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ARTICLE INFO ABSTRACT

Editor: Yolanda Pic6 Microplastics (MPs) that pollute drinking water are inherently toxic, act as an adsorbent of hazardous pollutants, and
threaten human health. So, the fate of microplastics in drinking water from the source to consumption taps (CTs) was

K‘?'WO’dS: ) assessed in spring and winter in Zahedan city in Iran. Sampling was performed from 4 reservoirs (raw water), before
I]\)/h:;p lastic and after two water treatment plants (WTPs), and 10 CTs. The reservoirs were sampled using a plankton net (pore size
S;ctzfc:;;er = 100 pm), and the remaining samples were taken using a sampling device (containing a stainless steel membrane as a

Contamination filter with pore size = 5 pm). The combination of density separation techniques, digestion, observation, Micro-Raman

Fate and FTIR, and SEM analysis was performed to recognize MPs. The average number of MPs in raw water varied between
15.4 and 44.7 MP/m® (winter) and 22-51.8 MP/m® (spring). The results before and after the treatment plant showed
that about 64 % and 75 % of particles were eliminated in WTP, and WTP,, respectively. The average number of MPs in
CTs was more than treatment water (CT, = 85-390 MP/m> and CT;, = 75-400 MP/m?), which is a probable confir-
mation of secondary contamination (abrasion from pipes, installations, and sealing materials). The dominant type of
polymer detected in raw water, treated water, and consumption taps were PS. The estimated daily intake for children
and adults was about 0.16-15 MP/kg/bw/year and 0.07-5.7 MP/kg/bw/year, respectively. The surface morphology
of MPs showed that the particles were affected by continuous weathering, mechanical breakage, and oxidation. MPs
threaten the environment and human health due to the adsorption and transport of hazardous pollution and their in-
trinsic toxicity, so a solution must be thought of to prevent the pollution of drinking water by MPs.
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1. Introduction

Currently, humans live with all kinds of plastic substances in their life
(Kirstein et al., 2021). Since a few decades ago, global plastic generation
has increased noticeably due to its potential for diverse applications
(Thompson et al., 2009). High production levels, lightweight nature, versatil-
ity, durability, low price, and low recycling rate of plastics have led to the ac-
cumulation of plastic debris in all ecosystems and their pollution (Barnes
et al., 2009; Ghayebzadeh et al., 2023; Lee et al., 2015). Currently, global plas-
tic production is >400 million metric tons annually (Fahim et al., 2021). Plas-
tics are difficult to degradable due to their durability, but over time become
fragile and turn into ever-smaller fragments (macro and meso) and particles
(micro and nano) (Al-Oufi et al., 2004). Microplastics (MPs) are particles
from 1 pm to 5 mm. Plastic particles <1 pm are commonly referred to as
nano-plastics (NPs) (Koelmans et al., 2019). Different studies have reported
the existence of plastic particles and fragments in various environmental ma-
trices (Koelmans et al., 2022), freshwater (Weber et al., 2021; Wong et al.,
2020), seawater (Lorenz et al., 2019; Schonlau et al., 2020), sediments
(Ghayebzadeh et al., 2020; Leslie et al., 2017; Xu et al., 2020), and air (Dris
etal.,, 2017; Prata et al., 2020; Zhang et al., 2020). Fine plastic particles grad-
ually enter the food chain. MPs also have been reported in bottled and drink-
ing water (Koelmans et al., 2019; Offmann et al., 2018; Zuccarello et al.,
2019), shellfish and shrimp (Devriese et al., 2015; Lia et al., 2018), fish
(Bessa et al., 2018; Jaafar et al., 2021) and so on. The entry of plastic particles
into aquatic environments is through wastewater discharge (Mason et al.,
2016; Mintenig et al., 2017), unsuitable waste management, various indus-
trial activities, including plastic and textile manufacturing plants (da Costa
et al., 2016), as well as the destruction and decomposition of plastic litter,
and more (da Costa et al., 2016). Not all MPs are removed in wastewater
treatment process plants (WWTPs) (Leslie et al., 2017; Wang et al., 2020),
and considerable amounts of MPs are being discharged from WWTPs into
raw water sources (Lee and Chae, 2021; Mohana et al., 2021). MPs particles
may be re-fragmented (due to weathering) and become finer particles and, for
some reason, pass through the drinking water treatment system and be con-
sumed by humans (Lee and Chae, 2021; Mohana et al., 2021). The small
size of these particles makes plastics easily pass through the inhalation/gas-
trointestinal system and transfer to other parts of the body (Pirsaheb et al.,
2020; Senathirajah et al., 2021; Sharma and Chatterjee, 2017). A recent
study has confirmed the presence of plastic particles in human blood (Leslie
et al., 2022). Researchers have come to believe that the identification of
fine particles (<500 pm) and very fine particles (<20 pm) MPs are very impor-
tant and essential. Because it has been reported that MPs smaller than 500 pm
can possibly pass through the intestinal wall (Lusher et al., 2020), and MPs
smaller than 20 pm can accumulate in the liver, kidneys, and intestines of
mice (Deng et al., 2017). In 2019, the World Health Organization (WHO)
demanded to further research to assess the risks of the presence of MPs and
to investigate possible damaging effects on human health. Hence, the investi-
gation of MPs contamination in bottled water and drinking water was sug-
gested by the WHO (Marsden et al., 2019). For this purpose, various studies
have been carried out in different world areas. In South Korea (2022), MPs
were traced in raw water (2.2 * 1.3 MP/L) and also in treated drinking
water (0.02 = 0.02 MP/L) (Jung et al., 2022). In the Czech Republic
(2018), the results of the occurrence of MPs in raw and treated drinking
water showed that MPs were found in all water samples and their average
abundance ranged from 1473 + 34 to 3605 = 497 MP/L in raw water and
from 338 + 76 to 628 * 28 MP/L in treated water, depending on the WTP
(Pivokonsky et al., 2018). In Germany (2021), the contamination of consump-
tion taps water with MPs was not detected (Weber et al., 2021). Two studies
were carried out in Mexico City on drinking water from outdoor refill kiosks
(74.18 £ 48.76 MP/L) and urban decentralized pay-to-fetch drinking-water
refill kiosks (11 to 860 MP/L), and the results showed that they were contam-
inated with MPs (Pérez-Guevara et al., 2022a; Shruti et al., 2022). Various
studies have investigated MPs contamination in bottled water. According to
the results, bottled water in Germany (14 MP/L) (Schymanski et al., 2018),
the USA (3.57 MP/L) (Kosuth et al., 2018), and Iran (8.5 = 10.2 MP/L)
(Makhdoumi et al., 2021), were contaminated with MPs. It is necessary to
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explain that the sizes of the particles detected in these studies differed. Despite
the studies conducted and the consequences of MPs for the environment and
alive creatures' health, so far, limited research has been focused on MPs con-
tamination in drinking water, especially in consumption taps. In Iran, no re-
search has been carried out in this field, and globally, a handful of research
has been carried out about the fate of MPs from source (raw water) to con-
sumption tap (Dalmau-Soler et al., 2021; Dalmau-Soler et al., 2022). Given
that the sources of drinking water supply are different, and the identification
of MPs in consumption taps is also related to its source, in this study, the iden-
tification and fate of MPs from source (raw water) to consumption taps car-
ried out in the Zahedan city located in southwest Iran.

2. Material and methods
2.1. study area

The study area was Zahedan (the capital city of Sistan and Baluchestan
province), which has an area of about 80 square km? and a population of
nearly 800 thousand people. About 60 %-70 % of this city's water is sup-
plied from stored water in the 4 natural reservoirs located north of the
city (as water source 1). The current capacity of the three main reservoirs
is equal to 660 million cubic meters, and its useful capacity is approxi-
mately 340 million cubic meters. A storage reservoir (capacity of 800 mil-
lion cubic meters) is for agriculture, but due to drought and water
scarcity, this reservoir is currently also used for drinking water. These reser-
voirs are filled with water from the Helmand River (a river that originates
in Afghanistan) in the spring. About 30 %40 % of this city's water is sup-
plied by desalination of brackish groundwater (as water source 2). There
is a treatment plant for reservoir water and another for the desalination
of brackish groundwater. The study area and location of source 1 (4 reser-
voirs) and field images of some plastic-polluted sites are presented in Fig. 1.

2.2. Sampling

Our goal in this study was to trace the fate of MPs from the source to
consumption taps of drinking water in order to cover variability in MPs'
abundance. For this purpose, sampling was performed in two seasons
(spring and winter) from water supply sources (source 1 = 4 reservoirs),
water transfer pipes before the treatment plants, water transfer pipes after
the treatment plants, and consumption taps (including consumption taps
in a university, an apartment, a villa house, a residential complex, and a
health center). It is necessary to mention that sampling of source 2 (ground-
water) was not accomplished due to some technical limitations. Additional
information about more sampling details, the length of water transfer pipes,
the length of the water distribution network, pipe material type, plastic
storage tanks, and the water treatment system are given in the supplemen-
tary (Text S1, Table S1, and Fig. S1).

First, the sampling was carried out from sources 1 (4 reservoirs). Sam-
ples were collected in the winter and spring. These timings were chosen be-
cause of the low and high water levels in the reservoirs. In winter, water
inflow to the reservoirs is low or zero. In spring, excess water from the Hel-
mand River enters the reservoirs due to the melting snow in Afghanistan.
For the sampling of water, a plankton net with a 100-pm pore size (a circle
with a diameter of 0.25-m and a 1-m-long collecting bag) was used (Fig. S1,
A). The plankton net was towed at the upper surface of water (at a depth of
0 to 20 cm from the water surface), for roughly 15 min in a boat with a
speed of 1-1.5 m.s ~*. The volume of water filtered by the plankton net
was between 44 and 66 cubic meters (an average of 55 m®). The trapped
material in the net was rinsed into a sterilized 1-L laboratory glass jar, car-
ried in the cool box, and then stored at 4 °C before processing in the lab.

Sampling from other stations was performed using a sampling apparatus
(made by the research team). The sampling apparatus (Fig. S1, B) includes
a steel housing holding the filter, filter membrane (material = stainless
steel, diameter = 100 mm and pore size = 5 pm), stainless steel and brass fit-
tings and valves, a silicone hose, a flowmeter connected to the apparatus
(Meister-Flow untitled model DGU-14, UK). The inlet of the silicone hose
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Fig. 1. The geographical position of source No.1 (4 reservoirs) along with field images of some plastic-polluted sites.

was connected to a water tap at the hydrant or to the pipe, and its outlet was
connected to the flowmeter, and the outlet of the flowmeter was attached to
the inlet of the sampling apparatus. These fittings were implemented using
some pipe clamps and adapters. The fittings were completely caulked with
special hemp. After the connection was established, first, the hose, flowmeter,
and apparatus were passed for 10 min with maximum sampling water flow
rate (bypass and outlet were open and there was no filter in the apparatus).
After the initial wash, the filter (filter washed with ultra-pure water) was care-
fully placed in the filter holder housing. The outlet valve closed. After the con-
nection was re-established, the tap was washed through a bypass for 15 min.
Then the bypass valve was closed and using a flowmeter, the water flow was
adjusted to roughly 10 L min ', and sampling was taken for 10 min. The vol-
ume of the water sample passed through the filter was equal to 100 L. Next,
the filters were placed in covered glass Petri dishes containing 70 % ethanol
and stored at 4 °C prior to processing. It is necessary to explain that the sam-
pling apparatus was opened under the laboratory hood, and the stainless-steel
filter was carefully taken out with tweezers and transferred to muffled glass
petri dishes. All sampling was repeated twice.

2.3. Sample processing

Primary separation and extraction of plankton net MPs before process-
ing: For the initial separation of the contents of the plankton net, first, the
net was washed several times with high-pressure water (both outside and
inside the net). Gradually, the contents were directed to the end of the
net (net bucket), and the contents were collected in the net bucket. Then
the bucket opened, and its contents were washed into a beaker.

The samples may contain inorganic precipitates and biogenic organic
matter. These materials can make it difficult to identify MPs. Therefore, the
method of density separation and simple digestion is required to decrease

this problem. The extraction of MPs (separation based on density, in order
to separate MPs from inorganic precipitates such as sand) was performed by
ZnCl, (at a density of 1.8 g mL ™~ 1). ZnCl, solution and the contents inside it
(microplastics and other impurities) were stirred for 5 min by a mixer at
250 rpm. After about 0.5 h of the settlement, the supernatant containing plas-
tic particles was carefully transferred to another breaker. Next, the digestion
method was carried out to reduce biogenic organic matter using H,O, 30
%. Based on the available impurities, the amount of H,O, 30 % was variable
from 20 to 30 mL, digestion time from 24 to 48 h, and digestion temperature
from 50 to 60 °C. After digestion, the samples were filtrated through cellulose
nitrate membrane filters (pore size = 0.45 um, diameter = 47 mm, Company
Sartorius, Germany), by vacuum filtration. The MPs were cleaned with deion-
ized water before instrumental and optical analysis (Jung et al., 2022). Fi-
nally, the particles were classified according to size, shape, and color. Visual
analysis of particles (determination of size, shape, and color) was performed
using an Olympus microscope (model BX41 and BX42, Olympus Company,
made in Japan) equipped with a controller and a DP12 camera.

Primary separation and extraction of filter contents (stainless steel filter,
pore size 5 yum): First, the sampling device was opened under the hood, and
the stainless steel filter was removed with tweezers. The filter and the inner
surface of the filter housing were rinsed into a beaker. The filter was washed
with a large volume of distilled water to rinse all the contents of the filter.
Then contents of the beaker were digested by H,0, (30 %) for 24 h at 50
°C. The analysis continuation was performed according to the previous step.

2.4. Fourier-transform infrared spectroscopy (FT-IR), Raman micro-
spectroscopy, and field emission scanning electron microscope (FE-SEM)

Fourier-transform infrared spectroscopy (FT-IR model TENSOR 27 made
by the BRUKER, Germany) and Raman micro-spectroscopy (XploRA™ PLUS-
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HORIBA, Japan) were implemented to determine polymer structure. For anal-
ysis of FT-IR, samples were sent to the Department of Chemistry of the Univer-
sity of Sistan & Baluchestan of Iran. Among MPs extracted, 126 MPs (with size
>100 pm) were randomly selected as composite samples and were analyzed.
The FTIR spectra used for particle identification were in the wavelength
range of 500 to 4000 cm™ and the maximum resolution was 4 cm ™'

Micro Raman was used to identify particles smaller than 100 pm. For
analysis of Micro-Raman, samples were sent to the Institute for Color Sci-
ence & Technology of Tehran, Iran. Among MPs extracted, 60 MPs (with
size <100 pm) were randomly selected as composite samples and were an-
alyzed. The micro Raman device in this study had a confocal microscope for
microscopic point-by-point analysis and examination of the sample surface.
This device had fast imaging with the SWIFT technique (typically 10 X
faster than conventional Raman imaging), multiple laser wavelengths,
EMCCD detection, Raman polarization, and even Raman-AFM combina-
tion, with high sensitivity and power. The identified micro Raman spectra
were accredited using SLoPP and SLoPP-E Raman spectral libraries for
MPs research. Raman micro-spectroscopy had a multi-laser option (532,
638, 785 nm), confocal imaging 0.5 pm XY, and resolution standard >1.4
cm ™! to identify MPs.

Field emission scanning electron microscopy (FE-SEM) (model SU5000,
made by Hitachi, Japan) was applied to characterize the MP's surface mor-
phology. For FE-SEM analysis, four cellulose nitrate membrane filters (fil-
tered samples of the reservoirs, before and after water treatment plants,
and consumption taps) were randomly selected and sent to the Institute
for Color Science & Technology of Tehran, Iran. Parts of the filters (in
sizes of mm? and in the checkered pattern method) were cut and analyzed
by the device. MPs on the surface of the cut parts of the filters (about 15
MPs) were randomly selected as composite samples and analyzed. FE-
SEM is a type of SEM that has a field emission electron gun. The field emis-
sion electron gun does not require thermal energy to overcome surface po-
tential, and by applying a very high electric field to the surface of the
sample, it separates the electrons from the surface. The main specifications
of the device are included a resolution-in-column top detector (2.0 nm at 1
kV), magnification [10-600,000 % (based on 4” X 5”picture),
18-1,000,000 x (800 x 600 pixels on display) / 30-1,500,000 x (1280
X 960 pixels on display)], and sensitivity-ultra-efficient photodiode BSE
detector, unmatched low kV imaging to 100 V, and high probe current
(>200 nA).

2.5. Estimated daily intake (EDI)

The estimated daily intake (EDI) of MP via drinking water was calcu-
lated by using Eq.1. The ingestion rate (IR) was determined according to
the general consumption of water in Iran (2-2.5 L/day for adults and
1-1.5 L/day for children). C is the concentration of MPs (n/L), and the
BW is the body weight assumed to be 70 kg for adults and 16 kg for children
(Arena et al., 2015; Zuccarello et al., 2019). It is necessary to explain, ac-
cording to the report of Zahedan Water and Wastewater Company (Sistan
and Baluchestan Water and Wastewater Company, 2022), as well as the
field survey done and the economic status of the studied area, most people
(>95 %) are drinking from taps.

EDI (MP/kg/day) = (C x IR)/BW @™

2.6. Quality control and quality assurance

A blank test was carried out to avoid and assess the contamination of lab
tools and equipment due to the commute, chemicals, air, and tester during
the test process. For this purpose, ultrapure distilled water samples (7 sam-
ples) were poured into beakers and stored for 1 to 7 days in the testing
space and also in the sample storage area. Cellulose nitrate filters (7 filters
on glass plates) were used as a negative control (blank control), which were
placed adjoining the microscope, the hood, and the surrounding environ-
ment of the experiment (Baldwin et al., 2016).
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To avoid errors and pollution during the preparation, testing, and anal-
ysis of samples, doors and windows were closed, and air conditioning and
fans were turned off during the testing process. Commute restrictions to
the lab were applied at the time and space of the test. Polymer-free coats,
clothing, and gloves were always used. Glass and steel tools and equipment
were used. Glass tools and equipment (with nitric acid 65 % and ultra-pure
water) and stainless steel (with ultra-pure water) were rinsed regularly. Fi-
nally, they were dried and sterilized in an oven (170 °C) for 1 h. Aluminum
foil was used to cover and wrap samples and clean and sterilized equipment
and tools. To prevent contamination with hair particles, dust, dirt, and
others, forearms, hands, and work surfaces were rinsed and wiped regularly
(Ghayebzadeh et al., 2021).

2.7. Recovery test

Recovery tests were performed to accredit and confirm the extraction
process. For this aim, a standard method (with minor corrections) was
used. A Number of 120 and 150 approximately spherical and fragment-
shaped plastic particles were added to ultra-pure water in sizes between
20-35 pm, 50-100 pm, and 120-150 pm, respectively (Tiwari et al.,
2019; Weber et al., 2021). These particles are artificial reference particles
and were mainly PE and PS. For this purpose, PE and PS powder were pre-
pared from a local plastic factory. Then they were classified by sieves (all of
the used sieves were model ASTM, E: 11, made of stainless steel by Dama-
vand, Iran) with Mesh of 600, 400, 270, 150, 125, and 100 in different sizes
(categorization mentioned above). The Olympus microscope (model BX41
and BX42, Olympus Company, made in Japan) equipped with a controller
and a DP12 camera was used to count MPs and confirm the size. Two sam-
ples were considered for each size class, and the recovery rate was deter-
mined twice, (the recovery rate was determined for the entire filter area
and the subarea of the checkerboard pattern (a quarter filter) in order to as-
sess representativity). In total, twelve samples (for each) were used to eval-
uate the recovery rate. A comparison of recovery rate based on two
counting methods (entire filter area and checkerboard pattern) was per-
formed using the Mann-Whitney U test.

2.8. Hot needle examination

A hot needle test was carried out to ensure the extracted particles were
plastic. With this test, plastic particles melt and become sticky (De Witte
etal., 2014). This method was performed for raw water samples and larger
particles.

2.9. Statistical analysis

To compare the abundance of MPs in 4 reservoirs (raw water) according
to season (spring and winter) and also the abundance distribution of MPs
among reservoirs, the One-way Repeated Measures Analysis of Variance
test was used. Comparison of the abundance of MPs based on the season
(spring and winter) in consumption taps was investigated by t-test. The av-
erage abundance of particles after treatment plants and consumption taps
was compared by using ANOVA test. The distribution and comparison of
colors and shapes of particles from the source to consumption taps were an-
alyzed by using the Chi-Square test. The distribution of color and shape of
particles in spring and winter was compared by the Wilcoxon test.

3. Result
3.1. Quality control and quality assurance

3.1.1. Blanks

On average, 0.29 = 0.21 MP particles per blank (blank = cellulose ni-
trate membrane filter) were detected. The background contamination was
insignificant compared with the abundance of MPs detected in the samples.
Common polymers like PS, PET, and PE were found (Table S2). In blank
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samples (blank = ultra-pure distilled water samples), in order to control
contamination in the sample storage area, no MPs were detected.

3.1.2. Recovery rates

For MPs particles in the 20-35 pm, 50-100 pm, and 120-150 pm size
class, the recovery rate when counting 100 % of the filter area was about
72-78 %, 81-87 %, and 90-94 %, respectively, and when counting check-
erboard pattern, we obtained 61-70 %, 83-101 %, and 87-109 %, respec-
tively (Table S3). The comparison of particle counting based on two
methods (entire filter area and the checkerboard pattern method) was
done using the Mann-Whitney U test, and the results showed that the differ-
ence between the two methods was significant for small particles (20-35
pm) (p < 0.05), and not significant for medium (50-100 pm) (p = 0.081),
and large particles (120-150 pm) (p = 0.248).

3.2. Tracing MPs in the water (from source to consumption taps)
3.2.1. MPs abundance

This study showed that MPs were present in all samples (from source to
consumption). In general, MPs fluctuated during the measurement period
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(from the source to the consumption point) and also based on sampling sea-
sons.

Investigation of plastic particles in the samples of source 1 (4 reservoirs)
displayed that the average abundance of MPs was different in spring
(15.4-44.7 MP/m®) and winter (22-51.8 MP/m®) (p < 0.05). The differ-
ences in the mean number of MPs in water reservoirs were not statistically
significant (p = 0.54). Nonetheless, the abundance of MPs was higher in
reservoir 2 (spring = 51.8 MP/m®, winter = 44.7 MP/m®) (Fig. 2).

The results of sampling before and after water treatment plants (WTPs)
showed that the amounts of MPs were generally lower in the treated water.
In fact, a significant part of the MPs was removed by the treatment pro-
cesses, 65 % at WTP;, and 74 % at WTP, on average (Fig. 2).

The average MPs before and after WTP; were equal to 127.5 MP/m>
and 45 MP/m?, respectively (the average is for two seasons, spring and win-
ter). The average MPs before and after WTP, were equal to 77.5 MP/m>
and 20 MP/m?, respectively (the average is for two seasons, spring and win-
ter). There was a considerable numerical difference between the mean
number of MPs in treated water in the WTP; and WTP.

Comparing the average abundance of MPs based on the season (spring
and winter) in consumption taps indicated that the abundance of particles
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was different in spring and winter, and this difference was significant (p <
0.05). In the winter, the average MPs for CT, and CT}, varied from 85 to
280 MP/m® and 75 to 260 MP/m?, respectively. Also, in spring, average
MPs for CT, and CT}, varied from 115 to 390 MP/m® and 165 to 400 MP/
m?, respectively.

The investigation of the abundance of MPs in the consumption taps
(CTs) demonstrated that the mean number of particles in CTs increased in
comparison with the outlet of the water treatment plant (after WTPs),
and this difference was also statistically significant (p < 0.05). Among
CT,, CT; belonging to the university (the average for two seasons of sam-
pling was equal to 310 MP/m?®) and CT,4 belonging to the health center
(the average for two seasons was equal to 335 MP/m®) had the highest
abundance of MPs and among CTy, CT; belonging to the university (the av-
erage for two seasons was equal to 228 MP/m>) and CT, belonging to the
health center (the average for two seasons was equal to 330 MP/m>) had
the highest abundance of MPs (Fig. 2).

3.2.2. Distribution of size, shape, and type of MPs

MPs size distribution trends are shown in Fig. 3. Although there are dis-
tinctive differences in the numbers of MPs in the samples, a statistically sig-
nificant difference was not observed in the size distribution of MPs
particles. In sources (4 reservoirs), about 68-74 % of MPs were particles
of 100-500 pm. 17-23 % of MPs were particles of 500-1000 pm. About
10 % of the particles were identified as 1000-5000 pm in size.

MPs size distribution in WTPs displayed that, before WTP;, approxi-
mately 39-52 % of MPs were smaller than 50 pm, 26-32 % of MPs were
50-100 pm, 17-18 % of MPs were 100-500 pm, and about 4-11 % of the

particles were 500-1000 pm in size. While after WTP;, approximately
80-87.5 % of MPs were smaller than 50 pm, and 12.5-20 % of particles
had a size of 50-100 pm (Fig. 3). Particles >100 pm were removed from
WTP;.

Before WTP,, about 73-80 % of MPs were <50 pm in size, and 20-27 %
of particles were the size of 50-100 pm. But after WTP,, all particles were
smaller than 50 pm in size (Fig. 3). Particles >50 pm were removed from
WTP.,. As can be seen, the efficiency of WTP, in removing particles is better
than WTPl.

The size distribution of MPs in CTs indicated that >90 % of the particles
were <50 pm in size and <10 % of the particles had sizes larger than 50 pm
and even larger than 100 um (Fig. 3).

MPs general shapes are displayed in Fig. S2. The types of MPs that have
been found in source No.1 are fiber (46 %), fragments (43.5 %), foam (4.5
%), and film (6 %). These proportions are the average of two seasons
(spring and winter). The shape and color distribution of MPs is shown in
Figs. S3 and S4, respectively. The percentage of particle shapes and colors
identified during the measurement period (from the source to the consump-
tion point) and also based on the sampling seasons were distinguished, and
the differences were statistically significant (color, p < 0.05 and shape, p <
0.05). Generally, in the water source (No.1), nearly 90 % of the particles
were fragment-shaped and fiber-shaped, and <10 % were film-shaped
and foam-shaped. The analysis of MPs shape distribution in WTPs (before
and after WTPs) and CTs indicated that the fiber-shaped and fragment-
shaped particles were in the water samples, but the fragment-shaped parti-
cles were dominant. While the foam and film-shaped MPs were removed in
the water treatment system. <50 % of the particles before WTPs were fiber-
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shaped, and >50 % were fragment-shaped. After WTPs, both particles were
almost 50 %. In CTs, on average, >60 % of the particles were fragment-
shaped, and <40 % were fiber-shaped.

The results presented about the color of the particles show that MPs
identified in water source (No.1) had five different colors (red (14.7 %),
blue (18.7 %), black (6.7 %), transparent (53.5 %), and white (6.4 %)).
These proportions are the average of two seasons, spring and winter. >50
% of the identified particles were transparent in color. MPs color distribu-
tion in WTPs indicates that the identified particles are red, blue, and trans-
parent. In general, blue MPs had a relatively high abundance before WTPs
(nearly 50 % of particles before WTP, and 40 % of particles before WTP,
were blue), but red particles were relatively abundant after WTPs (>30 %
of particles after WTP; and >40 % of particles after WTP, were red). The
results of color distribution in CTs show that, unlike WTPs, the color varia-
tion of the identified MPs was greater (five different colors including red
(16.7 %), blue (23.3 %), black (11.5 %), transparent (23.9 %), and white
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(24.6 %)). Generally, the abundance of white MPs was relatively higher
in CTs.

Fig. 4 illustrates the analysis of the surface morphology of MPs using a
field-emission scanning electron microscope (FE-SEM). The surface mor-
phology of the particles displays that some MPs have an uneven surface,
and porosity, pits, roughness, cracks, and grooves are visible on the surface.

Identification of the type of polymers was performed for the samples by
ATR-FT-IR and Micro-Raman. FT-IR and Micro-Raman spectra are pre-
sented in Fig. S5. Polymer-type distribution trends are demonstrated in
Fig. 5. According to the results, except for the consumption taps, no distin-
guishable difference was observed in the polymer group of the investigated
samples. In general, the polymer group identified for samples included
polyethylene family (PE), polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS), expanded polystyrene (EPS), polyamide (PA), poly-
vinyl chloride (PVC), Poly-methyl methacrylate (PMMA), and rubber. (The
raw data and additional descriptions are presented in Table S4). The
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Fig. 3 (continued).

dominant MPs in sources (raw water), before and after WTPs, and CTs were
PS, PE, PS, and PS, respectively.

4. Discussion

In this study, due to the stainless steel filter pore size (5 pm) and plank-
ton net (100 pm), there were no limitations for the sampling volume due to
obstruction.

4.1. Quality control and quality assurance

Low blank values indicate effective prevention of errors and contamina-
tion of samples in the study process and analysis.

The recovery rates showed that in both cases (recovery rate entire filter
area and the checkerboard pattern), recovery was not 100 %. The extrac-
tion of particles in one of the steps (transfer, sample preparation, rinsing,
processing, and filtration) had an error. Another reason may be due to the
adhesion of particles to surfaces or to each other, causing errors. According
to the results, it can be stated that the recovery rate decreases for smaller
particles, and this has been clearly presented in the other studies (Pérez-
Guevara et al., 2022b; Weber et al., 2021). The recovery rate of the check-
erboard pattern had a higher range of counting oscillations and can lead to
over- and under-estimation. The difference in the recovery rate in the entire
filter area and the checkerboard pattern was approximately 7-8 %, and the

difference was not recognizable and noticeable. Nevertheless, the recovery
rate of MP particles can be estimated based on these data.

4.2. MPs abundance

MPs abundance was higher in spring than in winter (Fig. 2). In spring,
due to the melting snow in Afghanistan, excess water from the Helmand
River enters the reservoirs. Plastics may be affected by mechanical break-
age, long-term oxidation, and external physical/chemical weathering
(Mehdinia et al., 2020). Therefore, it is possible that due to high flow on
the catchment path of the area, desolated and dispersed plastics (macro-,
meso-, and microplastics) in the path were washed, and a massive volume
of litter plastic fragments and particles entered the reservoirs. Also, the
120-day winds of the region during the hot period of the year (June to Oc-
tober) (Rajabi et al., 2006; Shahriar et al., 2018) most likely cause the atmo-
spheric deposition of MPs and the transfer of plastic particles through the
wind to the water surface of the reservoirs (Allen et al., 2019), moreover,
probably the more decomposition and degradation of plastics have led to
the increase of MPs in water during the spring season.

In source 1, all 4 water reservoirs are connected through waterways,
and in the spring season (high water level in the reservoirs), water always
flows between the reservoirs. In the winter (low water level in the reser-
voirs), the reservoirs that directly supply drinking water, the water level
in the reservoir gradually decreases due to its use. To compensate for the
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water shortage in these reservoirs, generally, water is directed into it by
other reservoirs. Hence, observing non-difference (non-significance) in
the average abundance of MPs in the reservoirs can be attributed to the con-
nection of the reservoirs through waterways and water conduction (water
flow) between those reservoirs. Nevertheless, the abundance of MPs in
water reservoirs (WRs) was as follows: WR, > WR; > WR3 > WRy. The pos-
sible reason for the higher abundance of MPs in reservoir 2 is that there is a
license for fishing activity only in this reservoir (the fishing tackle such as
lines, net, rope, traps, and waders left on the reservoir margin) which
may have led to a high abundance of MPs, too (Fig. 2). Reservoir 1 is the
first recipient of Helmand River water. As mentioned above, plastics and
microplastics in the catchment path can be washed and enter the reservoir.
For this reason, it has higher MPs in comparison with reservoirs 3 and 4. On
the other hand, reservoir 4 is the last water recipient/storage reservoir of
the Helmand river water, and the water volume of this reservoir alone is
higher than the sum of the three other reservoirs.

MPs difference in treatment plants 1 and 2 (before and after treatment
plants) was not impressive, but there was a slight difference. The difference
in abundance of MPs in raw water (before WTPs) can be caused by the kind
of water body (water supply sources, including surface water and ground-
water). Another reason for this abundance difference can be attributed to
the increase of particles during transport in water pipes. As reported in pre-
vious studies, the use of polymer composition similar to plastic during
water purification, transportation, and packaging, indicates the point of
entry of MPs into drinking water (Eerkes-Medrano et al., 2019; Zhang
et al., 2022). On the other hand, various other studies have stated that
the abrasion of plastic equipment during water purification or transport
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can be the source of MPs in drinking water (Mintenig et al., 2019; Tong
et al., 2020). In the present study, water is directed to the treatment plant
through transfer pipes (made of polyethylene with different diameters
and lengths). The length of the transfer pipes to WTP; is about 200 km,
and the length of the transfer pipes to WTP, is about 30 km (Text S1).
Therefore, because of the longer length of transfer pipe 1, more pipe abra-
sion may have occurred and affected the higher abundance of particles be-
fore WTP,. However, more substantial evidence is needed to support the
inference that plastic equipment, especially plastic pipes is a possible source
of MPs in drinking water. The difference in abundance of MPs in treated
water (after WTPs) is probably caused by the type of treatment process
(WTP; = pre-chlorination, coagulation and flocculation, clarifier, filtra-
tion, and secondary chlorination and WTP, = desalination by reverse os-
mosis). Despite the good performance of WTP,, it is still impossible to
claim with certainty which purification process has better efficiency. Our
knowledge on this matter needs to be improved and further study is
needed. Because water quality (in terms of the presence of MPs, such as
abundance, size, shape and type of polymer particles, as well as water qual-
ity parameters such as turbidity, total organic carbon “TOC” and similar
items) affects the treatment performance (Jung et al., 2022).

The results indicated that the abundance of MPs increased in CTs. Disin-
fectants (such as chlorine) is widely employed in drinking water treatment
plants, and water pipes (especially the pipes of the water distribution sys-
tem) are usually exposed to an oxidative environment. Due to residual chlo-
rine in water, plastic pipes are exposed to an oxidative environment for the
long term, and the surface of the pipes undergoes chemical changes
(Whelton et al., 2011). Other studies have reported that surface oxidation,
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polymer chain scission, crack propagation, and mechanical failure can be
observed in plastic pipes (especially aged plastic pipes) (Fischer et al.,
2019; Fujii et al., 2019). Also, plastics exhibit a significant degree of
aging when exposed to water disinfectants (Cosgriff et al., 2017; Fischer
et al., 2016). Therefore, due to the aging mechanism and plastic material
characteristics, it is likely that such processes lead to the release of more
MPs from plastic pipes (Mintenig et al., 2019), and they can affect the
high abundance of MPs in CTs.

On the other hand, due to conditions of global drought and water scar-
city, and also because of the maximum water consumption at certain times
of the day and reduced water pressure, almost the entire city uses plastic
storage tanks (Fig. S1, C), to supply the daily water requirement. Using plas-
tic water storage tanks and their frequent filling and emptying (due to pos-
sible water outages and lack of water pressure, especially in the hot season)
can affect the abundance of MPs by causing abrasion in the tanker body. It
is necessary to mention that the storage tanks are kept on rooftops of build-
ings or in the yard and are directly exposed to ultraviolet light or sunlight
and in unsuitable conditions (suitability for photo degradation). So,
photo-oxidation by incident ultraviolet (UV) light is one of the most impor-
tant mechanisms causing chain scission reactions, and it leads to the rapid
destruction of plastics (Gewert et al., 2018). Hence, photo-degradation
may be one of the reasons for the release of MPs in tanks and the increase
of particles in CTs (especially in the hot season). In this study, the water dis-
tribution system in health centers was older than the other places. In aged
water pipes, the possibility of MPs release is higher. So, aged pipes can be
the reason for high particles in health centers. The length of the water dis-
tribution system, the volume of water storage tanks, and the amount of
water consumption in the university are more than the other places. Abra-
sion of plastic equipment during water transport is a source of the release of
MPs. Therefore, long water transport can affect the abundance of MPs.
Based on the results, it can be inferred that the age of the pipes has a higher
effect on the abundance of MPs than the length of the water distribution
system. Given that, the apartments and the water distribution system
were new, and also the length of the water distribution system was less
than the other places. Hence, the abundance of MPs in the apartment con-
sumption tap was less.

4.3. Size and morphology

Fig. 3 displays MPs size distribution in raw water samples (source) to
consumption tap. In raw water (source No. 1 or 4 reservoirs), particles
larger than 100 pm were detected. At the time of conducting this study,
plankton nets with smaller pore sizes (<100 pm) were not available. So,
particles smaller than 100 remained unknown in the sources. Nevertheless,
MPs'size distribution indicates a high abundance of fine particles. The dom-
inant source of small MPs often is the fragmentation of larger plastics or
product wear (Shim et al., 2018; Zeng, 2018). Biodegradation, optical oxi-
dation, thermal oxidation, and weathering are the main reasons for plastic
fragmentation (Jambeck et al., 2015), although the fragmentation rate
under natural conditions is still unknown. Particles larger than 100 pm
were eliminated in the water treatment plant system. An increased propor-
tion of small-sized MPs shows that large-sized MPs may have been mostly
eliminated by filtration (Jung et al., 2022).

Despite that, the water treatment plant system had removed particles
>100 pm, yet a few particles >100 pm were detected at the consumption
tap. Therefore, it can be concluded that secondary pollution (abrasion of
pipes, installations, and sealing materials during water purification or trans-
port, and also chemical and photo-oxidation and re-destruction of plastics)
probably occurred at CTs. Various studies have also reported this issue
(Gewert et al., 2018; Jung et al., 2022; Mintenig et al., 2019; Tong et al.,
2020).

Considering MPs shape distribution in the samples and the complete
elimination of foam and film-shaped particles by the water treatment
plants, as well as the difference in removal between fiber and fragment-
shaped particles (relative increase in the exclusion of fiber particles com-
pared to fragment), it can probably be inferred that there is a relationship

11

Science of the Total Environment 872 (2023) 162121

between the shape of MPs and their delete ability by different water treat-
ment technologies (Pivokonsky et al., 2018), which was outside the objec-
tives of our study though more study is needed for firm confirmation.
Plastic fragments in water are expected to originate mostly from
microbeads (MBs). Microbeads are usually >0.1 pm and <1 mm in size
(are commercially available in sizes from 10 pm to 1 mm) and can be man-
ufactured with different shapes and from various types of polymers (Bashir
et al., 2021; Mohlenkamp et al., 2018). The most common types of poly-
mers used are polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyethylene terephthalate (PET), poly methyl methacrylate (PMMA),
Nylon (N6, PA6), ethylene vinyl acetate copolymers (EVA), polyurethane
(PUR), polytetrafluoroethylene (PTFE), acrylic and polyester (PES)
(Andrady, 2017; Yurtsever and Yurtsever, 2019). The most common shapes
of microbeads are spherical or irregular (fragments) (Isobe, 2016).
Microbeads are frequently used in the most common Personal Care and
Cosmetic Products (PCCPs), including toothpaste, deodorant, face, and
body cleansers, exfoliats, lotions, types of creams, hair coloring, nail polish,
and other similar products (Cheung and Fok, 2016; Isobe, 2016). MBs are
not solely used in Personal Care and Cosmetic Products (PCCPs). They are
also used as abrasive beads in detergents and cleaning fluids, lubricants,
pigment carriers, and separating agents; and are melted into plastic objects
such as toys, packaging, and pharmaceuticals and finally are used in many
industrial processes (EPA, 2016; Yurtsever and Yurtsever, 2019). Most of
the particles found in cosmetic products are <100 pm (Kalcikova et al.,
2017). It has been reported that microbeads are the main source of
microplastics in wastewater, and >15 mg per person per day are released
into the wastewater system (Kalc¢ikova et al., 2017). Various studies have
found that wastewater treatment plants are an important route of releasing
microplastics, especially microbeads into rivers and freshwaters (Ding
et al., 2020; Kalcikova et al., 2017). In this study, considering that most
of the particles detected in CTs are <100 pm in size (the main size of
microbeads is <100 pm as well), and the dominant shape of the particles
identified in CTs is fragment (most common shapes of MBs is irregular or
fragment as well), and nearly 70 % of the polymers detected in CTs are
PP, PS, PMMA, and PA, which are the most common polymers used in
MBs. Therefore, it can be said that the main origin of the identified particle
in this study (from the source to the consumption taps) was probably
microbeads.

Fig. 4 shows the analysis and investigation of the surface morphology of
MPs using SEM. MP particles, such as film, showed unevenness of the sur-
face, as well as other surface characteristics, including roughness and
cracked surface. Fiber-shaped MPs particles show complexity, continued
destruction, and breakage. The fragments depict a combination of relatively
smooth surfaces with irregular edges. Foam particles indicate the possibil-
ity of continued destruction and turning into finer particles, as well as the
sticking of smaller particles on the surface of particles. Analysis of particle
surface morphology displays that MPs underwent persistent weathering
in the water stream, mechanical breakage, and oxidation (Abbasi et al.,
2018; Li et al., 2018; Wang et al., 2017).

The results of identifying the type of plastic polymer structure displayed
that the family of polystyrene (PS) and polyethylene (PE) particles were the
most common particle in the source and before WTP; (raw water). PS par-
ticles are mostly used in disposable containers, types of foam packaging,
food packaging (dairy, fishery), Styrofoam, and more. PS plastics are used
with a high proportion for daily plastic needs, and primary components
of plastic debris are detected in the water environment (Barboza et al.,
2019; Bayo et al., 2019; Facts, 2019; Kershaw and Rochman, 2015). Also,
to keep fishing nets and ropes floating and suspended and to prevent
some fishing tools from sinking in water reservoirs, the Styrofoam has
been used according to field observations (Fig. S6). Meanwhile, plastic lit-
ter left (such as disposable containers, types of foam packaging, food pack-
aging (dairy, fishery), and Styrofoam) in this aquatic ecosystem was
abundantly visible in the study area (Fig. S6). Polystyrenes have poor UV
light resistance behavior, and polymer weathering and photo-oxidation
occur faster. So, these polymers can be converted into smaller particles
(micro- and nano-plastics) in less time. Therefore, these reasons may have
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studies, the unit was standardized for comparison, and a unit based on
“MP/L” was provided. However, some restrictions in the studies (for exam-
ple, the lack of plankton nets with smaller sizes) have confined the possibil-
ity of comparison. As can be seen in Table 1, the results obtained in
different studies, including our study, are completely different. There are
many reasons that can lead to differences in the amount of MPs particles.
The contamination of MPs varies geographically with locations and times
(rainy season) (Shim et al., 2018). Other factors such as sampling method
(volume, size, and method of extracting and preparing samples) (Kirstein
et al., 2021; Pivokonsky et al., 2018), type of water supply source (river,
dam or reservoir, underground water and fountain) (Kirstein et al., 2021;
Pivokonsky et al., 2018), and anthropogenic factors (plastic waste manage-
ment and environmental protection strategies) (Shahul Hamid et al., 2018)
affect the abundance of MPs in water (especially raw water). In addition to
those, the type of water treatment method and secondary pollution (abra-
sion of pipes, installations, and sealing materials during water purification
or transport, and also chemical and photo-oxidation and re-destruction of
plastics) may lead to a difference in the abundance of MPs in treated
water and taps.

The MP found in our samples is much lower compared to other studies.
Also, the size of MPs identified in other studies was smaller than that of the
current study (about 90 % of particles reported smaller than 5 pm)
(OBmann et al., 2018; Pivokonsky et al., 2018). Therefore, it is not surpris-
ing that the abundance of MPs is much lower compared to other studies.

The appearance and type of polymer identified in different studies are
usually similar. The most commonly used polymers in different areas and
countries include PE, PS, PP, and PET. For this reason, they are abundant
in the environment in most areas compared to other polymers. The predom-
inant appearance of particles in different studies is fiber and fragment
(Pivokonsky et al., 2018; Wang et al., 2020). Fiber and fragments are the
most abundant form of MPs particles (Toumi et al., 2019). According to
Table 1, common treatment processes can not completely remove these par-
ticles. Also, it has been confirmed that MPs from the supply network (espe-
cially fragment-shaped MPs) can enter drinking water occasionally
(Kirstein et al., 2021), because plastics usually turn into irregular shapes
when they are fragmented into pieces, and on the other hand, microbeads
usually have irregular shapes. So, the high prevalence of these particles in-
dicates MP contamination from a secondary origin and microbeads
(Kalc¢ikova et al., 2017; Toumi et al., 2019).

4.5. The calculation of estimated daily intake (EDI) and annual intake (EAD

According to the ingestion rate of drinking water in adults (IR = 2-2.5
1) and children (IR = 1-1.51), the EDI and EAI were determined, and the
results are presented in Table 2. EDI for adults and children was estimated
0.0002-0.0157 MP/kg/bw/day and 0.0004-0.0413 MP/kg/bw/day, re-
spectively. EAI for adults and children was obtained 0.073-5.736 MP/kg/
bw/year and 0.160-15.056 MP/kg/bw/year, respectively. In Iran, the bot-
tled mineral water EDI for adults and children was reported to be about
0.005-0.011 MP/kg/bw/day and 0.022-0.065 MP/kg/bw/day, respec-
tively. EAI for adults and children was reported about 1.831-5.35 MP/
kg/bw/year and 8.011-23.43 MP/kg/bw/year, respectively (Makhdoumi
et al., 2021). Zuccarello et al., have reported the results of EDI for adults
and children about 1,531,524 MP/kg/bw/day (40.1 mg/kg/bw/day) and
3,350,208 MP/kg/bw/day (87.8 mg/kg/bw/day), respectively
(Zuccarello et al., 2019). Many parameters may affect EDI results, including
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the type of drinking water supply sources, the quality of containers and
water storage tanks (for example, the quality of water tanks and mineral
water bottles), drinking water quality (type of treatment process), con-
sumption behavior, secondary pollution (storage condition of bottled
water and drinking water), frequency of usage of water bottled, and sam-
pling, extraction, and detection methods of MPs (Koelmans et al., 2019).
So far, there are no exact and complete data and results regarding toxicol-
ogy and MPs. Therefore, the health and human risk assessments still need
to be clarified.

Some identified plastic polymers have a lower risk scale (like PE, PET,
and PP) or are known as less toxic polymers (Lithner et al., 2011;
Rochman, 2015). Nevertheless, some plastic, such as PVC and PMMA
have a higher risk scale and cause mutagenic and carcinogenic effects.
Some studies have reported MPs as a vector to other pollutants (heavy
metals and organic substances) which can lead to a higher risk of exposure
to these known toxic substances, and it can also have a synergistic effect
(Lithner et al., 2011; Rochman, 2015).

Recent studies on various animals have reported several problems fo-
cusing on exposure to micro- and nano-plastics; endocrine disruptions, ef-
fect on mobility and development, interference with immune response,
impaired reproduction, carcinogenesis, transgenerational effects, and cyto-
toxicity in cerebral and epithelial human cells (Akdogan and Guven, 2019;
Barnes et al., 2009; Lithner et al., 2009; Miranda et al., 2019). A recent
study confirmed the plastic particle pollution in human blood (Leslie
etal., 2022). Therefore, there is a possibility that all those mentioned effects
can also be revealed in humans.

5. Conclusions

The current study is the first one that has tracked MPs in drinking water
from the source to consumption taps. The results indicated that the abun-
dance of particles (especially smaller particles) increased after water treat-
ment and in the distribution network and also the consumption taps.
Probably, the smaller particles have poor chemical resistance and have
been re-disintegrated and re-destroyed, and their number has increased
after the treatment plant. Some of the particles (PMMA, PVC, and rubber)
were identified in CTs samples, which were not detected even in raw
water. Therefore, it can be concluded that probably secondary pollution
has occurred, including the release of MPs from plastic water storage
tanks and aged pipes (due to abrasion). The shape and type of polymers
were different before the treatment plant (raw water) and after the treat-
ment plant (in CTs). This difference may indicate a relationship in the re-
moval of particles based on shape and polymer structure type. The
surface morphology of MPs showed that the particles were affected by con-
tinuous weathering, mechanical breakage, and oxidation. According to the
EDI results of drinking water in the study, it is likely that children are more
at risk of these toxic substances. Finally, it can be stated that only purifying
water is not enough to reduce MPs, and these particles should be controlled
and managed in the municipal water distribution network and consump-
tion taps (to prevent secondary pollution). Identifying gaps and shortcom-
ings to understand the occurrence of MPs pollution in drinking water in
different seasons, based on the quality of drinking water (turbidity, pH,
TOC, etc.) and minimum and maximum peak water consumption, and
also study in smaller sizes (nano), still requires additional research. The
knowledge concerning exposure to MPs and assessment of health effects re-
mains largely unknown and requires further research.

Table 2
Comparative EDI and EAI for adults and children for different levels of consumption (MP/kg/bw/time).
Group IRgay IRyear BW kg Min Average Max n/kg/bw/day n/kg/bw/year
EDIpin EDlaverage EDInax EAlpin EAlverage EAlpax
Adult 2 70 0.007 0.203 0.44 0.0002 0.0058 0.0126 0.073 2117 4.589
2.5 70 0.007 0.203 0.44 0.0003 0.0073 0.0157 0.091 2.646 5.736
Children 1 16 0.007 0.203 0.44 0.0004 0.0127 0.0275 0.160 4.631 10.038
1.5 16 0.007 0.203 0.44 0.0007 0.0190 0.0413 0.240 6.946 15.056
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