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Abstract
Background and purpose  The ubiquitous presence of microplastics (MPs) in aquatic environments has been studied widely. 
Due to toxicological impacts of MPs and associated contaminants, it is crucial to understand the performance of MPs removal 
in drinking water treatment plants (DWTPs). Few studies have investigated removal characteristics of MPs via coagula-
tion/flocculation processes, yet removal characterization of polypropylene microplastics (PPMPs) in this process is poorly 
understood. This study aims to optimize coagulation of virgin PPMPs in conventional DWTPs.
Methods  In this study, samples were synthesized through response surface methodology (RSM), polyaluminium chloride 
(PACl) was applied as a conventional coagulant to remove PPMPs in the coagulation/flocculation process, which has the 
least density among common polymers and is one of the most abundant manufactured polymers worldwide. A particle size 
analyzer (PSA) was used to measure floc size at different pH levels. Additionally, a zeta potential analyzer was used to 
measure stability of the flocs at different pH.
Results  Base on the experimental range in Design-Expert, results revealed that the optimum removal rate was predicted 
to be at pH 9, PACl concentration of 200 ppm, polyacrylamide (PAM) concentration of 21 ppm, and PPMPs size of 
d < 0.25 mm. According to the predicted optimum condition, actual and predicted removal rates were 18.00 ± 1.43% and 
19.69%, respectively.
Conclusion  According to this study, PACl is not capable of efficiently removing virgin PPMPs in DWTPs, thereby exposing 
humans to eco-toxicological impacts of PPMPs through tap water.
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Introduction

Consumption of plastic products has increased dramatically 
in recent decades and is predicted to continue to increase 
without mitigation [1, 2]. Plastic production reached 359 
million metric tons in 2018 [3]. Consequently, pervasive 
plastic pollution has become a growing global problem 
[4–6]. Plastics are durable, resistant to degradation and per-
sistent in the environment for decades [7]. However, due to 
affordability of production, lightness, and convenience of 
transport, plastics are widely used [8]. The most abundant 
types of plastic polymers at production are polypropylene 
(PP; 16%), low-density polyethylene and linear low-density 
polyethylene (LDPE and LLDPE; 12%), polyvinylchloride 
(PVC; 11%), high-density polyethylene (HDPE; 10%), 
polyethylene terephthalate (PET; 5%) [9]. These materials 
can be fragmented into smaller particles which are called 

Highlights   
• Higher pH results in higher PPMPs coagulation.
• A higher dosage of PACl does not guarantee a higher rate of 
coagulation.
• Smaller PPMPs can be trapped in flocs and settle in the 
coagulation/flocculation process.
• DWTPs using conventional coagulants are not capable of 
efficiently removing PPMPs.
• Maximum rate of PPMPs removal in coagulation/flocculation in 
DWTPs is < 20%.
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microplastics (MPs; < 5 mm) by photodegradation, mechani-
cal degradation, biodegradation [10–13]. A plethora of stud-
ies investigating water resources have identified presence 
of MPs in lakes [14–16], rivers [17, 18], seas, and oceans 
[19–21], aquatic biota [22, 23] and water treatment plants 
(WTPs, a collective term for drinking water treatment plants 
and wastewater treatment plants) [24–28]

Removal of MPs in wastewater treatment plants 
(WWTPs) has been reported to be > 73%, to as high as 99% 
by various studies [26, 29–32]. However, WWTPs still are 
point sources of MPs that emit millions of these particles 
into freshwater resources daily [33–35]. Therefore, marine 
organisms have been observed to ingest [22, 36, 37]. Thus, 
the negative effect of MPs has been identified in marine 
biota [38–41]. For example, Qiang L. and Cheng J. [42] 
demonstrated that polystyrene microplastics (PSMPs) could 
negatively impact the reproductive organs of freshwater fish. 
PSMPs induce increased reactive oxygen species (ROS) 
levels in gonads of zebrafish (an animal model), and they 
identified these particles as a source of reproductive stress in 
freshwater fish. Conversely, high removal of MPs in drink-
ing water treatment plants (DWTPs) has also been reported 
[24, 25, 27]. Since these facilities cannot remove MPs com-
pletely, humans are exposed to these particles through drink-
ing water. For example, Tong et al. [43] investigated 38 tap 
water in different cities of China to measure MP pollution, in 
which 36 of them contained MPs, ranging from 125 to 1247 
MP particles/L. They observed that MP particles smaller 
than 50 µm predominated in all of the samples. Hence, other 
studies have investigated the effects of human exposure to 
MPs [44, 45]. For instance, Forte et al. [46] reported that 44 
and 100 nm PSMPs accumulate in gastric adenocarcinoma 
(AGS) cells. They also affect inflammatory gene expression, 
cell viability, and cell morphology.

In WTPs, the coagulation/flocculation process plays a 
prominent role in removing MPs [27]. Coagulation is char-
acterized by adding some determined amount of chemi-
cals as coagulants (mostly aluminium and iron salts) [47] 
to destabilize colloidal suspended particles that are stable 
through their mostly negative surface charges. Then, desta-
bilized particles tend to settle by absorbing together to form 
flocs [48]. Few studies have investigated the coagulation 
performance of MPs by various coagulants [49–54]. These 
results suggest that polyethylene (PE), due to its low density, 
directly influences sedimentation. Ma et al. [53] compared 
AlCl3.6H2O and FeCl3.6H2O in different pHs to analyze 
polyethylene microplastics (PEMPs), and they observed that 
the sedimentation, along with the usage of PAM as a coagu-
lant aid, reached 61.19% ± 3.67%. Multiple coagulants, both 
organic and inorganic, were utilized as coagulants in MP 
coagulation, including ferric chloride, PACl, polyamine [55], 
chitosan, sodium alginate [54]. Polypropylene Microplastics 
(PPMPs) have been reported to be one of the most abundant 

polymers found in water and sediment samples in the envi-
ronment [24, 56] and is among the first three detected type of 
MPs both in raw and potable water [57]. However, removal 
characteristics of polypropylene microplastics is poorly 
understood. This study aims to synthesize samples to com-
pare the performance of PACl and ferric chloride through a 
pre-experiment to identify more efficient coagulant in order 
to use it to optimize virgin PPMPs removal via response sur-
face methodology (RSM). Moreover, to the knowledge of the 
author, this is the first study to use experimental design to 
optimize MP coagulation. The findings of this study improve 
our understanding of the characterization of PPMP removal 
in the coagulation/flocculation process.

Materials and Methods

Materials

PPMPs were prepared by milling PP pellets, with a den-
sity of 0.90 g/cm3 (Z30S, Marun Petrochemical Complex, 
Iran). The pellets' temperature was decreased to below -196 
ºC by liquid nitrogen before milling by an ultra-centrifugal 
mill (ZM 200, Retsch®, Germany) [58]. PP polymer com-
position was characterized by Fourier Transform Infrared 
Spectrophotometer (FT-IR) (Avatar 380, Thermo Scientific, 
USA). Data acquisition was conducted in the transmission 
mode of 2 cm−1 resolution, and a 3 s collection time, wave-
number ranging from 500 to 4000 cm−1 (Fig. 1). Spectra 
were compared with a database provided by Omnic software 
(Thermo Phisher Scientific, USA). Prepared PPMPs were 
sieved into five different diameter size classes (d < 0.25 mm, 
0.25 < d < 0.85 mm, 0.85 < d < 1.45 mm, 1.45 < d < 2.05 mm 
and 2.05 < d < 2.65 mm). Other stock solutions were ana-
lytical grade, including FeCl3.6H2O, HCl, NaOH, Kaolin, 
and NaCl that were purchased from Merck Millipore (USA). 
Humic Acid (HA; Sigma Aldrich, USA), as a model for nat-
ural organic matter (NOM), was dissolved in deionized (DI) 
water at a concentration of 1 mg/L [59]. PACl and PAM 
were also purchased from Tianshi (Jiangsu) Fine Chemi-
cals Co. (Changzhou, China). DI water was utilized for all 
experiments, and all stock solutions were maintained in the 
dark at 4ºC.

Coagulation experiment

To remove residuals, PPMPs were immersed with 1 M HCl 
and stored in an oven at 70ºC for 24 h. As described in Ma 
et al. [53], 500 mL beakers were prepared and filled with 
stock solution. 0.1 M NaCl was added to the solution as 
the background ionic strength [60]. Required turbidity was 
obtained by adding kaolin to achieve five nephelometric 
turbidity unit (NTU) via a turbidity meter (AL450T-IR, 
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Aqualytic, Germany). pH was adjusted by 1 M HCl and 
1 M NaOH solution by a pH meter (3510, Jenway, UK). A 
predetermined amount of chemicals was balanced by a pre-
cision balance with a minimum range of 1.0 × 10–3 g (LST-
JM-102, CGOLDENWALL, China). The final solution was 
added 0.100 g of PPMPs and a predetermined amount of 
one of the coagulants and anionic or cationic PAM. Sam-
ples were stirred by a Jar test apparatus with blade dimen-
sions 6.5 × 2 × 0.75 cm (Tak Azama, Iran) at 300 rpm for 
1 min and a subsequent 14 min at 100 rpm. Samples were 
left for 30 min for sedimentation [47]. For characterization 
of PPMPs removal, a weighing method was chosen in this 
study [53]. Briefly, after sedimentation and formation of the 
flocs, supernatants were carefully filtered through a 0.45 µm 
membrane filter (membrane solutions LLC., USA). Then, 
PPMPs and flocs on the filters were immersed in 1 M HCL 
and were treated with an ultrasonic bath for 5 min, then left 
for 1 h to dissolve residues and flocs. Subsequently, PPMPs 
in HCL solution were filtered again and stored in an oven 
at 70ºC for 12 h prior to being weighed (Wdried). Removal 
percentage was determined using Eq. 1.

A zeta potential analyzer was used to measure the electro-
kinetic potential of the solutions and its relationship with 
different pHs with a measurement range of ± 200 mV (SZ-
100, Horiba Scientific, Japan). Dynamic sizes of flocs were 
measured using a static light scattering particle size ana-
lyzer (SLS-PSA) with a particle size range of 0.02–2000 µm 
(Mastersizer 2000, Malvern panalytical, UK), and diameter 

(1)PPMPs removal =
Wtotal −Wdried

Wtotal

× 100

of flocs (d50) were analyzed every 30 s using Malvern 2000 
software (Version 5.1, Malvern panalytical, UK). Morphol-
ogy of the PPMPs and images of these particles trapped in 
the flocs were taken using a scanning electron microscope 
(SEM) (XL-30, Philips, Netherlands); the images were taken 
with an acceleration voltage of 10 kV. Before imaging, a 
double gold layer was sputtered to the samples to maintain 
the conductivity of the samples. To capture the particles 
trapped in the flocs, a hollow tube was used to move the set-
tled flocs at the bottom of the beaker on a membrane filter. 
Then filters were dried in the oven for 1 h.

Experimental design and data analysis

The RSM with central composite design (CCD) was applied to 
achieve the optimum percentage in PPMPs removal. The pH, 
PPMPs size, coagulant dosage, and PAM dosage were selected 
as independent variables, and the reduction of PPMPs as a 
percentage was chosen as the result. For statistical analysis, 
Design-Expert® software (Version 11, Stat-Ease Inc., USA) 
was used. The range of variables was 5 to 9 for pH, 0.25 to 
2.65 mm for PPMPs size, 200 to 1000 ppm for coagulant dos-
age (whether PACl or ferric chloride), and 10 to 22 ppm for 
PAM (whether cationic or anionic). The range of variables 
and the type of coagulants and PAM were selected based upon 
a pre-experiment designed to compare the PPMPs removal 
performance. In this pre-experiment, the dosage of coagulants 
(100 ppm), PAM (8 ppm), pH (7), PPMPs dosage (100 mg), 
and the size of the PPMPs (0.85 mm) were constant. The only 
variables in the pre-experiment are the type of coagulant and 
PAM (Table 1). All the tests in the pre-experiment were con-
ducted in triplicate. The CCD full factorial design gives 30 

Fig. 1   FT-IR spectrum of PPMPs particles
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experiments, according to Eq. 2 [61], including 16 factorial 
point (2 k), eight axial points (2 k), and six replicated center 
points (N0). Replicate center points are used to predict the pure 
error of the lack of fit test and data reproducibility [62].

where N is the total number of experimental runs that have 
to be performed, and k is the number of independent vari-
ables. Based on the previous studies, the concentration of 
coagulants and PAM for actual DWTPs is always below 20 
and 1 ppm, respectively [59, 63]. Nevertheless, to character-
ize the factors influencing PPMPs removal, different concen-
trations of these chemicals were utilized. By determining the 
range of four variables in Design-Expert software by choos-
ing low and high coded (± 1 levels, alpha = face-centered; 
Table 2), different experimental conditions were provided 
(Table 3). After performing 30 practical tests, the general 
correlation between independent variables (pH, coagulant 
dosage, PAM dosage, and PPMPs size) and dependent vari-
able (percentage of PPMPs removal) was acquired using 
Eq. 3.

where Y represents response of the dependent variable, f is 
the function which relates the response to independent vari-
ables, and X1, X2, X3, …, Xn is the n independent variables 
that affect the response [62]. Subsequently, for establishing 
relationships between the dependent and independent vari-
ables, a form of the second-order polynomial was applied 
using Eq. 4 [64].

(2)N = 2k + 2k + N0 = 16 + 8 + 6 = 30

(3)Y = f
(

X1,X2,X3,… ,Xn

)

(4)Y = �0 +
∑k

i=1
�ixi +

∑k

i=1
�ix

2

i
+

∑k

i=1

∑k

j=1
�ixixj

where Y is predicted response (removal, %), β0 is the con-
stant regression coefficient for the intercept, βi is the linear 
coefficient, βii is the quadratic coefficient, βij is the interac-
tion coefficient, xi and xj are coded values for independent 
variables. Analysis of variance (ANOVA) and regression 
coefficients were applied to analyze data at the 95% confi-
dence level using Design-Expert® software. Multiple factors 
of practical data sets were evaluated to test fitness of the 
model, including F-value, p-value, degree of freedom (DF), 
mean square (MS), sum of squares (SS), correlation coef-
ficient (R), determination coefficient (R2), adjusted deter-
mination coefficient (Radj

2), standard deviation (SD) and 
coefficient of variance (CV).

Results and discussion

Pre‑experiment

Prior to conducting the thirty experiments given by the 
Design-Expert software, the type of coagulant (whether 
ferric chloride or PACl) chosen for the set of experiments 
needed to be selected (Table 1). PACl coupled with ani-
onic PAM performed better at removing PPMPs with a rate 
of 9% ± 2. Although this removal rate was < 10%, ferric 
chloride with anionic or cationic PAM (8% ± 0 and 6% ± 1, 
respectively), was less effective at removing PPMPs, com-
pared to PACl. Therefore, for thirty given experiments, PACl 
was chosen as the coagulant (dependent variable). In pre-
experiment tests, the role of PAM was more significant in 
removing PPMPs than that of coagulants, which in this case, 
anionic PAM, acted better in removing these particles when 
it was coupled with 8% ± 0 and 9% ± 2 for ferric chloride and 
PACl, respectively.

PACl and ferric chloride are the two commonly used 
types of iron based coagulants [65]. These two coagulants 
have been reported to efficiently remove antimony [66], arse-
nate [67], blended surface water, wastewater and rainwater 
[68], textile industry wastewater [69], automotive waste-
water [70], PSMPs [55] and PEMPs [53]. However, PACl 
utilization by WTPs is more expensive than ferric chloride. 
Rajala et al. [55] reported that PACl and ferric chloride are 
more efficient in removing PSMPs than cationic polyamine. 
They observed that 1 µm and 6.3 µm PSMPs were removed 
by ferric chloride and PACl at a maximum rate of 99.4% and 
98.2%, respectively. But Ma et al. [52] reported that ferric 
chloride, without PAM, removed d < 0.5 mm PEMPs at a 
rate of 8.24% ± 1.22 and 12.65% ± 1.09 with 0.5 mM and 
5 mM concentration, respectively. However, density of PS 
(1.05 g/ cm3) and PE (0.94–0.97 g/cm3) polymers are higher 
than that of PP polymer (0.90 g/cm3) which was investigated 
in this study.

Table 1   Pre-experiment tests of efficiency rate of two types of coagu-
lants and PAM in PPMPs removal. Error bars indicate one standard 
deviation of the mean

Anionic PAM Cationic PAM

Ferric Chloride 8% ± 0 6% ± 1
PAC 9% ± 2 4% ± 2

Table 2   Five levels and experimental range of independent variables

Variable -α Low Middle High  + α

A- PPMPs size (mm) 0.25 0.85 1.45 2.05 2.65
B- pH 5 6 7 8 9
C- PACl dosage (ppm) 200 400 600 800 1000
D- PAM dosage (ppm) 10 13 16 19 22
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Statistical analysis

Independent variables (A: PPMPs size, B: pH, and D: 
PAM dosage) in CCD were applied to Eq. 5 to predict the 
response value (Y). CCD was able to evaluate interactions 
among variables affecting the response [71]. AB, B2, and 
D2 represent interaction effect, two second-order effect 
for A and B, respectively. Significant coefficients using 
ANOVA are indicated at p > 0.05 (Table 4). F-value indi-
cates effectiveness of the model, which was 34.45. Gener-
ally, lower p-value and higher F-values imply goodness 
of fit.

Determination coefficient (R2) and the adjusted R2 for the 
model were 0.900 and 0.874, respectively. The higher R2 
indicates that the predicted value and the actual value are in 

(5)
Y = 7.19 − 3.46A + 1.21B + 0.875D − 1.19AB − 0.492B2

− 0.492D2

Table 3   RSM design in CCD 
and actual and predicted value 
of PPMPs removal

Run PPMPs size 
(mm)

pH PACl dosage 
(ppm)

PAM dosage 
(ppm)

Removal (%)

Predicted Actual

1 0.85 6 400 13 6.39 6
2 0.85 6 800 13 6.39 6
3 2.05 6 800 13 1.85 2
4 2.05 6 400 13 1.85 3
5 2.65 7 600 16 0.27 1
6 1.45 7 600 16 7.19 7
7 1.45 7 600 16 7.19 7
8 2.05 6 800 19 3.60 3
9 1.45 7 600 16 7.19 8
10 1.45 7 600 10 3.47 4
11 1.45 7 1000 16 7.19 6
12 0.85 8 400 19 12.93 13
13 2.05 8 400 13 1.89 1
14 0.85 6 800 19 8.14 7
15 1.45 7 600 16 7.19 7
16 1.45 7 200 16 7.19 9
17 2.05 6 400 19 3.60 2
18 1.45 7 600 22 6.97 9
19 1.45 7 600 16 7.19 8
20 0.25 7 600 16 14.10 16
21 2.05 8 400 19 3.64 3
22 2.05 8 800 19 3.64 2
23 1.45 5 600 16 2.80 3
24 1.45 9 600 16 7.64 10
25 0.85 8 800 19 12.93 12
26 0.85 8 400 13 11.18 11
27 1.45 7 600 16 7.19 8
28 0.85 8 800 13 11.18 8
29 0.85 6 400 19 8.14 8
30 2.05 8 800 13 1.89 2

Table 4   Table of ANOVA for the quadratic model for PPMPs 
removal

SD = 1.35, C.V. = % 21.06, R2 = 0.900, R2
adj = 0.8737

Source Sum of 
squares

df Mean square F- value p- value

Model 375.42 6 62.57 34.45  < 0.0001
A- PPMPs 

size
287.04 1 287.04 158.03  < 0.0001

B- pH 35.04 1 35.04 19.29 0.0002
D- PAM dos-

age
18.37 1 18.37 10.12 0.0042

AB 22.56 1 22.56 12.42 0.0018
B2 6.89 1 6.89 3.79 0.0638
D2 6.89 1 6.89 3.79 0.0638
Residual 41.78 23 1.82
Lack of fit 40.28 18 2.24 7.46 0.0177
Pure error 1.50 5 0.30
Cor. total 417.20 29
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good agreement. To our knowledge, this was the first study 
to apply RSM on MPs coagulation.

Effect of variables on removal rate

Perturbation plots illustrate that PPMPs size had the most 
effect on response, and by the decrease in size of particles, 
there was an increase in removal rate (F-value = 158.03) 
(Fig. 2b). This suggests that smaller MPs (d < 0.25 and 

0.25 > d > 0.85  mm) can easily be trapped in formed 
flocs than larger ones. In other words, other variables 
(pH, PACl, and PAM dosage) were less significant in 
removal rates. However, dynamic floc sizes detected in 
pH 6, 7 and 8 by PSA revealed that by increase in pH 
value (F-value = 19.29), larger flocs were formed, which 
implies that more MPs can be trapped in them, leading to 
a rise in removal rates (Fig. 3). Conversely, lower removal 
rates were observed at lower pH due to the smaller size 

Fig. 2   A) Actual vs. predicted removal rate of PPMPs. B) perturbation plot removal rate of PPMPs and effectiveness of independent variables. 
C) 2D plot of pH and PPMPs size' effect on removal rate. D) 3D plot of pH and PPMPs size' effect on removal rate
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of flocs. 2D and 3D plots of pH and PPMPs size interac-
tion affecting removal rates in which the highest degree 
of removal was observed to be 16% (Figs. 2c and d). In all 
thirty experiments conducted, almost no 1.45 < d < 2.05 
and 2.05 < d < 2.65  mm PPMPs were removed, but 
0.85 < d < 1.45 mm PPMPs varied in sedimentation rang-
ing from 3 to 10% with regards to the other variables’ 
effect. Mean particle sizes (d50) of flocs were 331.53, 
460.34, and 544.66 µm for pH 6, 7, and 8, respectively 
(Fig. 3). This supports the higher removal rate of d < 0.25 
and 0.25 < d < 0.85  mm PPMPs; accordingly, it was 
observed that the removal rate at the pH 8 and 9 was higher 
than that of the lower pH (5, 6, and 7) and even 10% of 
0.85 < d < 1.45 mm PPMPs were observed to be removed 
at pH 9 (run 24). Different size range of MPs for coagula-
tion experiment have been investigated. Rajala et al. [55] 
investigated two different sizes of 1 µm and 6.3 µm spheri-
cal PSMPs and Skaf et al. [51] used 1–5 µm spherical 
MPs and three types of microfibers with a diameter of 5 
and 15 µm. Rajala et al. [55] reported an almost complete 
removal rate and Skaf et al. [51] demonstrated a decrease 
in turbidity from 16 to less than 1 NTU, while Ma et al. 
[53] reported a 61.19% ± 3.67 and 18.34% ± 3.28 removal 
rate for d < 0.5 mm and 2 < d < 5 mm, respectively. This 
implies that findings of this study was comparable to 
Ma et al. [53]. This shows that, except from the polymer 
type, size of MPs can directly influence removal rate in 
coagulation process. However, water chemistry in samples 

preparation can influence coagulation process [72]. Rajala 
et al. [55] used effluent of a WWTP for sample prepara-
tion, Skaf et al. [51] used different types of non-ionic and 
anionic surfactants, while the sample solution in Ma et al. 
[53] and in this study were conducted in deionized water 
to simulate DWTPs water condition.

Figure 4 shows the zeta potential of different solution pH 
and the formed flocs in the optimum condition predicted 
by the RSM. Zeta potential for all the 5 pH was positive. 
However, by increasing the pH rate, zeta potential decreased, 
indicating instability of the particles at the higher pH. At 
pH 5 and 6, the mean zeta potential was almost the same, 
11.35 ± 0.15% and 11.35 ± 0.05%, respectively. How-
ever, it dropped sharply at pH 8 and 9 to 7.35 ± 0.35% and 
3.85 ± 0.15%, close to zero, which means more particles' 
instability. As reported by Ma et al. [53], by the increase in 
pH value from 6 to 8, zeta potential dropped to 1.91 ± 0.34, 
0.52 ± 0.14 and -3.43 ± 1.18 mV, respectively. This is in line 
with the findings of this study, however, in all pH range, 
zeta potential was positive. Additionally, Arenas et al. [50] 
reported that increase in pH in chitosan solution (100 ppm), 
zeta potential value decreased steadily from 60 mV at pH 
3 to just above zero at pH 9, remaining positive at all pH 
range. Likewise, in this study, higher pH (8 and 9) indi-
cates instability of the particles and rapid coagulation [73]. 
However, zeta potential remained negative from pH 3 to 11 
with sodium alginate solution (100 ppm), dropping from 
-13 to under -30 mV. Moreover, Perren et al. [54], using 

Fig. 3   Particle size of flocs 
in different pH in predicted opti-
mum condition
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electrocoagulation (EC) to remove PE microbeads, demon-
strated that optimum PE removal was 99.24% at pH 7.5.

Images of the d < 0.25 PPMPs, before and after coagula-
tion is shown in Fig. 5. The morphology of particles were 
detected as fragments (Fig. 5) [15]. The PAM dosage in the 

perturbation plot (Fig. 2a) shows that it was less effective 
in removal rate than variables, as mentioned earlier. How-
ever, by the increase in PAM dosage (F-value = 10.12), 
an increase in removal rate was observed. Addition of 
PAM caused the flocs to be heavier and settle faster, and 

Fig. 4   Zeta potential of flocs 
in different pH in predicted 
optimum condition. Error bars 
indicate one standard deviation 
of the mean

Fig. 5   SEM images of a) 
PPMPs before coagulation b) 
flocs without PPMPs c) PPMPs 
trapped in flocs
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the sticky characteristics of PAM had a positive effect in 
trapping PPMPs in the flocs. The lower amount of PAM 
in the solution (10 and 13 ppm) caused the maximum 
removal rate to be 11% (run 26), but a higher amount of 
PAM (19 and 22 ppm) had an influence in sedimentation 
of 0.25 < d < 0.85 PPMPs to reach a maximum of 13% 
(run 12). Additionally, PACl dosage was observed to have 
the least impact on the removal rate, whereas a higher 
amount in PACl dosage was not efficient in forming larger 
flocs. The size of the flocs had an indirect relation with a 
decrease in PACl dosage (200 and 400 ppm). PAM usage 
in Ma et al. [53] was significant in PEMPs removal. They 
observed the removal of d < 0.5 mm PEMPs with 5 mM 
AlCl3.6H2O to be 25.83% ± 2.91 without cationic PAM, 
but 45.34% ± 3.93 with 15 ppm cationic PAM. However, 
as of the findings of this study, they demonstrated that 
anionic PAM is more efficient in PEMPs removal. They 
reported an increase in removal rate of these particles from 
25.83% ± 2.91 without anionic PAM to 61.19% ± 3.67 with 
15 ppm anionic PAM with the same PPMP size. Moreover, 
in another study, Ma et al. [52] reported that 2 mM ferric 
chloride removed 13.27% ± 2.19 of d < 0.5 mm PEMPs, 

while this amount increased sharply to 90.91% ± 1.01 with 
15 ppm anionic PAM. They also showed that ferric chlo-
ride coupled with anionic PAM is more efficient than with 
cationic PAM in removing PEMPs.

Based on response optimization criteria in Design-Expert 
software, the maximum rate of removal was obtained by the 
maximum pH rate and PAM dosage, and the minimum rate 
of PPMP size and PACl dosage. Maximum removal rate was 
predicted to be 19.69% (Table 5), which was obtained by set-
ting independent variables to "in range" and the response to 
"maximize" with the upper limit of 100% (Fig. 6, Table 6). 
The predicted maximum removal rate was chosen among 
100 different scenarios with the highest removal rate and 
desirability. Subsequently, four experimental tests were con-
ducted with the offered optimum conditions to obtain the 
highest removal rate. Table 5 shows the mean sedimentation 
rate of the experimental test that was 18.75 ± 1.48%, with the 
SD error amount of -0.94%. This revealed that the chosen 
model is well fitted to the experimental coagulation results.

Table 5   A comparison between predicted and actual rate of removal 
in optimum condition. Error bar indicates one standard deviation of 
the mean

Condition Removal (%) Desirability

Experimental 18.75 ± 1.48 -
Predicted 19.61 0.186
Error - 0.94 -

Fig. 6   Optimum condition for 
PPMPs removal predicted by 
RSM

Table 6   Experimental range and levels of independent variables

Variables Variables 
selection 
criteria

A- PPMPs size (mm) In range
B- pH In range
C- PACl dosage (ppm) In range
D- PAM dosage (ppm) In range
Removal (%) maximize
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Further study

Our results indicated that ferric chloride and PACl are inef-
ficient in removing PPMPs particles from drinking water 
and numerous MPs can be ingested through tap water. This 
supports findings of Tong et al. [43] that demonstrated 
humans may ingest up to 660 MP particles/L. Not only 
does ingestion of PPMPs cause potential health risks [74], 
but also these particles can potentially transfer harmful 
chemicals to humans via adsorption after ingestions of 
MPs [75–78], so removal of MPs from DWTPs is of high 
importance. Therefore further studies are recommended 
to investigate PPMPs fate in DWTPs. Since conventional 
coagulants fail to remove PPMPS efficiently in DWTPs, 
it is recommended that alternative coagulants and coag-
ulant aids be analyzed to achieve higher rate of PPMPs 
removal to mitigate the negative impacts for human health. 
Additionally, removal characteristics of other polymers in 
coagulation/flocculation process of DWTPs, for example 
PS, PET and PVC are required to be investigated to fill the 
knowledge gap in MPs removal in DWTPs.

Conclusions

In this study, the characterization of PACl and anionic 
PAM in the removal of PPMPs in DWTPs were opti-
mized using RSM. In the Design Expert, five levels of 
pH, PPMPs size, PACl dosage, and PAM dosage as inde-
pendent variables and removal rate as the response were 
investigated. Among the chosen independent variables, 
PPMPs size and PACl dosage had an indirect relation with 
removal rate and with decrease in the size of PPMPs and 
PACl dosage, removal rate increased. Conversely, PAM 
dosage and pH had a direct relation with removal rate and 
with the increase in pH, larger flocs formed and removal 
rate increased. Therefore, optimum condition of the inde-
pendent variables was the pH 9, 200 ppm of PACl, PPMPs 
size of d < 0.25 mm, and 21 ppm of PAM, resulting in a 
maximum removal rate of 18.75 ± 1.48%. According to the 
results of this study, conventional DWTPs that use ferric 
chloride or PACl as coagulants, are incapable of removing 
PPMPs microplastics.
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