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Abstract

Coagulation, flocculation, and settling have been shown to be important pro-

cesses to remove micro- and nano-sized plastic contaminants. However, lim-

ited research has been conducted to assess how challenging water chemistry

characteristics (including water pH and presence of wastewater colloids) and

treatment conditions (such as settling time, coagulant type, flocculant type)

impact the removal of these contaminants. Our results show that plastic

removal declines at higher pH values using conventional alum as a coagulant.

Removal of pristine and aged nanoplastics dropped from 64% and 76%, respec-

tively, at pH 7 to below 20% at pH >7.8. Similarly, polyester microfibre

removal decreased from 97% at pH 7 to 85% at pH 8.6. Replacing alum with

alternative coagulants resulted in improved plastic contaminant removal at

pH >7.8 with an average microfibre removal of 94% (aluminium chlorohy-

drate) and an average nanoplastic removal of 66% (aluminium chlorohydrate

+ pDADMAC). Quartz crystal microbalance with dissipation monitoring mea-

surements revealed that aluminium chlorohydrate coagulant species yield a

thicker deposition layer on negatively charged surfaces compared to alum.

Experiments with alternative flocculants revealed that anionic flocculants

result in rapid nanoplastic removal, while cationic flocculants can achieve sim-

ilar removal given sufficient settling times. Results from our study reveal how

coagulant and flocculant selection and environmental conditions, including

pH and interactions with wastewater colloids, can affect plastic contaminant

removal during primary treatment. Our study also revealed that municipalities

can enhance nanoplastic and microfibre removal using alternative aluminium-

based coagulants under challenging pH conditions.
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1 | INTRODUCTION

The presence of microplastics and nanoplastics in water
bodies is expected to increase with the continuous rise in
global plastic production. Several studies have already
reported the presence of microplastics in various water
bodies including oceans,[1,2] estuaries,[3] lakes,[4,5] urban
rivers,[6] and groundwater.[7] Of these plastic contami-
nants, microfibres were found to be the dominant shape of
microplastics in wastewater effluents[8] likely originating
from laundry machine discharges that contain synthetic
textile material.[9–12] Degradation of single-use polypropyl-
ene facemasks is also expected to introduce plastic microfi-
bres to natural waters.[13] Recent estimates show that
synthetic textiles account for approximately 35% of all pri-
mary microplastic release into the environment and con-
stitute the main source of microplastic release in
developing countries.[14] Bulk plastic and microplastic lit-
ter can further degrade into nanoplastics due to environ-
mental weathering.[15,16] Nanoplastics can be produced
following washing and abrasion of synthetic textiles,[17]

degradation of polyethylene and polypropylene plastic
debris,[18] and mechanical degradation of polystyrene cof-
fee cup lids and expanded polystyrene foam.[19] Nanoplas-
tics are also expected to be released into domestic
wastewaters from the use of microbead-containing per-
sonal care products which are still being sold in many
countries worldwide.[20] Although microplastics, microfi-
bres, and nanoplastics are typically clustered within the
same contaminant group, there are important distinctions
between these plastic particles beyond shape and morphol-
ogy. The International Standardization Organization (ISO)
defined microplastics as insoluble plastic particles in water
that contain at least one dimension between 1 and
5000 μm and defined nanoplastics to have one dimension
between 1 and 1000 nm.[21] However, more recent work
has called for distinguishing nanoplastics from microplas-
tics not merely by size but also by differences in their
transport properties and interactions with colloids.[22,23]

To limit the release of microfibres and nanoplastics
into the aquatic environment, it is imperative to assess
and improve the ability of existing wastewater treatment
plants to remove these contaminants. Since primary set-
tling tanks represent the most common primary treat-
ment process found in wastewater treatment plants,[24]

coagulation, flocculation and settling processes present
an ideal treatment stage to remove microfibres and nano-
plastics. Using alum as a coagulant, Lapointe et al.[25]

were able to remove more than 99% of polyester microfi-
bres (105–1325 μm in length) at pH 7. Li et al.[26] showed
microfibre removal greater than 90% with 30 mg/L of fer-
ric chloride (FeCl3) from real laundry wastewater and up
to 99% microfibre removal with 3 mg/L of polyaluminum

chloride. Similarly, Gong et al.[27] were able to achieve
more than 95% removal of carboxyl-modified polystyrene
nanoplastics using AlCl3, FeCl3, and polyaluminum chlo-
ride coagulants at a concentration of 10 mg/L. More than
85% of non-functionalized 50, 100, and 500 nm polysty-
rene nanoparticles were also removed when polyalumi-
num chloride was used as a coagulant.[28]

Although these results show high microfibre and
nanoplastic removal, it is important to study the effect of
influent wastewater conditions such as pH and interac-
tions with wastewater colloids on treatment performance
since conventional coagulants are known to be influenced
by these conditions. Final pH values can range from 6 to
9.5 according to regulatory standards of wastewater efflu-
ent in Québec.[29] Such a change in pH will affect coagula-
tion behaviour as seen with the decline in the removal of
polyester microplastics (140 μm) from 89% at pH 7 to 69%
at pH 8 when treated with alum.[25] A decrease in polyeth-
ylene microplastic removal was also observed by Ma et al.
using AlCl3 as a coagulant when the pH was increased
from 6 to 8 (27% to 22% removal).[30] The effect of pH on
nanoplastic removal with AlCl3 showed a similar behav-
iour where an increase of initial pH from 8 to 10 resulted
in a reduction of nanoplastic removal from 95% to
83.4%.[27] In our previously published work, total sus-
pended solids removal was shown to be an accurate indi-
cator to monitor nanoplastic removal during chemically-
enhanced primary treatment for various physico-chemical
treatment conditions.[31] In agreement with earlier
research, our previous work revealed that changes in oper-
ating pH conditions impact the ability of alum to effec-
tively remove both total suspended solids and nanoplastic
contaminants. This study builds on our earlier work to bet-
ter understand the effect of influent wastewater parame-
ters on plastic contaminant removal during coagulation,
flocculation and settling. In addition, this work investi-
gates the tools at the disposal of wastewater treatment
plant operators (coagulant type, flocculant type, and set-
tling time) to improve removal of this plastic contaminant
under challenging treatment conditions.

In this study, the ability of alum to remove nanoplas-
tics and microfibres is tested in varying pH conditions
(from pH 7 to 8.6). In addition, we study the ability of
alternative coagulants, including aluminium chlorohy-
drate (ACH) and a mixture of ACH and pDADMAC to
remove microfibres and nanoplastics in challenging pH
conditions (pH 7.8 to 8.6). Quartz crystal microbalance
with dissipation monitoring (QCM-D) was then
employed to understand the underlying interactions of
coagulants with negatively-charged contaminants. Alter-
native flocculants including anionic and cationic poly-
acrylamide flocculants were also tested to highlight the
effect of flocculant charge and floc size on nanoplastic

2 ABI FARRAJ ET AL.

 1939019x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cjce.70235 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [13/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



removal. This work contributes to the growing body of
literature for nanoplastic and microplastic removal
through coagulation and flocculation in two significant
ways: (1) the coagulation removal pathways of microfi-
bres, nanoplastics, and phosphorus contaminants are dis-
tinguished and (2) the ability of each coagulant to
remove plastic contaminants during jar test experiments
was related to the coagulant adsorption properties deter-
mined through the QCM-D study. The results of these
contributions enhance the understanding of the different
contaminant removal pathways during coagulation and
flocculation and the trade-offs required to ensure optimal
treatment of distinct types of contaminants.

2 | MATERIALS AND METHODS

2.1 | Chemicals and materials

Plastic contaminants tested in this study included fluores-
cent 28 nm carboxylate-modified polystyrene nanoplas-
tics (FluoSpheres F8781, ex/em: 365/415 nm) and
microfibres obtained from blended polyester (PEST) tex-
tile implemented in previous work.[25] Three aluminium-
based coagulants, alum (ALS, Kemira Water Solutions
Canada, Inc.), aluminium chlorohydrate (ACH) (PAX
XL1900, Kemira Water Solutions Canada, Inc.), and
ACH + pDADMAC (PAX XL 3932 J, Kemira Water Solu-
tions Canada, Inc.) were used in this study. Prior work
that characterized these coagulants revealed that alum
contained �100% Al monomers (basicity of 0%), while
ACH contained �12% Al monomers and 88% Al30 poly-
mer species (basicity of 83%).[32] ACH + pDADMAC
coagulant used in this study is composed of 75% ACH
and 25% Superfloc C-492 (described below).

Four polyacrylamide (PAM) flocculants were tested
including: high MW anionic PAM (aPAM2) (charge
density <5%, Superfloc A-100 HMW, Kemira Water Solu-
tions Canada, Inc.), low MW cationic PAM (cPAM1)
(charge density ≈ 7%, Superfloc C-492, Kemira Water
Solutions Canada, Inc.), low MW cationic PAM (cPAM2)
(charge density ≈ 20%, Superfloc C-494, Kemira Water
Solutions Canada, Inc.), and low MW anionic PAM
(aPAM1) (charge density <5%, Veolia Water Technolo-
gies). All stock solutions were stored in the dark at 4�C to
prevent potential photodegradation.

2.2 | Jar test preparation

2.2.1 | Synthetic wastewater preparation

Jar test experiments were conducted in synthetic waste-
water adapted from the synthetic sewage wastewater

recipe from the Organization for Economic Coopera-
tion & Development (OECD).[33] Briefly, a synthetic
wastewater concentrate was prepared using 0.8 g of pep-
tone, 0.55 g of meat extract, 0.15 g of urea, 35 mg of
sodium chloride (NaCl), 20 mg of calcium chloride
(CaCl2), 1 mg of magnesium sulphate heptahydrate
(MgSO4 � 7H2O), and 0.14 g of dipotassium phosphate
(K2HPO4) dissolved in 500 mL of DI water. To adjust the
pH to 8, 300 μL of a 2 M NaOH solution was added to the
concentrate. Jar tests containing 250 mL of synthetic
wastewater was produced by diluting 20 mL of the syn-
thetic wastewater concentrate with 230 mL of tap water.
Each jar test was then spiked with 350 μL of a 40 g/L sil-
ica particle suspension (�80% between 1 and 5 μm diam-
eter, S5631, Sigma-Aldrich) to reach an average turbidity
of 55 ± 2.3 NTU measured with a TB300 IR turbidimeter
(Clear Tech).

2.2.2 | Microfibre preparation

Polyester microfibres used in this study were prepared in
earlier work.[25] Briefly, a Ninja blender (�1200 rpm)
was used to blend commercial polyester textile (SanMar
Canada, ATC, ATC3600Y) for 5 min at 22�C. The
blended fibres were sieved with a 250 μm mesh stainless
steel sieve resulting in PEST microfibres with a length
between 105 and 1325 μm and a width between 12 and
16 μm based on scanning electron microscopy imaging
(n = 30).[25]

2.2.3 | Nanoplastic preparation

For experiments with pristine nanoplastics, the 28 nm
carboxylate-modified polystyrene nanoplastics were
pipetted directly from the stock suspension into the syn-
thetic wastewater jar test. For experiments with aged
nanoplastics, pristine nanoplastics (1 mL of a 200 mg/L
stock suspension) were transferred to a 50 mL Falcon tube
containing 20 mL of synthetic wastewater to reach a con-
centration of 9.5 mg/L. The Falcon tube was left on
a shaker at a speed of 50 rpm for 18 h in the dark to pre-
serve the fluorescent properties of the nanoplastics. These
nanoplastics are hereafter referred to as aged nanoplastics.

2.2.4 | Spiking synthetic wastewater with
plastic contaminants

Nanoplastics (either pristine or aged) and microfibres
were added to synthetic wastewater jar tests based on the
following procedures. Pristine nanoplastics were added
to 250 mL of synthetic wastewater to achieve a
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concentration of 0.8 mg/L (1 mL of a 200 mg/L stock sus-
pension). Microfibres were added to the jar to achieve a
number concentration of 1000 microfibres/L (2.31 mL of
a stock suspension of 108 ± 11 microfibres/mL). For
experiments with aged nanoplastics, 20 mL of synthetic
wastewater containing the aged nanoplastics (9.5 mg/L)
were added to 230 mL of synthetic wastewater to achieve
a nanoplastic concentration of 0.8 mg/L.

2.3 | Jar test procedure

After spiking the synthetic wastewater with the plastic
contaminants, the pH of the suspension was adjusted by
adding 2 M NaOH and 1 M HCl before the onset of the
jar test procedure to achieve the target pH. To begin
the jar test experiment, the coagulant was added at a con-
centration of 5.45 mg Al/L and mixed for 2 min at a
speed of 110 rpm. The concentration of alum was opti-
mized to reach a turbidity value less than 10 NTU after
3 min of settling in jar tests containing synthetic waste-
water spiked with polyester microfibres at a concentra-
tion of 1000 microfibres/L (Figure S1). This was followed
by a 2 min flocculation period with the addition of 0.4 mg
PAM/L at the same speed of 110 rpm. Half of the total dos-
age of PAM (0.2 mg PAM/L) was added at the onset of floc-
culation, while the other half was added at mid-flocculation
to avoid floc breakage.[25] Stirring was stopped after the floc-
culation period and samples were collected at 30 s and
3 min of settling from a depth of 3 cm below the water sur-
face level. Results obtained after 30 s of settling reveal the
ability of the coagulation-flocculation process to remove
contaminants rapidly and effectively which can impact the
operating cost of the process. Results after 3 min of settling
reveal the removal of contaminants when the majority of
flocs have been settled.

2.4 | Nanoplastic, microfibre, and
phosphorus concentration measurements

The initial and final concentrations of pristine and aged
nanoplastics were determined by measuring fluorescence
intensity (Spark microplate reader, Tecan) with a corre-
sponding calibration curve in synthetic wastewater (lin-
ear relation, R2 > 0.98, Figure S2). To measure microfibre
removal, 100 mL samples were collected from each jar
test by pouring the treated water into a graduated cylin-
der after 3 min of settling. The sample was then
filtered with 5 μm mixed cellulose ester membranes (MF-
Millipore®, membrane filter) and the number of microfi-
bres on the membranes were counted using a stereomi-
croscope (Olympus, model SZX16). Samples with high

turbidity (>30 NTU) can result in build-up on the mem-
brane during filtration which can impede microfibre
counting. Three to five membranes were used to filter
these 100 mL samples to avoid membrane fouling and
particle build-up which can hinder the visualization and
counting of microfibres.

To measure the phosphorus concentration after treat-
ment, 50 mL of treated water from each jar was filtered
with a 0.45 μm mixed cellulose ester membrane (MF-
Millipore®, membrane filter). In addition to plastic con-
taminant removal, this study measured the impact of
coagulant type on phosphorus removal. Since phospho-
rus is an important contaminant for WWTPs,[34,35] this
study explores any potential tradeoff between plastic con-
taminant removal and phosphorus removal. The concen-
tration of phosphorus was measured in triplicate by an
accredited testing laboratory, Eurofins (Québec, Canada),
using inductively coupled plasma mass spectrometry
(ICP-MS, ICAP, Thermo Fisher Scientific). The initial
concentration of soluble phosphorus in untreated syn-
thetic wastewater is 5.0 ± 0.5 mg/L based on the recipe
implemented in this study.[36,37] Measurements were
taken for at least three separate jar tests to ensure the
reproducibility of the nanoplastic fluorescence measure-
ment, microfibre visual counting, and phosphorus con-
centration measurement.

2.5 | Floc imaging and sizing

To measure floc sizes, 2 mL samples were collected 10 s
before the end of the flocculation period at a distance 3 cm
below the water surface. To collect the sample, the tip of a
5 mL pipette was cut �1 cm from the edge for a wider
pipette tip opening to ensure minimal impact on the floc
structure. An inverted fluorescence microscope (Olympus,
model IX71) with brightfield imaging was then used to
take optical images of the flocs. Analysis of floc sizes was
performed with ImageJ software for more than 60 flocs
total (at least 20 flocs per jar test from three separate jar
test experiments). The size of the floc was calculated
assuming an ellipse shape with an equivalent diameter =
(L�W)0.5 where L and W are the length and width of the
floc.[38] For SEM images, settled flocs were collected and
placed on carbon tape, dried for 24 h, and coated with
4 nm of platinum (Leica Microsystems, EM ACE600 High
Resolution Sputter Coater). The electron microscopy
images (FEI Quanta 450 environmental scanning electron
microscope) were obtained at 5 kV (secondary electrons),
while the elemental analysis obtained by energy-dispersive
X-ray spectroscopy was performed at 10 kV. Elemental
mapping was analyzed with EDAX Octane Super 60 mm2

SDD and TEAM EDS Analysis System.

4 ABI FARRAJ ET AL.
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2.6 | Dynamic light scattering and zeta
potential measurements

The hydrodynamic size and zeta potential of nanoplastics
were measured using a Zetasizer Ultra (Malvern Panalyti-
cal). Nanoplastics (28 nm carboxylate-functionalized
nanoplastics; 100 ppm concentration) were suspended in
DI water at 25�C containing 0.66 mmol NaCl/L which is
equivalent to the ionic concentration of synthetic waste-
water. Stock suspensions were prepared in four pH con-
ditions (pH 7.0, 7.5, 8.0, and 8.5) by adding NaOH (1 M)
and HCl (1 M) to adjust the pH. Three separate samples
were measured at each pH condition. For each sample,
the hydrodynamic size is reported as an average of three
dynamic light scattering z-average measurements while
the zeta potential is reported as an average of at least six
measurements.

2.7 | Quartz crystal microbalance with
dissipation monitoring (QCM-D)
measurements

2.7.1 | QCM-D sample preparation

QSense Explorer was used to study the affinity of the
three coagulants to a 5 MHz AT-cut crystal with silica-
coated surface (QSX 303, QSense). All three coagulant
samples were prepared to reach a final concentration of
5.45 mg Al/L in 250 mL of pre-filtered (0.2 μm) DI water.
To control the pH of the sample, NaOH (0.5 mol/L) and
HCl (1 mol/L) were added to reach a pH of 7 ± 0.2 for
alum and 8.5 ± 0.2 for ACH and ACH + pDADMAC.

2.7.2 | QCM-D measurement procedure

To assess the affinity of the three coagulants to the sen-
sor, the frequency shifts (Δf ) and dissipation shifts (ΔD)
were measured for each coagulant. To establish a base-
line measurement for Δf and ΔD, a peristaltic pump was
first used to flow pre-filtered DI water with the same
adjusted pH as the selected coagulant at a rate of 100 μL/
min for 5 min. Then, the coagulant sample (5.45 mg
Al/L) was pumped into the flow module at an identical
flowrate of 100 μL/min. The Δf and ΔD responses of the
crystal to the coagulant were reported for the third over-
tone (n = 3). It should be noted that the frequency shift
obtained from the QCM-D (Q-Sense) is already normal-
ized when using standard software settings such that
Δf(n) = Δfn/n. Three separate experiments were con-
ducted for each coagulant to measure frequency shift and
dissipation shift as a function of time (Figure S3).

2.7.3 | Sensor and chamber cleaning
procedure

Before each measurement, the silica-coated sensor (QSX
303, QSense) was cleaned three times in 0.2 μm pre-
filtered DI water, soaked in 0.2 μm pre-filtered Hellma-
nex (1%) and bath sonicated for 20 min.[39] Following
sonication, the sensor was rinsed 10 times with DI water,
3 times with ethanol and dried under nitrogen gas.
Finally, the sensor was exposed to UV/ozone treatment
for 45 min (UV chamber, Bioforce Nanosciences). To
clean the crystal, chamber, and tubing after each mea-
surement, pre-filtered DI water was pumped into the
chamber for 5 min, followed by 1% Hellmanex for 1 min,
and then DI water for five additional minutes.

2.8 | Statistical analysis

Two-sample t-test with equal variance was performed in
MATLAB[40] to determine whether the means of two
treatment conditions differed significantly. This was
applied to compare the coagulant performances for differ-
ent treatment conditions and varying contaminant types.
A p-value of less than 0.05 was considered statistically
significant.

3 | RESULTS AND DISCUSSION

3.1 | Effect of pH on microfibre and
nanoplastic removal using alum as a
coagulant

A maximum observed nanoplastic removal of 64% ± 3%
was reached at pH 7 with an alum concentration of
5.45 mg/L for samples collected 30 s after stirring was
stopped at the end of the (2 min) flocculation period (30 s
of settling) (Figure 1A). Nanoplastic removal was
observed to be largely impacted by increasing pH with a
measured nanoplastic removal below 10% for all pH
values greater than 8. To study the effect of wastewater
colloid interactions with nanoplastics prior to physico-
chemical treatment, pristine nanoplastics were stabilized
in synthetic wastewater for 18 h. The stabilization period
is introduced in this study to mimic the potential interac-
tions between wastewater colloids and nanoplastics that
occur during nanoplastic transport in sanitary sewer sys-
tems (referred to as aged nanoplastics). Following coagu-
lation with alum, nanoplastic removal at pH 7 is seen to
be significantly greater for aged nanoplastics compared
to pristine nanoplastics (76% ± 4% vs. 64% ± 3% respec-
tively, p = 0.039, Figure 1B). At higher pH values, the
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aged nanoplastics showed the same decline in removal to
reach values lower than 20% at all pH values above 8, as
noted previously for pristine nanoplastics.

The lower nanoplastic removal in more alkaline con-
ditions can be explained by the effect of pH on the behav-
iour of alum during coagulation. When alum is used as a
coagulant, colloid destabilization can occur through
charge neutralization or sweep flocculation. Given the
alum dose of 60 mg/L used in this study, sweep floccula-
tion is expected to be the dominant removal mechanism
across the pH range of 7–9.[41] In this flocculation regime,
the concentration of the added alum is beyond the solu-
bility limit which results in excess alum hydrolyzing to
amorphous Al(OH)3 that entraps the colloids within the

precipitating aluminium hydroxide.[41] In alkaline condi-
tions, hydrolyzed alum species are known to be nega-
tively charged. Although the charge of Al(OH)3 is
positive at a pH of 7–8, the charge of Al(OH)3 becomes
weakly negative at pH values greater than 8.[42] In addi-
tion, the concentration of negatively charged Al(OH)4

�

increases with pH.[41] The excess of negatively charged
soluble alum species could impact their affinity to nega-
tively charged colloids in the wastewater as well as the
anionic polyacrylamide used in the flocculation stage.[43]

This increase in electrostatic repulsion between coagula-
tion species and flocculants and contaminants can possi-
bly explain the smaller flocs formed at higher pH values.
Floc images revealed that flocs formed at pH 7 had an

FIGURE 1 (A) Removal of pristine nanoplastics as a function of final pH conditions of water after 30 s of settling. Removal of pristine

(circle) and aged (star) nanoplastics after (B) 30 s of settling and (C) 3 min of settling. (D) Removal of polyester microfibres after 3 min of settling.

Conditions: 5.45 mg Al/L of alum, 0.4 mg/L of anionic PAM (aPAM1) (very low anionic charge density, high molecular weight); 2 min of

coagulation and 2 min of flocculation at 110 rpm. For (A, D), each datapoint represents a single jar test with the red line and the grey box

indicating the mean and the standard error of all jar tests at that condition, respectively. For (B, C), each data point represents an average of at

least three separate jar test results and the error bar indicates standard error. *Indicates statistically significant difference (p < 0.05; two sample t-

test) between (A, D) pristine nanoplastic removal at pH 7 and other pH values or between (B, C) pristine nanoplastic removal at the same pH

value. Selected data in (A–C) are sourced from the same dataset as Abi Farraj et al.[31]

6 ABI FARRAJ ET AL.
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average size of 541 μm compared to 296 μm for flocs
formed at pH 8 (Figure S4). In addition, roughly 26% of
flocs produced at pH 7 were larger than 750 μm com-
pared to only 1% for pH 8. Therefore, nanoplastic
removal in samples measured after 30 s of settling at
pH 8 is expected to be lower since these smaller flocs
require a longer time to settle.

Nanoplastic removal after 3 min of settling takes into
account any nanoplastics removed with smaller flocs that
take longer to settle (Figure 1C). Although a significant
decline in pristine nanoplastics removal was observed at
the lower settling time (30 s) with alum, the results after
3 min show no significant difference in removal between
pH 7 and higher pH levels (p > 0.05, two sample t-test).
This result suggests that nanoplastics are entrapped in
the smaller flocs produced at higher pH. Interestingly,
the lowest nanoplastic removal for both pristine and aged
nanoplastics after 3 min of settling is seen at pH 7.8.
Removal of aged nanoplastics at pH 7.8 is significantly
lower than removal at pH 7 and 8.6 (p = 0.002 and 0.004,
respectively). Zeta potential and DLS measurements
reveal that the polystyrene nanoplastics maintain a nega-
tive surface charge (< �30 mV) with minimal aggrega-
tion across the pH range of 7.0–8.5 (Figure S5).
Therefore, the greater removal at pH values greater than
8 can be due to the improved affinities that nanoplastics
have with Al polynuclear species that form in higher pH
conditions (e.g., Al2, Al3, Al13).

On the other hand, microfibres showed a significant
difference in removal at varying pH conditions after
3 min of settling. At an optimal pH of 7, coagulation with
alum achieves high removal of polyester microfibres
(97% ± 1%) (Figure 1D). This result agrees with earlier
coagulation studies that showed a 99% polyester fibre
removal (mean floc diameter of 977 ± 36 μm) when alum
(2.73 mg Al/L) and PAM (0.3 mg/L) were added as a
coagulant and flocculant, respectively.[25] Similarly,

Shahi et al.[44] observed a 81.8% removal of elongated
polyethylene (10–100 μm) with alum (30 mg/L). The high
fibre removal was attributed to the shape of microplastics
with a recent meta-analysis revealing that microplastics
shaped like fibres have the highest removal in the coagu-
lation and sedimentation process.[45] However, increasing
the pH of wastewater in this study led to a decrease in
microfibre removal reaching 85% ± 3% removal at a pH
of 8.6 (p = 0.024 compared to pH 7). A similar decline in
removal was also reported for polyester microspheres
(140 μm) with a reduced removal of 69% at pH 8 when
alum was used as a coagulant.[25]

The different effects of pH conditions on nanoplastic
and microfibre removal after 3 min of settling can be
explained by the attachment process of each contami-
nant. In the sweep coagulation regime, the removal of
microfibres is expected to be dominated by the attach-
ment of microfibres to flocs.[13,25] As can be seen in the
SEM image (Figure 2), the microfibre appears to be
enmeshed in the aluminium-based floc along with silica
particles that constitute the inorganic colloids in the syn-
thetic wastewater (Figure S6). The effect of pH on the
removal of microfibres can be attributed to the size and
charge of the produced flocs. Due to the length of micro-
fibres (160–1500 μm), it is expected that microfibres are
less likely to enmesh with smaller flocs produced at
pH >8 than the larger flocs produced at pH <8. The
effect of floc size on microplastic removal was also shown
in the study by Lapointe et al.[25] When the floc size was
reduced by lowering the dose of flocculant, a significant
decrease in the removal of 140 μm microspheres was
observed, while the removal of smaller 15 μm micro-
spheres was not affected. Similarly, in this study, the
smaller flocs impacted the removal of microfibres but not
the smaller-sized nanoplastics. This difference in removal
suggests that sweep flocculation with smaller flocs is less
effective for removing microfibres. The different removal

FIGURE 2 Scanning electron

microscope image of polyester

microfibre embedded in a settled floc

and the corresponding EDS elemental

mapping showing the presence of

carbon, oxygen, aluminium (as Al

hydroxides obtained from alum), and

silicon (scale bars = 5 μm). The

brightness of the energy dispersive X-ray

spectroscopy (EDS) elemental mapping

images was increased by 50% to enhance

the visibility of the location of detected

elements.
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behaviour between microfibres and nanoplastics further
supports the need to differentiate between the unique
physicochemical behaviours of nanoplastics and micro-
plastics.[22,23] In addition, the weakly negative charge of
Al(OH)3 that precipitates at pH values greater than 8 can
result in electrostatic repulsion with the negatively
charged polyester microfibres resulting in a lower likeli-
hood of microfibre enmeshment in the aluminium
hydroxide based flocs.

3.2 | Microfibre and nanoplastic removal
with alternative coagulants in alkaline
conditions

Aluminium chlorohydrate (ACH) is a prehydrolyzed
aluminium-based coagulant containing positively charged poly-
meric aluminium species including [AlO4Al12(OH)24(H2O)12]

7+

and [Al30O8(OH)56(H2O)24]
18+, known as Al13 and Al30,

respectively.[46] In contrast to monomeric Al hydroxide
species from alum, the hydrolyzed cationic species
formed from ACH are stable at a wider pH range.[32]

Using ACH as a coagulant resulted in a significantly
greater nanoplastic removal compared to alum at all pH
values greater than 7.8 (p < 0.05) for samples collected
after 30 s of settling (Figure 3A). The introduction of cat-
ionic polyaluminum species is seen to improve the
removal of nanoplastics due to the improved floc struc-
ture produced at that pH range as well as a possible
enhanced charge neutralization of colloids. It is worth
noting that the nanoplastic removal significantly
decreased for ACH at higher pH conditions (p < 0.05 for
data points compared to pH 7.8). A previous study has
shown that the zeta potential of coagula formed by the
coagulation of Al13 and Al30 species decreases at high pH,
noably due to the increased negativity of particulate con-
taminants.[47] This reduction in coagulant charge neutral-
ization capacity can explain the decrease of nanoplastics
removal with ACH at higher pH conditions. The role of
the cationic species in improving nanoplastic removal at
short settling times is further supported when pDAD-
MAC is introduced with ACH. Nanoplastic removal at
pH 8.2 is seen to be significantly greater for ACH
+ pDADMAC at 75 ± 3% removal compared to ACH at
42 ± 4% (p < 0.05). Therefore, the addition of cationic
pDADMAC is seen to compensate for the loss of cationic
charge on the polyaluminum nuclear species to ensure
the rapid removal of nanoplastics.

For samples collected after 3 min of settling, ACH as
well as ACH added in combination with pDADMAC sig-
nificantly improve nanoplastic removal compared to
alum at pH 7.8 (p = 0.035 and p = 0.002, respectively;
Figure 3B). In addition, nanoplastic removal with ACH

+ pDADMAC is seen to be significantly greater than
ACH alone (p = 0.046 at pH 7.8). Therefore, at pH condi-
tions of 7.8, the cationic pDADMAC species play an
important role in contaminant removal particularly
through destabilizing the nanoplastic contaminants. For
pH values greater than 8.2, there was no significant dif-
ference in nanoplastic removal between alum, ACH, and
ACH + pDADMAC. This finding supports the hypothesis
that in highly alkaline conditions, sweep flocculation by
alum compensates for the loss in cationic species and
results in similarly high nanoplastic removal given
enough settling time.

Microfibre removal also revealed significant improve-
ment when polynuclear aluminium coagulants are added.
Jar test experiments show that ACH maintains high
removal of microfibres in alkaline conditions and offers a
significantly greater removal than alum (Figure 3C). This
result shows that cationic species that are stable at higher
pH values can improve removal of negatively charged col-
loids and microfibres. However, introducing additional
cationic species to the coagulant via pDADMAC addition
resulted in a wide variation in microfibre removal at high
pH values. Microscopy images reveal that the low microfi-
bre removal can be attributed to small flocs that are float-
ing on the surface of the water (Figure S7). These small
flocs are suspected to form due to the strong cationic
nature of pDADMAC as was later confirmed in the
QCM-D analysis. As mentioned earlier, microfibre
removal was determined by counting the number of
microfibres left in suspension after the prescribed settling
time. Since this concentration measurement includes any
flocs suspended near the surface, the incorporation of
microfibres into these smaller floating flocs can explain
the lower observed removal. An earlier study by Rajala
et al.[48] similarly observed that cationic (polyamine) coag-
ulant can result in small floc sizes in certain treatment
conditions. Under these conditions, the cationic polymer
produced small aggregates that remained in suspension
and resulted in lower microsphere removal.

Wastewater operators are facing regulatory drivers to
reduce phosphorus concentrations in effluent streams as
it has been shown to deteriorate water quality and result
in harmful algal blooms. In this study, the coagulants’
mechanisms of phosphorus removal are compared to
their mechanisms of plastic contaminant removal. Our
results reveal a potential tradeoff between nanoplastic
removal and phosphorus removal with alum. Although
alkaline conditions did not appear to affect nanoplastic
removal with alum at long settling times, there was
observed decline in phosphorus removal (Figure 3D).
Final phosphorus concentration with alum achieved
a concentration less than 1 mg/L at pH 7 (initial
concentration = 5.0 ± 0.5 mg/L). As the pH increased,
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the phosphorus removal declined with final concentra-
tions reaching 1.17 ± 0.27 mg/L (removal of 77%) at
pH 8.2 and 1.75 ± 0.03 mg/L (removal of 65%) at pH 8.6.
Orthophosphate is known to be removed through direct
adsorption on coagulant species or (co)precipitation with
Al3+.[49] At pH values above 8, phosphorus forms PO3

4�

and the lack of cationic aluminium-based species results
in ineffective removal of phosphorus.[50] Therefore, the
loss of cationic species at high pH conditions is seen to
affect phosphorus and microfibre removal but does not
impact nanoplastic removal at a longer settling time.

Although ACH-based coagulants were seen to
improve contaminant removal at higher pH, ACH and
ACH + pDADMAC showed poor phosphorus removal

regardless of pH when compared to alum. The greater
phosphorus removal with alum compared to ACH can be
attributed to the high basicity of pre-hydrolyzed alumin-
ium coagulants. ACH coagulant species contain hydroxyl
groups that are strongly bound to Al, which prevents
them from forming inner-sphere complexes with phos-
phates.[51] In contrast to alum, the lowest phosphorus
concentration for these coagulants was achieved at the
highest pH condition of 8.6 with a final concentration of
2.87 ± 0.09 mg/L (removal of 43%) and 2.56 ± 0.22 mg/L
(removal of 49%) for ACH and ACH + pDADMAC,
respectively. The improved removal of phosphorus at
higher pH with ACH was also observed in previous
work,[52] which was attributed to the lower overall

FIGURE 3 Comparison between alum (circle), aluminium chlorohydrate (ACH) (square) and ACH + pDADMAC (triangle) coagulants

on the (A) removal of pristine nanoplastics after 30 s of settling, (B) removal of pristine nanoplastics after 3 min of settling, (C) removal of

polyester microfibres after 3 min of settling, and (D) final phosphorus concentrations. Conditions: 5.45 mg Al/L of coagulant; 0.4 mg/L of

anionic anionic PAM (aPAM1) (very low anionic charge density, high molecular weight); 2 min of coagulation and 2 min of flocculation at

110 rpm with a final pH between 7 and 8.6 ± 0.2; initial concentration of 5.0 ± 0.5 mg/L mg phosphorus/L.[36,37] Each data point represents

an average of at least three separate jar test results and the error bar indicates standard error. *Indicates statistically significant difference

(p < 0.05; two sample t-test) of contaminant removal when comparing ACH (orange) or ACH + pDADMAC (green) to alum. Selected data

points for alum and ACH shown in (A, B) are sourced from the same dataset as Abi Farraj et al.[31]
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alkalinity at high pH which can improve precipitation
efficiency of phosphate salts.[53] This finding highlights
the complexity of contaminant removal through coagula-
tion and flocculation, since different contaminants are
removed via varying mechanisms; a coagulant that opti-
mizes charge neutralization resulting in high nanoplastic
removal can result in lower inner-sphere complexation
thereby reducing phosphorus removal.

3.3 | Quartz crystal microbalance with
dissipation monitoring study

Jar test experiments revealed that the three coagulants
resulted in varying nanoplastic and microfibre removal.
To better understand the differences in interactions of
each coagulant with these plastic contaminants, quartz
crystal microbalance with dissipation monitoring
(QCM-D) was employed in this study. In the field of water
treatment, QCM-D has recently provided useful insights
into the mechanisms of coagulation and flocculation
observed during primary treatment stages.[25,54,55] As an
aqueous solution is flown over the sensor, QCM-D can
provide valuable quantitative and qualitative information
of hydrolyzed coagulant specie deposition on the sensor
surface and properties of the deposited film. Information
such as the film deposition rate and viscoelastic property
can identify coagulant properties critical for high rates of
nanoplastic and microfibre removal. Silica was selected as
the sensor coating in these experiments as a representative
negatively charged surface to enable us to better under-
stand the nature of interaction between the coagulant with

negatively charged particles such as Si-based colloids,[56]

nanoplastics,[57] microplastics,[58] and microfibres.[59]

In QCM-D measurements, deposition on the crystal
can be measured through monitoring the shifts of the
crystal resonance frequency (Δf ) allowing nanoscale
mass to be detected.[60,61] Within the first 15 min of
QCM-D measurements, alum shows minimal decrease in
frequency shift (Figure 4A). This result indicates the
alum hydrolyzed products at pH 7 do not yield large
deposition on the sensor surface suggesting weak interac-
tions between alum species and negatively charged SiO2

surface. At pH 7, alum hydrolyses mostly into amorphous
Al(OH)3,

[46] thus any deposition on the surface is likely
due to the interaction of these amorphous products. On
the other hand, ACH hydrolysis species at pH 8.5 showed
a large negative frequency shift reaching an average
value of approximately �80 Hz before the 15 min mark.
The ACH species therefore resulted in large deposition
on the sensor surface, indicating significantly stronger
interactions with the sensor surface compared to alum.
Nuclear magnetic resonance (NMR) spectra measure-
ments showed that this ACH coagulant contains roughly
88% of polynuclear Al30.

[32] The positively charged alu-
minium species are stable at wide ranges of pH,[46] and
therefore are expected to experience strong electrostatic
interactions with the surface at pH 8.5. This result is in
agreement with QCM-D measurements by Zhang al.[54]

where Al30 deposition was mainly formed through partic-
ulate aluminium deposition resulting in a viscoelastic
hydrated film. Similarly, Lapointe et al.[25] showed that
alum species (containing Al(OH)3), resulted in the lowest
deposition rate while ACH (containing Al30 species)

FIGURE 4 (A) Average frequency shift (Δf3) versus time and (B) average change in dissipation (ΔD3) versus the negative of the

frequency shift (�Δf3) for the deposition of alum (pH 7 ± 0.2), aluminium chlorohydrate (ACH) (pH 8.5 ± 0.2), and ACH + pDADMAC

(pH 8.5 ± 0.2) with a concentration of 5.45 mg Al/L on crystals with silica-coated surfaces. Each line shows the average of three distinct

measurements and the slopes are calculated based on the average slope of the three measurements with standard error shown.
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resulted in greater deposition on weathered polystyrene
surface. The addition of cationic pDADMAC with ACH
resulted in the fastest deposition rate with a frequency
shift rate of �18.8 ± 0.4 Hz/min compared to �10.9
± 0.5 Hz/min and � 0.269 ± 0.076 Hz/min for ACH and
alum, respectively (Figure 4A). The deposition rate of
ACH was still found to be 100� larger than that of alum
when the calculated slopes were normalized with the the-
oretical deposition rate of the respective coagulation
species according to the Smoluchowski-Levich appro-
ximation for a parallel-plate flow chamber.[62] Moreover,
ACH + pDADMAC was the only coagulant to reach full
surface saturation within 15 min of measurement. This
result shows that the addition of pDADMAC significantly
strengthens interaction between the coagulant and the
negatively charged SiO2 surface.

The viscoelastic properties of the deposited layer can
be further evaluated by plotting the change in dissipation
(ΔD) versus the change in frequency shift (Δf ). A flat slope
in the ΔD versus Δf plot indicates a rigid film with low
energy dissipation per coupled-mass change, while a steep
slope indicates a loosely bound film with high energy dissi-
pation as the quantity of deposited material increases.[63]

The least steep ΔD versus Δf slope (smallest slope magni-
tude) was measured for ACH + pDADMAC (Figure 4B)
with a value of �0.629 ± 0.038 � 10�7 Hz�1 showing that
ACH + pDADMAC forms a more rigid film than both
ACH (slope of �1.78 ± 0.24 � 10�7 Hz�1) and alum
(slope of �3.20 ± 0.61 � 10�7 Hz�1). Therefore, the film
of ACH + pDADMAC can be considered to have minimal
dissipative losses and thus forms the most rigid layer out
of the three coagulants. It should be noted that the average
value of ΔDn/(�Δfn/n) obtained for all coagulants is below
the empirical stiff-viscoelastic film limit (4�10�7 Hz�1)[64]

which implies that all the tested coagulants form a rela-
tively rigid film. In addition, frequency shifts at high over-
tones Δf(n) for all the tested coagulants are negative which
serves as further evidence that all coagulants tested
resulted in rigidly adsorbed films[65,66] (Figure S8).

The ΔD versus Δf plots for ACH and ACH
+ pDADMAC are linear throughout the measured fre-
quency shifts, which indicates that the conformation of
both deposited layers did not change during deposition.
On the other hand, the measurements of ΔD versus Δf for
alum reveal a nearly flat slope at the initial frequency
shifts followed by an increase in the slope to reach an
average of �3.2 ± 0.61�10�7 Hz�1 (Figure 4B). The
increase in slope indicates that the deposited layer
became more loosely bound as the deposited material
increased. This increase in ΔD versus Δf slope was also
observed by Zhang et al.[54] for monomeric Al0 species.

The QCM-D results above reveal mechanistic insights
into the nanoplastic and microfibre removal behaviour of

each coagulant. Effective nanoplastic removal can still be
achieved with coagulants that result in less rigid, amor-
phous deposition (alum at pH 7; nanoplastic removal of
64 ± 3%). The decline in nanoplastic removal at higher
pH values using alum can be then explained by the
increased production of soluble Al(OH)4

� species at
the expense of the amorphous Al(OH)3 deposits. At
pH 8.6, ACH + pDADMAC was able to achieve a higher
nanoplastic removal (57 ± 5%) compared to ACH (33
± 9%). Although ACH had a higher deposition rate on
the silica surface, the addition of pDADMAC resulted in
a faster and more rigid film deposition. Therefore, the
QCM-D study revealed that the improved nanoplastic
removal with ACH + pDADMAC can be due to stronger
and faster neutralizing behaviour due to the addition of
pDADMAC. Despite the greater nanoplastic removal,
ACH showed higher microfibre removal compared to
ACH + pDADMAC at pH 8.6 (95 ± 1% vs. 64 ± 10%
respectively). While the rapid adsorption of a rigid layer
by ACH + pDADMAC resulted in improved nanoplastic
removal, this same film deposition behaviour can explain
the lower microfibre removal at pH values above 8.2. The
cationic pDADMAC can rapidly saturate negatively
charged contaminants and flocculant loops preventing
the bridging mechanism and therefore producing the
small flocs. It has previously been shown that strong elec-
trostatic interactions between flocculants and cationic
species result in smaller floc sizes.[67] Therefore, the
QCM-D results reveal that while fast and rigid film depo-
sition is favourable for removing nanoplastic contami-
nants via charge neutralization, a rigid film can inhibit
the formation of large flocs essential for removing micro-
fibres via bridging mechanism.

3.4 | Testing nanoplastic removal with
alternative flocculants

Flocculant properties, including molecular weight and
charge density, are known to affect the formed flocs in a
physicochemical treatment process.[68] Jar tests with
anionic flocculants resulted in significantly larger floc
sizes compared to cationic flocculants (p < 0.005 for
aPAM1 and p < 10�7 for aPAM2; Figure 5). Earlier stud-
ies have shown that electrostatic repulsion between
anionic PAM and the negatively charged colloids in
wastewater generally lead to the expansion of the poly-
mer and consequently forms open-structure flocs that are
larger than those produced by cationic flocculants.[68] A
higher molecular weight of anionic polyacrylamide
(aPAM2) also resulted in significantly larger average floc
sizes (p < 0.05). At higher molecular weight and low to
moderate charge density, PAM acts by bridging

ABI FARRAJ ET AL. 11
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mechanism, while charge neutralization is considered
relatively insignificant.[69] Therefore, higher molecular
weight polymers can improve the bridging flocculation
resulting in larger floc sizes. The anionic polymer with
larger floc sizes also resulted in a greater nanoplastic
removal at short settling time of 30 s (p = 0.004) as well
as longer settling time of 3 min (although not statistically
significant; p = 0.065) (Figure 5). This finding reveals
that floc size can play a critical role in removal of nano-
sized contaminants during the coagulation and floccula-
tion process. The role of floc size in nanoplastic removal
was also seen in a recent coagulation and flocculation
study where screening was used for floc separation.[70]

Using the smallest mesh size of 1000 μm, nanoplastic
removal in jar tests performed with only alum and floccu-
lant (mean floc size = 520 ± 50 μm; 82% nanoplastic
removal) was significantly lower than jar tests performed
with super-bridging fibres (mean floc size >3930 μm; 94%
nanoplastic removal). This finding further confirms the
critical role that floc size plays in improving nanoplastic
removal during coagulation particularly through

enhancing removal via sweep flocculation. This finding
further shows that orthokinetic flocculation is the domi-
nant collision mechanism during coagulation and floccu-
lation as first demonstrated in our earlier work.[31] Since
the rate constant of orthokinetic flocculation is propor-
tional to third power of the floc size,[71] aPAM2 can result
in much faster collisions of nanoplastics with flocs.

Cationic polyacrylamides, regardless of charge density,
showed lower overall removal compared to both anionic
polyacrylamides for samples taken after 30 s of settling
(Figure 5). Cationic polyacrylamides do not result in
strong bridging mechanisms since the electrostatic interac-
tion between the flocculants and the colloids results in
strong adsorption and consequently smaller floc sizes.[67]

These smaller flocs require longer settling times which
explains the lower nanoplastic removal seen after only
30 s of settling. Even though cPAM1 and cPAM2 also had
a smaller floc size distribution compared to aPAM2, the
cationic flocculants no longer show a significant difference
in nanoplastic removal compared to anionic flocculants at
the longer settling time of 3 min (p > 0.05). Given suffi-
ciently long settling time, the cationic flocculants can com-
pensate for the smaller flocs produced. It is likely that the
improved attachment efficiency due to the enhanced
destabilization of the negatively charged nanoplastics by
the cationic flocculants can compensate for lower collision
rates of the smaller flocs. Interestingly, increasing the
charge density of the cationic flocculant from �7%
(cPAM1) to �20% (cPAM2) did not result in a significant
change in nanoplastic removal at either 30 s or 3 min set-
tling times. This finding suggests that sufficient cationic
sites were already provided by the cPAM with 7% charge
density to allow nanoplastic aggregation. The results above
suggest that both cationic and anionic flocculants can be
used by wastewater treatment plant operators to achieve
similar nanoplastic removal efficiencies given sufficient
settling time. However, anionic flocculants with very high
molecular weight flocculants (such as aPAM2) provide
optimal nanoplastic removal for wastewater treatment
plants that operate with high flowrates and are restricted
to short settling times.

4 | CONCLUSION

In this study, the removal of nanoplastics and microfibres
with conventional and alternative aluminium-based
coagulants is investigated during physicochemical treat-
ment. Using alum as a coagulant removes 97% of microfi-
bres at an optimal pH of 7; however increasing the pH to
8.6 resulted in a significant decline of removal reaching
85%. Similarly, nanoplastic removal with alum after 30 s
of settling decreases from 64% to approximately 0%

FIGURE 5 Floc size distribution of flocs formed with varying

flocculant molecular weight and charge density. Solid line shows

the mean size and the dashed line represents the median.

Nanoplastic removal after 30 s of settling and 3 min of settling.

5.45 mg Al/L of alum as coagulant; aPAM1, aPAM2, cPAM1 or

cPAM2 as flocculant (0.4 mg PAM/L); 2 min of coagulation and

2 min of flocculation at 110 rpm with a final pH of 7 ± 0.2. aPAM1:

Very low anionic charge density, high molecular weight; aPAM2:

Very low anionic charge density, very high molecular weight;

cPAM1: Very low cationic charge density, high molecular weight;

cPAM2: Low cationic charge density, high molecular weight.

Statistical significance is shown as p < 0.05 (two sample t-test). The

nanoplastic removal results presented above are sourced from the

same dataset as Abi Farraj et al.[31]
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removal when the pH is increased from 7 to 8.6. This is
an important observation as several wastewater treat-
ment plants globally operate at pH >8—systematically or
occasionally. In these challenging operating conditions,
our results reveal that the addition of cationic species to
the coagulant result in improved nanoplastic removal
after settling (30 s): 10% for alum alone, 52% for ACH,
and 68% for ACH + pDADMAC (pH 7.5–8.5). Similarly,
ACH results in a greater microfibre removal compared to
alum (94% vs. 86% average removal for pH >8, respec-
tively). QCM-D results suggest that alum interacts with
negatively charged colloids through amorphous Al(OH)3
deposition. The dissipation shift measurements reveal
that both ACH and alum formed less rigid films, while
the addition of pDADMAC resulted in a highly rigid film
deposited on the negatively charged surface. The behav-
iour of nanoplastic removal during physicochemical
treatment was also revealed through this study. After
3 min of settling, there was no observed difference in
nanoplastic removal with alum in alkaline conditions
(pH >8) which reveals that longer settling time can com-
pensate for loss of cationic coagulant species when sweep
flocculation dominates the coagulation process. Nano-
plastic removal with different flocculants further high-
lights this result where increasing cationic charge density
did not lead to significantly greater nanoplastic removal.
This study improves our understanding of surface inter-
actions of the coagulants with plastic surfaces in relevant
environmental conditions. More importantly, this study
offers municipalities new solutions in coagulation to bet-
ter remove nanosized plastic pollution.
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