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ABSTRACT

Microplastics have been detected in most aquatic systems, including ocean, river
and even drinking water. In the drinking water system, plastics pipes used in the water
treatment facility and distribution system are potential sources of microplastics. In Taiwan,
polyvinyl chloride (PVC) pipe is the most widely used plastic pipe. The potential hazard
of microplastics release due to aging should be investigated. In this study, the effects of
ozonation, chlorination and heating on the aging and release of microplastics from PVC
pipes are investigated. The highest release of microplastics was found to be 1,058, 1,256
and 1,303 # L! after aging in 30 mg O3 L', 260 mg Cl> L'! and 80°C, respectively. The
release of microplastics with a size in the range of 10-50 and >50 pm increased with
increasing exposure of chlorine while those in size of 1-10 um was not significantly
changed. On the other hand, the size composition of released microplastics due to
exposure of ozone and heat tended to maintain constant. The carbonyl index (CI) of PVC
pipes generally increased with enhanced aging with ozone, chlorine and heating.
Meanwhile, scanning electron microscope (SEM) images showed that hole structures
developed on the surfaces of PVC pipes after aging. After the initial hole structures
appeared, ozone tended to continuously attack the same sites resulting in bigger hole
structures after enhanced ozone exposure. The exposure of chlorine tended to increase the

hole structures in their abundance and damage the surface. For thermal aging, smaller

v
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hole structures and rougher surface were observed after aging at an elevated temperature.

Although different surface morphologies were observed under different aging conditions,

the formation of carbonyl functional groups on the surfaces may result in the surface

roughness and ultimately lead to the detachments of microplastics from aged PVC pipes.

Keywords: microplastics, PVC pipes, accelerated aging, ozone, chlorine, heat
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Chapter 1 Introduction

1.1 Background

Low cost and high durability have led to the excess use of plastics over the past
century, resulting in the proliferation of plastic products and plastic waste worldwide.
Plastic pipes have been extensively used in water supply. According to the statistics of
Taiwan Water Corporation, currently plastic pipes account for 45% of pipes used in water
distribution systems in Taiwan (Taiwan Water Corporation, 2023). Plastic pipes may also
be used in water treatment plants. Among the different types of plastic pipes, polyvinyl
chloride (PVC) pipe dominates. PVC pipes may encounter highly reactive or aggressive
substances, such as chlorine and ozone in the water treatment plant as well as in the
distribution system. In the premise plumbing, PVC pipes may also be subjected to high
temperature after the water is heated. The exposure to these strong oxidants or high
temperature may degrade PVC pipes over time and make them a possible source of
microplastics in drinking water. This research aims to evaluate the release of microplastic

from PVC pipes under these conditions.
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1.2 Research objectives

The objectives of this research are to:

1. Investigate the effects of chlorination, ozonation and thermal conditioning on the
release of microplastics from PVC pipes.

2. To explore the mechanisms causing the release of microplastics from PVC pipes.

doi:10.6342/NTU202302738



Chapter 2  Literature review

2.1 Introduction to Microplastics and their concerns

Plastics are synthetic polymers typically non-degradable in the nature. They tend to
fragmentate into small debris and eventually become persistent in the environment (Geyer
et al., 2017; Zhang et al., 2021). Plastic particles with a size ranging from 1 pm to 5 mm
are termed as microplastics and those with a size less than 1 um are termed as nanoplastic
(Li et al., 2018; Vethaak and Legler, 2021). Microplastics can be further categorized as
primary microplastics and secondary microplastics. Primary microplastics are those
originally manufactured in micro-size, such as plastic powder and microbeads. In the
contrast, secondary microplastics are tiny plastic debris less than 5 mm resulting from the
break-down of the original plastic products (Li et al., 2018). Microplastics have been
widely detected in seawater, surface runoff, river water, drinking water and even beer
(Pivokonsky et al., 2018; Liu et al., 2019; Diaz-Basantes et al., 2020; Johnson et al., 2020;
Tong et al., 2020; Wang et al., 2020; Béuerlein et al., 2022).

The presence of microplastics has been documented in the potable water and
drinking water (Johnson et al., 2020; Biuerlein et al., 2022), which are prone to be
ingested by human. The plastic pipes and plastic components could be the sources of

microplastics in the water treatment plants (Mintenig et al., 2019). In Taiwan, many
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plastic pipes have been in service for a long time, especially in the premise piping system,
and PVC pipe has been the dominant plastic pipe used in old buildings due to its low cost.
Previous studies have demonstrated that the plastic pipes and plastic components used in
the water treatment plant and distribution system could be the sources of microplastics
under UV radiation (Zhang et al., 2022a), ozonation (Zhang et al., 2022b), and
chlorination (Whelton and Dietrich, 2009).

Microplastics has become a growing concern for water quality, ecological and
human health. It has been documented that microplastics can induce intestinal damage of
aquatic life, release unbound monomer, and facilitate the transport of hazardous
substances such as heavy metals and biofilm due to their adsorption on the microplastics
(Brennecke et al., 2016; Lei et al., 2018; Marsden et al., 2019). Lei et al. (2018) further

reported the size of microplastics plays a crucial role in their toxicological effects.

2.2 Detection of microplastics

The Fourier Transform infrared spectroscopy (FTIR) and Raman spectroscopy are
common instruments used to qualify and quantify microplastics (Mintenig et al., 2019;
Johnson et al., 2020). FTIR is a technique that utilizes a broad range of wavelength of
infrared radiation to amplify the vibrational energy of molecules in the functional groups.

By performing Fourier Transform on the obtained signal, an infrared spectrum is
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generated. Each functional group exhibits characteristic peaks at specific frequency in the

infrared spectrum, allowing for identification and characterization of functional groups

such as carbonyl and hydroxyl groups in plastics. By comparing the sample spectra with

a reference database, the identification of plastics can be achieved. uFTIR (micro-FTIR)

is specifically designed for analyzing small particles, including microplastics, with sizes

in um scale. Raman spectroscopy can be used to characterize the functional groups by

measuring the Raman shift, which is the change in frequency of scattered light when it

interacts with the functional groups in a molecule. Each functional group has a specific

Raman shift, which can be used to identify the functional groups in a macromolecule.

Although both FTIR and Raman spectroscopy can be used to detect microplastics, they

typically require a long time to obtain reliable spectra. In addition, some particles are too

small to obtain reliable spectra.

Stereo microscopy and fluorescent microscopy assisted with dye are also used to

detect microplastics. The time required is shorter compared to those of uFTIR and

pRaman. Typically, the microplastics to be analyzed are first labeled by a specific dye.

Nile red is the most common dye that is used to label microplastics. The performance of

Nile red can be affected by the types of the solvent used. Common solvents used include

methanol, ethanol, acetone, and chloroform (Erni-Cassola et al., 2017; Tamminga et al.,

2018; Konde et al., 2020). The labeled microplastics can be excited by a light-emitting
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diode (LED) with a specific range of wavelength and emit the fluorescent with a longer
one. In general, the blue and green LED are frequently used. Since stereo microscopy and
fluorescent microscopy lack the precision in detection because dye can be adsorbed onto
most hydrophobic substances, these two methods are typically used as complementary
methods to aid pFTIR and pRaman detection.

In terms of size determination, it has been proposed that one can calculate the
diameter of various shapes of microplastics by assuming that the microplastics possess
the same shape (e.g., circle or square) (Erni-Cassola et al., 2017), or use the Feret diameter,
which defines the size of a particle based on the distance between two parallel lines that
are tangential to the boundaries of the object (Tokai et al., 2021).

2.3 Surface characterization of aged plastics

The aging of plastics is typically assumed to be a process following the thermal-
oxidative pathway. This process is a cascade of interaction between the surface structure
of plastics and oxygen from the atmosphere (Ober and Miillen, 2012). The FTIR and
Raman spectroscopy are two suitable tools to characterize the surface properties of
degraded plastics. Kelkar et al. (2019) used Raman spectroscopy to characterize the
chemical bonding on the surfaces of high-density polyethylene (HDPE), polypropylene
(PP), and polystyrene (PS) after chlorination. It was found that the chlorine-carbon

bonding at a Raman shift of 678 cm™!' appeared after the plastics exposed to a 25 g L of
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free chlorine for 1 day. In another study, the aging of PVC by solar irradiation was found
to generate surface carbonyl groups in the IR spectrum between 1700-1800 cm™! by using
the attenuated total reflection—Fourier Transform infrared (ATR-FTIR) (Jakubowicz and
Moller, 1992). The formation of carbonyl groups on the surfaces is an indication of aging.
To quantify the formation of carbonyl groups on the surface, it has been proposed that the
carbonyl index (CI), which is defined as the ratio of peak integration of carbonyl groups
to that of a reference functional group (typically methyl) on the IR spectrum, can be used
to indicate the degree of aging (Ouyang et al., 2022; Zhang et al., 2022a; Zhang et al.,
2022b). However, the range of IR spectrum used for the integration for carbonyl groups
and the methyl group slightly varied across different studies, such as 1650-1850 cm! and
1420-1500 cm!(Celik et al., 2023), 1670-1750 cm™ and 1410-1510 cm™!(Ma et al., 2022),
and 1779-1680 cm™! and 1420-1490 cm™! (ter Halle et al., 2016; ter Halle et al., 2017),
respectively. The carbonyl groups are typically contained in the range of 1550-1810 cm’!
(Socrates, 2004) and the methyl group is typically selected in the range of 1400-1500 cm-
I, To cover the whole possible carbonyl band and methyl bands in the IR spectrum, the

CI was calculated as Equation (1).

I -
Cl = 1155()& (1)
1400—1500
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2.4 Effect of chlorination and ozonation on PVC

Chlorine and ozone are commonly used for disinfection or oxidation in water
treatment. Chlorine is typically introduced to inactivate pathogens in water treatment.
Chlorine is reactive and is able to provide disinfectant residual in water during it transport
in the distribution system. The effectiveness of free chlorine disinfection can be described
by the CT value, in which C and T represent the chlorine concentration (mg L as Cl,)
and the contact time, respectively(Watson, 1908; Kelkar et al., 2019). It has been shown
that free chlorine can degrade high-density polyethylene (HDPE) pipes and cause the
change of the surface chemical bonding and release of small plastic particles if the CT
value is high (Whelton and Dietrich, 2009; Kelkar et al., 2019).

Ozone is an oxidant/disinfectant commonly used in water treatment. Hydroxyl
radicals can be generated by the chain reactions of ozone in water. (Staechelin and Hoigne,
1985). Both ozone and hydroxyl radicals can degrade plastics. For example, Zhang et al.
(2022b) showed that ozonation damaged LDPE, HDPE, PP, and PVC pellets resulting in
the release of microplastics. Wang et al. (2020) investigated the change of microplastics
concentration in different treatment units in an advanced water treatment and found that

the concentration of microplastics increased after the ozone process.
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Chapter 3 Material and Methods

3.1 Research framework

The research flowchart is shown in Figurel. Overall, this study aims to evaluate the
release of microplastics from PVC pipes in chlorination, ozonation, and high temperature

conditions and to explore the associated mechanisms.

Research objectives

» To investigate the effects of chlorination, ozonation, and high temperature on
the release of microplastics from PVC pipes.

* To explore the mechanism causing the release of microplastics from PVC

pipes.

\4

Aging of PVC pipes

» Ozonation: 10, 20, and 30 mg L' for 14 days
¢ Chlorination: 65, 130, and 260 mg Cl, L™! for 14 days.
* Temperature: 60, 70, and 80 °C (for 14 days).

Release of microplastics and characterization

* Fluorescent microscopy
« SEM
* ATR-FTIR

v

Results and Discussion

» Concentration and size of microplastics released caused by different aging processes.
* Change of surface properties of PVC pipe after aging.
» Relationship between change of surface properties and microplastics release

Figure 1. Research flowchart.
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3.2 Materials and chemicals

The PVC pipes (3/4 inches in diameter and 4 meters in length) used in this study were

purchased from a local store. All sample pipes were prepared by cutting the pipes into 30-

cm-length for experiment. PVC specimens (LxWxH = 10 mm x10 mm x1 mm) were cut

from the PVC pipes and used for the characterization of changes in physical and chemical

properties after the aging processes. Acetone (>99.5%), potassium iodide (>99.5%), and

ethanol (>99.8%) were purchased from Honeywell-Fluka, USA. Nile red powder,

Potassium indigo trisulfonate, and high-molecular-weight PVC powder were purchased

from Sigma-Aldrich, USA. Ferrous ammoniums sulfate 6-hydrate (98.5-101.5%), sodium

hypochlorite solution (5% available chlorine), phosphoric acid (85.0%-87.0%), and

Sodium hydroxide pellets (98.2%) were obtained from JT Baker, USA. Sodium

dihydrogen phosphate dihydrate (98.0-102.0%) was brought from Nacalai-tesque, JP.

N,N-diethyl-1,4-phenylenediammonium sulfate (DPD, >99.5%) was purchased from

Merck-kGaA, Germany. The deionized water (18.2 M() -cm) used in this experiment were

prepared from a PURELAB Classical system (ELGA, UK). All solutions were pre-

filtered using a 0.5 pm pore size filter membrane (ADVANTEC GC-50, Japan) to avoid

foreign particles. The microplastics released from the aged PVC pipes were collected

using a 0.7 um pore size filter membrane (Whatman, UK).

10
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3.3 Stock solutions

Ozone stock solution was prepared using the following steps. 1 L DI water was
acidified using 0.1 N HCl in the iced bath until pH < 4 prior to purging N> gas for at least
an hour to remove CO; and maximize O3 dissolution capacity. The O3 gas were generated
by feeding pure O gas to an ozone generator (COM-AD-02, Anseros, Germany), then
directed to the water in a gas washing bottle with a constant flowrate of 30 NL h™! for at
least 3 hours, which resulted in a saturated concentration in the range of 38~45 mg L-!.
The residual Os in the effluent of gas washing bottle was quenched by concentrated KI

solutions (Figure 2.).

Oz gas feed
L
] o=
: O3 gasin b
== - = Ozone generator

KI'quench residual O,

Figure 2. Schematic of preparation of ozone stock solution.

11
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Nile red stock solution was prepared by dissolving 20 mg of Nile red powder in 10
mL solvent consisting of acetone and ethanol at a 1:1 ratio. The stock solution was stored
in 4°C. The stock solution was prepared every 3 months.

Indigo stock solution was prepared following the procedures described in the
Standard Method (4500-0O3). 1 mL of phosphoric acid was added into DI water inan 1 L
volumetric flask prior to dissolving 770 mg of potassium indigo trisulfonate, followed by
the replenish of DI water for a total volume of 1 L. This indigo stock solution was stored
in the dark condition at room temperature and remained stable for 4 months. Indigo
reagent II for the determination of ozone concentration greater than 0.3 mg L! was
prepared by the addition of 13 g of sodium dihydrogen phosphate dihydrate, 7 mL of
concentrated phosphoric acid, and 100 mL of indigo trisulfonate stock solution ina 1 L

volumetric flask, then filled DI water until 1 L mark.

3.4 Ageing of PVC pipes
The influences of three aging processes including chlorine aging, ozone aging and
thermal aging on the release of microplastics from PVC pipes were investigated in this
study.
For chlorine aging, the dosage of chlorine was estimated by the CT values. Based on

the data from the Taipei Water Department, the average concentration of residual chlorine

12
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in the distribution system was 0.5 mg L' as Cl, in 2022. Here, 5, 10, and 20 years of
service life were considered. To accelerate the chlorine aging in 14-day exposure, the
required chlorine concentration was determined to be 65, 130, and 260 mg L', which
corresponded to the CT values of 910, 1,820, and 3,640 mg-day L"!, respectively.

For ozone aging, 75 mL of ozone solution with a concentration of 10, 20, or 30 mg
O3 L! was used to fill the PVC pipes, and both ends of the pipe were be sealed with PVC
hat. After one day, the ozone solution was collected, and the pipes were refilled with fresh
Os solution. The procedures were repeated for 14 days. The microplastics released during
the 14-day ozone incubation period were analyzed.

For thermal aging, the PVC pipes were filled with DI water and incubated in a
container inside the water bath with a temperature of 60, 70, or 80°C as shown in Figure
3. Each pipe is covered by aluminum foil and PVC hat on the top and bottom, respectively.
The DI water was collected and replenished with new DI water everyday. The procedures

were repeated for 14 days.

13
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<A

Figure 3. Schematic of thermal conditioning.

3.5 Analytical methods

For microplastic detection, the microplastics released during the aging process were
collected using a 47 mm diameter glass fiber filter membrane with a 0.7 um pore size.
The filter was dried at 60°C for 30 minutes. Nile red with a concentration of 2 pg mL"!
was introduced to label the microplastics collected on the filter membrane, followed by
the incubation at 50°C in the oven for 10 mins as shown in Figure 5. Nile red could be
excited by certain wavelengths of LED and emit the fluorescence with a longer
wavelength. To determine the suitable excitation wavelength of the LED for PVC, the
confocal microscopy (AxioObserver Z1, Zeiss, Germany) was introduced to scan the
emission wavelength. Two LED sources of 488 nm (blue) and 561 nm (green) were
selected as they have been introduced as the excitation source for PVC microplastics
(Erni-Cassola et al., 2017).

The emitted fluorescence intensity of purchased PVC powder and fragment of PVC

14
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pipes for every 5 nm was measured as shown in Figure 4. The maximum fluorescence
intensities occurred at 620 and 635 nm for both PVC powder and PVC pipe samples and
the green LED (561 nm) showed a more consistent excitation for the two samples. Thus,

the excitation using green LED was employed for the fluorescent microscope.

1 - ——pure PVC 488 nm
3 ——pure PVC 561 nm
S —PVC pipe 488 nm
z ——PVC pipe 561 nm
o
k=
S 0.5 -
(O]
N
©
=
(@]
P

O T T T T T T

580 600 620 640 660 680 700

Wavelength (nm)

Figure 4. Emitted fluorescent of pure PVC powder and fragment of PVC pipes excited by
the Blue (488 nm) and green (561 nm) LED.
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Incubate in oven for 10 min at 50°C Few drops of Nile red solution

Figure 5. Procedure of Nile red labeling
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Scanning electron microscopy (SEM; JEOL JSM 6000F, Japan) was used to
investigate surface degradation caused by the aging processes and magnification was set
500x. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR, PerkinElmer,
Frontier, USA) was used to analyze the chemical composition on the surfaces to
determine the CI for different aging processes. The IR spectrum was at 4 cm™! resolution
and determined using 16 scans from 4000-650 cm™'. The IR spectrum was processed using
Origin Pro, including the baseline removal, smoothing, and normalization. The

integration of IR spectrum was carried out by excel using Trapezoidal rule as Equation

2).

b i i
[, f()dx = N PEAGRAZACESY )+£ (Xiv1) 7y )

Solution pH was measured using the pH meter (SP2100, SUNTEX, Taiwan) with an
electrode pre-calibrated using pH 4.0, 7.0, and 10.0 standard solutions. The concentration
of free chlorine was determined by the Standard Method 4500-C1 G. DPD colorimetric
method (Rice et al., 2012). 10 mL of sample was mixed with 0.5 mL of N,N-Diethyl-p-
phenylenediamine (DPD) indicator solution and 0.5 mL phosphate buffer solution, and
measure the absorbance with UV spectrophotometer (UV-1800, Shimadzu, Japan) in 515

nm, then convert the absorbance to equivalent Cl, concentration.
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The absorbance of ozone stock solution was measured by the UV spectrophotometer
at 258 nm using a 1:1 diluted stock solution and the concentration of stock solution was

calculated by Beer-Lambert’s law as shown in Equation (3).

_ (MW)(ABS)

[05] (b)(e)

X 2 x 1000 % 3)
where the [Os] represents the concentration of ozone (mgL'), MW represents the
molecular weight of ozone (48 gmol '), ABS represents the absorbance at 258 nm of the
1:1 diluted ozone stock solution, b and € represent the length of the cell (1 cm) and
extinction coefficient for ozone (3100 M-'cm™), respectively.

The ozone concentration of the experimental solution was determined by the
Standard Method 4500-O3 B. Indigo Colorimetric Method (Rice et al., 2012). 1 mL of
ozone experimental solution was mixed with 9 mL of indigo reagent II and the absorbance
at 600 nm was measured by the UV spectrophotometer. The concentration of ozone was

calculated by Equation (4).

(AABS)(VT)
= 4
R T ONA ¥

where AABS represents difference of absorbance between blank (9 mL indigo reagent II
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and 1 mL deionized water) and the diluted ozone solution; Vt and Vs represent total
volume (10 mL) and sample volume (1 mL), respectively; fand b represent the sensitivity
factor (0.42 L (mg O3) ! cm™) and the length of cell (1 ¢cm), respectively.

Fluorescent microscopy (Axiolmager.Z2, Zeiss, Germany) was used to quantify
microplastics. To minimize the bias, the entire filter membrane was analyzed instead of
selecting random cells for analysis. The cells were separately scanned and then merged.
A total of 1,521 divided cells (1,320 um * 1,320 um each) were scanned using an
excitation source of 555425 nm. To avoid photobleaching, the power of the LED and
exposure time were kept to a minimum. The merged image was then analyzed using
ImageJ, with the image being adjusted to 8 bits. A threshold with a lower limit ranging
from 25-30 and an upper limit of 255 were set to mark the microplastics. All PVC

particles with a projected area greater than 1 pm? could be detected by this method.
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Chapter 4 Result and Discussion

4.1 Effect of pH on the release of microplastics

The influences of pH on the release of microplastics from PVC pipe segments are
shown in Figure 6. The average concentrations of microplastics released at pH=10, 7, and
pH=4 were determined to be 234, 266, and 342 # L"!, respectively. Statistically, solution
pH does not affect significantly the release of microplastics from PVC pipe based on these
results (p>0.05).

It should be noted that when evaluating the influences of ozone exposure, chlorine
exposure and temperature on the release of microplastics from PVC pipe, the solution pH
was not fixed at a constant value for all experiments. For example, the pH values for 10-
30 mg/L ozone solutions were around pH 4 and those for 65-260 mg/L as Cl, chlorine
solutions were around pH 10, respectively. For the influences of temperature, the solution
pH was maintained at around pH 7.

Despite the results showed that the influence of pH on the release of microplastics
was not significant, a slight increase of microplastics release the increasing pH was
observed, which might be attributed to sample variations or experimental errors.
Nevertheless, the influence of pH on the detachment of microplastics was assumed to be
minor.
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Figure 6. Release of microplastics after pH=4, DI (pH=7), and pH=10 solution aging.

4.2 Effect of ozonation on the release of microplastics

The influences of ozone aging on the release of microplastics from PVC pipes are
shown in Figure 7. In general, the release of microplastics increased with the increasing
ozone exposure (p<0.05), with the maximum release of 1,058 # L' when PVC pipes were
incubated in an ozone concentration of 30 mg L!. It should note that the pH in each ozone
concentration ranged from pH 4 to pH 5 and the control experiment was conducted using
pH 7 DI water. As shown previously, the pH played a minor role in the release of
microplastics. Zhang et al. (2022b) used ozone with a constant mass flowrate of 8 mg
min! to age PVC pellets at 85°C, then the aged PVC pellets were taken out and added to
1 L of finished water and placed in a shaker rotating at 400 rpm for 12 h to investigate the
potential to release microplastics. The concentration of PVC microplastics released in this

particular study was only about 63+13 # L'!. The relative low concentration of PVC
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microplastics, compared to this study, could be due to the faster decay of ozone at a higher

temperature, the solution used did not decarbonated to maximize the capacity of ozone

dissolution, or the maximum release of microplastics was occurred while PVC pellets

was aging, hence the effect of 0zone on release of microplastics could be underestimated.

The size distributions of microplastics released after different ozone exposure are

shown in Figure 8. It was found that the microplastics with a size of <10 pm and 10-50

um increased with the increasing ozone concentration while those with a size >50 pm did

not show notable changes in their abundance. The distribution of microplastics sizes for

each ozone exposure did not show significant differences as shown in Figure 9.
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Figure 7. Release of microplastics from PVC pipes after ozone aging.
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Figure 9. Percentage of different size of microplastics after ozone aging.
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4.3 Effect of chlorine on the release of microplastics

The influences of chlorine aging on the release of microplastics from PVC pipes are
shown in Figure 10. In general, the release of microplastics increased with the increasing
chlorine exposure (p<0.05), with the maximum release of 1,256 # L' when PVC pipes
were incubated with a concentration of 260 mg Cl> L. It should be noted that the chlorine
solution was prepared using sodium hypochlorite, which is a weak base. The pH in
different chlorine concentrations ranged from pH 9 to pH 10.

The size distributions of microplastics released after aging in different dose of
chlorine are shown in Figure 11. It was found that the microplastics with a size of 10-50
and >50 pm increased with the increasing chlorine exposure while those with a size <10
pum did not show notable changes in their abundance. The size distributions of
microplastics released after different chlorine exposure are shown in Figure 12. The
percentage of >50 um microplastics increased with the increasing chlorine exposure
while those <10 um showed the opposite trend, indicating that a higher exposure of

chlorine tended to enhance the release of larger microplastics.
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4.4 Effect of heat on the release of microplastics

The influences of temperature on the release of microplastics from PVC pipes are
shown in Figure 13. The release of microplastics increased with the increasing
temperature (p<0.05), with the maximum release of 1,303 # L-! when PVC pipes were
incubated at 80°C.

The size distributions of microplastics released after aging at different temperatures
are shown in Figure 14. It was found that the microplastics with a size of <10 and 10-50,
and >50 pm all increased with the increasing temperature. The percentage of
microplastics sizes for different temperature is shown Figure 15. The percentage of
microplastics did not change significantly with temperature despite the concentration

increased with the increasing temperature.
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Figure 13. Release of microplastics from PVC pipes after aging at different temperatures.
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4.5 Changes of carbonyl bonding and surface morphology on the
surface of PVC pipes in the aging process

The normalized IR spectrums and calculated CI of PVC after different aging
processes are shown in Figure 16. The signal of CH, bonding (1500-1400 ¢m™') did not
change significantly with the increasing ozone exposure, chlorine exposure and
temperature. On the other hand, the signal of carbonyl groups (1810-1550 cm™!) slightly
increased with the increasing ozone exposure, chlorine exposure and temperature. The
highest CI in each aging process were 1.138 at 30 mg O3 L1, 0.471 at 260 mg Cl> L! and
0.364 at 80°C, respectively. A similar phenomena was observed in the study by Zhang et
al. (2022a), who used UV to age PVC plastic specimen and found that the release of
microplastics was associated with the increasing CI. The change in CI indicated that the
aging processes could generate more carbonyl functional groups on the surfaces as PVC
aged. Interestingly, Zhang et al. (2022b) used ozone to age PVC pellets. They found an
increase in CI after ozonation but the release of microplastics was not significantly
enhanced. It is likely that a threshold increases in CI existed to initiate the release of
microplastics from PVC products.

The SEM images of virgin PVC before aging and those aged under different
conditions are shown in Figure 17. The virgin PVC possessed smooth surfaces with little

amounts of hole structures (Figure 6(a)). The hole structure developed, and the numbers
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of holes generally increased as the PVC aged by ozonation, chlorination, and high
temperature. Two exceptions were found: 1. For PVC pipes aged by ozone, the hole
structures found after aging by 30 mg L' ozone decreased in number but their sizes
became bigger than those aged by 10 and 20 mg O3 L-!. 2. For PVC pipes aged at different
temperatures, the pipes aged at 80°C exhibited smaller hole structures but the surfaces
became rougher compared to those aged at 60 and 70°C. The bigger hole structures found
when aging by 30 mg L' ozone PVC could be contributed to the continuous attack of
ozone toward the hole structures developed previously, in turn, microplastics tended to
detach more easily from these hole structures and make them become bigger but less in
numbers. As for the smaller hole structures found at 80°C, the exact reason was not clear,
but the rougher surfaces caused by a higher temperature could be responsible for the more

abundant detachments of microplastics.
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Figure 16. The normalized IR spectrum and calculated CI of PVC pellets after different

aging processes.
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Figure 17. The SEM image of (a) un aged PVC, (b)-(d) aged at 10, 20 and 30 mg O3 L*!,
(e)-(g) aged at 65, 130, and 260 mg Cl> L'; (h)-(j) aged at 60, 70, and 80°C.
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Chapter 5 Conclusions and Recommendations

5.1 Conclusions
The effects of pH, ozonation, chlorination, and temperature on the release of

microplastics from PVC pipes was investigated in this study. The changes of surface

bonding and surface morphology were also investigated. The conclusions are summarized
as follows:

1. The influence of solution pH on the release of microplastics was not significant.

2. The release of microplastics from PVC pipes increased with the increasing exposure
of ozone, chlorine, and temperature. The highest release for each aging process was
found to be 1,058 # L' at 30 mg O3 L', 1,256 # L' at 260 mg Cl, L', and 1,303 #
L' at 80°C, respectively.

3. The size distribution (1-10 pm, 10-50 pm, and >50 pm) of released microplastics
was investigated. The 10-50 um and >50 pm fractions tended to increase with the
increasing exposure of chlorine. The proportions of each size did not change
significantly with the increasing ozone exposure and temperature although the
concentration of microplastics increased.

4. The CI generally increased with the increasing exposure of ozone, exposure of
chlorine, and temperature. The maximum CI for each aging process were 1.138,
0.471, and 0.364 when PVC pipes aged at 30 mg O3 L', 260 mg Cl> L*!, and 80°C,
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respectively.

5. The number and size of hole structures on the PVC surfaces, in general, tended to

increase with the enhanced aging conditions although exceptions at high ozone

concentration and high temperature were found.

5.2 Recommendations

Despite this research has demonstrated the potential of microplastics release from

PVC pipes when aging in ozonation, chlorination, and thermal conditioning, all

experiments were conducted under stagnant conditions. The release under flowing water

was not investigated. In addition, other aging process such as UV radiation that could be

encountered in the distribution system and premise plumbing was not studied. Following

recommendations are provided.

1. The effects of hydraulic abrasion caused by flowing water on the release of

microplastics from aged PVC pipes should be investigated.

2. The UV radiation can cause the degradation of PVC outer surfaces. Whether this

could lead to the release of microplastics from the inner wall should be further

explored.

3. The aged PVC pipes after a long service time in the distribution system or household

piping system can be collected and used to investigate the release of microplastics.

4. The release of microplastics from plastic pipes made by other materials such as HDPE
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(High-Density Polyethylene), PP (Polypropylene) and ABS (Acrylonitrile butadiene

styrene) should be investigated.

. This research was carried out by accelerated aging conditions. Whether these can

represent the potentials of microplastics release from PVC pipes under real conditions

should be further investigated.

. The kinetics of microplastics release can be further investigated to determine whether

the released microplastics could be broken down to smaller fragments.
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