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e DLS and UV spectrophotometry agreed
on chitosan dose for nanoplastic
aggregation.

e Nanoplastic removal should not be
measured with UV spectrophotometry
alone.

e Zeta potential and DLVO calculations
partially  explain the interaction
mechanism.
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e Chitosan can be used for in situ aggre-
gation and removal of nanoplastic from
water.

ARTICLE INFO ABSTRACT

Editor: Damia Barcelo Micro- and nanoplastic (MNP) pollution in aquatic ecosystems requires investigation on its source, transport, and

extent to assess and mitigate its risks. Chitosan is a potential biomolecule for water treatment, but its interaction

Keywords: with MNP is undefined. In this work, chitosan-nanoplastic interaction was explored in the laboratory under
Aggregation environmentally relevant conditions using polystyrene (PS) nanoplastic (NP) as model particle to identify con-
Na_m)plasm ditions at which PS-chitosan interaction resulted in aggregation. Aggregation limits NP transport and allows
](E::\l/ti?:zzrl::nental conditions separation of NP for targeted remediation. The effect of environmental conditions (pH, salinity, dissolved organic
Remediation matter (DOM) content), chitosan particle size and NP surface modification on chitosan-NP interaction was

Water studied at various chitosan doses. PS aggregated at chitosan doses as low as 0.2 % w/w, while higher doses of
chitosan resulted in re-stabilization of NP in solution, restoring the particle size to its initial value. Increasing pH,
DOM, or carboxyl modification of the NP surface also improved NP stability in solution. Increased salinity of the
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chloride; PS, polystyrene; WWTP, waste water treatment plant; ZP, zeta potential.
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solution caused aggregation of unmodified PS independent of chitosan, but carboxyl-modified PS remained
stable and aggregated at the same chitosan doses across all salinity levels. Chitosan with low molecular weight
promoted PS aggregation at lower doses. Notably, zeta potential (ZP) alone did not indicate chitosan-induced PS
aggregation, which occurred independently of changes in ZP. DLVO calculations based on ZP, however, still
indicated attractive interaction due to charge differences, albeit with less contrast at high pH, salinity, and DOM
content. Additional insights gained in the work recommend caution when using spectrophotometric methods to
assess NP removal. Overall, this study demonstrates that chitosan impacts NP transport and holds potential for

water remediation of NP.

1. Introduction

Increasing plastic production and consumption coupled with mate-
rial cycle mismanagement has led to accumulating plastic debris in the
environment at an unprecedented scale. About 19-23 Mt. plastic waste
entered aquatic ecosystems in 2016, and the rate might double by 2030
despite current mitigations (Borrelle et al., 2020). Abiotic and biotic
processes in the environment fragment plastic debris into smaller par-
ticles, i.e., microplastic (MP, 1 to <1000 pm) and nanoplastic (NP, 1 to
<1000 nm) (Gigault et al., 2018; Hartmann et al., 2019). The small size
of micro- and nanoplastics (MNP) increase their distribution in the
environment, and they are readily transported and ingested by various
organisms in aquatic ecosystems (Athey et al., 2020; Rogers et al.,
2020). Studies on model organisms (Bhagat et al., 2021) and human
cells (Shi et al., 2022), among others indicate MNP toxicity. Further-
more, MNP act as vectors of heavy metals and persistent organic pol-
lutants (Alimi et al., 2018), making remediation approaches vital.

Remediation of MNP already takes place in waste water treatment
plants (WWTP), which removes larger MP efficiently (10-100 pm), but
fails to sufficiently target the smaller NP (Krishnan et al., 2023; Ma et al.,
2019; Zhang et al., 2020). Filtration processes in WWTP can be hindered
by MNP due to clogging and abrasion of membrane filters, resulting in
fragmentation of MNP into even smaller particles that pass through the
filters to discharge into waterways (Enfrin et al., 2019). NP presents
potentially higher ecological and health risks than MP due to their small
size, colloidal nature and high surface area to volume ratio (Cai et al.,
2021). The extent of NP pollution in the environment, however, remains
poorly defined, as detection and quantification methods are still under
development. Nevertheless, NP is likely thought to be more abundant
and broadly distributed than MP and engineered nanoparticles in the
environment due to large amount of plastic waste produced globally and
their small size (Sharma et al., 2023). Thus, developing novel methods
targeting NP remediation in aquatic environments is crucial. One option
towards this goal employs aggregation and settling of NP in situ to limit
further transport and uptake in the food chain.

There have been several studies on the coagulation and flocculation
of model NP, especially using metal salts within WWTP or drinking
water treatment plants (DWTP). The conventional coagulant poly
aluminum chloride (PAC) has shown some potential in removing PS NP
either through coagulation alone (Gong et al., 2022; Zhang et al., 2022)
or in combination with other processes at DWTP, e.g. sand filtration and
granular activated carbon (Hofman-Caris et al., 2022; Ramirez Arenas
et al., 2022, 2020). Other metal-organic particles with Cu—Ni (Zhou
et al., 2022) and Fe (Jung et al., 2023) also have NP removal potential.
However, using metal coagulants, especially aluminum, has potential
adverse health and environmental effects (Gauthier et al., 2000; Pey-
dayesh et al., 2019) and is thus unsuitable for in situ remediation in
aquatic ecosystems. Organic and biological coagulants are better suited
for remediation purposes as they can be directly applied in water bodies,
although this approach has not been widely explored (Tang et al., 2022).
Recently, several works using biomolecules, e.g. protein and natural
gum (Gonzalez-Monje et al., 2021), jellyfish mucin (Ben-David et al.,
2023), and starch (Hu et al., 2023) have shown the possibility for NP
aggregation, capture and removal. Hence, finding potential bio-
molecules that are abundant and able to induce NP aggregation is an

important step towards achieving in situ remediation.

Chitosan is derived from the environmentally abundant chitin, a
polysaccharide found in arthropods, invertebrates, fungi and some mi-
crobes. It is non-toxic and biodegradable and is readily available as a by-
product of the shellfish industry (Synowiecki and Al-Khateeb, 2003). It
has long been studied as a promising bio-based flocculants for water
purification (Lichtfouse et al., 2019; Yang et al., 2016). Chitosan has also
been used as a component in membrane filtration (Risch and Adlhart,
2021), as a gel-based adsorbent (Zheng et al., 2022) and for multi-
component coagulation together with tannic acid and iron (III) (Park
etal., 2023) as well as with PAC (Huang et al., 2023) to remove MP from
water. Hence, we hypothesize that chitosan can be utilized for in situ
water remediation of NP through aggregation and sedimentation.

To date, only one study on the interaction of chitosan with model
sulfate-modified PS MP has been conducted, finding that adding chito-
san increased and eventually inverted the zeta potential (ZP) of PS
(Ramirez et al., 2016). This observation was used to indicate aggrega-
tion, yet actual particle size measurement was absent. Herein, we sys-
tematically investigate the interaction between chitosan and PS NP
under background physicochemical conditions reflecting fresh/
groundwater, brackish water, and seawater. PS NP interactions with
chitosan in water at various doses, pH, salinity, and DOM content were
studied during batch aggregation experiments. The resulting aggregates
were assessed for their spectrophotometric, hydrodynamic and electro-
kinetic properties to identify the driving factors for aggregation between
PS NP and chitosan. By studying the effect of biomolecules on NP
transport, this work outlines a potential method for in situ water
remediation through aggregation of NP as well as highlights the roles of
particle properties and environmental factors in NP transport.

2. Materials and methods
2.1. Polymers and chemicals

PS with no surface modification (PS-Plain) and carboxyl-modified
surface (PS-COOH), both with 100 nm diameter were purchased from
Micromod Partikeltechnologie GmbH (Rostock, Germany) acted as
models for NP. PS-COOH acted as a proxy of plastic after UV-induced
photo-oxidation, since plastics exposed to UV reveal surface carboxyl
groups (Gewert et al., 2018). Chitosan with low (50-190 kDa, >75 %
deacetylation) and high (310-375 kDa, >75 % deacetylation) molecular
weight (MW), and sodium alginate from brown algae were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Glacial acetic acid, sodium
chloride (NaCl), 37 % w/w hydrochloric acid (HCI), potassium hydrox-
ide (KOH) and sodium bicarbonate (NaHCO3) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The stock solutions of PS-Plain and
PS-COOH (1000 mg/L) were prepared in deionized water. Chitosan
stock solutions (500 mg/L) were prepared by dissolving chitosan in 1 %
v/v acetic acid. Alginate stock solution (500 mg/L) was prepared by
dissolving alginate in deionized water.

2.2. Aggregation experiments and assessment

The pH (5, 6.5, 8) and salinity levels (10, 250, 500 mM NacCl or 0.58,
14.6, 29.2 %0) were chosen to reflect conditions in different aquatic
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environments, i.e. fresh/groundwater, brackish water, and seawater,
respectively (Appelo and Postma, 2005; Yao and Byrne, 2001). Sodium
alginate of 1, 10, 100 % w/w (0.1, 1, 10 mg/L) were used to test the
effect of increasing DOM content on chitosan-NP interaction. This range
represents DOM content in aquatic environments (Alimi et al., 2022; Li
et al., 2019; Oriekhova and Stoll, 2018; Wu et al., 2019). The effect of
these environmental conditions on the aggregation of PS-Plain and PS-
COOH was studied using low MW (LMW) and high MW (HMW) chito-
san over a dose range of 0.1-100 % w/w (0.001-10 mg/L). The con-
centration of PS NP in the experiments was 10 mg/L, which is higher
than expected in the environment, but enables accurate detection and is
similar to the concentrations used in other studies (Mao et al., 2020;
Pradel et al., 2021; Zhang et al., 2019). Unless otherwise specified, the
aggregation experiments were performed in batches of 5 mL volume in
10 mM NaCl at pH 5 and ambient temperature (21 + 1 °C). This base
case was chosen as conditions where the performance of chitosan is not
limited by deprotonation (Yang et al., 2016) and the aggregation of PS
NP is not affected by high salinity alone (Dong et al., 2020; Shams et al.,
2020). The solution pH was adjusted using HCl, KOH and NaHCOj3 to
reach the initial pH of 5, 6.5 and 8, respectively. The solutions were
filtered through a 0.2 pum filter before adding PS NP and biomolecules.
The experiments were performed in 15 mL test tubes positioned hori-
zontally on an orbital shaker and mixed at 150 RPM for 20 min followed
by centrifugation at 2000g for 1 min. The experimental duration was
chosen based on static aggregation experiments where the increase in PS
NP size reached equilibrium after around 20 min (Fig. S1). Three
experimental replicates were performed.

Afterwards, the PS NP colloidal suspension was characterized for
extent of aggregation and particle size. Sample aliquots (0.4 mL) were
taken from the solution surface and measured in a UV cuvette to indicate
PS NP aggregation by reading the absorbance at 225 nm using an Epoch
2 spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). At
this wavelength, both PS NP had maximum absorbance (Figs. S2 & S3),
whereas the biomolecules had minimum absorbance at the tested con-
centrations (Fig. S4). Aggregation was reported as C/Cy, where C and Cp
indicate the absorbance of PS NP after and prior to the experiment,
respectively. The hydrodynamic diameter of PS NP was measured using
a dynamic light scattering (DLS) instrument (NANO-flex II) with a 785
nm laser and 180° backscattering angle (Colloid Metrix GmbH, Meers-
busch, Germany).

2.3. Measurement of zeta potential

The zeta potential (ZP) of the particles was measured using Stabino II
(Colloid Metrix GmbH, Meersbusch, Germany), which is based on
streaming potential and the Smoluchowski model. The 0.4 mm gap size
piston was used on the standard measurement cell with a 10 mL reaction
volume. ZP was measured separately from DLS in selected conditions of
the aggregation experiments, i.e., the doses near the point of apparent
maximum aggregation, and using only HMW chitosan. Time-resolved ZP
measurements were conducted over 30 min with 5 min intervals of 12
readings each. Two experimental replicates were performed.

2.4. DLVO interaction energy calculation

The interaction energy of PS NP and chitosan under various experi-
mental conditions was calculated using ZP measurement results and
based on DLVO (Derjaguin, Landau, Verwey, Overbeek) theory. The
method is outlined in Text S1.

2.5. Microscopy imaging

The PS NP and the aggregates of selected conditions were prepared
using the same experimental setups, but at a ten-fold higher PS NP,
chitosan and alginate concentrations. The samples were visualized
under an Orion NanoFAB He-ion microscope (Carl Zeiss, Oberkochen,
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Germany). The beam energy was 30 keV, with a probe current ranging
from 0.05 to 0.1 pA. The advantage of this method is that samples do not
need conductive coatings. The samples were drop-casted from a liquid
solution to a piece of silicon substrate 1-100 ©/1 cm?. There was no
charge compensation needed to perform the imaging. However, a cross-
check with a low-energy electron beam, a flood gun at 433 eV, was
performed against unwanted charging effects. Images were taken from 8
to 10 randomly selected spots distributed over 5 x 5 mm? sample area
on each sample.

3. Results and discussion
3.1. Effect of pH on the chitosan-induced aggregation of PS NP

The apparent optimum chitosan dose for PS NP aggregation, as seen
in the increase of size (hydrodynamic diameter) and concomitant
decrease of C/Cy, differed between the pH values and the PS NP type
(Fig. 1). Surface modification resulted in a four to tenfold higher chi-
tosan dose required to achieve aggregation of PS-COOH than PS-Plain.
Nevertheless, both PS-Plain and PS-COOH aggregates reduced in size
with a concomitant increase of C/Cyp at higher chitosan doses in all cases
(Fig. 1). This was likely a re-stabilization of the neutralized flocs due to
excess cationic charge when overdosing chitosan (Lichtfouse et al.,
2019). Minor variations in C/Cy (ca. 0-0.2) at chitosan doses where PS
NP did not aggregate are likely due to spectrophotometer sensitivity/
detection limit and/or occlusion of PS NP by chitosan. When increasing
pH, higher chitosan doses were required to aggregate both PS-Plain and
PS-COOH, approximately two-fold from pH 5 to 6.5 and four-fold from
pH 5 to 8 (Fig. 1). This was expected as the charge of chitosan, a weak
cationic polyelectrolyte, depends on the pH value. At lower pH, chitosan
is more protonated and interacts more strongly with other particles of
contrasting charge, among others via a charge neutralization effect
(Lichtfouse et al., 2019; Yang et al., 2016). The ZP of HMW chitosan was
accordingly reduced from 24.5 + 1.6 mV at pH 5 to 10.1 + 3 mV and
—3.7 £ 2.2 mV at pH 6.5 and 8, respectively (Fig. 2). This reduction of
chitosan ZP at higher pH has also been seen previously (Ramirez et al.,
2016).

The ZP of PS-Plain and PS-COOH increased with chitosan dose, but
decreased with higher pH and reached equilibrium after around 20 min
for all pH values (Fig. 2). The charge inversion at pH 5 and 6.5 (Fig. 1 A-
B, D-E) can be explained by the increasing dose of positively-charged
chitosan at low pH (Fig. 2) (Lichtfouse et al., 2019; Yang et al., 2016).
At pH 8, charge inversion was less apparent in experiments with PS-
Plain and almost disappeared in PS-COOH (Fig. 1 C & F). Increasing
pH reduces the charge difference between chitosan and PS, and the
energy spectrum expresses a reduced electrical double layer (EDL).
DLVO calculations still indicate attractive forces at pH 8, albeit lower
than at pH 5 and 6.5 (Fig. 3 A). This causes the interaction between PS
NP and chitosan to occur near particle surface (under 50 nm distance) at
pH 8. At pH 5, however, the reactive boundary moves further away from
the particle surface (up to 150 nm) (Fig. 3 A) leading to a higher like-
lihood of adsorption and aggregation (Fig. 1 A & D). At pH > 8, other
aggregation mechanisms can be more dominant for chitosan, e.g., a
sweeping effect where precipitating chitosan forms an enmeshing
network that traps the pollutants despite losing its positive charge
(Blockx et al., 2018).

A ZP of 0 mV has been used to indicate aggregation in chitosan-PS
MP interaction, although no size measurement of these aggregates was
reported (Ramirez et al., 2016). In this work, ZP reaching 0 mV and
eventual charge inversion at pH 5 and 6.5 (Fig. 2 A-B, D-E) was not
found to coincide with PS NP aggregation. Aggregation occurred at
HMW chitosan doses of 0.5 and 1 % w/w for PS-Plain at pH 5 and 6.5,
respectively (Fig. 1 A & D) and at 5 and 10 % w/w for PS-COOH at pH 5
and 6.5, respectively (Fig. 1 B & E). In these cases, the ZP at which
aggregation occurred was around —20 to —10 mV. At pH 8, there was no
charge inversion, and the ZP of PS-COOH barely changed even at 20 %
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Fig. 1. Aggregation of PS-Plain (A-C) and PS-COOH (D-F) with high (HMW) and low (LMW) molecular weight (MW) chitosan at initial pH 5 (A and D), 6.5 (B and E),
8 (C and F) at various chitosan doses (% w/w) as presented by hydrodynamic diameter (left-axis) and C/Cy (right-axis). The salinity in all experiments was 10 mM
NaCl. The horizontal dashed lines mark the initial hydrodynamic diameter of PS-Plain (140 nm) and PS-COOH (110 nm). Data points are averages and standard

deviations of three replicates.

w/w chitosan dose (Fig. 2 C & F). Yet, there was aggregation at chitosan
doses of 2 % w/w with PS-Plain (Fig. 1 C) and 20 % w/w with PS-COOH
(Fig. 1 F). Thus, ZP was not a good indicator of aggregation, while the
combined use of ZP and DLS was essential.

3.2. Effect of salinity on the chitosan-induced aggregation of PS NP

For PS-Plain, there was an apparent optimum chitosan dose required
for aggregation at low salinity (10 mM NaCl), but aggregation occurred
regardless of chitosan dose at high salinity levels (Fig. 4 A-C). The ag-
gregates of PS-Plain at >250 mM NacCl are in the order of several mi-
crometers, which is at the limit of DLS (6.5 pm) (Bhattacharjee, 2016),
hence causing major standard deviation (Fig. 4 B-C). Regardless, the
individual data points still indicate PS-Plain aggregation due to high
salinity level irrespective of chitosan dose. Again, surface modification
was crucial, as PS-COOH aggregation occurred only at certain doses of
chitosan (2 and 5 % w/w) and remained similar across all salinity levels
(Fig. 4 D-F). This can be somewhat expected as higher NaCl concen-
tration (CCC) was required to achieve the aggregation of PS-COOH than
PS-Plain (Wang et al., 2020), and PS-COOH showed higher stability than
PS-Plain in the presence of various salts (Wu et al., 2019; Zhang et al.,
2019). Overdosing of chitosan at various salinity levels also re-stabilized
PS-Plain and PS-COOOH, and the size increase was accompanied by a
decrease of C/Cy (Fig. 4 A-F).

ZP values of both PS-Plain and PS-COOH reached close to 0 mV at
high salinity (Fig. 5 B-C, E-F). This explains the aggregation behavior of
PS-Plain at high salinity (Fig. 4 B-C), but not PS-COOH (Fig. 4 E-F). For
PS-Plain, the EDL is reduced with increasing salt concentration, as the
ZP is minimized and only attractive van der Waals forces persist. Thus,

DLVO forces (Fig. 3 B) can explain PS-Plain aggregation. No difference
between 250 and 500 mM NacCl is seen because the CCC of PS-Plain is
likely exceeded already at 250 mM NaCl, causing no further effect on the
EDL. However, DLVO forces do not explain the ZP of PS-COOH, as ag-
gregation occurred only at certain doses (Fig. 4 E & F), while ZP
remained close to 0 mV throughout. Hence, ZP did not indicate PS-
COOH aggregation as is similar to findings in the pH experiments
(Figs. 1 & 2). Steric forces induced by COOH groups are not represented
in the DLVO forces. DLVO theory predicts aggregation for PS-COOH
similar to PS-Plain (Fig. 3 B), yet the experimental data clearly shows
no overall aggregation (Fig. 4 D-F). This indicates that the steric effects
of COOH groups prevent NP aggregation. As a consequence, the pres-
ence of strong steric forces (via i.e., high density of COOH groups) in-
validates the previous understanding that ionic strength beyond the CCC
causes rapid aggregation of NP (Shams et al., 2020; Singh et al., 2019;
Wu et al., 2019).

3.3. Effect of DOM content on the chitosan-induced aggregation of PS NP

Higher DOM content increased the chitosan dose needed for aggre-
gation of both PS NP (Fig. 6). For PS-Plain, the required chitosan dose
increased five-fold from 1 to 10 % w/w DOM and ten-fold from 10 to
100 % w/w DOM (Fig. 6 A-C). In contrast, for PS-COOH, the corre-
sponding increase was about two-fold and six-fold, respectively (Fig. 6
D-F). Control experiments showed that alginate did not reduce the UV
absorbance of PS NP up to 1:1 w/w ratio (Fig. S5), and the presence of
alginate without chitosan (0 % w/w dose) did not increase PS NP size
even at 100 % w/w DOM content (Fig. 6). Aggregates were not detected
by He-ion microscopy, unlike when chitosan was present at apparent
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Fig. 2. Zeta potential (ZP) of PS-Plain (A-C) and PS-COOH (D-F) with high molecular weight (HMW) chitosan at initial pH 5 (A and D), 6.5 (B and E), 8 (C and F) at
various chitosan doses (% w/w). The salinity in all experiments was 10 mM NaCl. The horizontal dashed lines mark the ZP of 10 mg/L HMW chitosan at pH 5 (24.5
mV), 6.5 (10.1 mV) and 8 (—3.7 mV). Data points are averages and standard deviations of two replicates.

optimum dose with or without alginate (Fig. 7). Hence, the reduction of
C/Cp and increase of PS NP aggregate size cannot be attributed to PS NP-
alginate interaction alone.

The presence of DOM (i.e., humic substances) is known to stabilize
PS NP of similar charge, mainly due to steric repulsion, even in condi-
tions which could otherwise lead to aggregation (Li et al., 2019; Shams
et al., 2020; Wu et al., 2019). This stabilization was observed in the ZP of
both PS NP with increasing alginate content and chitosan dose. Higher
alginate content resulted in slightly lower ZP and higher chitosan dose
required to achieve charge inversion of both PS-Plain and PS-COOH
(Fig. 8) than when alginate was absent (Fig. 2). In order to better un-
derstand this, DLVO interaction energy was calculated from the ZP of
both PS-Plain and PS-COOH in the presence of fixed alginate content
(10 % w/w or 1 mg/L) with increasing chitosan dose (2, 20, 100 % w/w
or 0.2, 2, 10 mg/L). It shows that in the presence of DOM, low chitosan
dose formed a repulsive layer as chitosan charge was inverted, hence
alginate prevented PS NP-chitosan aggregation. However, there was no
charge inversion at higher chitosan dose, and DLVO indicates attractive
forces (Fig. 3 C). Nevertheless, as in the previous cases (Figs. 2 & 5),
changes in ZP values in the presence of DOM (Fig. 8) did not indicate
aggregation.

At the highest DOM content (1:1 w/w of PS NP and alginate), almost
an equal amount of chitosan (5-10 mg/L) was needed to induce PS NP
aggregation (Fig. 6 C & F). A significant amount of pellets was produced
after centrifugation, especially for HMW chitosan, which was not
observed at lower doses (Fig. S6). One possible explanation is that ag-
gregation at high DOM content also occurred due to chitosan-alginate
interaction, forming an encapsulating/enmeshing layer. Indeed chito-
san and alginate have been used as combined polyelectrolyte complexes
as drug carriers (Li et al., 2009) and artificial tissue scaffolds (Venka-
tesan et al., 2014). Sodium alginate itself stabilizes NP via encapsulation
and bridging (Alimi et al., 2022; Pradel et al., 2021). Thus, it is likely
that alginate-chitosan interaction results in aggregation and sedimen-
tation of NP as also indicated by He-ion microscopy (Fig. 7).

Accordingly, the ZP of alginate was inverted when about 1:1 w/w chi-
tosan dose was applied in the absence of PS NP (Fig. S7). The interaction
of two biomolecules has indeed been proposed as a potential method to
clean water from nano-sized contaminants through encapsulation
(Gonzalez-Monje et al., 2021). This also implies that using chitosan to
clean water of NP can remove other pertinent organic materials and
pollutants.

3.4. Effect of PS modification on the chitosan-induced aggregation of PS
NP

The chitosan dose needed to induce aggregation of PS-COOH was
generally higher (up to twenty-fold) than PS-Plain at varying pH and
DOM contents (Figs. 1 & 6). At seawater salinity level, the carboxyl
groups stabilized PS NP in solution, making chitosan necessary for ag-
gregation (Fig. 4). The presence of hydrophilic carboxyl groups (in PS-
COOH) provide repulsive short-ranged steric and hydration forces per-
taining to the particle surface (Notley and Norgren, 2006), and prevent
adsorption. No repulsive force is seen in the DLVO plot, but the EDL is
reduced to 25-50 nm (Fig. 3). Therefore, near the particle surface at pH
8, the repulsive forces may reach beyond the compressed EDL, over-
ruling the weak charge difference and preventing adsorption. However,
this component is not accounted for in DLVO, and therefore can only be
speculated. In any case, this condition can be overcome by increasing
the chitosan dose (Fig. 1), which increases the likelihood of collision and
attachment.

UV-irradiation of plastic results in the scission of bonds and exposure
of surface carboxyl groups (Gewert et al., 2018; Wang et al., 2020),
which leads to improved NP stability in the presence of salt (Mao et al.,
2020). Accordingly, studies comparing model NP with and without
carboxyl groups surface modification also showed better stability of the
former in solutions of increasing salt concentration (Miiller et al., 2021;
Wang et al., 2020). Therefore, as NP is subject to weathering processes in
the environment, they will have exposed carboxyl groups on the surface.
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This suggests improved stability and further transport of NP, even in
brackish and saline environments such as estuaries and oceans. Hence, a
remediation approach using chitosan will be relevant across multiple
aquatic environments. However, NP in the environment can also
interact with suspended sediments (Laursen et al., 2023; Li et al., 2019)
and microorganisms (Rogers et al., 2020), affecting their surface prop-
erties and transport behavior. For example, MP has been shown to
flocculate with natural fine-grained sediments (Andersen et al., 2021;
Laursen et al., 2023) and in saline environments, therefore accumulating
in estuaries (Laursen et al., 2023). Assuming NP behaves similarly, using
chitosan to capture and limit NP transport in rivers can prevent its
accumulation in saline environments.

3.5. Effect of chitosan MW on the chitosan-induced aggregation of PS NP

Generally, a lower amount (ca. 50 %) of LMW chitosan was needed to
cause aggregation of both PS-Plain and PS-COOH (Figs. 1, 4, 6)
compared to HMW chitosan. This is quite the opposite of what was ex-
pected from previous studies, where higher MW flocculants performed
more efficiently than lower MW flocculants (Djajadi et al., 2022;
Wickramasinghe et al., 2010). However, reports for chitosan diverge
(Yang et al., 2016) as several works showed that LMW chitosan per-
formed more efficiently than HMW chitosan, i.e., it flocculated faster at
lower doses (Meraz et al., 2016; Strand et al., 2002). In those works,
however, the degree of acetylation was different, which can also affect
coagulation-flocculation (Yang et al., 2016). As LMW and HMW chito-
sans in this work have similar degree of acetylation, a possible expla-
nation could be that there were more LMW chitosan molecules than

HMW chitosan molecules at the same dose based on weight.

3.6. Assessment of NP aggregation

In assessing NP aggregation, DLS is a widely used tool to measure the
size increase (Oriekhova and Stoll, 2018; Pradel et al., 2021; Ramirez
et al., 2016; Shams et al., 2020; Wu et al., 2019). Additionally, UV-Vis
spectrophotometry is used to monitor aggregation of engineered nano-
particles in aquatic environments (Praetorius et al., 2020). Accordingly
in this study, an overall agreement was found in chitosan-NP aggrega-
tion as assessed by DLS and UV spectrophotometry, i.e., an increase in
hydrodynamic diameter was followed by a reduction of C/Cy (Figs. 1, 4,
6). However, in recent works studying NP removal from water using
various coagulants and processes (Hofman-Caris et al., 2022; Park et al.,
2023; Zhang et al., 2022; Zhou et al., 2022), the reduction of UV
absorbance or fluorescence intensity was used as an indicator of NP
removal. It is rather tempting and straightforward to do so, as concen-
tration of PS NP has a linear correlation with UV absorbance (Figs. S2 &
S3). Hence, one can calculate the percentage of NP removal by calcu-
lating the reduction of UV absorbance or fluorescence intensity. Yet as
this study shows, a reduction in UV absorbance can also indicate
adsorption and aggregation. Therefore, caution is needed, as using UV
spectrophotometry as the sole indicator of NP removal can be
misleading as it cannot distinguish between adsorption, aggregation and
removal of the particles. Even greater caution is needed when using
model fluorescent NP, as aggregation-induced quenching (reduction of
fluorescence intensity due to binding) and dye leakage might also affect
fluorescent intensity (Andreiuk et al., 2019).
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Fig. 5. Zeta potential (ZP) of PS-Plain (A-C) and PS-COOH (D-F) with high molecular weight (HMW) chitosan at salinity of 10 mM NacCl (A and D), 250 mM NaCl (B
and E), 500 mM NacCl (C and F) at various chitosan doses (% w/w). The initial pH in all experiments was 5. The horizontal dashed lines mark the ZP of 10 mg/L HMW
chitosan at 10 mM NaCl (24.5 mV), 250 mM NacCl (3.4 mV) and 500 mM NacCl (3.9 mV). Data points are averages and standard deviations of two replicates.

ZP was measured in this study because it has been conventionally
used within WWTP as an indicator of the optimal coagulation-
flocculation condition (or accomplished charge neutralization) at a
narrow window of ZP around 0 mV (Henderson et al., 2008; Morfesis
et al., 2009). The only previous work using chitosan indicated the point
of PS MP coagulation as the chitosan dose and conditions at which ZP
value reached zero and inverted (Ramirez et al., 2016). In this work, the
ZP data (Figs. 2, 5, 8) did not directly indicate the dose at which
maximum aggregation occurred in the test system, except for PS-Plain at
high salinity (Fig. 4 B & C). Aggregation mostly occurred (Figs. 1, 4, 6)
when ZP was similar to the initial value before chitosan addition or
before it was inverted (Figs. 2, 5, 8). Hence, ZP cannot under all con-
ditions be used as the sole indicator of aggregation when studying MNP-
biomolecule interactions. Other studies on the interaction between NP
with minerals and/or DOM found ZP to be close to 0 mV when aggre-
gation occurred, as seen in an increase in hydrodynamic diameter
(Oriekhova and Stoll, 2018; Ramirez Arenas et al., 2020), while others
showed no aggregation despite inverted or low ZP (Wu et al., 2019;
Zhang et al., 2019). Therefore, it is likely that ZP can indicate MNP
aggregation under certain conditions, but not necessarily always at a
narrow window of ZP close to 0 mV or when it is inverted. It is also
important to note that ZP itself can be affected by various factors such as
PH, ionic strength and particle concentration (Bhattacharjee, 2016).

3.7. Perspectives on potential water remediation of NP using chitosan

Aggregation of NP induced by chitosan means that it can potentially
be used for remediation by limiting NP transport or capturing and

separating NP. In this work, a dose as low as 0.2 % w/w increased the
size of 100 nm PS NP to >1000 nm (Fig. 1). In another study, 0.8 % w/w
jellyfish mucus (based on total protein) increased the size of 100 nm PS
NP to ca. 600 nm, while the corresponding increase for chemical floc-
culants was ca. 800 nm with 0.4 % w/w FeCls and ca. 600 nm with 2 %
w/w PAC (Ben-David et al., 2023). Hence, chitosan has potential to be
used in a wide array of remediation applications, although it is a tech-
nical challenge to avoid overdosing, which can re-stabilize the aggre-
gates in the solution (Figs. 1, 4 & 6) (Lichtfouse et al., 2019). The size
increase of PS NP from 100 nm to >1 pm (Figs. 1, 4 & 6) is large enough
to promote aggregation and sedimentation of NP as seen with direct
visual inspection (Fig. S6) and microscopy (Fig. 7). From an engineering
perspective, it enables sedimentation of the otherwise colloidal NP and
importantly decreases the filtration range needed from ultrafiltration
(0.01-0.1 pm) to microfiltration (0.1-10 pm), which facilitates removal.
However, the actual remediation setup remains to be adjusted to the
target conditions, but filtration of the aggregated NP followed by bio-
logical degradation in an enclosed compartment (e.g., a container or
vessel) could be one possibility. Alternatively, chitosan can be formu-
lated as an adsorbent capable of several regeneration cycles (Risch and
Adlhart, 2021; Wang et al., 2021; Zheng et al., 2022).

From an environmental perspective, using chitosan for in situ NP
capture and removal should ideally be performed in an enclosed
compartment. Otherwise, by promoting aggregation of NP to MP-size or
larger, NP aggregates can be expected to behave as MP, i.e., flocculating
to the bottom of water bodies with natural sediments and organic
matter, which increases NP loading to the benthic zone (Laursen et al.,
2023, 2022). This is not an ideal remediation process as it still exposes
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Fig. 6. Aggregation of PS-Plain (A-C) and PS-COOH (D-F) with high (HMW) and low (LMW) molecular weight (MW) chitosan at DOM (alginate) content of 1 % w/w
(A and D), 10 % w/w (B and E), 100 % w/w (C and F) at various chitosan doses (% w/w) as presented by hydrodynamic diameter (left-axis) and C/Cy (right-axis). The
initial pH of all experiments was 5 and the salinity was 10 mM NaCl. The horizontal dashed lines mark the initial hydrodynamic diameter of PS-Plain (140 nm) and
PS-COOH (110 nm). Data points are averages and standard deviations of three replicates.

biota to MNP and even risks uptake into the food chain. However,
mimicking this natural process using biomolecules in an enclosed
compartment allows environmental-friendly NP removal. Even if the
aggregation and sedimentation of NP is performed directly without
enclosed compartment, this approach allows limiting contaminant
transport by “immobilizing” NP, especially if future risk assessments
deem NP to be a hazardous pollutant of high risk. It is still important as
the colloidal nature of NP suggests enhanced transport than MP, even
when aggregated or forming “eco-corona” with particular biomolecules
(Dong et al., 2020; Li et al., 2021). In this case, biomolecules promoting
aggregation and limiting transport could be beneficial.

Concerning environmental conditions and particle properties, this
study shows the ability of chitosan to induce aggregation of model PS NP
across pH, salinity and DOM content as well as with COOH surface
modification as UV-degradation proxy (Figs. 1, 4 & 6). Although all
factors (except salinity) increased NP stability in solution, increased
chitosan dose can still induce NP aggregation (Fig. S8). DOM content is
likely to play a larger role in the environment than the other factors as it
greatly outnumbers the amount of NP in nature, up to 10,000:1 (Alimi
et al., 2022). The highest ratio of DOM to NP (1:1) used in this study is
thus unrealistically low, but still higher than others (Tallec et al., 2019;
Wu et al., 2019). Nevertheless, until sensitive NP detection is developed
and the extent of NP pollution is well-known, the flocculant needs to be
able to interact with DOM to facilitate removal. To this point, chitosan
has high potential.

4. Conclusions

Chitosan-nanoplastic interaction under relevant background physi-
cochemical aquatic ecosystem conditions showed that chitosan can
affect nanoplastic aggregation and transport, and has potential to be
utilized in remediation approaches. The key findings in this study are:

e Chitosan can induce the aggregation of model polystyrene nano-
plastic at a certain window of apparent optimal dose, as low as 0.2 %
w/w.

Higher pH and dissolved organic matter content of the water, and

carboxyl surface modification of polystyrene nanoplastic increased

its stability in the solution and accordingly also increased the chi-
tosan dose required to achieve aggregation.

The influence of salinity strongly depends on nanoplastic surface.

Aggregation of unmodified polystyrene at increased salinity

occurred independently of chitosan doses. In contrast, carboxyl-

modified polystyrene remained stable and aggregated at the same
chitosan doses across all salinity levels.

Chitosan with low molecular weight required less dose to induce

nanoplastic aggregation than the high molecular weight chitosan,

generally by a factor of two.

e This work also highlights the need for caution when using both
spectrophotometric and zeta potential measurements in studying
nanoplastic interaction and removal. Spectrophotometric data
cannot be used as sole indicator of nanoplastic removal. Change of
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Fig. 7. He-ion microscopy images of PS-Plain (A), PS-Plain in the presence of 10 % w/w alginate (B), PS-Plain aggregate at optimum HMW chitosan dose of 0.5 % w/
w (C), and PS-Plain aggregate at 10 % w/w alginate and optimum HMW chitosan dose of 10 % w/w (D). All experiments were performed in 10 mM NacCl at pH 5, and

PS-Plain concentration of 100 mg/L.

zeta potential to 0 mV cannot be used as sole indicator of nanoplastic
aggregation.

Further aspects of this work remain to be explored in future studies.
First, more environmentally relevant nanoplastic should be used instead
of the model pristine spherical particles. Second, additional bio-
molecules can be explored in two key ways: 1) those abundant in
particular environments to understand their effect on the fate and
transport of micro- and nanoplastic, and 2) those with potential as bio-
based flocculants. In that respect, chitosan as a removal agent can be
further improved, modified, and studied for its effect on the toxicity of
micro- and nanoplastic and other pertaining contaminants. Last, actual

in situ remediation methods can be developed, provided that these
preliminary laboratory findings prove to be relevant in actual environ-
mental settings.

CRediT authorship contribution statement

Demi T. Djajadi: Conceptualization, Methodology, Investigation,
Writing — original draft, Funding acquisition, Visualization, Writing —
review & editing. Sascha Miiller: Formal analysis, Methodology,
Visualization, Writing — review & editing. Jacek Fiutowski: Investiga-
tion, Visualization, Writing — review & editing. Horst-Giinter Rubahn:
Investigation, Visualization, Writing — review & editing. Lisbeth G.




D.T. Djajadi et al.

Science of the Total Environment 907 (2024) 167918

1% wi/w Alginate 10% w/w Alginate 100% w/w Alginate
- m 05% 1% A 2% v 5% | A 2% v 5% 10% <4 20% I 10% <€ 20% P 50% ® 100%
I e e e P T
€ 20 - L
= <
T < <4 < L
Z 10 vy ¥ Y| 4 n
o v
2 v i
& 0 v L L
(]
R L L ® ¢ e ¢
©
& 20 éi T PR [
[Tol i L] " L L I I T % % } % i i i
& T .:. 1 i 4 4 i 2 § i i 4 % %
-30+ AT B C
50 A 2% v 5% 10% < 20% v 5% 10% * 15% < 20% 10% < 20% P 50% 100%
S PSS | S S PSSP g S s
E 20 - -
© « <
2 4 4« < T _____
3 107 4 3 C
° < <
o 4 « <
0+ - L
3 |
(]
N |
I -10+ F 3 1
8 T * * * * L @ L § lr V‘
Q 204 L L 1 z . =
(b20§%§§¥¥¥Xg,—,vvvvvv%i’iiiii’
a ¥
-30+ Dr Er F
0 5 10 15 20 25 30 O 5 10 15 20 25 30 O 5 10 15 20 25 30
t (min)
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