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Introduction

Surface functional group dependent enthalpic and
entropic contributions to molecular adsorption on
colloidal microplastics

Ikechukwu Kanu,
Mahamud Subir @2 *

Amrit Ojha, Kalie Adams, Jacob Brooks and

Molecular interaction with micro- and nano-plastics (MNPs) is an important chemical process that
dictates the fate and transport of organic contaminants, and that of MNPs, within the aquatic
environment. In this study, adsorption of cationic, anionic, and neutrally charged organic molecules
from aqueous solution to model microplastics (MPs) is presented. Second harmonic generation, an
interfacial selective laser-based technique that allows in situ measurements of adsorption isotherms, has
been used. Polystyrene (PS) and polymethyl methacrylate (PMMA) microplastic particles with distinct
charge characteristics were chosen. PS MPs investigated include distinct surface functional groups such
as —0SOs3;, —COOH, mixed —NH,/-COOH, and amidine. Thus, the effect of different types of electro-
static interactions on adsorption have been analyzed. Comparison of adsorption Gibbs free energy for
these MPs reveals that Coulombic attraction is important for spontaneous adsorption. However, distribu-
tion of water at the interfacial region, and functional group dependent interactions determine the mag-
nitude of binding strengths. Entropic (AS,qs) and enthalpic (AH,4s) contributions to spontaneous
adsorption have been determined by analyzing temperature-dependent adsorption isotherms. We show
that AH,q4s and AS,4s are dependent on the interfacial chemical composition of MPs and are not constant
with respect to temperature. Although of varying degrees, MPs studied show an increase in entropy
upon adsorption of organic molecules. These findings hint at a plausible influence of hair-like structure,
common in polymeric soft matter, on the adsorption mechanism. This systematic study thus under-
scores unique colloidal features of the plastic/aqueous interface that are critical in adsorption of organic
molecules by microplastics.

connects their physical properties and surface chemistries with
observations of their dynamics in the environment.”

Microplastics are increasingly being detected in our rivers,
lakes, oceans, deep sea, and the terrestrial environment.'”
Considered as contaminants of emerging concerns, micro-
and nano-plastics (MNPs) vary extensively with respect to their
chemical composition. Microplastics are defined®® as any kind
of plastic fragments, beads, and fibres with a diameter in the
range of 100 nm to <5 mm;’ """ whereas, nano-plastics are less
than 100 nm.'®'" Because of their polymeric nature, MNPs are
considered a form of soft matter. Given their size range, MNPs
exhibit colloidal behaviour; that is, their interfacial structure
and charge properties become important in understanding how
these particles interact with their surroundings. Indeed, in a
recent perspective,'” it has been proposed that “adopting a view
of microplastics as a colloid provides a holistic framework that
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From the colloidal viewpoint, MNPs in the nano- and
microscopic range provides a large surface area to volume ratio.
Thus, colloidal MNPs serve as a transport vector for many
organic contaminants.”*” In the aquatic environment, these
small organic pollutants can also be charged or neutral. Once
adsorbed onto the surface of MNPs, they can be transported
within the aquatic environment by physical mechanisms, and
exhibit altered chemical reactivity. Recent literature® > explor-
ing interactions of organic compounds with microplastics has
highlighted that in-depth studies on the adsorption behaviour
of organic pollutants on MNPs are limited and systematic
studies on the mechanism of adsorption are warranted. The
wide range of MNP types, chemical composition and surface
charge properties necessitates a systematic investigation on the
influence of MNP interfacial properties on molecular adsorp-
tion. Accordingly, the aim of this study has been to address new
interfacial chemistry-specific questions that have emerged:

This journal is © The Royal Society of Chemistry 2025
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What drives the molecular adsorption - pure charge interac-
tions, specific interactions, or the exclusion of hydrophobic
compounds from water? Is the adsorption, if any, entropically
or enthalpically driven? Elucidating these fundamental inter-
facial processes involving MNPs and organic molecules is vital
to the understanding of how these contaminants propagate
through our water systems and impact the environment.

There is a variety of polymers found in microplastics detected
in the environment. Examples include polyethylene, polypropy-
lene, polyvinyl chloride, polycarbonate polymethyl methacrylate,
and more. In recent studies, both polystyrene (PS) and poly-
methyl methacrylate (PMMA) has been highlighted for their
negative impact with respect to their toxicity and availability in
the environment.*" >* PS polymer, which contains aromatic rings,
is prevalent in many of these MNPs.>>*® Polystyrene, (-CgHjg),, a
thermoplastic with rigid chains, is found in styrofoam products,
packaging materials, and many other economical plastic
materials.>*?” In contrast, polymethyl methacrylate (PMMA), also
known as acrylic, is a transparent thermoplastic and is often used
as glass substitute for lenses, windows (e.g., plexiglass), and
cosmetics. It consists of methyl ester (-CsHgO,), functional
groups. In this study, particles with core compositions of poly-
styrene and polymethyl methacrylate have been chosen because
these chemicals are common in microplastics. However, it is
important to note that while the core of the MNPs may be
represented by their polymer structures described above, their
surfaces can contain different functional groups such as -COOH
and -NH,. These species are ionizable. Even hydrophobic micro-
plastics often carry surface charges in the aquatic medium."'*?®
Polymeric chains of MNPs are also likely to extend out into the
aqueous phase, a characteristic of interfacial structure of soft
matter. Thus, different types of interactions are possible when
adsorption of organic compounds onto colloidal MNPs is
considered.

Similarly, small organic compounds in the aquatic environ-
ment exhibit hydrophobic/hydrophilic characteristics.*® These
contaminants can be charged or neutral, and are also subject to
hydrophobic and Coulombic interactions. The diversity in
functional groups in these compounds can also allow specific
interactions such as hydrogen bonding or pi-pi interactions.
For this study, the main objectives are to (1) deduce if favour-
able molecule-particle interaction is dominated by attraction
between opposite charges or if van der Waals forces are
sufficient for adsorption on MNPs and (2) explain if a sponta-
neous adsorption is enthalpically or entropically driven and
whether it is dependent on specific surface functional groups.
Thus, this study examines the surface chemistry (interfacial
charge and chemical composition) on the adsorption of
charged and neutral organic compounds.

An important criterion for a systematic adsorption study
involving colloids is that the experiments be done in situ,
without perturbing the colloidal suspension. Separation tech-
niques are not suitable for MNPs of similar density as water
because gravimetric centrifugation can induce aggregation and
perturbation of the adsorption equilibrium. For this reason, we
have utilized interfacial specific technique known as second
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harmonic generation (SHG). Specifically, we present SHG-based
molecular adsorption studies of three different—cationic, anio-
nic, and neutral—organic compounds on six different micro-
plastics (MPs). The MPs used are all approximately micrometre
in diameter. This is to avoid size-dependent SHG scattering
effect on the adsorption analysis. Four of the MPs are PS-based,
varying in surface chemical compositions including, bare poly-
styrene (PS), sulfate (PSS), carboxyl (PSC), aliphatic amine
(PSAA), and amidine (PSAm), and one composed of PMMA.
To deduce thermodynamic adsorption parameters (AH,qs and
AS.q4s) temperature-dependent adsorption isotherms have been
collected for adsorptions characterized by Langmurian model.
Interestingly, our results demonstrate that not only charge but
the soft interfacial structure of MPs and bound water molecules
play a pivotal role on molecular adsorption.

Experimental
Materials and methods

Chemicals and materials. The organic dyes of different
charge properties, trans-4-[4-(dimethylamino)styryl]-1-methyl-
pyridinium iodide (DSMPI, dye content 98%, No. 336408),
and naphthol yellow S (NYS, >99.0%, Catalog No. 49547) were
purchased from Sigma-Aldrich. Coumarin 314 (C314, 99%, No.
AC405621000, ACROS Organics), was obtained from Fisher
Scientific. Polystyrene (PS, Lot # 642745) microsphere was
obtained from Polysciences, Inc. According to the manufac-
turer, these monodispersed polystyrene microspheres contain a
slight anionic charge from sulfate ester. Polystyrene sulfate
(PSS, Lot#t 2897860), carboxylate (PSC, Lot# 2427068), zwitter-
ionic polystyrene aliphatic amine (PSAA, Lot# 2040155) and
polystyrene amidine (PSAm, Lot# 2178691) were obtained from
ThermoFisher Scientific. PSAA is zwitterionic because it
includes a high density of amine and carboxyl groups on the
surface. Product specification suggests that the parking area per
amino group is 74 A* per NH, and that of carboxyl group is
1349 A? per COOH. Non-functionalized colloidal poly-methyl
methacrylate (PMMA, Batch# 22328) was purchased from Alpha
Nanotech, Inc. Surface functionalized PMMA particles are not
commercially available. All chemicals were stored as suggested by
the manufacturer and characterized using UV-vis spectrometer
(UV 2600i, Shimadzu) and ZetaSizer ZS (Malvern Analytic), a
dynamic light scattering (DLS) technique, prior to use. The DLS
instrument allows determination of size (hydrodynamic dia-
meter) and zeta ({) potential of the MPs. Smoluchowski approxi-
mation has been used. In a typical measurement, three runs were
performed, and the average size or {-potential and corresponding
standard deviations were recorded. The value of the size reported
is based on peak intensity.

A digital analytical balance was employed for precise weigh-
ing of the organic compounds. Millipore water, with a resistiv-
ity of 18.2 MQ cm was used for all sample preparation. The MP
suspensions exhibited a similar pH as that of the neutral
Millipore water. To ensure precision in sample preparation,
Fisher-brand sterile disposable standard pipets were used for
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dispersing and preparing the solutions. The dye solutions were
prepared at varying concentrations in single-use clear 30 mL
vials. Dye solutions were prepared through systematic serial
dilution methodology. Serological transfer pipets were used for
solution preparation. The particle number density, determined
based on their size, W/V ratio, and polymer density, was
provided by the manufacturer. This concentrated suspension
was diluted in a 30 mL clean vial with Millipore water to obtain
the MP stock solution with a density of 2 x 10® particles per mL
for our experiments. These stock solutions were stored in a
dark place at room temperature for no longer than one week.
Glassware was thoroughly cleaned using Aqua Regia (3:1
mixture of HCl and HNO; acids) solution. For the adsorption
studies, all dyes and MP samples were prepared in clean glass
vials. The final mixtures of the dye and the particle were
prepared by 50/50 dilution of the stock dye solution and MP
suspensions. For instance, to prepare a 10 mL mixture of 10 uM
of DSMPI dye in the presence of 1 x 10° mL ™" PSC particles,
5 mL of 20 pM DSMPI solution was mixed with 5 mL of
2 x 10° mL ™' PSC. Mixtures were vigorously vortexed. For
SHG correction, the same stock solutions were used to prepare
the reference samples of the dye and the PSC alone, at the
desired concentration and number density, respectively. For
the dye and MP mixtures, ample time, approximately 30 min-
utes, was given for an adsorption equilibrium to reach between
the dye and the particle-aqueous interface. Adsorption kinetic
experiments in our group have demonstrated that an adsorp-
tion equilibrium is reached within a few minutes.

Second harmonic generation. SHG is a special case of
second order nonlinear spectroscopy in which two photons of
the same frequency from the incoming laser beam interact with
a material and produce a new photon. The resulting photon
oscillates at twice the frequency of the initial photons.*>*" The
role of symmetry is critical in SHG. In centrosymmetric materi-
als, such as bulk solutions, SHG is forbidden under the electric
approximation of light-matter interaction but can occur at
surfaces because these regions naturally lack inversion symme-
try. For this reason, SHG has been applied to study various
surfaces, including that of colloidal interfaces. The details of the
SHG method in generating adsorption isotherms and obtaining
information of the adsorption energetics have been described
elsewhere.’>?* In brief, the SHG intensity, Isyg, is proportional
to the number density (N,qs) of the molecules that are adsorbed
on the interface (eqn (1)). This allows mapping out the adsor-
bate profile at the MP/aqueous interfaces by plotting Isuc as a
function of dye concentration. SHG is also dependent on the
hyperpolarizability, (a(z)), averaged over molecular orientation.
Thus, how the molecule is oriented may influence the strength
of the SHG intensity. For instance, well-aligned molecules can
yield stronger SHG signal compared to randomized dipoles.

Istic o |Naas(@®)]? 1)
The SHG experiments utilized a solid-state Nd:YVO, (Mil-

lenia eV) to pump a Ti:Sapphire Tsunami oscillator (3941X1BB)
with 70 fs pulses at a repetition rate of 80 MHz. Both lasers were
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purchased from Spectra Physics. The fundamental laser beam
was tuned to ~800 nm and directed to a 1.0 cm quartz cuvette
containing the sample. The cuvette was placed in a flash 300
temperature-controlled cuvette holder (Quantum Northwest).
The colloidal suspension was stirred using a small magnetic bar
and adjusted to the target temperatures of 13 °C (£0.5), 22 °C,
35 °C, and 50 °C, each within 0.2 °C. The power at the sample was
set at ~450 mW and monitored to be within £2% throughout
the experiment. The beam was passed through a red filter and
focused using a lens with a focal length of 5.0 cm. The polariza-
tion of the incident beam was varied using a half-wave plate
(WPH10M-808, Thorlabs). The polarizations perpendicular and
parallel to the laser table are defined as vertical (V) and horizontal
(H), respectively. The scattered signal was then collimated by a
second lens and the second harmonic field was passed through a
blue filter to block the residual fundamental beam. The beam is
passed through an analyzer set to detect V-polarized light. The
SHG signal is further guided to a monochromator (Acton SP2500,
Princeton Instruments) for better spectral separation. A photo-
multiplier tube served as a detector. The photocurrent produced
by a photomultiplier tube (PMT, H11461P-01, Hamamatsu) was
transmitted to a preamplifier (SR445A, Stanford Research Sys-
tems (SRS), Inc.). The amplified signal was then directed at a
single photon counter (SR400, SRS, Inc.) and then processed
using LabView Software. The SHG intensity in the range of 370-
430 nm was collected for each sample and the peak intensity,
spectra centered at the second harmonic wavelength, was used to
generate adsorption isotherm. A total of five spectra per sample
were collected and the peak intensities for each were averaged.
The standard deviation in the intensities were used to calculate
the standard error each data point.

Data processing to generate SHG-based isotherm involved
correcting the raw signal for scattering loss and subtraction of
hyper-Rayleigh background signal. The detailed correction
procedure has been discussed previously.*>** In brief, the raw
intensity from each sample was corrected for opacities based
on Beer-Lambert law. Optical densities of the samples at both
the fundamental and SHG wavelengths, as determined from
UV-vis absorptions spectroscopy, have been used for this cor-
rection. Thereafter, the intensities from the corresponding dye
solution and MPs alone were subtracted from the intensities of
the dye-MP mixture. Two-photon fluorescence from the dyes
was not observed at the second harmonic wavelength. Data
analysis, including non-linear least-squares data fitting of the
adsorption isotherms, was carried out using IgorPro. The fitting
approach utilizes Levenberg-Marquardt algorithm to search for
the minimum value of chi-square (1*), based on initial guesses
of the coefficient values.

Results and discussion

(1) Characterization of the dye molecules and the MPs.

As alluded to in the introductory section, a critical aspect of
determining thermodynamic parameters of binding at the MP
surface is the ability to measure adsorption isotherms in situ,

This journal is © The Royal Society of Chemistry 2025
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without mechanical perturbation of colloidal suspension. All
these organic compounds exhibit absorbance bands around
400 nm,** which provides resonance enhancement with the
SHG wavelength in these experiments. Fig. S1 in SI shows the
absorbance spectra of these compounds in aqueous solution. DLS
measurement provided information on the size (hydrodynamic
diameter) and charge properties of the MPs used. Fig. 1(A) shows
that all the particles studied are approximately 1 pm. PMMA
shows a larger standard deviation because of possible aggrega-
tion. As can be seen in Fig. 1(B), PMMA exhibits the lowest
magnitude of zeta potential. Hence PMMA particles are likely to
coalesce during the time window of size measurement using DLS.

Despite the different interfacial chemical compositions, PSS,
PS, PSC, and PSAA, show negative {-potential. While the mag-
nitude of the zeta potential depends on various factors such as
the location of the slipping plane and counter ion adsorption,
based on the sign, it is apparent that these particles contain
excess negative charge at the interface. PSS carries negative
charge due to the sulfate group and as noted in the Experi-
mental section, PS MPs contain negative charge from sulfate
ester. However, given that the extent of sulfate groups on PS
particle surface is less than that of PSS, it is expected that the PS
MPs are more hydrophobic than PSS. Comparing molecular
adsorption onto these MPs therefore helps to distinguish the
effect of hydrophobicity in the presence of the same charged
species. The negative charge on PSC is due to the deprotonated
COOH group. The interfacial pK, of PSC is 5.4;>° thus, signifi-
cant amount of carboxylate ion is expected near neutral pH. For
this reason, zwitterionic PSAA appears to show an excess of
negative charge at its interface. The use of PSC versus PSAA thus
highlights the effect of carboxyl group and reduced density of
carboxyl group, respectively, on molecular adsorption. PSAm
displays positive zetapotential because it contains positively
charged amidine functional groups on the surface.

PMMA does not have any ionizable groups at its surface;
however, its {-potential value is slightly negative. Observation of
negative zeta potential on hydrophobic interfaces is not uncom-
mon. Generation of charged interfaces via contact electrification,
asymmetric partitioning of hydroxide ions, a collective polariza-
tion/charge transfer effect are possible mechanisms.**™° 1t is
important to distinguish however that the observed negative zeta-
potential on PMMA is not due to a fixed charged species but likely
because of an accumulation of loose and mobile ions. Thus,
comparison of molecular adsorptions on the loosely bound

Zeta Potential (mV)

Hydrodynamic Diameter (um)
o
>

T T T T T T
PS PSS PSC PSAA PSAmPMMA

T
PS PSS PSC PSAA PSAmPMMA

Fig. 1 Size and charge property characterization of the colloidal MPs used
in this study. Hydrodynamic diameter (A) and zeta-potential (B) measured
based on DLS.
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Fig. 2 SHG-based adsorption isotherms of DSMPI (blue markers), NYS
(red markers), and C314 (green markers), onto MPs of different surface
composition: (A) PS, (B) PSC, (C) PSAA, (D) PSS, (E) PSAm, and (F) PMMA.
These data were collected at 22 °C. Markers represent experimental data,
and the solid curves represent Langmurian fit to the data.

negatively charged PMMA versus that of the PS, PSS, and PSC,
where most of the charges are fixed, provides a critical insight
into the nature of electrostatic interaction.

(2) Role of Coulombic interaction on molecular adsorption

We are now in position to compare the effect of charge on
molecular adsorption. Fig. 2 shows a set of SHG-based adsorp-
tion isotherm collected with the cationic (DSMPI), anionic
(NYS), and neutral (C314) organic molecules at 22 °C for the
six different MPs studied herein. The plots show SHG intensity
as a function of the concentration of the molecules in the
aqueous solution. Based on eqn (1), these graphs map out the
relative number density of adsorbates at the interface. A rise in
the signal means adsorption is occurring and no increase in
signal implies no adsorption.

The major observations are as follows:

(i) the positively charged molecule, DSMPI, adsorbs onto
most of the negatively charged MPs. It adsorbs onto PS, PSC,
PSAA, and PSS, all of which are expected to have fixed negative
charge densities at the interface owing to the functional groups
present at these MP surfaces. The adsorption isotherms gener-
ated follow a Langmuir model, which will be discussed in part 3
of the Results and discussion section. As anticipated, DSMPI
does not adsorb onto positively charged PSAm due to Coulom-
bic repulsion. Interestingly, no DSMPI adsorption is observed
for PMMA even though it exhibits negative zeta potential.
Recall, the chemical structure of PMMA entails hydrophobic
moieties which should not produce fixed negatively charged
functional groups at its interface. The source of the negative
{-potential at the hydrophobic interface may involve mobile ions.

Soft Matter, 2025, 21, 6814-6822 | 6817
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Thus, these results demonstrate that the nature or the origin of
the interfacial charge dictates whether the adsorption of organic
molecule is spontaneous. We surmise that fixed charge density at
the particle/aqueous interface is necessary for organic ion to
adsorb via Coulombic interaction.

(ii) The negatively charged NYS molecule does not adsorb to
the negatively charged PS, PSS, PSC, PSAA, and PMMA MP/
aqueous interfaces. Coulombic repulsion explains this beha-
viour. For the positively charged PSAm, a steep rise in the SHG
signal at very low concentration is observed, followed by a
plateau. This is a tell-tale sign of high affinity adsorption, often
observed for polymeric or protein substrates.*®*' The SHG
signal is weak compared to DSMPI adsorption at the negatively
charged MP surfaces. The charge on NYS is —2; thus, a greater
extent of Coulomb attraction to the positively charged PSAm
exists. This explains the high affinity isotherm behaviour. It
does not follow a Langmurian profile. Eqn (1) shows SHG
intensity scales with molecular orientation. The relatively weak
SHG intensity may thus indicate that due to high affinity NYS
molecules are randomized at the interface, resulting in cancel-
lation in the generated SHG field. Yet, it is apparent from the
sharp jump in signal that there is an interaction between the
oppositely charged dye-MP pair.

(iii) €314, a neutral and hydrophobic molecule, does not
show any increase in SHG intensity for all the particles inves-
tigated. Note, the extent of C314 concentration explored is
limited by its solubility. Within the concentration range stu-
died, C314 does not adsorb to these particles. This and along
with the observations (i) and (ii), it appears that Coulomb
attraction is important in driving molecular adsorption. van
der Waals type interaction does not serve as a driving force for
adsorption. This appears to suggest that despite the hydro-
phobic core of these MPs, the MP/aqueous interface is highly
solvated and thereby polar. This finding is consistent with a
previous study based on spectral shift which demonstrated the
aqueous-particle interface of PSC to be polar.*> Moreover, C314 has
previously been shown to adsorb at the hydrophobic air/water*® as
well as the hexadecane/water nanoemulsion®* interfaces. These
chemical systems do not have trapped or strongly associated water
molecules at the interfacial region. Therefore, we surmise that
unlike pure Coulombic attraction, weak van der Waals interaction
is not sufficient to overcome the hydrated MP layer. Thus, the
neutral C314 molecules do not stick to these polymer surfaces.
This finding is applicable for small hydrophobic molecules and
does not imply that neutral organic compounds do not bind to
microplastics. Sufficiently large hydrophobic molecules, such as
long chain polymers has the potential to overcome the energetic
barrier of displacing water molecules and interact via extended van
der Waals force with the MP.

These observations raise more questions. For instance, what
is the strength of binding (AH,q4s) and entropy change (AS,gs)
for the adsorption of charged molecules? Moreover, do they
depend on the surface functional group or Coulombic interac-
tions is the dominant mode of binding? Answering these
questions require a deeper understanding of the thermody-
namics of the adsorption process for the model microplastics.

6818 | Soft Matter, 2025, 21, 6814-6822
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(3) Mechanistic insights into molecular adsorption

To deduce the binding strength and the entropy change of
adsorption, we have collected temperature dependent iso-
therms using DSMPI for the PS, PSS, PSC, and PSAA particles.
We focused on the adsorption of the positively charged DSMPI
onto MPs containing fixed negative charges because Langmur-
ian adsorption behaviour has been observed for these interac-
tions. SHG adsorption isotherms of these MP-DSMPI pairs have
been collected and by fitting the data using the Langmuir
model (see SI), the equilibrium adsorption constants (Kpgs)
were determined. In our experiments, the overall surface area
of the MPs is in the order of 10'® A? per mL of solution.
Assuming full and closely packed surface coverage of the dye
at saturation, the amount of dye depleted from solution upon
adsorption would be sub-micromolar. That is, Cpuic > Csurface
throughout the adsorption process.*’ Thus, initial solution
concentration, instead of equilibrium concentration, has been
used in the Langmuir fitting. Replicates of these isotherms are
shown in Fig. S2 of the SI. The Langmuir fit parameters of the
isotherms are tabulated in Table S2. The adsorption Gibbs free
energy is calculated using AG,qs = —RT'In K45 at each tempera-
ture. Plots of AG,qs versus T for each of the particle are shown in
Fig. 3. The slope is related to AS,qs as follows:

_ 8AGads
asu = (250%) @)
Rearranging eqn (3) allows calculation of AH,gs.
AGads = AI-Iads - TASads (3)

It is evident that for most of these particles, AG,q4s is not a
linear function of temperature within the range studied. This is
particularly true for PS, PSC, and PSAA. This means AS,qs and
AH,4; for these particles vary with temperature. Heat capacity of
polystyrene is relatively constant below its glass transition
temperature (Ty).** According to the manufacturer, T, of poly-
styrene is 100-110 °C. Thus, the variation of heat capacity is not
the source of the nonlinearity in AG,qs within the temperature
range of this study. The implication is that there is more than
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Fig. 3 Plots of AG,gs versus T for (A) PS, (B) PSC, (C) PSS, and (D) PSAA.
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one type of interaction taking place at the interface. Since
DSMPI has the same chemical form, different interactions are
attributed to the compositions of the MP surface. As an
example, for the PS particles, the adsorbate can not only
interact with the hydrophobic polymer but also the sulfate
groups. Similarly, other particles can provide both hydrophobic
and hydrophilic interactions, the latter due to their polar
functional groups. Given the nonlinearity, Van’t Hoff equation,
which assumes AH to be constant with temperature, is not
applicable. It has been verified previously that description of
the nonlinear dependence with a quadratic form is a good
approximation in most cases.*’

We have found second order (quadradic) polynomial func-
tions to fit the data well. The functional form is provided within
each graph. The fit coefficients along with residuals are tabu-
lated in Table S1 of the SI. These coefficients are limited to the
temperature range of the experimental data. The AS,qs, and
AH,qs values have been calculated using eqn (2) and (3),
respectively. These values, calculated for 22 °C, are reported
in Table 1. Thermodynamic parameters calculated for all
temperature are shown in Table S3 of the SI.

A major observation is that AS,qs > 0 for the adsorption of
DSMPI to these particles. The positive entropy change implies
that there is an increase in randomness upon DSMPI adsorption.
Generally, adsorption entails diminished degrees of motion for
the adsorbates and thus a decrease in entropy. This is often the
case when molecules adsorb from vapour phase to a solid
substrate. However, MPs are in contact with water. Thus, an
increase in entropy observed in these experiments suggests that
prior to the adsorption of the organic compound, water molecules
are bound to the MP surface. Adsorption of the organic molecules
leads to a release of water molecules, which in turn increases
disorder. Similar behaviour has been observed for molecular
adsorption onto cellulose-based surfaces and biological polymer
particles.*®*” It is also observed that the magnitude of AS,q of the
hydrophobic PS and PSAA decreases significantly with increasing
temperature (Fig. 4). This is consistent with the picture that water
molecules are initially adsorbed at the interfacial layer. At higher
temperature less water molecules are bound to the particle inter-
face due to increased molecular motion. The change in AS,qs is
steep for PS and PSAA, and gradual for PSC. For the PSS there is a
slight increase in AS,qs with temperature. Clearly, the presence of
significant amount of negatively charged sulfate groups affects
the thermodynamics of adsorption.

For PSC and PSS, water molecules are expected to be strongly
bound to the -OSO;™, -COOH/-COO™ due to the abundance of

Table 1 Thermodynamic parameters of DSMPI| adsorption at 22 °C.
Uncertainties are based on 90% confidence interval of the fit function

Thermodynamic parameters@22 °C

Particles  AGags (K mol™")  AS.qs (J K ' mol™)  AH,q4s (kJ] mol ™)
PS —43.5 + 2.0 165 £ 6 5.3 £0.2
PSS —43.0 + 1.5 131 £5 —4.4 + 2.1
PSC —40.2 + 0.4 34.2 £ 0.4 —30.1 = 0.3
PSAA —35.5 + 0.3 179 £ 2 17.2 £ 0.2
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Fig. 4 Temperature dependence of (A) AS,q4s and (B) AH,qs for various
MPs.

fixed negative charges on these MPs. It has been shown that
water molecules favour negative charges.”® H-bonding is also
possible with carboxyl functional group. Increase in tempera-
ture has a miniscule effect on the strongly bound H,O mole-
cules. In contrast, in the case of PS and PSAA, the sharp change
in AS,qs can be explained as follows. Most of the water mole-
cules are trapped in the hydrophobic polymer layer, which is
more sensitive to temperature. As temperature increases, flex-
ible polymer chains can protrude into the bulk water, resulting
in fewer water molecules trapped at higher temperature. Thus,
with increasing temperature, adsorption onto MP does not
entail displacement of sufficient water molecules to cause a
significant change in entropy at higher temperatures. In addi-
tion, the positive AS,qs and its variation with temperature
suggest that adsorption of organic compounds to microplastics
involves an exchange process. These MPs are well hydrated. This
means molecules of higher affinity displace another molecule,
such as water, that is already adsorbed at the interfacial region.
Our results also show that the magnitude®® of AH,q4, is
representative of weak binding or physisorption for these par-
ticles. No strong chemical bonds are formed. van der Waals,
Coulombic, hydration, hydrophobic and steric forces are
involved. Accordingly, the AH,qs values reflect energetics of
multiple steps including desorption of the displaced molecule,
and its interaction with the adsorbed species. Fig. 4(B) clearly
demonstrates that there is a difference in the AH, 45 values with
particles of different surface functional groups. For example, we
find adsorption onto PSC particles containing carboxyl groups
to be most exothermic. This is likely due to charge complexation
and H-bonding with quaternary amine on DSMPI and the
interfacial carboxylate ion. For PSS and PSC, AH,4; is relatively
unchanged with temperature. On the other hand, PS and PSAA
show a strong variation in AH,4s with temperature. For these
particles, adsorption of DSMPI is endothermic below 35 °C, but
becomes exothermic at higher temperature. A possible explana-
tion is that at a higher temperature more polymeric chains are
exposed, resulting in a greater occurrence of van der Waals
interaction. It is also possible that additional functional groups,
originally embedded, become exposed upon protrusion of the
polymer chains, resulting in newly available binding sites.
From these observations, it can be surmised that despite the
weak interaction, the MP interfacial functional groups do
influence the binding strength. The variations in the thermo-
dynamic parameters further imply that the MP/aqueous inter-
face does not only accommodate different types of interactions
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but is also dynamic, as is expected for a soft particle containing
a charged polymer layer. This polymeric interfacial structure is
prone to compression or expansion with temperature. The
alteration in this interfacial layer with temperature can give
rise to different types of interactions, which manifests in
temperature dependent AS,qs and AH,qs. Existence of a “hairy
layer” or a thick polymer structure of ~4-7 nm for polystyrene
latex particles has been reported in the past.’®>" The variation
in the thermodynamic parameters observed is in sync with the
notion of a polymer layer existing at the MP/aqueous interface.

Conclusions

In this work we have studied the adsorption process of charged
and neutral organic compounds onto model microplastics of
various interfacial chemical compositions. Adsorption isotherms
(Fig. 2) collected in situ show that the adsorption of small organic
compounds is spontaneous when opposite charges are involved.
We conclude that Coulombic attraction is important for molecular
interaction with MNPs. Small charged-neutral, hydrophobic com-
pounds do not show proclivity for the MP surface because the MP/
aqueous interfacial region is substantially hydrated and therefore
polar. Further investigation on the adsorption of positively charged
DSMPI revealed that AS,qs and AH,4s are not independent of
temperature. Putting all these together, we get the following
picture: the aqueous/plastic interface is not representative of a
smooth surface of a hard particle (Fig. 5). It includes a soft
polyelectrolyte layer of fixed charge density. Within this layer,
water molecules are adsorbed. Fig. 5 distinguishes hard and soft
colloids and the adsorption processes pertinent to these interfaces.

Our study highlights that adsorption of small organic com-
pounds at the MP interface involves an exchange process and is
representative of physisorption. Due to the release or displace-
ment of water molecules, the sign of AS,qs is positive. That is
adsorption is entropically driven. AH,q4s also show dependency
on the interfacial functional groups. Moreover, it bears the
signature of multiple interactions, particularly for hydrophobic
PS and mixed-charged interface of PSAA. That is, the adsorbate
molecule is interacting with different regions at these inter-
faces. For interfaces with considerable charge density or with
the potential for H-bonding, one type of interaction dominates.
As a result, AH,qs is relatively constant with respect to
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temperature for PSC and PSS particles. As shown in Fig. 5,
the polymeric layer in a soft particle is susceptible to movement
and alteration with temperature. This exposes different inter-
action sites and modifies the distribution of water molecules in
the polyelectrolyte layer. As a result, the nonlinear variation of
AG,q4s with temperature (Fig. 3) is a manifestation of the soft
interfacial characteristic of MNPs.

In conclusion, the interfacial composition of micro- and
nano-plastics in contact with water is complex. Molecular adsorp-
tion onto MNP interfaces may entail a wide range of forces. This
study narrows down some of these driving forces and it high-
lights the significance of soft interfacial structure on molecular
adsorption. Not only Coulombic attraction but hydrated polymer
layer influences adsorption affinity. Thus, in addition to adapting
a colloidal view of plastic particles, considering their soft poly-
meric interfacial structure for molecular adsorption is important.
Within the aquatic environment, MNPs are subject to various
factors such as photochemical aging and fouling. These pro-
cesses are likely to change their interfacial structure. The impact
of these factors on molecular adsorption remains to be explored;
however, the present study on pristine particles provides a
foundation for the future investigations to come.
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