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Filtration of Paint-Contaminated Water by Electrospun
Membranes
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Micro- and nanosized plastics as persistent anthropogenic pollutants have
attracted more and more attention in recent years. A source of nanoparticles
is, for example, water-borne dispersion paint, which consists of a variety of
different materials with potential adverse effects on living systems. Therefore,
a rising challenge becomes apparent to investigate remediation strategies for
environmental media. This problem is addressed by utilizing electrospun
membranes for filtration applications because of their outstanding properties,
such as their high surface-to-volume ratio and ease of functionalization. The
electrospun membranes are able to successfully filter different paint
components, such as titanium dioxide and polyacrylate nanoparticles, as well
as dispersed polymers and calcium carbonate microparticles. Besides the
known size-exclusion mechanism, the membranes featured extraordinary
properties, such as effective separation of components smaller than the pore
size of the electrospun membranes. This property occurs due to the fiber
surface functionalization and enables not only filtration of nanosized or
dissolved mater at high filtration efficiencies up to 100% but also at a very low
operating pressure. This combination of filter material properties cannot be
achieved by conventional nanofiltration membranes and thus, demonstrates
the high potential of electrospun membranes for the application in filtration
for future environmental pollutants.
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1. Introduction

In recent decades, the establishment of
nanomaterials led to the rapid develop-
ment of the economic sector and the im-
plementation of nanomaterials in diverse
products.[1] Nanoparticles (NPs) as part of
nanomaterials feature particle sizes below
1000 nm[2] and can be made of metal or
polymer materials. Both metal NPs and
nanoplastics are currently attracting atten-
tion due to their unique properties and their
still unknown impacts on the environment
and human health. The potential impacts
of metal NPs and nanoplastics have been
deeply investigated in recent years since
the human body is exposed to metal NPs
and nanoplastics via diet, arising the thread
of bioaccumulation in food webs.[3] Metal
NPs and nanoplastics can induce the acti-
vation of a cell-response in different biolog-
ical systems[4–7] up to human beings.[8–10]

Adverse effects in vivo include: inflamma-
tion, production of reactive oxygen species,
or cytotoxicity.[11, 12]

Paints from buildings and road mark-
ings are a source of metal and metal ox-
ide NPs[13] and plastic particles.[14,15] It is
estimated that roughly 10–30% of titanium

dioxide NPs production was used for paints and/or related
products.[16] Since external surfaces of buildings and road mark-
ings are exposed to weathering, paint erosion occurs.[17,18] Weath-
ering elements cause paint matrix degradation which is de-
pendent on the painted materials, the nature of contact,[19] the
season,[20] weathering duration, water pH, rainfall duration and
intensity.[21] When the paint matrix is degraded, former em-
bedded titanium dioxide NPs are released into the environ-
ment by effects of rain, condensed water, wind, and mechan-
ical vibrations.[22] In 2008, it was evidenced for the first time
that titanium dioxide NPs were found in the environment as a
consequence of leaching from paint.[23] Quantities of titanium
dioxide NPs released from facades might be in the range of
168 ± 121 μg m−2 during seven weeks in the winter.[20]

The paint matrix often consists of polymer particles but also
secondary plastic particles result from paint degradation, which
have been shown to be a significant fraction of microplastic pol-
luting the oceans.[14,24] They might arise from the abrasion of
ship hulls, road markings, and external surfaces of buildings.[25]

Novel “green” chemical technologies had been developed to re-
duce paint fouling by implementing antimicrobial functions.
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These are based on amphiphilic block copolymers exhibiting
tailored surface reactivity, functionality, and reconstruction for
antifouling applications.[26] An inherent drawback is the non-
biodegradability deteriorating plastic problems in the environ-
ment.

Metal NPs and nanoplastics released from paints are supposed
to end up in municipal wastewater treatment plants, where they
had been proven in 2011 for the first time.[27] Municipal wastew-
ater treatment plants are often based on degradation by acti-
vated sludge, which arose concerns in recent years, since many
NPs are known for their toxic effects on microbes.[28] Neverthe-
less, different publications demonstrate that metal oxide NPs
and microplastics can be removed from aqueous media with a
retention of more than 82%.[27,29] Often the sludge is applied
as fertilizer to soils, resulting in the discharge of NPs in the
environment.[30] Wastewaters from paint industry are currently
treated by a combination of different processes, such as coagu-
lation/flocculation/membrane filtration, since these are consid-
ered as a non-expensive and efficient methods.[31] Ultrafiltration
was utilized to remove the smallest particles. However, efficiency
was often insufficient and very high pressures were needed.[32]

Recently, the focus on highly efficient purification methods was
directed to membrane techniques.[33] For example, Wang et al.
demonstrated the efficient removal of polystyrene NPs from wa-
ter by electrospun membranes as model system.[34] Addition-
ally, Batool et al. described the batch adsorption of different
nanoplastics by electrospun cellulose fibers coated with polyethy-
lene imine.[35] However, model NPs might not represent the par-
ticle characteristics from commercial sources and might feature
a different behavior in water treatments.

In this study, we focus on membrane filtration of paint-
contaminated wastewater. Since paints are known to be a NP
source polluting the environment with potential adverse effects
on biota, an urgent need for purification methods becomes appar-
ent. We address this prospective problem by utilizing electrospun
membranes for filtration application. So far publications focused
on the filtration of one, in lab synthesized particle or material,
with specific material properties. However, this might not repre-
sent the conditions, observed in real systems. Here, often mix-
tures of various materials occur, which might interact with each
other and thus, change their original particle properties, for ex-
ample, surface charge, swelling state of polymer, particle stability,
surface functional groups. We chose two different wall paints as
real-life examples to get a more realistic insight into the behavior
of commercial material mixtures in filtration applications. This
work contributes to the understanding of filtration mechanisms
of new occurring pollutant mixtures, such as metal and plastic
NPs from paints.

2. Results and Discussion

2.1. Paint Composition and Potential Environmental Hazard

Two commercial walls, respectively, ceiling water-borne disper-
sion paints were selected as real sources of metal NPs and
nanoplastics. The wall paint will be termed paint 1, in contrast
to the ceiling paint, which is named as paint 2. In our previous
paper, both paint mixtures have been separated into two frac-
tions for each paint. The fractions were termed as supernatant

and sludge and consist of one, pure compound. The size, shape,
and composition of the components were analyzed: paint 1 super-
natant (≈200 nm polyacrylate NPs), paint 1 sludge (50–150 nm
titanium dioxide NPs), paint 2 supernatant (≈800 nm dispersed
copolymer), paint 2 sludge (up to 10 μm calcium carbonate mi-
croparticles). Additionally, the toxicity of the compounds was
tested on biological systems, such as Daphnia magna and cell
cultures, demonstrating concentration dependent adverse effects
on their vitality. Thus, purification of paint-contaminated surface
waters is becoming an important issue.

2.2. Membrane Filtration

Electrospun membranes are a versatile module for wastewater
purification and can easily be fine-tuned for specialized filtration
applications, such as affinity separation.[36] Since the paint dis-
persions possess a negative zeta potential, they can be attracted
by a positively charged affinity membrane. The positive charges
on the membrane surfaces are provided by a copolymer con-
taining 50 mol% quaternary amine groups as possible adsorp-
tion sites for particles. The copolymer was synthesized by free-
radical copolymerization and was electrospun and cross-linked
under UV light to obtain a membrane with high mechanical
stability. The polymer synthesis, electrospinning procedure, and
membrane properties have already been reported in our previous
publication.[37]

The electrospun affinity membrane was tested for filtration of
the two paints. The pore size of the membrane was in the range of
1.2–1.7 μm with a fiber diameter of 300–400 nm. The filtration ex-
periments were conducted for the paint dispersion and the paint
supernatant at a flow rate of 1 mL min−1 and different paint con-
centrations, such as 0.12–0.5 mg mL−1. The filtration efficiency
was measured in 1.5 mL intervals with UV–vis and AF-FFF. Mea-
surement parameters for AF-FFF measurements are described in
Tables S1 and S2 (Supporting Information).

2.2.1. Filtration of Paint 1

The filtration efficiency for paint dispersions reached up to 100%
for all used concentrations (Figure 1A), in contrast to the filtration
efficiency of the paint supernatant. Here, the efficiency decreased
over time (Figure 1B). These phenomena could also be observed
from the filtrates (Figure S1, Supporting Information).

The pressure drop was recorded during the filtration experi-
ments revealing an exponential increase after a certain filtration
time (Figure 2). The elapsed time until the pressure increased
was dependent on the paint concentration. However, no increase
in pressure was detected during the filtration of paint 1 super-
natant. The former observations can be explained by the different
filtration mechanisms.

The filtration mechanism for paint 1 dispersion is size-
exclusion. In the size-exclusion filtration, microparticles were
separated on the top of the membrane resulting in a complete
pore blockage. Therefore, the paint dispersion could not pass the
membrane, which led to an increasing pressure drop. A conven-
tional method to restore the membrane performance is the back-
flushing method, where a washing fluid is pressed through the
membrane in the opposite flow direction.
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Figure 1. Filtration efficiency of paint 1 A) dependent on paint concentration and B) for paint supernatant dependent on the flow-rate. Filtration was
done in triplicate with the diluted paint 1 (A) and the paint 1 supernatant received from centrifugation of paint 1 (B).

Figure 2. Pressure drop on the membrane at different paint concentra-
tions for paint 1. Measurements were done in triplicate, the gray back-
ground marks the area of standard deviation.

The SEM images demonstrate the location of the three par-
ticle types of paint 1 on the fiber surface at low paint concen-
trations (Figure 3A). With ongoing filtration time, the amount
of microparticles on the membrane surface was increased (Fig-
ure 3B) but nanosized, negatively charged titanium dioxide par-
ticles passed into the membrane bulk, where they were adsorbed
on the fiber surfaces (Figure 3C).

In the second experiment, the paint 1 was separated by cen-
trifugation (refer to Supporting Information for more details)
and the supernatant was used for filtration experiments. The
paint 1 supernatant did not contain nano or micro metal par-
ticles (Figure 4A) but only consisted of nanoplastic particles,
which was proven by the SEM-BSD images. With the abun-
dance of microparticles, no pore blockage, respectively, exponen-
tially increasing pressure drop occurred. The nanoplastic parti-
cles passed through the membrane bulk, where they were ad-
sorbed on the fibers (Figure 4B,C).

The second filtration mechanism, occurring at paint 1 super-
natant filtration, is the affinity separation. The paint 1 super-

natant consists of polyacrylate nanoparticles, which possess a
negative zeta potential measured in tap water caused by their
surface functional groups. These negatively charged nanoplas-
tics can then be adsorbed by the positively charged quaternary
ammonium groups on the membrane surface due to electrostatic
attraction. Since electrostatic forces are stronger than most other
physical interactions, all nanoparticles, which come into con-
tact with a free adsorption site on the membrane surface, while
passing through the membrane, are strongly bond to the qua-
ternary ammonium groups located on the membrane surface.
Thus, high filtration efficiencies can be reached and the strongly
bond nanoplastics are prevented from leaching out of the mem-
brane with ongoing filtration time. However, with ongoing filtra-
tion time more and more adsorption sites are blocked and thus,
also more and more nanoplastic particles can pass through the
membrane without the required contact to a free adsorption site.
This results in a decreasing filtration efficiency of the electro-
spun membrane and once all adsorption sites are blocked with
nanoplastic particles, the maximum capacity of the membrane
is reached and from that time on no following particles can be
filtered.

This affinity mechanism demonstrates extraordinary proper-
ties, such as filtering particles smaller than the pore size at high
filtration efficiencies with no pressure on the membrane. Thus,
the affinity mechanism of these electrospun membranes, featur-
ing high surface areas compared to conventional membranes,
opens up unique possibilities in terms of nanoparticle filtration.

2.2.2. Filtration of Paint 2

Filtration experiments were also conducted for paint 2 and its
supernatant. The filtration efficiency increased with rising paint
concentration up to 100% during measurement time (Figure 5A).
A high filtration efficiency becomes evident from the picture of
filtrates, too (Figure S2, Supporting Information). However, the
paint 2 supernatant demonstrated a low filtration efficiency of
≈50%, which was improved up to 80% by utilizing a higher mem-
brane weight (Figure 5B). This improvement can be explained by
the fact that a higher membrane weight correlates to more avail-
able adsorption sites for contaminant filtration. A similar effect
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Figure 3. SEM images after filtration of paint 1. A) Top view with BSD detector, B) cross-section with SE2 detector, and C) cross-section with BSD
detector.

Figure 4. SEM cross-section images after filtration of paint 1 supernatant. A) Membrane with BSD detector, B) membrane with SE2 detector, and C)
zoom-in of image (B).

can be achieved by reducing the used dispersion concentration
of 10 mg mL−1 because a higher dispersion volume can then be
filtered before capacity is reached. The capacity, which is defined
as the ratio of adsorbed contaminant weight to the membrane
weight, did not stabilized on a constant level but experiences a
decline with increasing membrane weight.

The selection of the dispersion concentration was limited by
the resolution of the measurement techniques, such as UV–vis.
Thus, a higher concentration of paint 2 supernatant compared to
paint 2 was utilized for filtration experiments. A higher or lower
polymer concentration might not only change the ratio of mem-
brane surface area to polymer concentration but also the polymer
chain entanglement.

During the filtration process the increase in pressure was de-
tected. The pressure drop increased not only for paint 2 but also
for paint 2 supernatant. Filtration of paint 2 led to a pressure drop
increase after a certain time (Figure 6A), in contrast to paint 2
supernatant, which provoked at nearly ten times higher test con-

centrations a rising pressure drop from the beginning onwards
(Figure 6B). The continuously increasing pressure drop differen-
tiates the filtration mechanism of paint 2 supernatant from oth-
ers.

The filtration mechanism for paint 2 can be described as a size-
exclusion type because microparticles block the membrane sur-
face (Figure 7A). Since paint 2 supernatant did not contain par-
ticles but consisted of a dispersed copolymer, it can be supposed
that it glued fibers and pores and thereby, blocked the membrane
volume leading to the constantly rising pressure.

The dispersed copolymer contains acetate functional groups,
which results in a strongly negative zeta potential at all pH values.
Thus, we observe here again an electrostatic interaction between
the dispersed polymer and the quaternary ammonium groups on
the membrane surface. This enables successful filtration of the
dispersed polymer but due to the high charge and high concen-
tration affecting polymer chain entanglement of the dispersed
polymer and the highly charged membrane surface, it might

Figure 5. Filtration efficiency over time for A) paint 2 and B) paint 2 supernatant. Standard membrane weight is ≈2.2 mg.
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Figure 6. Pressure drop on the membrane at different paint concentrations for A) paint 2 and B) for paint 2 supernatant. Measurements were done in
triplicate, the grey background marks the area of standard deviation.

Figure 7. SEM images after filtration of paint 2. A) Membrane in cross-section with BSD detector, B) membrane top view with SE2 detector, and C) top
view of membrane after filtration.

also cause a collective coagulation of more than just one layer
of the polyelectrolyte on the membrane surface. And each poly-
electrolyte can be expected to be in a voluminous, swollen state
in aqueous media. The combination of these factors might also
explain the expected pore blocking leading to the constantly in-
creasing pressure on the membrane.

Although a pore blockage is expected, the dispersed polymer
can hardly be seen on the dry membrane surface in SEM images
(Figure 8A) only in some distinct areas fiber gluing can be ob-
served (Figure 8B). However, its appearance can be recognized
all over the filter area by a higher charge density in the SEM
images (Figure 8C). The hypothesis of the even distribution of
dispersed polymer in the membrane volume can be further evi-
denced by pictures of the membranes taken under UV irradiation
(312 nm). These pictures show a higher reflection intensity in the
inner membrane area, which was used for filtration (Figure S3D,
Supporting Information).

The pore gluing by the dispersed polymer, which is assumed
to be the driver for the increasing pressure drop can hardly be
recognized on the membrane in the SEM images. An explana-
tion can be the reversibility of the fiber gluing. Drying of the
membranes after filtration might have led to ionomer type forma-
tion and, thus, opened the pores again. Therefore, SEM images
demonstrate only fiber coating but no film formation. Further ev-
idence was gained from a rinsing procedure. In this procedure,
dried membranes from pressure drop tests were utilized, which
have experienced a pressure drop of 1 bar at the end of the filtra-
tion experiment. These membranes were—after drying—again
placed in the filtration apparatus and Milli-Q water can pass the
filter at a pressure drop of roughly 0 bar (Figure 6B). Besides,
no polymer was detected in the filtrate. Thus, pores were only

temporarily blocked during paint 2 supernatant filtration experi-
ment.

The trade-off between a rising pressure on the membrane and
the even distribution of contaminant in the membrane volume
points out that the filtration of paint 2 supernatant can be de-
scribed best by a combination of both mechanisms. The filtra-
tion of paint 2 supernatant fits the criteria of an affinity sepa-
ration because negatively charged copolymers were attracted to
the positively charged fibers and were not only filtered on the
membrane surface but by depth filtration throughout the whole
membrane volume. Additionally, the dispersed polymer might
have glued the membranes pores, resulting in typical symptoms
of size-exclusion filtration, such as rising pressure drop. How-
ever, it is expected, that a rising pressure on the membrane can
be avoided and the filtration efficiency be increased by filtering
lower concentrated polymer dispersions, which are supposed to
feature less polymer chain entanglement.

The adsorption of contaminants, such as organic nanoparti-
cles or dispersed polymers, on the membrane can also be under-
stood as membrane fouling, which hinders membrane use for
longer time periods. Either remediation strategies might be es-
tablished or membranes can in future be designed as photocat-
alytic membranes.[38]

3. Conclusion

We have demonstrated the importance of noticing paints as a
source for particle release with potential hazards to the environ-
ment. The release of paints into the environment, for example,
by mechanical abrasion or in wastewater will result in a potential
hazard for the environment and biota. Therefore, we propose a
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Figure 8. SEM images with SE2 detector after filtration of paint 2 supernatant A) in cross-section, B) top view, and C) zoom-out of figure (A).

feasible method to deal with this essential issue for water purifi-
cation by membrane filtration process. Electrospun membranes
successfully filtered particulate matter and dissolved materials
with efficiencies up to 100%. The microparticles were filtered
by size-exclusion mechanism in contrast to the titanium dioxide
NPs, polyacrylate NPs, and the dispersed copolymers. Those con-
tain charges on their surface, which enable electrostatic interac-
tion with the membrane surface. Due to the electrostatic mecha-
nism they can be filtered even though their size is smaller than
the membrane pores and thus, no pore blocking occurs. Since
they do not block membrane pores, they do not contribute to the
pressure on the membrane at low concentrations, which are any-
way more realistic to occur in the environment. This publication
demonstrates the application of electrospun membranes for fil-
tration of daily-life systems, which are composed of a mixture of
different materials and evidenced the successful transfer of filtra-
tion principles from model NPs to daily-life systems.
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