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A B S T R A C T   

Microplastic pollution of water and ecosystem is attracting continued attention worldwide. Due to their small 
sizes (≤5 mm) microplastic particles can be discharged to the environment from treated wastewater effluents. As 
microplastics have polluted most of our aquatic ecosystems, often finding its way into drinking water, there is 
urgent need to find new solutions for tackling the menace of microplastic pollution. In this work, sustainable 
green photocatalytic removal of microplastics from water activated by visible light is proposed as a tool for the 
removal of microplastics from water. We propose a novel strategy for the elimination of microplastics using glass 
fiber substrates to trap low density microplastic particles such as polypropylene (PP) which in parallel support 
the photocatalyst material. Photocatalytic degradation of PP microplastics spherical particles suspended in water 
by visible light irradiation of zinc oxide nanorods (ZnO NRs) immobilized onto glass fibers substrates in a flow 
through system is demonstrated. Upon irradiation of PP microplastics for two weeks under visible light reduced 
led to a reduction of the average particle volume by 65%. The major photodegradation by-products were 
identified using GC/MS and found to be molecules that are considered to be mostly nontoxic in the literature.   

1. Introduction 

Plastics were termed the wonder material in early 1950′s finding 
applications in wide ranging human activities that has led to an annual 
production growth of 8.7%, evolving into a US $600 billion global in
dustry (Jambeck et al., 2015). Upon exposure to natural forces like 
sunlight or waves in water bodies, even larger fragments of plastics 
degrade into smaller sizes known as microplastics- particles under 5 mm 
in size including plastic sheets and films in the nanoscale < 1 µm in size. 
Degradation of plastic depends on the physico-chemical properties of 
the polymers and environmental conditions like weathering, tempera
ture, irradiation as well as pH. Microplastics and nanoplastics particles 
in aqueous bodies have aroused increasing concern as a potential threat 
to aquatic species as well as to human beings. Microplastic particles have 
been traced in land, water bodies, sea and even in bottled water (Fon
seca et al., 2017; Cox et al., 2019). Plastic particles have been found in 
the food chain, including foodstuffs intended for human consumption 

wherein in-vivo studies have shown that nanometer sized plastic ma
terials can translocate to organs. Evidence is evolving regarding re
lationships between micro- and nanoplastics exposure, toxicology, and 
its consequence to human health (Burns and Boxall, 2018; Redondo- 
Hasselerharm et al., 2020). For example, plastic particles less than 
130 µm in diameter has been found to potentially trigger localized im
mune responses by translocating into human tissues (Wright and Kelly, 
2017). 

Microplastic particles are used in a number of cosmetic and personal 
care products, including washing liquids, soaps, facial and body scrubs, 
toothpaste, and lotions. Most of the microplastics used in personal care 
products are generally polyethylene (PE) and polypropylene (PP) which 
can end up in municipal wastewater treatment plants (WWTPs) and 
ultimately in the environment since present wastewater treatment 
plants are designed to remove organic matter but not microplastics. 
Tertiary treatment processes commonly used for the removal of micro
plastics from effluents in WWTPs utilize ultrafiltration (UF), 
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coagulation, reverse osmosis (RO), and Membrane bioreactor (MBR) 
(Chang, 2015; Fendall and Sewell, 2009; Murphy et al., 2016). Although 
removal efficiency of 90–99% has been reported, microplastics of 
20–300 µm in size still have problems to be removed (Browne et al., 
2011; Enfrin et al., 2019; Sol et al., 2020; Talvitie et al., 2017) and 
microplastics in discharged water up to 0.25 particle/L has been 
detected (Murphy et al., 2016). Furthermore, the sludge as residuals of 
WWTPs processes containing microplastics may be used as agricultural 
fertilizers that subsequently finds its way into the groundwater (Bra
tovcic, 2019). 

Over the course of time, several technologies have been implemented 
to manage the plastic menace, including, but not limited to, thermal 
degradation, incineration, landfills and ozonation (Davis et al., 1962; 
Arutchelvi et al., 2008; Canopoli et al., 2020). However, these tech
nologies utilize large amount of energy and are often very expensive. 
Recent methods investigated for the treatment of microplastics waste 
are biodegradation and photocatalysis. Biodegradation of microplastics 
can be achieved by microbes producing enzymes that break the mac
romolecules into smaller fragments which can potentially lead to com
plete mineralization (Silva et al., 2018). For example, biodegradation of 
PP microplastics using Bacillus cereus and Bacillus gottheilii bacteria has 
been investigated and it has been found that long exposure time is 
needed in order to achieve high removal efficiency (Auta et al., 2017). 

Visible light photocatalysis is a promising environmentally friendly, 
low-cost and efficient process that is capable of mineralizing a wide 
variety of organic pollutants into H2O and CO2 (Nakata and Fujishima, 
2012). This process offers advantages such as the utilization of sunlight 
as a clean energy source, high degradation efficiency, and the generation 
of harmless by-products. It is based on the use of suitable wide bandgap 
metal oxide semiconductor materials such as titania (TiO2) or zinc oxide 
(ZnO), that upon interaction with light give rise to the formation of 
different reactive species. When ZnO, TiO2 or similar semiconductors 
are excited by light sources with an energy greater than their inherent 
bandgap, charge separation is created in the form of free electrons, 
excited from their valence band positions into the conduction band. This 
excitation simultaneously leads to a hole formation in the valence band. 
Both free electrons and holes react with H2O, OH− and O2 adsorbed in 
the surface of the semiconductor to generate reactive oxygen species 
(ROS) such as hydroxyl (OH.) and superoxide (O2

− ) radicals. These spe
cies initiate the polymer degradation process, leading to chain scission 
and complete mineralization into H2O and CO2 (Zhao et al., 2007). The 
photocatalysis process is described by the following equations: 

Photocatalyst→hν h+ + e− (1)  

h+ +H2O→OH. (2)  

e− +O2→O− .
2 (3)  

Organic pollutant + ROS→CO2 + H2O (4) 

In this work, the photocatalytic material tested for the degradation of 
microplastics was defect-engineered ZnO, due to its low price, high 
redox potential, nontoxicity, and environmentally friendly features 
(Baruah et al., 2008; Bora et al., 2017). ZnO is listed in a “generally 
recognized as safe” (GRAS) material by the Food and Drug Adminis
tration (FDA) and is an essential element for human physiological ac
tivities (EFSA, 2015). Due to its tailorable defect chemistry, ZnO has 
been widely used for both UV light and visible light degradation of 
organic molecules (Al-Sabahi et al., 2016, 2017, 2018; Bora et al., 2016). 
Moreover, it was recently validated for degrading microplastic residues 
by our group (Tofa et al., 2019a, 2019b). Thus, based on multiple factors 
like visible light absorption capacity (thus using sunlight for degradation 
would be viable) (Baruah et al., 2008, 2010; Bora et al., 2017), low 
degree of toxicity to marine and human life (Dobretsov et al., 2020), 
flexibility to be grown on various substrates at low temperatures 
(100 ◦C) (Baruah and Dutta, 2009), high electron mobility due to its 

single crystalline wurtzite structure, and appropriate defected engi
neering possibilities to enhance visible light absorption, ZnO was 
considered to be a suitable candidate for the degradation of commercial 
microplastic particles. 

In the literature, nanocomposite films of TiO2 (El-Dessouky and 
Lawrence, 2010; García-Montelongo et al., 2014; Nabi et al., 2020; 
Verma et al., 2017), N-TiO2 (Ariza-Tarazona et al., 2019; Llorente- 
García et al., 2020), ZnO (Tofa et al., 2019a, 2019b; Zhao and Li, 2006), 
Pt-ZnO (Tofa et al., 2019a, 2019b), C-TiO2 (Kamrannejad et al., 2014) as 
well as C,N-TiO2powders (Ariza-Tarazona et al., 2020) have been re
ported for the removal of microplastics particles and fragments. 
Although reasonable degradation efficiencies were reported, yet these 
systems have some limitations such as: (i) the experimental setup used 
does not reflect the real situation of the treatment of microplastics 
dispersed in wastewater effluents; (ii) recovery of the photocatalytic 
powder after photodegradation process using filtration adds additional 
needs for membrane separation often adding cost. Herein, we propose a 
novel strategy for the removal of microplastics using glass fiber sub
strates to trap the low density microplastics particles while acting as a 
supporting substrate for the photocatalyst. This approach may represent 
a good alternative, especially for the treatment of WWTPs effluents 
containing microplastics prior its release to the environment. 

To the best of our knowledge the visible light photocatalysis of 
microplastics particles and in water flow system in order to mimic the 
real situation as in water treatment facilities and wastewater treatment 
plants has not been reported. Therefore, this work investigates the 
photocatalytic degradation of microplastics spherical particles sus
pended in water by visible light irradiation of ZnO NRs immobilized 
onto glass fibers substrates (photocatalyst) in a flow through system. PP 
microplastics with an average particle size of 154.8 ± 1.4 µm was 
selected as pollutant model because it is a major aquatic pollutant due to 
its lower density than water. Thus PP has the potential of being mistaken 
as a feed even by smaller aquatic animals and fishes which search for 
food on surface of water complicated by the fact that the half-life of PP is 
a few hundred years. Furthermore, the photocatalytic activity of ZnO 
NRs is evaluated by considering the evolution of the carbonyl index 
parameter and the main water soluble by-products formed during the 
degradation process was identified using GC-MS. 

2. Experimental 

2.1. Materials 

PP microplastics were provided by PPPolymer AB, Sweden (ELTEX® 
P HV001PF polypropylene supplied in the form of un-stabilized free 
flowing powder. Melt flow rate = 10 g/10 min, density = 905 Kg/m3, 
Flexural modulus = 1600 MPa). The substrate material, glass fibers 
(~16 µm thick strands), was purchased from Sigma Aldrich. Zinc nitrate 
hexahydrate (Zn(NO3)20.6H2O; Sigma Aldrich), hexamethylenetetra
mine ((CH2)6N4; Sigma Aldrich), zinc acetate dehydrates (Zn 
(CH3COO)20.2H2O; Sigma Aldrich) were used as received without 
further purification. High purity water with a resistivity of 18 MΩ·cm 
was used throughout all the experiments. 

2.2. Fabrication of the nanocoating material 

The synthesis of ZnO NRs immobilized on glass fibers is described 
elsewhere (Bora et al., 2017; Baruah et al., 2010). Briefly, a thin layer of 
ZnO nanocrystallite seeds were deposited on glass fibers (~1 g) sub
strates pre-heated to 350 ◦C, by spraying 20 mL of 10 mM solution of 
zinc acetate dehydrate in isopropanol with a flow rate of ~1 mL/min. 
Hydrothermal growth of ZnO NRs was carried out by placing the seeded 
glass fiber substrates in a chemical bath containing equimolar concen
trations (10 mM) of zinc nitrate hexahydrate and hexamethylenetetra
mine, at 90 ◦C for a total of 9 h, where the precursor solution was 
changed twice, as described elsewhere (Baruah and Dutta, 2009; Baruah 
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and Dutta, 2009). The as grown ZnO NRs were thoroughly washed with 
deionized (DI) water and annealed in an atmospheric furnace at 350 ◦C 
for 1 h (Bora et al., 2017; Promnimit et al., 2012; Al-Saadi et al., 2017). 

2.3. Design of the photocatalytic reactor 

The photocatalytic reactor used in this work evolved from our earlier 
research as shown in Fig. 1 (Baruah et al., 2012). The photo-reactor 
panel is made of transparent soda-lime glass tubes (8 tubes with diam
eter = 2 cm, and length = 24 cm) placed on top of a reflector. The 
reflector was used to improve the efficiency of photon absorption by the 
photocatalyst by allowing at least a double pass of light through the 
catalyst. The reflector illuminates the bottom of the nanocoated material 
(photocatalyst) so that the illuminated surface area of the photocatalyst 
is improved. Mirror polished aluminum sheets of 300 µm thickness were 
used as reflectors. Polyethylene pipes and valves were used in the photo- 
reactor due to the robustness of these materials. Water was passed along 
the tubes to a reservoir using a peristaltic pump, permitting a turbulent 
flow of water inside the photo-reactor. The photo-reactor tubes were 
made of glass to enhance the light transmission and to avoid any possible 
contamination (if plastic tubes were used) during photocatalytic 
degradation process. The reflector and glass tubes were placed on a 
frame tilted at 30◦ angle in order to enhance the illuminated surface area 
of the photocatalyst. However, to ensure an effective dissolution of ox
ygen in the aqueous solution, turbulent regime was established in the re- 
circulatory continuous flow device. The photocatalyst (~ 60 mg ZnO 
NRs coated on 10 g glass fiber substrates) was loaded into the glass tubes 

of the reactor panel and kept inside using stopper at either ends of the 
tube. Each glass tube (total of 8 tubes) of the reactor panel was loaded 
with about 7.5 mg of ZnO NRs coated on ~ 1.3 g glass fiber substrates. 

2.4. Photodegradation experiments 

A known amount of PP microplastic particles (~ 70 mg, ~ 104 par
ticles) was suspended in highly pure water with a resistivity of 
18 MΩ·cm in a recipient (water reservoir). Water containing micro
plastic particles of concentration of 104 particles/liter was then circu
lated through the photoreactor using peristaltic pump (model Masterflex 
No. 7521–47, Cole-Parmer, USA) at a flow rate of 300 mL/min. The 
nanocoated glass fibers materials were subjected to visible light irradi
ation using a tungsten-halogen lamp of 120 W (ES-HALOGEN) with light 
intensity of about 0.6 SUN (60 mW/cm2) measured by a power meter 
(IM-750) at a distance of 20 cm from the light source. Samples of the 
microplastics particles were extracted from the glass fibers at fixed in
tervals of time during photoirradiation and the particles were air dried 
prior to further analysis. For the microplastics particles to degrade, one 
important criterion should be that they are in close proximity to ZnO 
NRs photocatalysts, and the microplastics particles are uniformly 
distributed in the glass fibers matrix containing the photocatalyst. 
Therefore, in this work the distribution of PP microplastics within the 
ZnO NRs coated glass fibers matrix was tested. For this purpose, a 
marker technique using a permanent color was implemented to optimize 
the distribution of the polymeric particles in the nanorod coated matrix. 
We have used red color commercial permanent marker to color the PP 

Fig. 1. (a) Schematic diagram of the photocatalytic reactor showing the ZnO nanorod coated glass fiber inserts, (b) the polymer distribution shown inside the 
photocatalytic reactor (polymer particles were colored for imaging using glyceride, a pyrrolidone, a resin and a colorant to attach on polymer microparticles). (c) 
optical image of the photocatalytic module fabricated for this work. 
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microplastics particles (originally in white color) for imaging purposes. 
The ingredient of the permanent marker is glyceride, a pyrrolidone, a 
resin and a colorant to attach on polymer. The microplastic particles 
were found to distribute uniformly into the photocatalytic reactor and 
collect thoroughly on the glass fiber inserts (Fig. 1b). 

2.5. Characterization 

2.5.1. Differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) 

DSC measurements were carried out in a Q2000 instrument (TA In
struments, USA) to investigate the crystallization behaviour. The heat
ing and cooling rates used were the same for all the measurements 
(10 K/min). The crystallinity of the polymeric samples was estimated 
from the DSC data. Thermogravimetric Analysis (TGA) was carried out 
with TGA-Q500 (TA Instruments, USA) at a heating rate of 10 ◦C/min 
over a temperature range of 30–600 ◦C under continuous nitrogen flow. 

2.5.2. Fourier transform infrared coupled attenuated total reflectance 
(FTIR− ATR) 

The FTIR− ATR (Nicolet iS10, Thermo Fisher Scientific, USA) was 
used to quantify the carbonyl contents of PP microplastics from infra-red 
spectra ranging from 4000− 650 cm− 1 with signal averaged over 32 
scans at a resolution of 4 cm− 1. Carbonyl groups were detected in the 
broad infrared region at 1550–1850-cm− 1 for oxidized PP, and the peak 
at 2721 cm− 1, which is associated with CH bending and CH3 stretching, 
was used as reference. The carbonyl index (CI) therefore is expressed by 

CI =
AC=O

A2721
(5)  

where AC=O is the area of the carbonyl absorption band 
(1550–1850 cm− 1), and A2721 is the area of the reference band in the 
range of 2700–2750 cm− 1. 

2.5.3. Scanning electron microscopy (SEM) and optical microscope 
analysis 

SEM analysis was carried out using scanning electron microscope 
(GEMINI Ultra 55, Carl Zeiss AG, Germany). SEM was used to confirm 
the attachment of ZnO NRs to the glass fibers and the PP microplastics 
particles morphology analysis. After photodegradation, the PP particles 
were extracted from the glass fibers substrates and dried in air prior to 
loading in the scanning electron microscope. PP microplastic particles 
were placed on conductive carbon tapes which was stuck on a SEM 
sample stub. Then the stub with mounted PP microplastics particles 
were coated by sputtering a thin layer of gold (JFC-1100, JEOL Nordic 
AB) to avoid charging during electron microscopy. Sputtered gold was 
deposited for 2 min at 1.2 kV and 10 mA. 

Furthermore, the diameter of PP microplastics particles and glass 
fibers was measured using a standard optical microscope. The micro
plastics particle size was measured using optical microscope (Leica DML, 
Leica Microsystems, Wetzlar, Germany) connected to a digital camera 
which captured the images. After photodegradation, the PP particles 
were extracted from the glass fibers substrate and then dried in air 
before characterization using optical microscope. The size distribution 
was determined using image analysis software (ImageJ, version k 1.45). 
The average microplastic particles size was estimated from a sample of 
400 particles. Based on the obtained particle sizes, the particle volume 
reduction percentage was calculated as follows; 

Particle volume reduction percentage=
(

initial volume of PP particle
initial volume of PP particle − volume of PP particle after irradiation

)

×100

(6)  

2.5.4. Gas chromatography− mass spectroscopy (GC/MS) 
GC/MS was used to attribute the degradation by-products. Water 

samples at different irradiation intervals were collected and analysed 
using GC/MS. Prior to the GC/MS analysis, water samples were pre- 
treated using solid phase extraction (SPE) technique. To extract polar 
and non-polar substances, two types of sorbents were investigated 
including, crosslinked poly(styrene divinylbenzene) (ENV+) and silica- 
based (Si-C18). The ENV + sorbent showed good selectivity and high 
capacity compared to C18 sorbent. This is in good agreement with 
earlier published data that the polymeric sorbent (PS) such as poly
styrene has greater capacity per gram than silica based sorbent (Si-C18) 
and it is able to adsorb a wider range of analytes from polar to nonpolar 
(Ashri and Abdel-Rehim, 2011). The SPE columns (100 mg) were acti
vated with 1 mL methanol followed by 1 mL deionized water (MilliQ, 
resistivity= 18 MΩ). 20 mL of water samples were loaded slowly 
through the SPE column. The extracted substances were then eluted 
with 10 mL methanol. The collected samples were then allowed to 
evaporate using nitrogen gas and the volume was reduced from 10 to 
2 mL. The studied samples and blank water samples were treated simi
larly. However, as PS sorbents work reasonably well, we have attempted 
to standardize a simple way to identify the end products obtained during 
the photodegradation process. Higher peak response of the extracted 
compounds was observed using ENV + phase compared to Si-C18. The 
GC/MS system was an HP 6890-Plus gas chromatograph fitted to a mass 
selective detector model 5973 (Agilent, USA) and fused silica capillary 
column (30 m x 0.25 mm) coated with CP-SIL 8CB (0.5 µm film thick
ness). Helium was used as a carrier gas (AGA, Stockholm, Sweden). The 
GC oven was held at 80 ◦C for 5 min and then it was increased to 270 ◦C 
(50 ◦C/min) and then held at 270 ◦C for 3 min. The temperatures of the 
transfer line and MS ion source were 280 and 230 ◦C, respectively. The 
electron impact ionization was set at 70 eV during all the measurements. 
2 µL of the extracted sample were injected into the GC injector (injector 
temperature was 250◦C) and MS-EI was used for the screening of the 
degradation products in the range of m/z: 30–550. 

3. Results and discussion 

3.1. Characterization of PP and the nanocoating material 

Scanning electron micrographs of ZnO NRs and the glass fibers 
substrates are shown in Figure 1S “Supplementary Material”. The glass 

Fig. 2. FT− IR spectra of PP microplastic particles before and after 24 h, 48 h, 
60 h, 96 h and 456 h of visible light irradiation highlighting the most promi
nent peaks from –OH, ‒OOH, CH2 and C˭O groups. 
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fibers supports of diameter ~16 µm were coated with ~1.6 µm long and 
~200 nm wide ZnO NRs. The surface area of a typical 2 µm ZnO NR is 
calculated to be ~1.5 × 103 nm2. With the total number of rods esti
mated to be ~8 × 1012; the total surface area of ZnO NRs in the reactor 
is calculated to be ⁓120 cm2. In a similar way the total surface area of 
the glass fibers (coated substrate) was estimated to be around 300 cm2. 
The average particle size of the as received PP polymer (estimated from 
a sample of 400 particles) measured using optical microscope was found 
to be 154.8 ± 1.4 µm. Figure 2S “Supplementary Material” shows the 
optical image of the as received PP microplastics and the particle size 
distribution. 

3.2. Visible light photocatalysis of PP microplastics 

3.2.1. Fourier transform infrared spectroscopy analysis 
The obtained FTIR spectra for PP microplastics after photo

degradation under visible light irradiation at different intervals of time 
is shown in Fig. 2. Photo-oxidation of PP has been identified and 
quantified by the presence of strong absorption bands assigned to 
carbonyl (C˭O) and hydroxyl/hydroperoxyl (‒OH, ‒OOH) groups. 
Absorbance in the region of 1725 cm− 1 and 3500 cm− 1 indicate the 
presence of carbonyl and hydroxyl groups, respectively, while the 
absorbance peak at 2722 cm− 1 is attributed to the angular molecular 
vibrations in CH and axial molecular vibrations in CH3 (de Carvalho 
et al., 2013). 

As shown in Fig. 2, after 60 h of photo-irradiation, the carbonyl peak 
shows an asymmetric broad and medium intensity band between 
~1750–1700 cm− 1. Correspondingly during the same period, the band 
corresponding to the stretching mode of the hydrogen-bonded hydroxyl 
group of alcohol and peroxide between ~3300–3500 cm− 1 grows 
considerably, suggesting that photo-oxidation of PP is dominated by the 
formation of hydroxyl groups more than carbonyl by-products during 
this period. After 96 and 456 h of irradiation, the concentration of the 
carbonyl groups and the per-hydroxyl bands are exceedingly high which 
can be attributed to the formation of large amounts of per-hydroxyl 
species. This is plausible since the initial oxidation products and their 
formation is preferential due to Norrish (I) mechanism, until more 
advanced oxidation takes place (García-Montelongo et al., 2014; Verma 
et al., 2017; Aslanzadeh and Haghighat Kish, 2010; Ohtani et al., 1989; 
White et al., 2006; Yang and Martin, 1994). Norrish type I mechanism 
(Fig. 3) describes the photochemical cleavage of aldehydes and ketones 
into two free radical intermediates. Norrish I mechanism leads to chain 
scission and formation of radicals that might initiate the photooxidation 
process (Rånby, 1989). 

Finally, carbonyl products such as esters or carboxylic acids are 
generated, as shown by the intense and broader carbonyl band in sam
ples photo-irradiated for 456 h. It can be noted that the formation of 
hydroxyl and carbonyl groups takes place simultaneously during the 
photodegradation process. It can be argued that an increase in exposure 
time causes an increase in the intensities of both the carbonyl band and 
the hydroxyl band, as shown in Fig. 2. Therefore, the major oxidation 
products include hydrogen-bonded hydroperoxides and carbonyl 
compounds. 

The carbonyl and reference bands used for the determination of 
carbonyl index (CI) during PP microplastics photodegradation are 
shown in Figure 3S “supplementary material”. The CI values obtained 

from the analysis of FTIR spectra is used to characterize the degree of 
oxidation of PP microplastics. The results obtained (Fig. 4) show a 
continuous increase in carbonyl absorption for PP microplastics with 
increasing duration of light exposure. Fast kinetics of the evolution of 
carbonyl, hydroxyl and/or hydroperoxides groups is observed, in which 
relatively high CI of ~9 can be obtained at short exposure times of 8 h. 
The photodegradation rate achieved in this study is much faster than 
what was reported in the literature for the photodegradation of PP films 
and fibers (Aslanzadeh and Haghighat Kish, 2010; White et al., 2006; 
Yang and Martin, 1994; Rabello and White, 1997; Torikai et al., 1983). 
This important enhancement might be attributed to the structure and 
morphology of the nanocoating material (photocatalyst) used in this 
study. In addition, the forced fluid flow pattern within the prototype 
reactor used in this work allows good interaction between the photo
catalyst surface and the microplastics and could be effective at 
enhancing the degradation rate and process (Ariza-Tarazona et al., 
2020). 

In the literature, the CI values after photodegradation of PP films 
under UV light exposure was reported to be in the range of 0.2–25 for 
exposure times from 6 to 4200 h (Rabello and White, 1997; Torikai 
et al., 1983). In this work, the carbonyl index versus irradiation time 
showed high CI values (>40) that indicate significant degradation effi
ciency as it was achieved over a relatively short period of exposure time 
(456 h). The CI diagram also shows a continuous increasing relation 
between the irradiation time and the evolution of carbonyl species. The 
coefficient grows more than 20 times compared to the as received PP 
microplastics after 456 h of photo-irradiation. Furthermore, photo- 
enhanced dissolution of ZnO NRs examined using inductively coupled 
plasma optical emission spectroscopy (ICP-OES) was found to be less 
than 0.5% (within the level of experimental limits) after 456 h of 
exposure to visible light (determined from the treated water). 

3.2.2. Thermal analysis 
The thermal decomposition profiles from thermogravimetric (TG) 

measurements shows clear differences between samples of PP micro
plastics after different lengths of exposure to visible light (Figure 4S 
“supplementary material”). Furthermore, the thermal properties of the 
irradiated polymer were analysed by DSC heat ramp (Fig. 5). The pro
cess of photodegradation of PP microplastics induces a shift in the 
melting point to lower temperatures with an increasing shift for samples 
treated for a longer time. This might be attributed to the reorganization 

Fig. 4. Carbonyl index (CI = AC=O
A2722

), where AC=O is the area of the carbonyl 
absorption band (1550–1850 cm− 1) and A2722 is the area of the reference band 
(3300–3500 cm− 1) during photodegradation of PP as a function of the irradi
ation time. 

Fig. 3. Typical Norrish I mechanism (Torikai et al., 1983).  
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of macromolecular chains into structures that exhibit lower melting 
point, leading to the shift of the main endothermic peak (162 ◦C) 
(Rouillon et al., 2016). With the evolution of the degradation, an addi
tional peak in the region of 145–150 ◦C was found to appear, and in 
samples treated for longer periods of time (456 h), this peak is even 
more prominent than the peak observed at 160 ◦C that correspond to the 
long chains of the as received PP microplastics. This phenomenon is 
consistent with the chain scission mechanisms suggesting that pro
longed photocatalytic treatment leads to the degradation of the poly
meric chains. 

Upon photocatalytic treatment for 456 h, the main peak, Tm, the 
temperature ranges of melting (start 130 ◦C- finish 155 ◦C) broadens, 
suggesting an increase in the mobility of the chains, which is consistent 
with a mechanism that involves chain scission and generation of lower 
molecular mass by-products like Norrish I transformations (Aslanzadeh 
and Haghighat Kish, 2010). In addition, after 456 h of photo-irradiation, 
an endothermic phenomenon can be observed at high temperatures 
(continuous decreasing heat flow between 180 and 280 ◦C) in the DSC 
profile (Fig. 5b). This behaviour suggests an early start of degradation 
by-products and short chains as confirmed by TGA analysis (Figure 4S 
“supplementary material”). This phenomenon has not been observed in 
microplastic particles treated for shorter exposure times. 

3.2.3. Microplastics morphology analysis 
Photodegradation of PP microplastics was also investigated by SEM 

analysis. Fig. 6 shows SEM micrographs of PP microplastics photo- 
irradiated for different periods of time. The visible changes in the sur
face microstructure of the microplastic particles occur due to a combi
nation of the removal of the photodegradation by-products, 
restructuring of the surface amorphous content, and the increase of the 
crystalline fractions leading to shrinkage of surface layer and the for
mation of cracks and cavities (Nabi et al., 2020; Verma et al., 2017). The 
presence of surface cracks (some are marked with circles) and cavities 
(some are marked with squares) would increase the extent of degrada
tion by providing a pathway for oxygen to penetrate deeper into the 
sample and enhance photooxidation. The size of the cavities and its 
density increase constantly for longer photocatalytic treatment times. 
The formation of cavities could also be due to the removal of the volatile 
degradation products from the polymer particle surfaces. 

Furthermore, the particle size of PP microplastics before and after 
exposure was measured. The measured particle size and the size distri
bution averaged over 400 particles at different exposure time are sum
marized in Table 1. PP microplastics particle size reduced gradually as 

the irradiation time was increased which is expected due to the degra
dation of polymeric chains and loss of degradation products to water. 

The percentage reduction of PP microplastics particle volume as a 
function of irradiation time is shown in Fig. 7. Over 65% volume 
reduction of PP microplastics could be obtained after 456 h of visible 
light exposure during the photocatalytic degradation process. Elimina
tion of the by-products formed because of photodegradation provides 
unoccupied spaces for the reduction of the particle volume and deple
tion in the surface layer as observed from the SEM images of the 
degraded microplastics (Fig. 6). Similar results were reported for the 
photo-oxidation of PP fibers exposed to UV irradiation (Aslanzadeh and 
Haghighat Kish, 2010). 

3.2.4. Characterization of photodegradation by-products 
The GC/MS technique was used in order to identify the main water- 

soluble degradation by-products to show evidence of degradation and to 
find if the by-products are non-toxic for human health and the envi
ronment. GC− MS spectra of the blank and treated samples showed ions 
at m/z: 30, 31, 41 43, 44, 45, 55, 57, ,58, 69, 71, 83, 85, 91 and 99. The 
CP-Sil 8 CB column is including 5% phenyl groups in the dimethylpo
lysiloxane polymer and therefore it has a slightly higher polarity than 
nonpolar ones such as CP-Sil 5 CB columns. This results in an improved 
selectivity for a wide range of compounds from polar to nonpolar ones. 
This column is suitable for analysis of phenols, herbicides, pesticides, 
amines, and so on. Using this column, the nonpolar analytes will be 
retained more than the polar ones, and this can be noticed from total ion 
current (TIC) chromatogram (Figure 5S “supplementary material”) since 
the most nonpolar analytes were eluted later. In Table 2 we have sum
marized the results obtained and analysed the expected structures of the 
by-products. Fig. 8 shows the GC-MS spectra obtained of the water 
samples collected after 24 h of light exposure. The main spectrum 
(highest intensity) is obtained at m/z = 45 corresponding to the 
hydroxymethyl radical (Ethanolate or Ethyl alcohol). Furthermore, mass 
spectra obtained after prolonged exposure of 456 h is illustrated in 
Fig. 9. Based on m/z values in Table 2, the obtained results showed that 
the most abundant photocatalytic degradation by-products are ethyny
loxy/acetyl radicals, hydroxypropyl, butyraldehyde, acetone, acrolein 
(propenal) and pentyl group. . Earlier studies on thermal degradation of 
PP films have reported the formation of acetaldehyde, acetic acid, 
acetone, formaldehyde, and a-methylacrolein as the most abundant 
degradation by-products (Frostling et al., 1984). 

According to Hazardous Substances Data Bank (HSDB), International 
Agency for Research on Cancer (IARC) and National Institute of Health 

Fig. 5. (a) Differential scanning calorimetric (DSC) analysis of PP microplastics after photodegradation for different periods of time, and (b) DSC profile in the 
temperature range of 180–280 ◦C. 
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(NIH), the by-products detected in water samples after photo
degradation of PP microplastics may be considered to have low toxicity 
on human health and aquatic environment. For instance, Ethyl alcohol is 
widely used as a solvent and preservative in pharmaceutical prepara
tions as well as serve as the primary ingredient in alcoholic beverages 
and used as a solvent of substances intended for human contact or 
consumption. Hydroxypropyl and acetyl groups are components of 
several organic compounds and pharmaceutical products. For example, 
hydroxypropyl cellulose is used for treatment of eye irritation. Actyl 
groups are a part of several well-known compounds including acetic acid 
and acetaminophen (paracetamol). Acetylacetone is an important 
commercial chemical and is used in many industrial processes as a 
lubricant additive, and to make colours, paints, varnishes, resins, inks, 
dyes, drugs, and other chemicals. Acetylacetone are used as a pesticide 
and it has been identified in tobacco products. Acetaldehyde is also a 
component of food flavourings and is added to various products, such as 
fruit juices and soft drinks. Its concentration in foods is generally up to 
0.047% (IARC 1985). Acetone is used in the manufacturing processes of 
coatings, plastics, pharmaceuticals, and cosmetics. Acetone is relatively 
less toxic compared to many other industrial solvents (Maes et al., 
2012). Acute exposures of humans to atmospheric concentrations have 

been reported to produce either no gross toxic effects or minor transient 
effects, such as eye irritation. Butyraldehyde which is found in the 
essential oils from flowers, fruits, leaves, and bark of various plants, is a 
food additive permitted for direct addition to food for human con
sumption as a synthetic flavouring substance. 

Accumulating the structural and morphological results obtained in 
this work, it can thus be concluded that the FTIR (e.g., degree of 
oxidation), TGA, and DSC (e.g., crystallization behaviour) data analysis 
suggest chain scissions mechanism which was further confirmed with 
GC− MS analysis and that is the reason the volume of the PP micro
plastics particles reduces upon photodegradation as have been observed 
with SEM analysis. Moreover, the main photodegradation products 
identified by FTIR analysis (e.g., aldehydes, ketones, and alcohols) are in 
good agreement with the by-products determined with GC− MS. 
Generally, several steps may take place during the photodegradation 
process of PP microplastics, including initiation, propagation, chain 
branching, and termination. In the initial step, free radicals react with 
oxygen to generate hydroperoxide radical. In the case of chain branch
ing step, the alkoxy and hydroxy radicals can be produced. Usually, the 
hydroperoxides are unstable species and are susceptible to decompose, 
that may lead to chain branching radicals. In the termination stage, 

Fig. 6. SEM images of PP microplastics at different light exposure periods in the photocatalytic reactor.  
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Table 1 
Changes in PP microplastics particle size as a function of photocatalytic treatment for different periods of time.  

Exposure 
Time 

(hour) 

Particle size 
(µm) 

Particle size distribution Optical micrograph 
image  

0  

(as received) 154.8± 1.4 

72 123.3± 0.89 
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456 108.2± 2.5 
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cross-linking is a result of the reaction of different free radicals. The 
general photodegradation mechanism of PP microplastics is summarized 
as follows (Nabi et al., 2020; Verma et al., 2017; Ariza-Tarazona et al., 
2020; Ohtani et al., 1989).  

• The hydroxyl radicals generated from the ZnO NRs photoexcitation 
initiate degradation of the polymeric chains to generate PP alkyl 
radicals (Eq. (7)). 

− CH2CH(CH3)CH2 CH(CH3)− + HO.→ − CH2C.(CH3)CH2CH(CH3)−

(7)    

• The propagation step involves the reaction of the alkyl radical with 
oxygen to form a peroxy radicals that then abstracts a hydrogen atom 
from another polymer chain to form a hydroperoxide (Eqs. (8) & 
(9)). 

− CH2C.(CH3)CH2CH(CH3) − +O2→CH2C(CH3)(OO.)CH2CH(CH3) −

(8)      

• The formed hydroperoxide splits into two free oxy and hydroxyl 
radicals, by the scission of the weak O − O bond (Eq. (10)).    

4. Conclusions 

In this work, the visible light photocatalytic degradation of poly
propylene microplastics was investigated using ZnO NRs coated on glass 
fibers in a flow through photocatalytic reactor. The FTIR results confirm 
efficient photodegradation of PP microplastics from appearance of 

carbonyl group with higher carbonyl index (CI⁓ 40) after 456 h of 
visible light exposure, compared to reports in the literature (e.g., CI = 25 
in 4200 h under UV light exposure). Fast kinetic evolution of carbonyl 
and hydroxyl groups are observed and the increase of the photo
degradation products after 8 h of photo-irradiation becomes consider
able. The degradation of PP microplastics proceed by chain scissions 
leading to reorganization of smaller chains as observed from the shift of 
crystallinity in DSC analysis and morphology in SEM analysis. Volatile 
organic product generation during photo-degradation produces defects 
in PP which are confirmed by FTIR and SEM measurements. The results 
obtained demonstrated that photocatalytic degradation of poly
propylene microplastics continuously for two weeks under visible light 
(in practice considering half a day of sunlight this would be four weeks’ 
duration) reduced its average particle volume by 65% compared to the 
as received polypropylene microplastics. According to several heath 

organizations (HSDB, IARC, NIH), in the present study the by-products 
detected in water samples after photodegradation of PP microplastics 
may considered to have low toxicity effect on human and aquatic 
environment. The results obtained are encouraging for a successful 
implementation of photocatalytic reactors for sustainable microplastics 

removal from water sources prior to its use or release to the environ
ment. The increase in the photocatalytic reactor efficiency (scale-up) can 
be achieved by expanding the size of the device panel. Therefore, the 
designed reactor has a great potential for use in large-scale water and 
wastewater treatment. 
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99 Acetylacetonate C5H7O2  
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Fig. 8. GC/MS spectrum of water samples after photodegradation of PP using visible light irradiation after 24 h of irradiation. The main by-products obtained are 
Hydroxymethyl radical, Acetyl Radical, and Ethanolate or Ethyl alcohol radical. 

Fig. 9. GC/MS spectrum of water samples after photodegradation of PP using visible light irradiation after 456 h of irradiation. Peak identification as in Table 2. The 
main by-products abstained are Acetyl Radical, Hydroxypropyl, and Butyraldehyde. 
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