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Removal of nanoparticles (both inorganic
nanoparticles and nanoplastics) in drinking water
treatment – coagulation/flocculation/
sedimentation, and sand/granular activated
carbon filtration†
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Nanoparticles, such as metallic ones like Ag, Au and TiO2 as well as nanoplastics, are applied in or emitted

by a wide variety of products or stem from degradation. Consequently, they end up in surface water, which

is used as a source for drinking water production. This study investigated the removal of such nanoparticles

by conventional water treatment processes Coagulation/flocculation/sedimentation (CFS), rapid sand

filtration (RSF) and filtration over granular activated carbon (GAC) in different water matrices. In principle

these processes appeared to remove the majority of nanoparticles. Lab-scale batch experiments confirmed

that CSF may also be effective. In this study Au and Ag nanoparticles with a negative surface charge were

used, as well as nanoplastics varying in size (50 and 200 nm) and surface charge (neutral and negative). It

was found that the presence of negatively charged NOM has an adverse effect on inorganic nanoparticle

removal, whereas the presence of cations like Ca2+ and Mg2+ is essential for good removal. In column

experiments it was shown that the mechanism of nanoparticle removal by sand filtration differs from that

by GAC filtration. A comparison of demineralized water and natural water showed that in sand filters the

water matrix and the presence of biomass on the particles have a positive effect on the removal rate,

whereas for GAC filters they have a distinct negative effect. Furthermore, larger nanoplastics (200 nm) were

most efficiently removed by CFS, whereas smaller nanoplastics (50 nm) were removed better by GAC

filtration. For smaller nanoparticles charge interactions play a more important role than for larger

nanoparticles.

Introduction

The use of nanomaterials (defined as materials having three
dimensions <100 nm) in industrial, consumer, and medical
products, and in fertilizers or plant protection products has
strongly increased over the past few years.1 Via among others
wastewater effluent and sewage sludge these materials enter
the environment,2 and this is cause for concern.3

Nanoparticles may affect the entire organ system, adsorb and
transport other harmful chemicals and enable them to enter
into organisms.4 Kaegi and Voegelin5 studied the removal of
inorganic nanoparticles (nAg and nAu) from wastewater by
activated sludge and concluded that the major part is
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Water impact

Both sand and GAC filtration can remove nanoplastics and nanoparticles from water to a certain extent. Coagulation can effectively remove nanoparticles
in the presence of bivalent cations and a low concentration of NOM.
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removed. According to Westerhoff and Atkinson6 90% of the
nanoparticles can be removed by wastewater treatment plants
(WWTPs). However, as the total number of nanoparticles in a
WWTP is very high, the remaining 10% still is a significant
amount. As a result Sousa and Ribau Teixeira4 showed that
wastewater effluents usually can be considered as one of the
most significant point sources of nanoparticles in surface
waters.

Dissolution and aggregation are important processes in
relation to the possible toxic effects of nanoparticles.7 The
presence and structure of natural organic matter (NOM)
certainly plays an important role in the behavior and effects
of nanoparticles.8 NOM may increase the stability of
nanoparticles in an aqueous environment, facilitating their
distribution in e.g. surface waters, whereas, on the other
hand, it may lower their toxicity. Angel and Batley9 studied
the impact of size on the fate and toxicity of silver
nanoparticles in aquatic systems. They found that
dissolution, and thus toxicity, of silver from nanoparticles
can be reduced by the presence of NOM. However, as it often
was difficult to determine exact loads of nanoparticles in the
environment, it was also tried to obtain more information on
their occurrence and effects by applying modelling.2,10,11 In
recent years it has become possible to measure the
concentrations of nanoparticles. They have been detected in
e.g. sources for drinking water and in tap water at
concentrations in the ng L−1 to μg L−1 range.4,12,13 Peters and
van Bemmel13 measured the concentrations of Ag, CeO2 and
TiO2 particles in the rivers Meuse and IJssel, and concluded
that these concentrations are in good accordance with
predicted concentrations. In the Meuse nano Ag
concentrations ranged from 0.3–6.6 ng L−1, or 1 × 107 to 2.5 ×
107 particles per L, and in the IJssel from 0.3–2.5 ng L−1 or
0.5 × 107–3.5 × 107 particles per L. The average size of the
particles was 15 nm in both rivers. Markus and Parsons14

found that nanoparticles contribute 5–20% to the total loads
of zinc and titanium in the Dutch catchment areas of the
Meuse and the Rhine, and for silver the contribution is about
3%. In a previous study we were able to show that
nanoparticles, such as nano silver (nAg) and nano gold (nAu),
are present in the Dutch water cycle.15 nAg is applied in for
example healthcare products and textiles, and nAu in
electronic equipment and catalysts. As this surface water is a
source for drinking water, it is important to understand how
well these nanoparticles can be removed by different
treatment processes.

Retention of nanoparticles by drinking water treatment
processes is important, but fairly unknown due to the high
analytical challenges. Although Westerhoff and Atkinson6

concluded that engineered nanoparticles will be effectively
removed by filtration processes in drinking water treatment,
designed to remove natural nanoparticles, other authors did
detect the presence of nanoparticles in tap water, although in
significantly lower concentrations than in surface water.4

This may be caused by the fact that engineered nanoparticles
have different (adsorption) properties compared to natural

nanoparticles.4 CFS (coagulation–flocculation–sedimentation)
reduces the water turbidity by adding a coagulant to initiate
the aggregation of particles smaller than 1 μm into flocs and
that way enabling them to settle.16 According to Donovan
and Adams12 conventional drinking water treatment
(applying lime softening, alum coagulation, filtration and
disinfection) seemed to nearly completely remove Ag, Au and
Ti-containing nanoparticles, although Abbott Chalew and
Ajmani17 concluded that some metal nanoparticles could still
be observed in tap water. Different treatment processes give
different results. Membrane filtration (MF, NF, UF) can be
very effective for the removal of nanoparticles, although some
breakthrough may occur. After microfiltration breakthrough
was 1–45%, and after ultrafiltration 0–2%. Sousa and Ribau
Teixeira4 present an overview of coagulation/flocculation
experiments that have been described in literature, and show
that the efficiency rates are highly variable. They depend on
the type of nanoparticles, the dosage and types of coagulant
and/or flocculant applied, mixing conditions and the
composition of the water matrix (e.g. the composition and
concentration of NOM). The optimum alum dose for
coagulation processes depends on the type of nanoparticles
that will have to be removed (e.g. ZnO, TiO2 or Ag). For Ag
particles only 2–20% could be removed. Sand filters may
remove uncoated nanoparticles to some extent, but appeared
to be less effective for coated particles. However, in practice
sand filtration will often be preceded by coagulation/
flocculation, which may increase the efficiency. Application
of powdered activated carbon showed varying effectiveness in
the removal of nanoparticles. To the best of the authors
knowledge, the removal of nanoparticles with granular
activated carbon filtration has not been investigated yet.

A category of nanoparticles that recently gets more
attention is nanoplastics. The widespread occurrence of
microplastics in freshwater ecosystems has been confirmed
by numerous studies,18–20 but knowledge on occurrence
and removal efficiency for nanoplastics is still scarce.
However, it has been shown that they are present in
cosmetics,21 that they can be formed as a result of UV
exposure,22 and that they are present in the
environment.23,24 Pivokonský and Pivokonská25 determined
that full-scale drinking water treatment plants (DWTP)
applying different techniques removed, on average, 73% of
the microplastics present in surface water. Wang and Lin26

quantified the removal of microplastics down to 1 μm
between treatment steps in a DWTP. Microplastics removal
was highest for CFS, and the subsequently applied rapid
sand filtration removed all microplastics >10 μm, but only
30% of the smaller microplastics. This is in accordance
with laboratory experiments studying transport mechanisms
in porous media. While Hou and Xu27 reported that 35%
of 45 μm sized microplastics migrated through a sand
column, this increased to approximately 80% for smaller
microplastics and nanoplastics.28–30 Because of their small
size, nanoplastics are likely the most hazardous plastic
items.18,31
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The removal of nanoparticles by means of CSF has been
described in literature,32–38 but studies on sand or GAC
(granular activated carbon) filtration are limited. Ramirez
Arenas et al.39–41 studied the effect of coagulation and
filtration over sand or GAC filters on the removal of
polystyrene nanoparticles (90 ± 7 nm). The efficiency of the
CSF process strongly depends on parameters, such as the
type of nanoparticles, composition and concentration of
NOM, ions, pH, and type and dosing of the coagulant.
Therefore, it was unclear how filtration over e.g. sand or GAC
could contribute to the removal of nanoparticles during
drinking water treatment. Especially as it is becoming
increasingly clear that not only metal but also plastic
nanoparticles may be present in sources for drinking water,
it is important to understand the behavior of different types
of nanoparticles in drinking water treatment processes.
Where Ramirez Arenas et al. applied nanoplastics of about 90
nm, here nanoplastics of 50 and 200 nm were applied.

The experiments described in this study provide insight in
the extent that both materials (sand/GAC) can contribute to
overall nanoparticle removal, the separate contribution of the
water matrix and the filter medium (effect of biomass), and
the effect of influent concentration. This is the first time that
the effects of both CSF and sand/GAC filtration on the
removal of both inorganic and plastic nanoparticles in
drinking water are described as a function of the
concentration of the particles, their composition and charge.
The word ‘nanoparticles’ (abbreviated as NPs) in this study
refers to both inorganic NPs and nanoplastics. If a
distinction has to be made, for inorganic NPs either
‘inorganic NPs’ or nAu/nAg are used. For nanoplastics always
‘nanoplastics’ is used.

Chemicals and methods
Nanoparticles

nAg with an average size of 48 nm and nAu with an average
diameter of 51 nm (both citrate capped) were obtained from
Nanocomposix Europe, Prague. Monodispersed polystyrene
spheres (Polyscience Inc., US) were used that differed in size
(50 and 200 nm) and functionalized groups. The surfaces of
the nanoplastics were either plain (uncharged) or modified
with carboxyl groups (COOH) which commonly occur on
weathered plastics30 and by which the latter were more
negatively charged.

Analyses

Inorganic nanoparticles (nAu, nAg) were analyzed using an
ICP-MS type X Series II (Thermo Fisher, Scientific, Breda) in
single particles mode with a dwell time of 10 ms.42–44 The
system was calibrated with citrate-capped nAg (20 ng L−1) and
nAu (51 ng L−1) dispersions. The average size of these
particles was between 48 and 50 nm (see Fig. SI 1 and SI 2†).
The stability of the signal was checked using an internal
standard (10 μg L−1 Rh in 2% HNO3) and the signal intensity
of nAu and nAg was corrected with the internal standard to

compensate for eventual signal intensity changes. Samples
were analyzed within one hour.

Nanoplastics concentrations were determined using UV-
VIS spectrophotometry (Thermo Spectronic Unicam UV-500,
US) as the concentration of polystyrene was proportional to
the UV absorption at 229 nm (Fig. SI 3†). Samples from the
CFS tests were subjected to ultrasonic treatment prior to
measurements to break up aggregates, and samples taken
during the filtration experiments were analysed within two
hours after finishing the experiments.

Prior to the experiments ICP-MS was applied to determine
whether the inorganic NPs had been well dispersed, and to
the quantify the number of inorganic NPs.

ATP measurements were carried out according to the
procedure described by Timmers et al.42

Coagulation–flocculation–sedimentation (CFS) experiments

CSF Experiments were carried out twice in a setup with six
identical Perspex 2 L beakers, containing baffles to create
ideal mixing profiles with known g-forces during mixing and
the formation of flocs. These beakers were filled with 1.8 L of
water (Table 1) to which NPs had been added. The solution
firstly was stirred at a speed of 400 rpm for 10 s, followed by
addition of NaOH or HCl to adjust the pH. Again the solution
was stirred at 400 rpm for 10 s. Then FeCl3 (0, 0.5, 1.0 and
1.5 mg L−1) was dosed and mixed during 10 s at 400 rpm.
Subsequently, stirring speed was reduced to 70 rpm for floc
formation during 15 min. Finally, mixing was stopped and
sedimentation took place during 30 min. Chemicals were
dosed with compressed air. In pre-tests turbidity and TOC
reduction were determined for two different coagulant doses
and nanoplastics (Fig. SI 4†). Requirements for the
production of drinking water were reached within 30 min.43

Raw water from the Lek was used – a tributary of the Rhine
and used as a source of drinking water by Waternet.

For the nanoplastics FeCl3 concentrations of 12 and 18 mg
FeCl3/L were applied which is similar to concentrations in
full scale DWTPs16,44,45 and to a previous investigation.32 In
pre-tests it was confirmed that these Fe concentrations
sufficiently reduce the water turbidity (2100Q PorTable
6-Turbidimeter, HACH, US) and TOC (LCK380, HACH, US).
After adding NPs to the surface water (10 mg L−1, admixed
for 30 minutes at 60 rpm) the actual CFS started. Addition of
chemicals and mixing schedule applied were identical to the
procedure for inorganic NPs. Using a syringe the supernatant
(2 cm below the water surface) was sampled at 0, 20, 60 and
120 minutes.

For inorganic NPs the effect of water matrix composition
was studied by pre-treating the water an anionic exchange
resin (Lanxess Lewatit VPOC 1072, which removes a
significant part of NOM) or a cationic exchange resin (for the
removal of Ca2+ and Mg2+ ions; Lanxess Lewatit Monoplus
S108) at pH = 8. Results were compared to results obtained
in demineralized (demi) water. In this way the effect of NOM,
Ca2+ and Mg2+ on nAu removal was studied. Several doses of
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FeCl3 (0, 0.5, 1 and 1.5 mg FeCl3/L) were tested. Furthermore,
to determine the effect of pH on nAu removal, experiments
were carried out at pH values of 5, 6, 7, 8, 9 and 10, using
NaOH or HCl. As a coagulant 3 mg L−1 FeCl3 was applied
(this is lower than in the other study, as in this case the water
was pretreated by IEX). The water matrix parameters are
shown in Table 1.

Column experiments

Column experiments were carried out to study the removal
efficiency of both sand and GAC filters for nAu, nAg and
nanoplastics. Columns with a length of 1 m and a diameter
of 3.5 cm were filled with clean or pre-loaded sand
(bedheight 70–83 cm) or GAC (20–99 cm). For the nAu and
nAg experiments, GAC was obtained from Norit (ROW Supra
0.8), also the pre-loaded coal for nAU/nAg removal was Norit
ROW Supra 0.8 and obtained from Waternet (life time 1600
days at the Leiduin drinking water treatment plant). Sand for
the nAu/nAg experiments was obtained from Acqua Silica®
(Kremer zand en grind BV, The Netherlands) (0.8–1.25 mm).
The pre-loaded sand was the same type of sand, but obtained
from the Waternet rapid sand filters at Nieuwegein
(pretreatment of the drinking water process). For the
nanoplastic experiments the clean sand, and the pre-loaded
GAC were used, both in combination with the pretreated
water from the Lek canal in Nieuwegein.

First water was added to the columns, and then 3–4 cm
layers of sand were added. GAC was applied in a slurry in
demineralized water, to prevent air entrapment between GAC
particles. Dust was removed from the GAC by washing with
demineralized water, and the virgin GAC was heated to about
60 °C to fill the GAC pores with water. The pre-loaded sand
was only rinsed with water from Leiduin.

For column experiments with nAu/nAg the following
procedure was applied. For the sand columns pretreated (CFS
and rapid sand filtration; WRK) water from the river Lek in
Nieuwegein was used. Experiments were carried out within
four days after sampling (as also ATP measurements were
carried out to check the presence of microbiological activity
in the water, and the effect of the experiments on this

activity). GAC experiments (with virgin and pre-loaded GAC)
were carried out with water after dune filtration in Leiduin,
simulating the full-scale GAC filters at this production
location. A schematic diagram of the experimental set-up is
shown in Fig. 1. Before elution nanoparticles were
continuously fed to the columns. By comparing nAu/nAg
removal in GAC and sand columns, insight is gained in the
capacity of these filter media to remove these particles.
Comparing the column fed with demineralized water to
Leiduin water/WRK water provides insight in the
contribution of the water matrix to overall nAu/nAG removal.
Similarly, comparing the column filled with virgin GAC/sand
to the pre-loaded GAC/sand (both fed with Leiduin/WRK
water) provides insight in the role of biomass on the overall
particle removal. Finally comparing low doses of nAg/nAu to
high doses elucidates the effect of influent concentration on
the removal. This aspect has only been investigated for sand
columns (Table 3), high dosing (influent concentrations) was
used for the GAC filters.

Tracer experiments were carried out to determine the
dispersion coefficient and the porosity, and to check that no
short circuit currents occurred. A NaCl solution (10 g L−1)
was added to the column until the influent and effluent
concentrations became identical, which was checked by
measuring the conductivity of the water. Breakthrough
curves were fitted with the advection-dispersion equation46

(see ESI†). The bed porosity of clean sand was 38%, the bed
porosity of pre-loaded sand was measured to be 42%.

Table 1 Water quality data for CFS experiments

Demineralized water Lek untreated Lek after cation exchange Lek after anion exchange

pH 7.31 7.99 8.22 7.53
EGV
(μS cm−1)

0.76 434 446 492

Turbidity
(FTU)

0.2 21.0 15.0 7.5

TOC
(mg L−1)

<0.20 3.5 3.4 1.2

Ca2+

(mg L−1)
<1.0 61 1.5 58

Mg2+

(mg L−1)
<1.0 9.4 <1.0 8.9

Remarks No flocculation or
sedimentation observed

Clear flocculation and
sedimentation

No clear flocculation, hardly any
sedimentation

Clear flocculation and
sedimentation

Fig. 1 Schematic diagram of the column experiments.
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Porosity of the GAC was measured with mercury intrusion
porosimetry, nitrogen adsorption (BET) and helium
pycnometry. Bulk density was measured using a measuring
cylinder. According to the supplier, the bulk density should
be between 0.35 and 0.45 g cm−3. From these data bed
porosity was calculated, as shown in Table 2.

For the calculations two size characterizations were
applied: d10 (90% of the particles has a larger diameter) and
d50 (50% of the particles has a larger diameter). The
characterizations of the filters applied are shown in the ESI†
(Tables SI1 and SI2).

For the nanoplastics first water with nanoplastics (2 mg
L−1) was continuously added to the column, and
subsequently the columns were eluted using the same water
without nanoplastics added. Assuming a density of
polystyrene of about 1 g cm−3, this amounts to a
concentration of 3.06 × 1013 particles per L for particles with
a diameter of 50 nm, and 4.77 × 1011 particles per L for
nanoplastics with a diameter of 200 nm. In all cases
breakthrough curves were generated.

During the experiment the following water quality
parameters were measured in the feed and treated water:
UV254, Ca

2+, Mg2+, DOC, turbidity, nitrate, suspended solids,
pH, temperature and conductivity. Results are shown in the
ESI† (Tables SI3–SI6), just as ATP-measurement data (Table
SI7†), which are an indication for the active biomass present.

Modelling of particles removal

The behavior of particles in a filter bed can be described by
the colloid filtration theory (CFT).47–49 Modelling equations
are shown in detail in the ESI.† The collector efficiency η0
describes the efficiency of NP-delivery to the filter surfaces.50

Together with the attachment efficiency α, indicating how
efficiently particles stick to the filter material after a collision,
the removal efficiency can be calculated. These parameters
enable comparing the retention of different NPs for different
filter materials.

H0 is the sum of individual transport mechanisms (eqn
(1)):

η0 = ηD + ηI + ηG (1)

In which ηD is transport efficiency by diffusion, ηI is transport
efficiency by interception and ηG is transport efficiency due
to gravity. Larger colloids typically have a larger ηI and ηG,
while Brownian motion, and thus ηD, is larger for smaller
colloids.50 Using η0, the attachment efficiency α was
determined which indicates the fraction of contacts needed
for a colloid to attach to the filter material (eqn (2)).

αc ¼ − 2
3
×

dc
1 − fð ÞLη0

× ln
C
C0

(2)

in which:
dc = median diameter of the used filter material [m].
f = porosity [−].
L = length of the filter bed [m].
C = effluent concentration [mg L−1].
C0 = dosing NPs concentration [mg L−1].
Lastly, the single-collector removal efficiency (η) is

calculated which expresses the capacity of the filter material
to trap NP. It is the product of the attachment efficiency (αc)
and the single-collector contact efficiency (η0), eqn (3).

H = αc × η0 (3)

The porosity of a GAC filter consists of a combination of inter
particle bed porosity and the internal porosity of the GAC
granules. To calculate the collision frequency (αC) the inter
particle porosity was estimated from mercury intrusion
porosimetry, nitrogen adsorption (BET) and helium
pycnometry. Bed height (L) is known. D is the dispersion
coefficient, d is the particle diameter. 90% of all particles has
a diameter larger than d10, and 50% has a diameter larger
than d50. Both d10 or d50 can be determined from sieving
fractions of the filter material. In literature there still is a

Table 2 Porosity data of GAC in the nAu/nAg experiments

Type of GAC Vtot (cm
3 g−1) Vintra (cm

3 g−1) Vinter (cm
3 g−1) Bulk density (g cm−3) Bed porosity (%)

Virgin GAC 1.50 1.06 0.44 0.38 17
Pre-loaded GAC 1.15 0.66 0.49 0.45 22

Table 3 Experimental conditions of column experiments with nAg en nAu. HD = high dose of nAu/nAg; LD = low dose of nAu/nAg

Filtermedium Type of water Dose Concentration nAu/nAg (total amount of particles)

Clean sand Demineralised water HD 9.89 × 108/—
Clean sand WRK HD 9.23 × 108 (±5.38 × 107)/2.23 × 109 (±4.45 × 107)
Pre-loaded sand WRK HD 6.40 × 108 (±6.52 × 107)/1.49 × 109 (±7.16 × 107)
Clean sand WRK LD 1.56 × 108 (±1.08 × 107)/3.53 × 108 (±1.64 × 107)
Pre-loaded sand WRK LD 1.75 × 108 (±7.74 × 106)/3.34 × 108 (±3.12 × 107)
Virgin GAC Demineralised water HD 8.04 × 108/1.37 × 109

Virgin GAC Leiduin water HD 7.97 × 108/1.60 × 109

Pre-loaded GAC Leiduin water HD 7.46 × 108/1.42 × 109

Environmental Science: Water Research & Technology Paper
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discussion on the question whether d10 or d50 should be
applied, and therefore the collision frequency αc was
determined for both diameters in case of the inorganic NPs.

Results and discussion

CSF experiments.
Batch experiments were used to determine the effects of

ions (Ca2+ and Mg2+) and NOM on the removal of the citrate
capped nAu (Table 4). Ca2+ and Mg2+ were removed with a
cationic exchange resin, whereas NOM was partly removed
with an anionic exchange resin.

The data show no precipitation in the Demi water
experiment. The absence of cations hampers the flocculation
process. nAu is removed, however, the percentage is low. The
highest removal (77%) is achieved in Lek water with a low
NOM concentration. In untreated Lek water the highest
removal is 57 ± 2.6%. This indicates that the presence of
bivalent cations is crucial for the formation of iron flakes
that in turn stick to nAu. The lower removal of nAu from the
untreated Lek water would suggest that NOM in some way
interferes with the incorporation of nAu into the iron flakes.
A possible explanation is that both nAu and humic acids
are negatively charged, and may compete for the Fe3+ in the
coagulant. Negatively charged particles are removed best with
FeCl3.

51–53 For both the untreated and the Lek water with low
NOM content applies the higher the FeCl3 concentration the
higher the removal.

For a FeCl3-concentration of 1 mg L−1 a pH sweep was
carried out in untreated Lek-water and the removal of nAu
was monitored (Fig. 2). With increasing pH, the removal of
nAu was increased. This is probably caused by the effect of
pH on the zeta potential of the particles, as observed by Sun,
Li.33 The zeta potential will decrease and hence the negative
charge becomes more pronounced. At pH values 5–6 nAu
removal seems to be negligible.

During the experiments with the different nanoplastics,
two coagulant dosages (12 and 18 mg L−1) were tested. This
resulted in a similar nanoplastics removal, increasing
considerably with longer sedimentation times to an almost
complete removal for both, the plain and carboxylated, larger
nanoplastics after two hours (Fig. 3). However, contrary to
our expectations, the negatively charged carboxylated
nanoplastics were not systematically removed better than the
plain nanoplastics. Instead, a considerable effect of
nanoplastics size could be determined.

The settling of the bigger nanoplastics started
immediately and in the supernatant a reduced nanoplastics
concentration was determined already at the start of the
experiments. After a settling time of 20 min, the bigger
nanoplastics were removed by 83% (79–86%), while this was
much lower for the smaller nanoplastics (6–47%). Also Zhang
et al.45 reported very low removal rates (2–13%) for
plastic particles between 0.18–125 μm. The authors
hypothesized that this was caused by the microplastics
generally low settle ability, and a relatively large size by which
they were not enmeshed in the formed flakes. As discussed
previously, the floc formation depends strongly on other
factors (e.g. water pH, surface charges, kinetic energy from
mixing, sedimentation time or coagulant concentration) as
well as operational conditions (e.g. sedimentation time and
mixing energy). According to previous research,51 such
differences could thus be an explanation for the
contradictory results.

The results of the current study are similar to removal
efficiencies determined in laboratory-scale experiments for
other nano-sized particles. Removal efficiencies of
approximately 80% for nAg, of more than 90% for nTiO2

particles17 and of more than 80% for nC60
fullerenes (Floris 2017)32,37 were reported. Similarly,
Lapointe et al. (2020)58 determined removal rates of around
80% for smaller microplastics (15 and 140 μm) for which
settling started instantly and for which removal was
highest for weathered microplastics. The authors

Table 4 Effect of water matrix on nAu removal (%) during CFS (coagulant FeCl3). Removal rates are in relation to the concentration in the water phase
without any addition of FeCl3. All experiments were carried out twice, the values refer to the average values and the variation

Coagulant dose
(mg Fe/L)/(FeCl3/L)

nAu removal (%) from the water matrix

Demi water Lek water Lek water with low NOM concentration Lek water with low Ca2+ and Mg2+ concentrations

0/0 0 0 0 0
0.5/1.45 2.6 ± 0.7 8.7 ± 4.6 35 ± 1.2 0
1.0/2.9 0 47 ± 0.3 66 ± 0.1 37 ± 26
1.5/4.35 0 57 ± 2.6 77 ± 0 8 ± 2.6

Fig. 2 Removal of nAu at different pH values. Addition of 1 mg L−1 of
FeCl3. Experiments carried out in water from the Lek canal.
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attributed this to the irregular microplastics shape, or to
the presence of hydroxyl and carboxylic groups. It might
have rather been the shape, as the current findings could
not support an effect of the modified NPs surfaces with
carboxylic groups. However, further research is required
to test this.

It has to be considered that the initial nanoplastics
concentration of 10 mg L−1 is certainly too high to depict the
environmental situation accurately, and was chosen due to
analytical restrictions. Previous studies demonstrated a
negligible effect of the initial concentration of nano-sized
particles on their removal rates (Chalew et al. 2013b (ref. 17),

Fig. 3 Nanoplastics residual concentrations, determined in jar tests simulating coagulation–flocculation–sedimentation (CFS) for two iron chloride
concentrations (A = 12 mg L−1. B = 18 mg L−1). Measured nanoplastics concentrations in the aqueous phase were normalized to initial nanoplastics
concentrations.

Table 5 Results of column experiments with nAu, nAg and nanoplastics; for detailed information on the parameters see the ESI.† Unless stated
otherwise, pretreated surface water was used. Characteristics based on d50

Sample Type of water Particle αc η

Clean sand, HD River Lek in Nieuwegein nAu 0.23 7.81 × 10−4

nAg 0.27 9.58 × 10−4

Pre-loaded sand, HD River Lek in Nieuwegein nAu 0.55 1.67 × 10−3

nAg 0.50 1.58 × 10−3

Clean sand, LD River Lek in Nieuwegein nAu 0.36 1.23 × 10−3

nAg 0.34 1.23 × 10−3

Pre-loaded sand, LD River Lek in Nieuwegein nAu 0.48 1.43 × 10−3

nAg 0.46 1.43 × 10−3

Virgin GAC, HD After dune filtration in Leiduin nAu 0.31 1.88 × 10−3

nAg 0.31 2.01 × 10−3

Pre-loaded GAC, HD After dune filtration in Leiduin nAu 0.11 9.08 × 10−4

nAg 0.12 1.02 × 10−3

Virgin GAC. Demineralized water, 20 cm column, HD Demineralized water nAu 0.39 2.40 × 10−3

nAg 0.42 2.70 × 10−3

Virgin GAC. Demineralized water, 99 cm column, HD Demineralized water nAu 0.32 1.98 × 10−3

nAg 0.32 1.98 × 10−3

Clean sand Pretreated water from Lek Canal Nanoplastics 200 COOH 0.22 1.9 × 10−4

Clean sand Pretreated water from Lek Canal Nanoplastics 200 uncharged 0.47 4.1 × 10−4

Clean sand Pretreated water from Lek Canal Nanoplastics 50 COOH 0.62 1.6 × 10−3

Clean sand Pretreated water from Lek Canal Nanoplastics 50 uncharged 0.03 7.1 × 10−5

Pre-loaded GAC Pretreated water from Lek Canal Nanoplastics 200 COOH 0.07 2.2 × 10−4

Pre-loaded GAC Pretreated water from Lek Canal Nanoplastics 200 uncharged 0.28 9.0 × 10−4

Pre-loaded GAC Pretreated water from Lek Canal Nanoplastics 50 COOH 0.10 9.4 × 10−4

Pre-loaded GAC Pretreated water from Lek Canal Nanoplastics 50 uncharged 0.12 1.2 × 10−3
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Honda et al. 2014 (ref. 35)), however, further research might be
needed to confirm this for nanoplastics specifically.

Column experiments

Breakthrough curves are shown in the ESI† (Fig. SI 5–SI 13
for nAu/nAg and Fig. SI 14 for nanoplastics). The
characteristic parameters are shown in Table 5. αc is the
attachment efficiency, which reflects the number of collisions
between a NP and a filter medium particle, that will result in
deposition of the NP. The higher αc the higher the NP
removal by the filter material. η is the collector removal
efficiency, which is the sum of transport due to diffusion,
interception and gravity (see ESI† for more detailed
information).

As the experiments were limited by the availability of the
same water matrix and column material, for the experiments
with nanoplastics ‘worst case’ conditions (clean sand and a
pre-loaded GAC column) were applied. In this way the risks
of the presence of NPs in sources of drinking water could be
assessed.

During sand filtration the 50-COOH nanoplastics were
removed by 63%, while lower particles removal rates (4–22%)
were determined for the remaining three nanoplastics. These
results are comparable to the ones from Chu, Li28 and Zhao,
Zhao29 who reported that 20% of the smaller micro and
nanoparticles were retained in a sand column.

For clean sand in the experiments with demineralized
water no nAu removal could be measured (αc ≈ 0) (see Fig. SI
5†). If clean sand is fed with pretreated surface water removal
of particles improves (αc increases). Table 5 shows that
differences in behavior between nAg and nAu are very small
or negligible. Applying a higher dose of NPs results in a lower
value of αc. This is reflected in the αc value of the negatively
charged 50 nm nanoplastics, but not for the plain, uncharged
nanoplastics, indicating that surface charge may play a
crucial role in this. For the 200 nm nanoplastics, however,
the uncharged particles show an αc value that is about twice
as high as for the charged 200 nm plastics, although still
significantly lower than for the 50 nm charged nanoplastics.
This seems to indicate that for small NPs charge plays a more
important role than for larger NPs. The sand grains (d50 =
1016 μm) formed pores considerably bigger than the used
NPs. Using finer sand, Pradel, Hadri30 concluded that larger
nanoplastics (460 nm) deposited more easily than smaller
nanoplastics (200 nm). Because smaller nanoparticles exhibit
larger Brownian motion, their deposition due to diffusion is
higher compared to bigger particles,50 which is demonstrated
in these experiments. Zhao, Zhao29 reported that increasing
the flow velocity or the ionic strength led to a higher
microplastics deposition, and a thus higher attachment
efficiency respectively. Pradel, Hadri30 documented that the
attachment efficiency largely depended on the sand grains.

Pradel, Hadri30 also demonstrated that removal rates
increased by one order of magnitude when injecting same-
sized, but irregular shaped nanoplastics. Since environmental

nanoplastics are mostly a result of fragmentation and thus of
irregular shape, higher removal efficiencies in full-scale
DWTPs could be expected. The nAu and nAg results reported
above show that the use of pre-loaded sand improves the
retention, which may also be the case for nanoplastics. The
present study could therefore be considered as a worse-case
estimate for nanoplastics.

The removal of nAu/nAg over sand filters appeared to
increase even further if pre-loaded sand from the full-scale
treatment plant is used. This indicates that both the water
matrix and possibly the presence of biomass in the sand,
contribute to the removal of nanoparticles. This is in
accordance with the findings on nanoplastics of Ramirez-
Arenas et al.40 An explanation might be that NOM from the
surface water covers both the filter grains and the
nanoparticles, thus facilitating sorption of nanoparticles to
the filter material. Furthermore, nanoparticles may be
entrapped by NOM, and the presence of cations (Ca2+/Mg2+)
may also play a role, as was concluded from the previous
section. These cations may bridge negatively charged sand
grains and negatively charged nanoparticles. Further research
will however be required to establish the exact removal
mechanism. The positive contribution of biomass is in
accordance with literature,54,55 where the authors suggest
that the increased roughness of the sand grain surface and
the decrease in pore volume as a result of the growth of
biomass account for the higher removal rates observed.
According to the ATP measurements (Table SI 7†) the
concentration of cellular ATP significantly decreases during
the filtration experiment with a high dose of inorganic NPs.
This may be explained by the disinfecting properties of
nAg.56 With low doses of NPs no change in cellular ATP
(cATP) content was observed.

Nanoplastics removal during GAC filtration appeared to
be higher than during sand filtration. Approximately 60–70%
of three types of initially added nanoplastics were retained in
the column, except for the 200-COOH particles, from which
only 20% were removed. Smaller nanoplastics (50 nm) were
removed to a larger extent than the larger (200 nm) NP. This
may be explained by the fact that GAC contains micro-, meso
and macropores. The smaller the particle size, the better they
may be adsorbed in the pores. In addition, for both sizes, the
uncharged nanoplastics showed a higher removal than the
carboxylated nanoplastics.

Most breakthrough curves of nAu/nAg reached a plateau
almost instantly, which is in accordance with several other
studies.28,30,50 However, in this case for GAC some different
results were obtained. For virgin activated GAC αc shows the
highest value, similar to the values observed for clean sand
with HD inorganic nanoparticles. Contrarily to what was
observed with sand grains, in GAC αc significantly decreases
if pre-loaded GAC is applied, or if surface water is used
instead of demi-water. This is in accordance with the results
obtained for 200-COOH nanoplastics, but also for the 50 nm
plain nanoplastics in both sand and GAC filtration. It is clear
that the combination of water matrix and the presence of
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biomass at the GAC surface has a negative effect on the
nanoparticle removal. Other (colloidal) particles, NOM and
possibly biomass might block the GAC pores, as a result of
which it becomes more difficult to remove nanoparticles. As
for sand, also for GAC further research will be required to
establish the exact removal mechanism.

The CFT model has been developed for spherical grains,
whereas GAC has the form of small rods. However, the
results clearly show that the removal mechanisms for sand
filters and GAC filters are distinctly different. Where the
removal of inorganic nanoparticles in sand filters increases
in time, the removal in GAC filters clearly decreases, as
shown in Fig. SI 5–S 13. Furthermore, it was noticed that in
clean sand αc increases for low doses of inorganic NPs,
whereas in pre-loaded sand αc increases for higher doses of
inorganic NPs. Thus, αc seems to be affected by the
concentration, but the actual effect also depends on the state
of the filter.

For both filter materials, the elution phase was
accompanied by a sharp decline of nanoplastics detected in
the effluent. The nanoplastics were thus well attached and
retained by the column, which is in accordance with findings
reported in literature for sand or glass bead-packed columns
(Chu et al. 2019,28 Molnar et al. 2015,50 Pradel et al. 2020
(ref. 30)). An exception to this is given by the smaller
carboxylated nanoplastics during GAC filtration which got
mobilized again during elution phase leading to increasing
NPs concentrations in the effluent (Fig. SI 14,† lower plot).
Applying high energy sonication to the GAC grains resulted in
the pulverization of the material, and thus in light scattering.
As a result only a value ‘indicatively low’ could be attributed.
For the experiments with nAu/nAg in virgin GAC fed with
demineralized water hardly any ATP can be observed,
whereas in virgin GAC with Leiduin water the ATP content of
the GAC increases, caused by the water. For pre-loaded GAC,
applying a high dose of NPs, a decrease in ATP-content was
observed, which is in accordance with the results obtained
for sand, reported above.

Apart from αc also the single contactor removal efficiency
η was determined for both inorganic NPs and nanoplastics, as
shown in Table 5. Also for η no significant difference can be
observed between nAu and nAg. In pre-loaded sand η appears
to be higher than in clean sand, also indicating the positive
effect of the presence of biomass. This effect is smaller for
low doses of NPs than for high doses of NPs. For the 200 nm
nanoplastics η values are lower than the η values obtained
with inorganic NPs (also see Tables SI 8 and SI 9†). The effect
of charge is clearly reflected in the value of η for the 200 nm
particles, the plain particles showing a significantly higher η

value. However, for the 50 nm particles the opposite effect
can be observed, which reflects the contribution of charge
interactions for smaller NPs. For the charged 50 nm
nanoplastics η values are similar to the values obtained for
the also negatively charged inorganic particles of the same
size. The values of η in case of GAC are higher than the
values obtained for sand, and the values of virgin GAC are

higher than those of pre-loaded GAC. However, remarkably the
η values for the nanoplastics appear to be about ten times
lower than those for the inorganic NPs.

In the ESI† (Table SI 9†) it is shown how the
characterization of column materials can affect the values for
η and αc.

Transferability to real-scale drinking water treatment plants
(DWTP)

Most of the DWTPs in the Netherlands operate at least these
three purification techniques in sequence. At the full-scale
treatment of Waternet a time of 20 min is applied for the
coagulation/flocculation process, and 8 hours for
sedimentation. Based on Fig. 3, where the maximum total
time was 100 min, in theory total NPs cumulative removal
rates between approximately 80–95% could then be expected
based on the present findings. This is comparable to
experimental findings by Donovan, Adams12 reporting an
almost complete removal of nAu, nAg and nTiO2 particles
during drinking water production. For nanoplastics of similar
size and charge similar results are obtained as for inorganic
NPs. For small NPs the charge seems to play a crucial role.
For larger NPs another mechanism is involved, in which
particle size seems to be more important. The removal rates
presented here, however, were determined under specific
laboratory conditions and should thus be used as a first
indication only, although realistic conditions and settling
times were applied. As shown above the loading of filter
materials and the presence of NOM in the water matrix play
a crucial role in the removal of NPs, which is in accordance
with findings of.57

Conclusions

Experiments were carried out in demineralized water and
surface water. The surface water also was treated with an
anion or cation exchange resin, to alter the water
composition. CFS can effectively remove nAu, but is affected
by the presence of NOM, Ca2+ and Mg2+. Higher NOM
contents will result in lower removal rates. 60% of nAu was
removed at a dosage of 4.5 mg L−1 FeCl3. Removal of 66% of
the NOM prior to the CFS process increased the nAu removal
by about 20%, under the test conditions. This was explained
by charge interactions as both NOM and nAu were negatively
charged. Removal of cations (Ca2+ and Mg2+) resulted in
negligible nAu removal, showing that their presence is
essential for the removal of nanoparticles from water. For
nanoplastics it was shown that during CFS larger NPs (200
nm) are removed more efficiently than smaller NPs (50 nm),
irrespective of their surface charge.

Column experiments were carried out with two types of
pretreated surface water. Both sand and GAC filtration can
remove NPs from water. However, for both filter materials
the removal is based on different mechanisms. Where sand
that has been used before (and thus has been loaded with
e.g. NOM) results in an increased removal rate, loading of
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GAC will give the opposite result. For nanoplastics it was
found that a better removal can be obtained by GAC filtration
than by sand filtration.

None of the processes studied here could remove all NPs,
neither the metallic ones nor the plastics, from water. Future
research is required to elucidate to what extent these
experimental findings can be transferred to actual drinking
water production, and what removal rates can be achieved by
combination and optimization of processes. A better
understanding of the effects of e.g. type and shape of the NPs
will be required for this.
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