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Abstract. In this study, MgAl,O, nanoparticles with
different calcination times were synthesized for photocata-
lytic applications. Different analyses techniques such as
XRD, SEM, EDX, UV-visible, and FTIR were performed
to investigate the structural, chemical, optical, and mor-
phological properties of the synthesized nanoparticles.
XRD analysis revealed the formation MgAl,O4 spinel
structure. UV-Visible measurements indicate that
MgAl,O4-2 nanoparticles had a narrower energy gap
compared to MgAl,O4-1 and MgAl,O4-3. Results of SEM
analysis revealed that the synthesized MgAl,O4 nanopar-
ticles consist of small aggregated particles with (40-
60 nm) particles size. EDX measurements confirmed the
formation of MgAl,O4 nanoparticles without any impuri-
ties. The photocatalytic performance was evaluated by the
photodegradation of polyethylene plastics using MgAl,O4
nanoparticles under UV irradiation. The FT-IR measure-
ments before and after the degradation of polyethylene
plastics confirm the formation of new functional groups as
a result of photodegradation processes.

Keywords: nanoparticles, polyethylene, XRD, MgAl,Oy,
degradation.

1. Introduction

The annual manufacture of plastic products has ex-
ponentially grown over the past decades, with about (370
million tons) being produced in 2019." Plastics are inexpen-
sive, durable, and lightweight materials, which make them
appropriate for numerous consumer products in everyday
life.>> However, accumulation of the plastic wastes in the
environment has been of large concern causing long-term
economical, environmental, and management of pollution
problems.* Polyethylene plastics are frequently used in
agriculture such as mulching, greenhouse, and tunnel film.
For example, mulching film especially has contributed to
enhancing farming techniques. This film has the efficiency
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for maintaining soil heat and moisture and preventing the
propagation of weeds and vermin. As the microorganisms
are unable to degrade the artificial plastics,” waste plastics
ignored in nature persist sometimes for many centuries and
cause public concern.’ Sunlight irradiation represents one of
the important environmental factors that initiate the trans-
formation of pollutants, thus posing a great significance in
the bioeffect of contaminants and environmental behavior.”
A few studies indicated that solar light triggering the
photodegradation of plastic materials, possibly leading to
structural defects,” surface oxidation,” generation of persis-
tent free radicals'® and nanoparticles.'' Compared with
many studies concerned with the photodegradation of envi-
ronmental pollutants,'>" few studies were performed on
the degradation of plastics, for instance, polyethylene plas-
tics biologic-photocatalytic degradation by Zalerion mari-
timum'* and nanomaterials like N-doped TiO,,">" titania
nanotubes,” Pt/ZnO,”' ZnO.” In this paper, MgALO,
nanoparticles were synthesized via solid-state method and
were used as catalysts for the photodegradation of polyeth-
ylene plastics under UV irradiation.

2. Experimental

2.1. Chemicals

Analytical grade aluminium nitrate, magnesium
sulfate and dimethyl sulfoxide obtained from Sigma Al-
drich were used without further purification. Polyethylene
plastics used in photocatalytic tests were purchased from a
local market.

2.2. Preparation of MgAl,O4
Nanoparticles

Magnesium aluminates nanoparticles were synthe-
sized via solid-state method. 0.5 mmol (0.0601 g) of
MgSO, were mixed and ground carefully in a mortar with
1 mmol (0.375 g) of AI(NO3);-9H,0 to obtain a practically
homogeneous powder. Then, the obtained mixture was
placed into crucible (25 mL) and transferred to an electrical
furnace, where it was subjected to thermal treatment at
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1273 K for 6 h (MgALO4-1), 12 h (MgAl,04-2), and 18 h
(MgAl,0,4-3). Finally, the crucible containing the mixture
was allowed to cool normally until reaching room tempera-
ture, and the resulted powder was collected for analyses and
photocatalytic tests.

2.3. Photocatalytic Performance

The photocatalytic performance of the prepared
powder was evaluated by testing the photocatalytic degra-
dation of polyethylene plastics (PEP). Firstly, the PEP had
been cut into small pieces (3 cm x 3 cm) and placed in a
Petri dish. An adequate volume (20 mL) of dimethyl sul-
foxide (DMSO) was poured into the Petri dish and spread
over the PEP to drench it in DMSO. Then, the Petri dish
was transferred to a photoreactor. The photodegradation of
polyethylene plastics was performed using a photochemical
immersion well reactor (400 W medium pressure mercury
lamp, light output 5-10"° photons/s) and the PEP was irradi-
ated continuously for five hours. At every one hour, small
pieces of PEP were collected and analyzed by FTIR to
determine the photodegradation efficiency. Also, the per-
centage of weight loss of PEP resulting from photodegrada-
tion is calculated according to the following equation:

1 o/ — VVI Wf
Weight loss % —( J-IOO @)
W,

where W; and W, are the initial and final weight (after
degradation) of PEP, respectively.

2.4. Characterization

The X-ray diffractions patterns of prepared
MgAl,O4 nanoparticles were measured by the XRD 6000
diffractometer instrument (Shimadzu, Japan) using (Cu-Ka)
radiation in the range from 20° to 80°. The bonds and the
functional groups of all samples were investigated by Fou-
rier transform-infrared spectroscopy (FTIR) (IR affinity-1,
Shimadzu, Japan). The morphology and microstructure of
the MgA1,O, nanoparticle were characterized by a scanning
electron microscope (SEM, MIRA3 TESCAN, Hitachi,
Japan). The optical properties were measured by UV-
absorption spectrum in the range of 200-800 nm using UV-
visible spectrophotometer (UV-1800, Shimadzu, Japan).

3. Results and Discussion

3.1. XRD Analysis

Fig. 1 show the obtained XRD patterns of
MgAl,04-1, MgALO4-2 and MgAl,04-3 nanoparticles.
The resulted nanoparticles have the MgAl,O4 spinel struc-
ture characteristics peaks (JCPDS card 77-0435) and no
peaks of impurities or other compounds are observed.
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Also, the diffraction peaks intensity increases gradually
and the peaks become sharper as the calcination time
increases. Table 1 shows the calculated crystallites size
(D,) of the MgAI,O4 samples treated at different times. It
is clearly observed that the crystallites size of all resulted
samples are below 50 nm and the samples calcined for
18 h have the larger crystallite size.
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Fig. 1. XRD patterns of MgAl,O,4 nanoparticles
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Tablel. Calculated crystallites size

Sample 2theta FWHM D, (nm)
MgAL,O,-1 36.822 0.18609 46.99
MgAl,0,-2 36.893 0.1832 47.74
MgAl,0,-3 36.862 0.18121 48.26

3.2. Surface Morphology

MgAl,O, nanoparticles surface morphology has
been investigated using SEM images (Fig. 2). SEM images
revealed that the synthesized MgAl,O4 consists of small
aggregated nanoparticles with 40-60 nm particles size.

3.3. EDX Analysis

The elemental composition of MgAl,O4 samples
were detected by EDX analysis (Fig. 3). EDX measure-
ments show that the synthesized nanoparticles mainly
consist of aluminum, magnesium, and oxygen without any
impurities.

3.4. FT-IR Analysis

Fig. 4 shows the FTIR spectra of MgAl,O, treated
at different calcination times. From the spectra, we can
observe that the characteristic vibrations of the Mg-O and
Al-O bonds appear in the region of 500-700 cm™. Also, it
was noted that all sPectra contain bands around
wavenumber of 3500 cm™ and 1650 cm™ attributed to the
vibrations of O-H group stretching and bending, respec-
tively. However, the weak band located at about 2300 cm*
corresponds to the C=O0 stretch vibration bond of the CO,
from the air.
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3.5. UV-Visible Analysis

The optical properties extracted from UV-visible
spectra of MgAl,O4 nanoarticles are shown in Fig. 5 and
the corresponded energy gap calculated from Tauc rela-
tion plotted in Fig. 6. UV-visible absorption measure-
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Fig. 5. UV-Visible spectra
of synthesized MgAl,0, nanooparticles

ments indicates that the maximum absorption of synthe-
sized MgAl,O, nanoparticles were at 486, 435, and
420 nm for MgAlLOs-1, MgALL,O42, and MgAl,O4-3
respectively. Also, the calculated energy gap were 3.55,
2.85, and 2.95eV for MgALL,O4 -1, MgAl,04 -2, and
MgAl,O,4-3 respectively.
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MgAl,0,nanooparticles



Photocatalytic Degradation of Polyethylene Plastics Using MgAl,O, Nanoparticles Prepared...

3.6. Polyethylene Plastics Photocatalytic
Degradation

3.6.1. Weight Loss

Fig. 7 shows the weight loss of polyethylene plas-
tics induced by UV irradiation, MgAl,O, and UV-
MgAl,O4 with different samples for 5 h. No detectable
weight loss was recorded for the photodegradation of
polyethylene plastics under UV irradiation. On the con-
trary, noticeable weight loss has been recorded for the
polyethylene plastics using MgAl,O4 under UV irradia-
tion. Moreover, the weight loss percentage for polyethyl-
ene plastics varied with different MgAl,O4 samples. The
irradiation of polyethylene plastics in the presence of
MgAl,04-2 nanoparticles showed the highest degradation
rate (82 %), while the lowest weight loss (60 %) was re-
corded in the presence of MgAl,O4-2 nanoparticles.

3.6.2. Chemical Properties
of Polyethylene Plastics

FT-IR analysis for polyethylene plastics was car-
ried out to investigate the difference in the chemical prop-
erties before and after photodegradation. Fig. 8 shows the
FT-IR spectrum of polyethylene plastics before degrada-
tion and after photodegradation with MgAl,O4-1,
MgAl,04-2, and MgAl,04-3 nanoparticles for 5 h. During
the photodegradation process, several chemical transfor-
mations occur in polyethylene plastics and several new
groups are observed such as peroxide, carbonyl, hyperox-
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ide, and unsaturated bonds. As can be seen in Fig. 8, the
new peaks within the range of 1700-1800 cm™ refer to the
formation of carbonyl groups, which can be related to
ketones, carboxylic acid, esters, and aldehydes. Also, new
peaks have been observed in the ranges of 900-940 cm™,
3600-3650 cm™, and 1000-1350 cm™', which can be at-
tributed to vinylidene or vinyl, hydroperoxides or alco-
hols, and peroxides groups, respectively.

Weight Loss %

Irradiation Time (h)

Fig. 7. Polyethylene weight loss (A)
under only UV irradiation (B) in the absence of UV irradiation
(C-D) in the presence UV irradiation and MgAl,0,-1,
MgAl,0,-3 and MgAl,O,4-2 respectively
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3.6.3. Carbonyl Index

Carbonyl index (CI) can be used to further investi-
gate the formation of carbonyl and hydroxyl groups dur-
ing the photodegradation of polyethylene plastics. Car-
bonyl index is used to examine the degree of oxidation of
polyethylene plastics and calculated from FT-IR spectra
according to the following equation:

abeobance cabonyl band

Carbonyl index (CI) =

(2)

absorbance reference band
The calculated CI values and the corresponded per-
centage are listed in Table 2.

Table 2. Calculated carbonyl index (CI) of polyethylene
plastics

Carbonyl o
Sample index Percentage %
Untreated Polyethylene 2.55 0
Polyethylene- MgAl,0,-1 3.17 19
Polyethylene- MgAl,0,-2 3.63 25
Polyethylene- MgAl1,0,-3 3.96 29

The results show that the treatment of polyethylene
plastics with MgAl,O4 under UV irradiation led to the
increase in carbonyl index compared with pure polyethyl-
ene plastics due to the formation of alcohols and carbox-
ylic acid during the photodegradation process. Also, the
carbonyl index for polyethylene treated with MgAl,O4-3
is larger compared to the polyethylene treated with
MgAl,04-2 and MgAlL,O4-1, which means the oxidation
degree under MgAl,0O,4-3 is larger than the others.

3.6.4. Mechanism of Polyethylene
Photodegradation

According to advanced oxidation processes
(AOPs), the main reactive species are hydroxy (OH) and
superoxide (‘O») radicals. During photocatalysis, photons
(hv) generated from light sources excite the electrons in
the valence band of MgAl,O4. These excited electrons lift
up into the vacant conduction band, leaving holes in the
valence band, which creates an oxidizing environment,
where these holes take part in the degradation process of
polyethylene. Under this condition, MgAl,O,4 (h+) accepts
electrons from the water producing hydroxyl radical (OH)
and hydrogen ion (H"). Under reducing conditions, elec-
trons in the conduction band produce superoxide (‘O,)
anion in the presence of air or dissolved oxygen. The
degradation of PE depends on the number of holes gener-
ated by photons. The generated radicals initiated the deg-
radation process followed by chain breaking, branching,
crosslinking, and oxidation of polyethylene. The degrada-
tion mechanism of polyethylene has been schematic.
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At the onset of the photodegradation process, alkyl
chains, in direct contact with the MgAl,O4 catalyst, are
attacked by the radicals. Alkyl radicals are formed by the
abstraction of hydrogen inducing breakage of the polymer
chain by forming hydroperoxides in the presence of oxy-
gen. Once alkoxy radicals are formed, they propagate
within the polymer chain, leading to chain cleavage in the
presence of oxygen and generating carbonyl and unsatu-
rated groups. Alkoxy radicals are the main intermediate
species that produce aldehydes, ester, ketones, and car-
boxylic acids in the photooxidation process of polyethyl-
ene in the presence of MgAl,O, catalyst. Ketone is the
key compound in saturated hydrocarbon, which goes
through further irradiation and results in the formation of
radials and vinyl groups.’®” The reactions that are in-
volved in the photolysis or hemolysis of unsymmetrical
ketones to form two radicals by a-cleavage of carbon and
hydrogen abstraction are called Norrish type I reactions.
These radicals can turn into carbon mono-oxides.** Ke-
tones may form chain end ketone and unsaturated groups
(vinyl and vinylidene) through abstraction of y hydrogen
from long polymeric ketones, the reaction is well known
as Norrish type II. These carbonyl groups can be further
oxidized to form volatile organic compounds like ethane,
formaldehyde, etc.,25 and can mineralize to CO, and H,O.

4, Conclusions

This study investigated the photodegradation of
polyethylene plastics using the synthesized MgAl,O4
nanoparticles. MgAl,O, catalyst samples were successfully
prepared by the solid-state method and characterized by
SEM, UV-Visible, XRD, EDX and FTIR techniques. The
characterization results confirmed the formation of a pure
MgAl,Oy structure with 40—-60 nm particles size and 3.55—
2.85 eV energy gap. The photodegradation results demon-
strated that the MgAl,O,4 catalyst promotes the degradation
of polyethylene plastics under UV irradiation. Furthermore,
the photodegradation results confirmed that the polyethyl-
ene plastics weight loss and carbonyl index are higher when
plastics are irradiated in the presence of MgAL,Os-2 com-
pared with MgAl,04-3 and MgAl,O4-1 nanoparticles.
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DOOTOKATAITUYHA JETPAJALIA
MNOJIETUJIEHOBHUX IIJIACTHKIB 3A
JOINIOMOI'OIO HAHOYACTHUHOK MgAL Oy,
CUHTE30BAHUX TBEPJTO®A3ZHUM METOJOM

Anomayin. 'V yiti pobomi 6yn0 CuHmMe308aHO HAHOYAC-
munku MgAl, Oy 3 pisnum yacom nposicapiogannst s pomoxama-
JHMUYHUX 3aCMOCY8aib. Jlisi O0CHiONCEH ST CIMPYKMYPHUX, XiMi-
HUX, ONMUYHUX | MOPGHONOIUHUX 61ACHUBOCHEN CUHIME308AHUX
HAHOYACTUHOK 610 BUKOPUCMAHO PI3HI Memoou ananizy, maxi siK
XRD, SEM, EDX, Y®-eéuouma ma FTIR cnexmpockonis. XRD
ananiz nokasag ymeopenist cmpyknypu wnineni MgAl,O,. Bumipio-
sanus 8 YD-euoumomy Oianasoui 6xkazyiomv, wjo HAHOYACUHKU
MgALO;2 maioms 8ydicyy enepeemuuHy WIAUHY HOPIGHAHO 3
MgALO1 i MgALLO,-3. Pesynomamu SEM-ananizy nokazaiu, wo
cunmesosani Hanovacmunku MgALO, ckradaromvcs 3 OpiGHUX
aepezoganux yacmunox posmipom 40-60um. EDX eumiprosanms
niomeepownu ymeopenmsi Hanouacmunox MgAlL,O,; 6e3 6yov-sikux
Odomiwok. DomokamanimuuHy e@exmusHiCmb OYIHIOBAIU Yepe3
gomoodezpadayiio  noniemunenogux WIACMUKIE 3a  O0O0NOMO20I0
nanovacmurnok MgAlL,O,; nio Y®-onpominennsim. FTIR eumipio-
6anHsi 00 ma nic/isi deepadayii NOTIEMUIEeH0BUX NIACIMMAC NEOMBEp-
0HCYIOMb YMEBOPEHHA HOBUX (DYHKYIOHATbHUX 2PN Y pe3Vilbmami
npoyecie pomoodezpadayii.

Kniouosi  cnosa: XRD,
MgAlL,O,, oecpadayis.
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