that mechanical stirring could induce slight aging of 
PS in dark conditions. For PVC, two absorption 
peaks were observed around 192 nm and 270 nm. 
Upon exposure to UVC conditions, the absorbance at 
both peaks increased with prolonged illumination, 
reaching a maximum after 72 h. This manifested that 
PVC primarily undergoes depolymerization under 
UVC irradiation. Similarly, UVA had a less 
noticeable impact on the absorbance of PVC filtrate 
in the first 24 h, reaching an absorbance of 0.32 after 
72 h of irradiation. These findings indicated that PVC 
experienced depolymerization under these light 
conditions, although to a lesser degree compared to 
UVC.  
 
3.9.5 Effect of Temperature on Photooxidation 

Rates for PE, PP, PS and PVC Polymers 

For maximum photooxidation yields of PE, PP, PS 
and PVC the optimum operational conditions were as 
follows: 10 mg/l CoFe2O4/NOM NC dosage, a 
CoFe2O4 to NOM ratio of 4.2% within 10 mg/l 
CoFe2O4/NOM NC, a contact time of 30 min, at pH 
of 7.0, and a sunlight power of 30 W/m2. In order to 
detect the effects of increasing temperature on the 
removal efficiencies of PE, PP, PS and PVC the 
temperature were increased from 20 to 30°C and to 
40°C. As presented in Table 7, increasing of 
temperature from 20 to 30°C resulted in the highest 
photooxidation efficiencies, However, further 
increasing the temperature to 40°C led to a slight 
decrease in yields for all polymers (Table 7). The 
highest photooxidation efficiencies for all polymers 
were observed at 30°C, achieving removal rates of 
99.20% and 99.90%. The contribution of temperature 
on the polymer yields was found to be significant up 
to a temperature of 40°C (R2 = 0.99, F = 1.022, p = 
0.001). Therefore, the correlation between polymer 
removal efficiencies and high temperatures were 
found to be not significant (R2 = 0.38, F = 15.82, p = 
0.001).  
 

* Table 7 can be found in the Appendix section. 
 

As temperature increases, the molecular weight 
and ultimate mechanical properties of the compounds 
decrease, while carbonyl groups increase during 
photodegradation. Photooxidation kinetics generally 
improves with temperature, as higher temperatures 
enhance the rate of the oxidation reaction. However, 
CoFe2O4 NPs can retard the diffusion of iron ions and 
oxygen atoms, leading to a slight reduction in 
oxidation rates at elevated temperatures. At higher 
temperatures, increased diffusion rates can lead to an 
accelerated oxidation rate, but this effect reaches a 
dynamic equilibrium at around 40°C. During 
isothermal holding at this temperature, both the 
promotion and inhibition effects on ion diffusion 
balance out, resulting in a slower decrease in the 
oxidation rate. It is also important to consider that 
elevated temperatures can lead to heterogeneous 
degradation due to diffusion-limited oxidation, 
causing a noticeable decrease in the oxidation rate 
over time. The optimal temperature for 
photooxidation yields was found to be 30°C, where 
the promotion effect of temperature on ion diffusion 
is most beneficial, leading to higher oxidation rates. 
As the temperature was increased from 20 to 30oC the 
number of active centers elevated with rising 
temperature, [136], or simply the explanation is a 
increase of the kinetic rate.  
 
3.9.6 Effect of Aging on the Photodegradation 

Capacity of Polymers 

In order to detect the effect of aging procedure on 
microplastic yields. The Brunauer–Emmett–Teller 
(BET) surface area of treated and non-treated 
polymer samples were investigated, [139]. The 
surface area of non treated polymer samples were 
recorded as 169 and 198 cm2/g, while the surface area 
of the aged samples were measured between 429 and 
522 cm2/g (Table 8). Compared to literature, the 
aging procedure was similar in technique and time, 
the growing in surface area indicated that aging 
improved the photodegradation yields of all polymers 
studied (Table 8). 
 
* Table 8 can be found in the Appendix section. 
 

Aged CoFe2O4/NOM NCs adsorbs more PE, PP, 
PS, PVC polymers. Adsorption is the main removal 
mechanism as no biodegradation activity was 
observed in the photocatalytic process. The aging 
increases the surface area of nanocomposites, making 
the surface rougher, by increasing the surface to 
volume ratio and increase the adssorption affinity to 
polymers, [140]. With aging, oxidation occurs with 
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oxygen-containing functional groups (carbonyl, 
hydroxyl, ketone and ester). This increases the 
polarity of nanocomposites which may increase the 
sorption of pollutans. Also, the formation of 
hydrogen-bonds among oxygen-containing 
functional groups can cause more sorption by aged 
nanocomposites, [141], [142]. By choosing the 
optimum nanocomposite concentration, and the other 
operational conditional parameters maximum 
polymer yields was obtained. The contribution of 
aging on polymer yields was found to be significant 
at aging surfaces (R2 = 0.99, F = 1.023, p = 0.001). 
Therefore, the correlation between polymer removal 
efficiencies and not aging surfaces were found to be 
not significant (R2 = 0.32, F = 14.09, p = 0.001).  

Wang et al., [143], found that photoaging altered 
the molecular weight and aromaticity of PE, PVC, PS 
and PP microplastics. Therefore, extensive presence 
of cracks in aged microplastics facilitates the 
formation of dissoved organic carbons and affect 
positively the photodegradation of microplastics. 

Wu et al., [144], and Zhou et al., [145], found a 
significant effect of photoaging time on the surface 
chemical changes of microplastics, suggesting that 
aging of microplastics favors the formation of surface 
carbonyl groups, forming e.g., ketones, esters, 
carboxylates, and hydroxyl groups on the surface of 
aged polymers. As mentioned above, it can be 
inferred that aged microplutants might have a higher 
adsorption capacity for inorganic/organic 
contaminants due to the enhanced hydrophilicity and 
electronegativity from the increase of oxygen 
containing functional groups. 
 
3.9.7 Reusability of CoFe2O4/NOM NC 

In order to explore the reuse capacities of the 
CoFe2O4/NOM catalyst, ten catalytic cycles were 
performed. The results (Table 9) showed that after 
the first cycle, the conversion of 1000 mg/l PE, PP, 
PS and PVC polymers with 10 mg photooxidation 
time /l CoFe2O4/NOM NCs exhibited the same yields 
after 30 min. 99.20%-99.90% reductions were 
achieved in all cycles for PE, PP, PS and PVC 
polymers, respectively, during 10 cycles. 
Furthermore, the analysis of the iron contents in the 
solutions after catalytic reduction, exhibited no 
significant amount of iron in the analyte. Hence, there 
was no leaching of iron ions from nanocomposite 
matrices, indicating their good chemical stability and 
a high degree of purity obtained. 
 
* Table 9 can be found in the Appendix section. 
 
3.9.8 Photodegradation Kinetic of PE, PP, PS and 

PVC Polymers 

Pseudo-first-order kinetic fits were performed in oder 
to detrmine the photodegradation kinetic constants on 
four polymers namely PE, PP, PS and PVC. Fig. 7 
shows that the rate constant k for the 
photodegradation of PE, PVC, PS and PP with 
pseudo first order kinetic rate constants of 0.0985  
1/h, 0.0984, 0.0983 and 0.09801/h which were ∼ half 
times higher that for the photodegradation of 
polyethylene plastic with a rate constant of 0.0489  
1/h, [146].  
 
* Fig. 7 can be found in the Appendix section. 
 

Our results confirm that optimal conditions 
yielded the highest removal efficiencies for PE, PP, 
PS and PVC microplastics, and they also underscore 
the biocompatibility of our proposed system. Our 
findings reveal that the negatively charged nature of 
polymers enables the formation of heteroaggregates 
with positively charged CoFe2O4/NOM. Our research 
demonstrated the remarkable reusability and stability 
of the CoFe2O4/NOM nanocomposite owing to its 
magnetite properties. The primary objective of this 
research was to engineer a magnetic, recoverable 
nano-adsorbent derived from wastes This approach 
not only contributes to cost reduction in the use of 
magnetic adsorbents but also streamlines the 
photodegradation process, reduces nanocomposite 
consumption, and holds promise for practical 
applications in enhancing micro/nano plastics 
removals. Results revealed that PVC and although PS 
exhibited more pronounced physicochemical 
changes than PP and PE during photoaging, due to 
the dichlorination of PVC and the benzene ring of PS 
similar removal yields was detected for all 
microplastics. 
 
 
4 Conclusions 
New magnetic hybrids were successfully produced 
from iron ore mining waste using an eco-friendly 
synthesis route, providing the waste with a useful 
final destination and economic value. The 
synthesized nanomaterials were versatile and could 
be employed as both catalysts and adsorbents. The 
produced catalyst, is able to catalytically reduce PE, 
PP, PS and PVC polymers in very short time periods 
and in consecutive cycles of reuse, with excellent 
conversion rates. CoFe2O4/NOM NC hybrids were 
effective for the removal of nanoplastics (PE, PP, PS 
and PVC polymers) from mixed solution. The 
characteristics of the synthesized CoFe2O4/NOM 
NCs were assessed using XRD, FTIR, FESEM, 
HRTEM, and VSM analyses, respectively.  
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In our study was employed a lower dosage of 
CoFe2O4/NOM NCs (10 mg/l) and achieved high PE, 
PP, PS and PVC removal efficiencies within a shorter 
time compared to other studies. An important 
advantage of the CoFe2O4/NOM NCs is its excellent 
regeneration capability, allowing it to be reused for 
multiple cycles of photodegradation without 
significant loss of efficacy. Regeneration techniques 
such as pH adjustment desorption agents or thermal 
treatments were not necessary in our study, as the 
nanocomposite could be easily separated using a 
simple magnet. This eliminates additional costs 
associated with separation and enhances the 
economic and environmental sustainability of the 
CoFe2O4/NOM NCs for wastewater treatment 
applications.  

Given the promising results of the CoFe2O4/NOM 
NCs in wastewater for PE, PP, PS and PVC 
treatments, future research should focus on exploring 
its potential for remediating other pollutants and 
further optimizing its use in environmental 
remediation processes. Notably, there was no sludge 
production during the photocatalytic treatment of PE, 
PP, PS and PVC containing these were ultimately 
photodegraded to CO₂  and water with yields of 
99.20% and 99.90%.  

The proposed process offers an environmentally 
friendly, economical, and effective new methodology 
for the production of nanocomposites from the 
wastes, generating commercial interest and, most 
importantly, helping to minimize environmental 
damage and pollution. 
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Fig. 1. The schematic illustration of the possible formation mechanism for the CoFe2O4/NOM nanocomposites 
(NOM: green sphere; Fe3+ ions: red sphere; Co2+ ions: pink sphere; Cl - ions: blue sphere; Colloidal particles: 
yellow sphere; CoFe2O4: orange sphere, respectively), (adapted from Ref., [82]). 
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Fig. 2. XRD spectrum of the CoFe2O4/NOM NCs (black pattern), and comparison with the ICSD (no:192031) 
CoFe2O4 NPs standard (red pattern). 
 
 
 
 
 
 
 
 

International Journal of Environmental Engineering and Development 
DOI: 10.37394/232033.2025.3.17 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-1159 224 Volume 3, 2025



 
 
Fig. 3. FTIR spectrum of CoFe2O4/NOM NCs hybrid materials. 
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Table 1. Comparison of the results of the present study and those found in the literature for PE, PP, PS and PVC 
polymers using different catalysts.  
 
Catalyst Mass  

(mg/l) 

PE yield 

(%) 

PP yield 

(%)  

PS yield 

(%)  

PVC yield 

(%) 

Time  

(min) 

References 

Ag@TiO2 10 78 67 69 70 540 [118] 

Ni0.8Cu0.2Fe2O4 15 87 80 76 72 120 [119]  

Pt/CeO2Co10 0.15 70 69 66 69 240 [99]  

C–dots@ CuFe2O4 0.05 65 70 60 74 60 [120]  

Pd/RGO/Fe3O4 5 79 70 66 69 60 [121] 

CoFe2O4/NOM NCs 10 99.90 99.90 98.20 98.20 30 In this work 
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Fig. 4. FESEM image of CoFe2O4/NOM NCs hybrid materials (FESEM image size: 5 µm). 
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Fig. 5. HRTEM image of CoFe2O4/NOM NCs hybrid materials (HRTEM image size: 5 nm). 
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Fig. 6. Magnetization curves, as a function of the applied magnetic field, with a maximum field of ± 90 kOe at – 
269.15oC (dashed line) and at 26.85oC room temperature (solid line), for the sample of CoFe2O4/NOM NCs 
hybrid materials. The insert shows magnifications for Hc up to ± 5 kOe and ± 20 kOe, respectively. 
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Table 2. 1000 mg/l individual PE, PP, PS and PVC polymers removal percentages using the 10 mg/l 
CoFe2O4/NOM at an agitation speed of 150 rpm, at T = 25°C. 
 

Time (min) Nanoplastics Removal Efficiencies (%) 

PE (%) PP (%) PS (%) PVC (%) 

30 99.90 99.90 99.90 99.20 

30 99.90 99.90 99.90 99.20 

30 99.90 99.90 99.90 99.20 

30 99.90 99.90 99.90 99.20 

30 99.90 99.90 99.90 99.20 

30 99.90 99.90 99.90 99.20 

30 99.90 99.90 99.90 99.90 

30 99.90 99.90 99.90 99.90 

30 99.90 99.90 99.90 99.90 

30 99.90 99.90 99.90 99.90 
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Table 3. Variations of polymer yields versus pH. 
 

pH PE Yields (%) PP Yields (%) PS Yields (%) PVC Yields (%) 

2.0 53 45 43 50 

3.0 56 43 46 49 

4.0 78 80 82 79 

7.0 99.90 99.90 99.90 99.20 

9.0 43 40 39 40 

11.0 32 28 22 30 
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Table 4. Variations of individual 1000 mg/l polymer yields versus CoFe2O4/NOM NCs concentrations after 30 
min. 
 

CoFe2O4/NOM NCs 

(mg/l) 

PE Yields (%) PP Yields (%) PS Yields (%) PVC Yields (%) 

0.2 34 43 40 38 
2 56 43 46 49 
3 78 80 82 79 

4 87 99 99 98 
8 90 90 89 87 
10 99.90 99.90 99.90 99.20 

20 83 84 83 81 

30 80 80 80 79 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

International Journal of Environmental Engineering and Development 
DOI: 10.37394/232033.2025.3.17 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-1159 232 Volume 3, 2025



 
Table 5. Variations of polymer yields versus CoFe2O4 to NOM ratios in whole nanocomposite concentrations. 
 

CoFe2O4 to NOM 

ratio (%) 

PE Yields (%) PP Yields (%) PS Yields (%) PVC Yields (%) 

2 80 83 86 85 
4.2 99.90 99.90 99.90 99.20 
5 78 80 82 79 

6 70 69 74 71 
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Table 6. Variations of polymer yields versus sun light powers 
 

Sun light power 

(W/m2) 

PE Yields (%) PP Yields (%) PS Yields (%) PVC Yields (%) 

20 56 60 62 60 
30 99.90 99.90 99.90 99.20 

40 78 80 82 79 

60 70 69 74 71 
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Table 7. Variations of polymer yields versus increasing temperature 
 

Temperature (oC) PE Yields (%) PP Yields (%) PS Yields (%) PVC Yields (%) 

20 59 69 68 66 

30 99.90 99.90 99.90 99.20 

40 90 90 90 88 

60 80 79 80 81 
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Table 8. Variations of polymer yields versus aging procedure. 
 

Surface Area of Nanocomposite 

(cm2/g) 

PE Yields 

(%) 
PP Yields 

(%) 
PS Yields 

(%) 
PVC Yields 

(%) 

165 (not aged) 80 79 76 75 

420 (aged) 92 90 90 88 

520 (aged) 99.90 99.90 99.00 99.90 

188 (not aged) 86 80 80 79 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

International Journal of Environmental Engineering and Development 
DOI: 10.37394/232033.2025.3.17 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-1159 236 Volume 3, 2025



Table 9. Reusability studies of CoFe2O4/NOM NC during 10 cycles for PE, PP, PS and PVC photodegradation 
yields with 10 mg/l CoFe2O4/NOM NC. 
 
Cycles 10 mg/l CoFe2O4/NOM NC 

Time (min) Conversion (%) 

for PE 

Conversion (%) 

for PP 

Conversion (%) 

for PS 

Conversion (%) 

for PVC 

1 30 99.90 99.90 99.90 99.20 

2 30 99.90 99.90 99.90 99.20 

3 30 99.90 99.90 99.90 99.20 

4 30 99.90 99.90 99.90 99.20 

5 30 99.90 99.90 99.90 99.20 

6 30 99.90 99.90 99.90 99.20 

7 30 99.90 99.90 99.90 99.20 

8 30 99.90 99.90 99.90 99.20 

9 30 99.90 99.90 99.90 99.20 

10 30 99.90 99.90 99.90 99.20 
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Fig. 7. Pseudo–first–order reaction kinetic of four polymers (PE, PP, PS and PVC). 
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