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Executive summary / Abstract 

This document highlights the photocatalyst choice, design, fabrication and validation of the 
nano‐photocatalytic coating material to be used for the degradation of microplastics in 
water. KTH, LU and PPP collaborated integrally towards the design and development of 
solar light active photocatalytic material. Following the photocatalyst development, 
selected polymer degradation studies as model materials were conducted wherein PP 
Polymers assisted KTH for the selection and some technical evaluation (TRL 3). Defect 
modulated native Zinc oxide (ZnO) materials were finally chosen as the base photocatalyst 
that will be followed during the next phases for band‐matched semiconductor 
photocatalysts, should there be further efficiency improvements noticed. The nanocoatings 
were formulated using ZnO nanorods on various substrates and were thus evaluated for the 
degradation of common invisible microplastics, such as polypropylene (PP), polyethylene 
(PE), and polystyrene (PS), using solar light (simulated AM1.5 illumination). The technology 
was validated in lab scale conditions in which small scale photocatalytic reactor was designed 
and evaluated for the degradation of microplastics in the size range of 45‐300 μm (TRL4).    

Since there are no established standard techniques to follow the degradation mechanisms 
of microplastics, different scientific methods on how to characterize the degradation 
obtained were developed as part of the deliverables and to supplement the scientific 
community (as presently has no uniform protocols are available in the literature). It is worth 
noting that the total number of microplastic particles used in the study was very high (about 
3x104 particles) compared to microplastics released in the effluent of wastewater treatment 
plant on one particular day (~ about 2000 particles). Results are encouraging for a successful 
implementation of nanocoatings for microplastics removal from wastewater sources prior to 
its release to the environment. 

Scope 

The objectives of this deliverable are as follows: 

1.  Fabricate coated nanomaterials and select the most suitable photocatalytic 
materials.  

2.  Synthesize the photocatalytic materials on a suitable support, using low‐cost and 
green wet‐chemical process technologies. 

3.  Validate the effectiveness of the technology in laboratory conditions, under natural 
or artificial sunlight. 

4.  Perform Life cycle analysis (LCA) of the nanocoatings (KTH, PPP).  
5.  Validate the most suitable supported nanocoatings in the lab for degradation of 

microplastics and progress the TRL from 3 to 4.  
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Deliverable Number: D2.1 
Deliverable Title: Report on the nanocoating advancement TRL from 3 to 4  

 

Design and Fabrication of the nanocoated materials 

KTH focused on zinc oxide nanorod and 
nanocomposite photocatalyst development while LU 
developed titanium dioxide nanoparticle coatings as 
well as collaborating with KTH on the exploration of 
graphene quantum dot enhanced ZnO nanorod 
photocatalyst materials which were tested for their 
efficacy following ISO standard protocol. Titanium 
dioxide (TiO2) and zinc oxide (ZnO) are two most 
widely used semiconductor materials for 
photocatalysis [Fujishima et. al. 2008], which absorb 
ultra‐violet (UV) light due to their large bandgaps. In 
order to utilize the solar light for photocatalytic water 
treatments various strategies have been reported, 
among which doping with transition metals [Ullah 
et. al. 2008, Xiang et. al. 2010], creating 
intermediate defects [Nakamura et. al. 2008; Baruah 
et. al. 2010], sensitizing with visible light active dyes 
or other semiconductors materials [Cheng et. al. 
2006; Sarkar et. al. 2012], narrow bandgap 
semiconductor coupling [Liu et. al. 2006; Tian et. al. 
2013] etc. are some of the commonly used methods. 
Titanium dioxide (TiO2) and zinc oxide (ZnO) 
nanoparticle based coatings were first evaluated 
which were not found very suitable for solar 
photocatalysis. Engineered ZnO nanoparticles were 
evaluated but was also not considered taking into 
the purview the total surface area of photocatalysts 
in the nanocomposite systems. Designing and 
synthesis of visible light active, efficient and stable 
photocatalysts (ZnO nanorods (NRs) was then 
undertaken with plasmonic photocatalysts 
(platinum nanoparticle sensitized ZnO NRs (Pt‐
ZnO)), and graphene oxide sensitized ZnO NRs (GO‐
ZnO). The photocatalytic material selected for the 
degradation of the selected microplastics was 
defect‐engineered Zinc oxide (ZnO) (Figure 1), due 

 
Figure 1: Defect engineered increase of 
visible emission of typical annealed ZnO 
NRs  

Figure 2: Close view of SEM images showing the 
ZnO NRs fabricated at KTH.  



 

Deliverable Number: D2.1  2 
 

to its low price, high redox potential, nontoxicity, and environmentally friendly features. 
Additionally, ZnO can absorb a larger fraction of the ultraviolet (UV) spectrum and exhibit a 
greater photocatalytic performance than TiO2 in the photodegradation of organic 
contaminants and has been demonstrated to be able to engineer the electronic defect states 
for the optimization of the photocatalytic properties in the visible region of the solar spectra. 
Thus, based on multiple factors like visible light absorption capacity, degree of toxicity to 
marine and human life, flexibility to be grown on various substrate materials in supported 
form, higher surface area and tendency to undergo photo‐corrosion, defect‐engineered ZnO 
and its nano‐composites were considered to be the best candidates for further testing. Some 
of the other important properties of ZnO are that: 

1. It can be grown at low temperatures and possess inherent electronic surface defects 
which are suitable for photocatalysis.  

2. It can be grown in various morphologies like nanorods, microballs, broccoli and 
flower structure etc., which have high surface energies and good surface to volume 
ratio. 

3. Excellent hole trapping efficiency (oxygen desorption).  

 

The nanorods were grown using a low temperature process and fabricated through green 
chemistry approaches which is expertise of the group in KTH. Synthesis of ZnO nanorods 
using hydrothermal processes is well documented (Sugunan et al., 2006; Baruah et al., 
2008).  ZnO nanorods were grown on different supports including activated carbon cloth, 
and polyester filter cloth (Figure 2). 

 

Photocatalytic performance and polymer characterization 

The efficiency of  ZnO nanorods (NRs)  (photocatalysts)  on 
different support substrates including activated carbon cloth 
(ACC) and polyester cloth were evaluated. In order to 
characterize the efficiency and activity of the photocatalysts, 
three types of polymers which are both widely available in 
natural micrrolitters and have standard characterization 
methods were chosen. The polymers tested are polyethylene 
(PE), polypropylene (PP) and polystyrene (PS).  Other 
polymers like PVC and nylon are expected to undergo similar 
degradation behaviour with the photocatalyst and will be 
verified in the next phase. The polymer samples were 
provided by PPP. The particle size of the selected polymers 
was measured using optical microscope and Scanning 
Electron Microscopy (SEM) available at KTH and found to be 
in the range of 45 μm to 300 μm (Figure 3).  

 

Polypropylene       

Polystyrene 

Figure  3:  Optical  microscope  images  of 
polypropylene  (PP)  and  polystyrene  (PS) 
particles 
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The photocatalytic degradation experiments were conducted on supported ZnO PC 
substrates with size of 6 cm x 6 cm and a large amount of polymer ~50 mg. The photocatalyst 
was activated using both UV and stimulated sunlight sources (about One Sun of solar light ~ 
100 mW/cm2). It  is worth noting  that  the  total number of microplastic particles used  in our 
studies was about 3x104 particles. On the other hand, the total number of microplastics released 
in  the effluent of wastewater  treatment plant on one particular day  is about 2000 particles 
(Murphy et al., 2016). Significant degradation efficiency was achieved in reasonable time. The 
degradation efficiency (with respect to cleavage of the polymer chains) of PS was 
determined from the results obtained using Gel‐Permeation Chromatography (GPC) 
techniques and found to be ~90 % after 72 hours of photocatalytic treatment. The 
degradation efficiency calculated from GPC analysis represents the degree of disintegration 
of the polymer chain, wherein the molecular weight of PS was reduced from 1523.7 to 143.8 
Daltons (10‐fold reduction). The degradation efficiency of PP and PE was determined from 
the results obtained using FT‐IR analysis in which 85 % of PP was estimated to degrade in 45 
hours and 82 % of PE was degraded within 120 hours. The degradation efficiency estimated 
from FT‐IR analysis represents the amount of oxidation in the polymer.  

Photo‐oxidative degradation of polymers  

The general mechanism of photo‐oxidative degradation scheme is showing below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initiation 

RH (polymer) → R* (polymer alkyl radical) + H
+
 

Chain Propagation 
R* + O

2
 → ROO* (polymer per‐oxyradical) 

ROO* + RH → ROOH (polymer hydroperoxide) + R* 

Chain Branching 
ROOH → RO* (polymer alkoxy radical) + OH* 
2ROOH → ROO* + RO* + H

2
O 

RO
*
 + RH → ROH + R

*
 

RH + OH* (hydroxy radical) →  R* + H
2
O 

Chain scission/Termination 
2ROO*  →  inert products 
2R*  →  R‐R 
ROO* + R*  →  ROOR    
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Different scientific methods on how to characterize the degradation obtained are being 
tested since no uniform protocols are available in the literature. The following methods were 
implemented: 

Gel Permeation Chromatography (GPC) analysis 

 This method provides the most information regarding the molecular weight of the polymer 
and it is also known as Size Exclusion Chromatography (SEC). This method provides the 
molecular weight distribution and the relative molecular weight distribution. The analysis of 
the microplastics after degradation was done at PPP. 

The results obtained are 
illustrated in Figure 4. It is 
indicated from the figure 
that after exposure of the 
microplastics (e.g., PS), a 
low molecular weight 
fraction was obtained 
with a molecular weight 
(Mw) of 143 Daltons. As it 
is obvious from the 
results, the molecular 
weight distribution 
(MWD) of the low 
molecular material has 
also increased from 1.1 for 
the initial material to 1.2 
(Table 1). It can be concluded 
that the photo‐catalytic degradation method functions 
very well and the identification method using SEC also 
functions as a good characterizing method. The 
degradation efficiency of PS was determined from the 
results obtained using Gel‐Permeation 
Chromatography (GPC) techniques in which ~90% of 
the polymer was degraded after 72 hours. The degradation efficiency calculated from GPC 
analysis represents the degree of disintegration of the polymer chain, wherein the molecular 
weight of PS was reduced from 1523.7 to 143.8 Daltons (10‐fold reduction). 

RT Mw Mn Mw/Mn 

17.7 1523.7 1310.3 1.1 

20 143.8 118 1.2 

Figure 4: SGC spectrum of PS polymer after degradation under visible  light 
using ZnO NRs 

Table 1: The average molecular weight of PS 
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Spectroscopic analysis: FT‐IR 

The polymer oxidation has been identified and 
quantified by the presence of a strong absorption 
band assigned to carbonyl groups and its possible 
influence on the properties and behavior of the 
polymer. The obtained FT‐IR spectra for 
microplastics (e.g., PP) and film (e.g., PE) after 
degradation using ZnO NRs on activated carbon 
cloth under UV and solar irradiation are presented in 
Figures 5‐7.    

 

The carbonyl region of the infrared 
spectra of PE and PP before and after 
visible light irradiation are shown in the 
figures 5&6.  The carbonyl index (CI) has 
been calculated as the ratio between 
the absorbance area of carbonyl groups 
and the absorbance area of a specific 
band for the internal reference 
encountered at 1380 cm‐1 in the case of 
PE, and at 2700‐2750 cm‐1 for PP, 
respectively. The results are presented 
in Figure 5‐7. Degradation of polymers 
is mainly due to photo‐oxidation and 
thermo‐oxidation reactions, causing 
the chain scission and cross‐linking of 
polymer backbone, the formation of 
carbonyls (C=O) and vinyl (CH2=CH) 
groups, and, finally, changes in the 
conformation and crystallinity of the 
polymer. The results obtained (Figure 8)  

showed that an exponential increase in 
carbonyl absorption in PP with respect to 
the duration of exposure, and linear 
dependence of the carbonyl index in the 
case of PE degradation. It can be 
concluded that the degradation 
efficiency determined from the results 
obtained using FT‐IR analysis (Figures 5‐
7) is 85% in 45 hours in the case of PP and 
82% in 120 hours in case of PE. The 
degradation efficiency calculated from FT‐
IR analysis represents the amount of oxidation in the polymer. 
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Figure 5: FT‐IR spectra of PE film (thickness = 50 
μm) before and after degradation. 

3500 3000 2500 2000 1500 1000
0,00

0,02

0,04

0,06

0,08

 

A
bs

or
ba

nc
e

Wavenumber (cm-1)

 PP before UV irradiation

 PP After UV irradiation (42 h)

2000 1500

0,00

 

 

A
bs

or
ba

nc
e

Wavenumber (cm-1)

 PP before UV irradiation

 PP After UV irradiation (42 h)

Figure 6: FT‐IR spectra of PP 
microplastics  (size=  45  μm) 
before  and  after  UV  light 
irradiation. 
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Figure 7: FT‐IR spectra of PP microplastics  (size= 45 μm) 
before and after degradation under solar light. 



 

Deliverable Number: D2.1  6 
 

  

Chromatography analysis (LC/MS) 

The degradation by‐product of PS after solar irradiation 
(irradiation time= 72 hr) was determined using LC/MS 
technique. The obtained spectrum is shown in Figure 9. 
The degradation products and their mass are listed in 
Table 2.  

 

 

 

 

 

 

 

 

 

 

Product 
Mass (molecular 

ion) 
Structure 

Cyclohexane 83  

Styrene 101 
 

Figure  8:  Carbonyl  index  as  function  of 
irradiation  time  for  PP  and  PE  after  solar 
irradiation 

Figure 9: Typical liquid chromatogram from the degraded PS microplastics (45 μm) 

Table 2: Degradation products of PS after degradation using ZnO NRs on ACC under solar light 
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2‐Methylphenol 109 
 

Hexyl benzene 161 
 

Bibenzyl 182 

 

Diphenyl propane 196  

Styrene Dimer radical 207 

 

Styrene Dimer 222 

 

 

Validation of the technology in the laboratory 

For the validation of the technology in 
the laboratory (TRL 4), ZnO 
photocatalysts were grown on glass 
fiber support substrates in order 
facilitate trapping the microplastics in 
the matrix systems, since plastics have 
very low density and tend to float in 
water.  

The photocatalytic reactor used for 
the validation of the effectiveness 
(laboratory conditions) under artificial 
sunlight is shown in Figure 9.  The 
coated ZnO NRs were assembled 
inside a glass tubing and a measured 
(determined with microbalance) quantity 
of PP microplastics (~50 mg) suspended 
in aqueous media was circulated into 
the nano‐reactor through a mini‐
peristaltic pump. While mimicking the 
solar spectra in the laboratory 
conditions, tungsten‐halogen lamps 
were used as the source of visible light. 
The nanocoating of ZnO NRs on the glass 
fiber supports were found to be 20 mg in 
each reactor, to which feed solution 
containing PP microplastics (size= 45 
μm) of 50 mg was circulated (3x104 

Figure 9: The laboratory scale photocatalytic reactor developed at 
KTH for the validation of the technology 

Figure 10: FT‐IR spectra of PP microplastics  (size= 45  μm) before 
and after degradation 
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particles; typical waste water would have 
about 2000 such particles/day). The total 
surface area of the support substrate was 
calculated to be 300 cm2 following 
microscopic image analysis procedures 
using dedicated image analysis software 
(ImageJ, version K 1.45). The degraded 
microplastic particles were then 
characterized using vibrational 
spectroscopic techniques following the 
simulated solar light irradiation and the 
obtained results are presented in Figures 
10 &11. The carbonyl index versus 
irradiation time showed high CI values (>30) that indicate significant degradation efficiency 
as it was achieved over a relatively short period of exposure time.  Photo‐induced dissolution 
of nanocoating was examined with ICP‐OES available at KTH and < 0.5% (within the level of 
experimental limits) was detected in treated water in a week’s time of exposure to simulated 
solar light.  

 
 

Perform Life Cycle Analysis (LCA) of the nanocoating 

 

As per the ISO 14044:2006 Environmental management — Life cycle assessment (LCA) — 
Requirements and guidelines, the whole life cycle of specified product from raw material to 
product’s end of life ‐ “from cradle to grave” consists of four phases: definition of goal and 
scope (functional unit and system boundaries), inventory analysis (system inputs and 
outputs, aggregation and evaluation of all resources, and quantification of the pollutant 
emission in relation to the functional unit), impact assessment (environmental loads), and 
interpretation. This work is being conducted by PP Polymers in close discussions with KTH 
and LU. 

 

Main outcome:  

Following the work done in this task, first view of the photocatalytic materials has been 
decided upon that will be continuously upgraded if other complementary results of surface 
modifications lead to better efficiencies and load on the environment. Currently with the 
nanocoating material already developed and validated for microplastic degradation in the 
laboratory, this technology has already progressed from TRL from 3 to 4. After considering 
several baseline materials like Glass substrates, carbon cloth, polyethylene etc., glass fiber 
materials have been chosen to be the appropriate substrates which will be optimized 
together with cellulose substrates for the cleaning nanocoating device.  

Figure 11: Carbonyl index as function of irradiation time for PP and 
after solar irradiation 
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